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Figure 9. Plot of [HMBA]/&obSd vs. 1/[H+] for the chromium(V) oxi
dation. Data from Table VII. 

the stability of the reaction product, most likely [Cr111-
(HMBA)2(H2O)2]"1". It is interesting to note that at low con
centrations HMBA stabilizes Cr(V).13 This suggests that 
chromium(V) achieves maximum stability in a complex with 
two molecules of HMBA; both the loss of an HMBA ligand 
as well as the addition of a third HMBA molecule result in 
destabilization. 
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Abstract: Application of the usual electrochemical techniques to the detection and characterization of short-lived ion radicals 
fails as soon as the lifetimes are shorter than about 0.1 ms. Homogeneous redox catalysis of the electrochemical reaction yield
ing the ion radical as an intermediate permits the characterization of much more unstable species allowing the determination 
of lifetimes down to the nanosecond time range. Instead of occurring at the electrode surface the initial electron transfer is car
ried out by the active form of the catalyst couple. This is produced electrochemically in the context of a standard electrochemi
cal method such as cyclic voltammetry. The kinetics of the overall reaction is derived from the increase of the catalyst wave in 
the presence of the substrate. According to the relative magnitude of the rate constants of the backward homogeneous electron 
transfer and of the follow-up decomposition of the initial anion radical, the kinetic control of the catalytic process is either by 
the latter reaction or by the forward electron transfer step. Mixed kinetic control is obtained for intermediate values of the rate 
constant ratio. The determination of the lifetime of the ion radical is based upon the shift of the system from one limiting con
trol to mixed kinetic control with a change in the catalyst concentration. Another approach involves the concomitant use of the 
data featuring the electrode reaction when it is under the kinetic control of the decomposition reaction. The reduction of five 
aromatic halides (2-chloroquinoline, 9-chloro- and bromoanthracene, and 1-chloro- and bromonaphthalene) in aprotic medi
um is analyzed to illustrate the practical application of the redox catalytic method to the determination of the lifetimes of fran
gible ion radicals. The relationships between the lifetimes of the anion radicals, the standard potentials for their formation, and 
the structure of the parent compound are briefly discussed. 

The electrochemical reduction of aromatic halides gener
ally involves the cleavage of the carbon-halogen bond of the 
initial anion radical followed by further reduction of the re
sulting neutral aryl radical: 

ArX" •Ar. + X-

ArX + Ie ^ ArX" (lel) Ar- + ArX" 

Ar -+ le — Ar-

-Ar- + A r X 

(2) 

(3) 

(4) 
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T- + .£>-*""• s-
OH-

Ar- + S H - ArH + S-

S-+ le — S-

S-+ ArX---^-S-+ ArX 

(5) 

(6) 

(7) 

(8) 

The reduction of the Ar- radical may occur through electron 
transfer at the electrode (3) or in the solution (4) and, com
petitively, through H-atom transfer in the case of an organic 
solvent, SH (see ref 1 and references cited therein). The in
terference of the latter reaction is negligible when poor H-atom 
donors such as liquid ammonia are used as solvents.2'3 

Electrochemical techniques such as cyclic voltammetry and 
potential step chronoamperometry have been employed for 
estimating the lifetime of the initial ArX-- anion radical.2-9 

However, as soon as the lifetime is shorter than about 1O-4 s 
its determination becomes impossible by the standard use of 
these techniques as well as of the other existing electrochemical 
methods. In, e.g., cyclic voltammetry, an irreversible wave will 
thus be obtained in the whole range of accessible sweep rates. 
The voltammetric process is then kinetically controlled either 
by the charge-transfer step (lei) or by the cleavage reaction 
(2) or by both steps concomitantly. In the first case, the only 
derivable quantitative data are the transfer coefficient, a, of 
the electron-transfer reaction and its forward apparent rate 
constant kf^P, i.e., a combination of the standard potential 
E0 and the apparent standard rate constant &sel'ap: 

In kf^ = In fcs
eUp + (aF/RT)E° 

In the second case the analysis of the wave provides a combi
nation of the standard potential and the rate constant, k, of the 
cleavage reaction: 

E° + (RT/2F) In k 

while in the third, is0, fcsel,ap> and k cannot be separated one 
from the other. In all cases the intrinsic value of k cannot be 
determined. This is a quite general problem that will arise in 
any electrochemical process where the initial charge-transfer 
step is followed by a chemical reaction which is so fast that the 
maximal diffusion rates accessible with the usual electro
chemical techniques cannot compete successfully with it. A 
severe limitation is then encountered in determining correla
tions between each of the electrochemical parameters and the 
structure of the starting compound. The determination of E0, 
ksei, and k by electrochemical means will indeed be often re
stricted to a series of compounds in which the structure vari
ation is too narrow to allow the derivation of sound correlations. 
This is the case with the aromatic halides, a large number of 
which fall into the category defined above. So far, the only 
haloaromatics for which the determination of the standard 
potential and of the dissociation rate constant of the anion 
radical has been possible by electrochemical means are the 
following: chloro- and bromobenzophenones2-5 and fluo-
renones,5-8 halonitrobenzenes,4'6 fluorobenzonitriles,7 and 
w-chloroacetophenone.9 This should also be possible for 4-
(chlorostyryl)pyridines10 and in the series of haloquinoxalines 
and phenazines.1' It appears therefore desirable to devise other 
kinetic approaches able to overcome the limitations encoun
tered in the standard application of the usual electrochemical 
techniques, i.e., to provide an access to each of the three main 
constants, E°, &sel> and k, for systems in which the lifetime of 
the first intermediate is less than 1O-4 s. From homogeneous 
redox catalysis12 of the considered electrochemical reaction 
it is possible to derive a method offering such capabilities. In
stead of occurring at the electrode surface, the electron ex
change reaction is carried out in the solution by means of a 

redox catalyst couple P/Q. The concentrations of P and Q are 
monitored electrochemically, which allows both the con-
trolled-potential production of the active form of the catalyst, 
Q, and the determination of the kinetics of its reaction with the 
substrate. The method has already been applied to the deter
mination of the standard potentials and standard rate constants 
of the electron transfer to several aromatic halides in the 
benzene and pyridine series.!3_15 It is the purpose of the present 
report to show how homogeneous redox catalysis can be used 
to determine the lifetimes of unstable ion radicals within the 
range 1 ns-10 us. The method will be experimentally illus
trated by the reduction of several aromatic and heteroaromatic 
halides in aprotic media. 

Principle of the Method 

Let us first consider the EC mechanism, which is the sim
plest of the reaction schemes where follow-up chemical steps 
are associated with electron-transfer reactions: 

electrode process 

A + Ie3=SB(IeI) 
k 

B-*C 

catalytic process 
P + le?±Q 

Q + A *=± P + B 
ki 

(0) 

(1 sol) 

(2) 

The analysis will be carried out for a reduction process, 
transposition to oxidation being immediate. Although EC 
mechanisms are seldom encountered in current practice of 
organic electrochemistry, the analysis of their redox catalytic 
behavior provides a correct qualitative prediction of what will 
be observed for a large variety of other mechanisms. Quanti
tative relationships between the redox catalytic behavior of EC 
mechanisms and that of two-electron processes will be given 
in the following. The whole discussion will be carried out 
mainly in the context of cyclic voltammetry. Extension to other 
transient or stationary techniques does not involve particular 
difficulties, being essentially obtained by a modification of the 
relationships between the dimensionless kinetic parameters 
and the rate constants. 

The catalyst redox couples P/Q are selected so as to fulfill 
the following conditions: the standard potential £ ° P Q is positive 
to the reduction potential of the substrate A; electron transfer 
between the electrode and P or Q is fast; both P and Q are 
chemically stable toward the species present in the reaction 
medium as well as toward A and B (except for the outer-sphere 
electron transfer A + Q z= B + P) and the products and in
termediates of the reduction process. Under such conditions, 
starting from the reversible wave of P, addition of A will result 
in an increase of the peak current featuring the regeneration 
of P through reaction (1 sol) (Figure 1). The kinetics of this 
regeneration is controlled by the forward and backward re
action (1 sol) and by reaction 2. The principle of the application 
of redox catalysis to the determination of equilibrium and rate 
constants of irreversible systems is based upon the experimental 
observation of these kinetics as a function of operational pa
rameters such as catalyst and substrate concentrations and 
diffusion rate which is governed in the context of cyclic vol
tammetry by the sweep rate. 

Quantitatively, the kinetics of P regeneration is conveniently 
expressed as the ratio ip/yipd, where ip is the catalytic peak 
current, /pd is the peak current of the reversible P wave in the 
absence of A, and y is the excess factor, i.e., the ratio between 
the substrate and catalyst concentrations (7 = CA°/Cp°). On 
the other hand, the effect of the rate constants, concentration, 
and sweep rate on the kinetics of the catalyst can be analyzed 
rigorously by introducing the following dimensionless kinetics 
parameters: 
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Figure 1. An example of the increase of the catalyst cyclic voltammetric 
peak upon addition of the substrate. Catalyst: benzo[c]cinnoline (2 X 1O-3 

M). Substrate: 2-chloroquinoline (concn: --- , 0; , 4 X 10 - 3 M; — , 
10~2 M) in DMF + 0.1 M Et4NClO4, v = 0.033 V s"1-

X1 = (kxCv°lv)(RT/F), X2 = k2CP°/v){RT/F), 
X = (k/v)(RT/F) 

which represent forward reaction (1 sot), backward reaction 
(1 sol), and reaction 2, respectively. The form given to each of 
these parameters reflects the first-order character of reaction 
2 and the second-order character of reaction (1 sol) in both 
directions. 

The overall kinetics of the catalytic system, i.e., the ratio 
ip/yip<i< depends in general upon four parameters (Xi, X2, X, 
and 7). However, as discussed in detail elsewhere,16,17 in vir
tually all the cases where redox catalysis is applied to the 
equilibrium and rate characterization of irreversible systems, 
the concentration of species B can be regarded as stationary, 
i.e.' 

&ICACQ = ^ 2 CBCP + kCB 

i.e., in dimensionless terms 

\\aq = \2bp + Xb 

(a = CA/CP°, b = CB/CP°,/> = CP/CP 0 , q = CQ/CP°). 
The kinetics of the catalytic system then depends upon only 

three parameters which can be chosen as X], X/X2 (=k/k2Cp°), 
and 7. 

In this context, two limiting situations can be reached as far 
as the kinetic control of the catalytic system is concerned: 

(i) If k » Zc2Cp0 the kinetic control is by forward reaction 
(1 sol). The system then depends upon only two parameters, 
X] and 7; ip/yipd is given as a function of Xi by a set of working 
curves, one for each value of 7 (Figure 3 in ref 17). They can 
be used for deriving Xj and thus ki from measured values of 
ip/yipd- A diagnostic criterion that the kinetic control is ac
tually by forward reaction (1 sol) derives from the effect of the 
catalyst concentration, Cp0, keeping the excess factor, 7, 
constant. A variation in Cp0 results in a proportional variation 
of Xi which leads to an increase of the ip/yipd ratio as predicted 
by the working curve corresponding to the given value of 7. '7 

Therefore, the observation of a constant value of k\ from the 
application of the above procedure, for a given Cp0 range, 
provides evidence that kinetic control is actually by forward 
reaction (1 sol) within this concentration range. 

(ii) If k « k2Cp°, the kinetic control is by reaction 2, reac
tion (1 sol) remaining at equilibrium. The system again de
pends upon only two parameters: 7 and XXi/X2 = {kk\/k2) • 
(RT/Fv). ip/yipd is given as a function of the latter parameter 
by a set of working curves (Figure 5 in ref 17). These can be 
used to obtain XXi/X2 and thus kk\/k2 from ip/X/p<j. A diag
nostic criterion that the kinetic control is actually by reaction 

isg-iAa 

Figure 2. Kinetic zone diagram: KE, kinetic control by forward reaction 
(1 sol); KC; kinetic control by reaction 2 with reaction (1 sol) at equilib
rium; KG, mixed kinetic control; KO, negligible catalysis; KT, total ca
talysis. 7 = 1 ( — ) , 4 ( - - - ) , 2 0 ( - - ) 

2 is again provided by the effect of Cp0 for a given value of 7. 
The parameter XX 1/X2 is indeed independent of Cp0. The ob
servation, in a given Cp0 range, that ip/ipd does not depend 
upon Cp0 therefore provides evidence that the kinetic control 
is by reaction 2 within this concentration range. 

For intermediate values of k/k2Cp°, both reactions (1 sol) 
and (2) control the overall kinetics. The parameter ranges in 
which the two limiting situations are reached within experi
mental uncertainty are shown in Figure 2 on the basis of a 5% 
error on peak current measurement for various values of the 
excess factor, 7. It is seen that the effect of an increase of sweep 
rate is essentially to decrease the ip/yipd ratio with little change 
in the kinetic control. On the contrary, variations in Cp0, for 
a given value of 7, may shift the system from one type of kinetic 
control to the other: an increase of Cp0 tends to shift the system 
from kinetic control by (1 sol) to mixed kinetic control and 
from there to kinetic control by (2). 

A first approach to the determination of k, i.e., of the life
time of B, is based on the latter observation. If for a certain 
range of Cp0 concentrations the system is under the kinetic 
control of (1 sol), Xi can be determined as described above. If 
now the system can be shifted into the mixed kinetic control 
situation by increasing Cp0, a working curve can be computed 
for the value of Xi just obtained as a function of the parameter 
X/X2.

17 It can then be used to determine X/X2 and thus kjk2. 
As will be seen later on, k2 is then frequently at the diffusion 
limit, &dif- It follows that k can finally be obtained once k&\t 
is known. Another type of situation may be encountered in 
which k can also be determined at least in principle. It involves 
the system being under the kinetic control of reaction 2 for a 
given range of Cp0. This allows the determination of XXi/X2. 
If the system can be shifted into the mixed control region by 
decreasing the concentration, X/X2 can be determined by a 
procedure similar to that used in the preceding case. This again 
leads to the value of k once k2 = kd\t is known. 

Another approach, not involving the shift of the system from 
one kinetic zone to the other, may be followed by using the 
kinetic data pertaining to the electrode uncatalyzed reaction 
as derived from, e.g., cyclic voltammetry. This requires that 
a range of sweep rates exists in which the electrode reaction 
is under the kinetic control of the chemical reaction (2).18 Then 
the peak potential is a function of the standard potential of the 
A/B couple, £°AB, and of k: 
Ep = (RT/F)[\n (RT/F) - 0.78] + £ ° A B 

+ (RT/2F) In (k/v) (I) 
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If now the catalytic system is under the kinetic control of re
action (1 sol), one has access to k\. By carrying out this type 
of determination for several catalyst couples the standard 
potential £°AB can be obtained as already discussed else
where.14 Once ^0AB is known the measurement of the peak 
potential in cyclic voltammetry leads to the value of k through 
eq 1. If conversely the catalytic system is under the kinetic 
control of reaction 2, kk\k/2 can be determined. On the other 
hand 

(RT/F) In (kkx/k2) = £°AB - £ ° P Q + {RT/F) In k (II) 

Since £ ° P Q is known, eq II provides the value of £°AB + 
(RT/F) In k. The application of eq I to the peak potential 
measurements provides £°AB + (RT/2F) In k. Solving the 
ensuing two unknowns-two equations system finally leads to 
£°ABand to k. 

Several examples of the application of these two approaches 
to the determination of the lifetimes of anion radicals in the 
haloaromatic series are given in the following. It must be noted, 
however, that the reduction of these compounds does not follow 
a mechanism as simple as the EC reaction scheme. The elec
trode uncatalyzed reduction rather occurs according to the 
reaction sequence consisting of the above (1 el) to (8) steps. 
The catalytic process involves the same steps, (1 el) being re
placed by (1 sol). Moreover, the solution electron transfer to 
Ar- and S- may involve the reduced form of the catalyst, Q, as 
electron source instead of ArX--: 

Ar- + Q — Ar" + P (4') 

S- + Q — S- + P (80 

Despite the complexity of this reaction sequence it has been 
shownl3-16'17 that the catalytic peak current can be simply 
derived from its EC expression according to 

Ip(Ai.A/A2,7) = ;P
EC(Ai,A/A2,27) (IH) 

The validity of this relationship results from the following 
characteristics of the reaction mechanism. Ar- is reduced at 
a potential much more positive than ArX and also than the 
catalysts giving rise to detectable catalytic currents. The same 
is true for the radical deriving from the solvent, S-. It follows 
that reactions 4,4', 8, and 8' are irreversible and that their rates 
are limited by diffusion. On the other hand, the selection of the 
catalyst couples and of the sweep rate is such that the catalytic 
efficiency is significantly lower than its maximal value (ip/yipd 
= 1.365) in order for the measurements not to be affected by 
the overlapping of the catalyst and substrate waves. In such 
conditions the kinetic parameter featuring the rate-deter
mining step of the catalytic sequence is not very large. It follows 
that intermediates such as Ar- and S- are formed relatively far 
from the electrode surface. They have thus no time to diffuse 
back to the electrode and be reduced according to reactions 3 
and 7 before reacting on ArX-- or Q according to (4), (4') and 
(8) (8'), respectively. Lastly, the stationary-state concentration 
of ArX-- is much less than that of Q since it rapidly decom
poses according to reaction 2. The solution reduction of Ar- will 
therefore follow reaction 4' with practically no interference 
of (4). The same is true for (8') and (8). 

As regards the electrode reaction, it is noted that the rate-
determining step of the set of follow-up chemical reactions is 
reaction 2 as in the EC reaction scheme. However, the exact 
expression of the peak potential as a function of the rate of this 
reaction depends upon the competition between the electrode 
(reactions 3 and 7) and the solution electron transfer (reactions 
4 and 8). When the first of these predominates, one has an 
ECE-type process and DISP-type mechanism in the reverse 
situation.19 The theory of this competition has been worked 
out for simpler systems not involving reactions 6-8 in the 
context of cyclic voltammetry.19 It can be readily shown that 

Table I, Redox Catalyzed Reduction of 1-Chloronaphthalene in 
Me2SO(O.! MEt4ClO4) 

Catalyst 4-Methoxybenzophenone (.ECPQ = -1.75 V) 
2X 2 X 4 X 4 X 2 X 2 X 

CP0 10"3 10"3 10-3 IO"3 10"2 10"2 10~2 IO-2 

U1Vs-1 

7 
'p/27'pd 
* i 

CP0 

u.Vs-1 

7 
'p/27'pd 
kx 

0.1 0.05 0.1 0.05 
0.5 0.5 0.5 0.5 
1.07 1.11 1.11 1.22 
110 100 95 102 

Catalyst Anthracene (£°: 
IO-3 10"3 

2 5 
0.5 0.5 
1.20 1.06 
8000 7800 

0.1 0.05 
0.5 0.5 
1.20 1.37 
73 78 

PQ = -1.86 V) 
2 X 10"3 

1 
0.5 
1.38 
8000 

0.1 0.05 
0.5 0.5 
1.31 1.49 
62 57 

2 X 10"3 

5 
0.5 
1.11 
8500 

the same results will be obtained with the present system 
provided Zc4 = Zc8- This is what we already assumed, regarding 
these two rate constants as equal to the diffusion limit since 
both Ar- and S- are much easier to reduce than A. An increase 
of C p will favor the DISP pathway owing to its second-order 
character as opposed to the first-order character of the ECE 
process. The magnitude of the cleavage rate constant, k, is on 
the other hand a crucial parameter in the ECE-DISP com
petition: if k is large, Ar- will be formed close to the electrode 
surface where it will diffuse back and be reduced before having 
time to react on ArX--; an opposite situation will be met when 
k is small. Quantitatively, the competition then depends upon 
the dimensionless parameter p = kdifC°P(Fv/'RT)V2Ik3/1. 
Within 3-mV uncertainty on peak potential measurements, 
the ECE mechanism will be followed if p < 1 and the DISP 
situation will be reached if p > 4.19 In the first case the peak 
potential is given by eq I18'19 while in the second the expression 
is18'19 

Ep = (RT/F)[\n {RT/F) - 0.78] + £ 0
A B 

+ (RT/2F) In (k/2v) (IV) 

Confusion between the ECE and DISP situations would lead 
to a value of k in error by a factor of 2. 

Reduction of Aromatic Halides. Lifetimes of the Anion 
Radicals 

Kinetic Control by Forward Reaction (1 sol). A first example 
is the reduction of 1-chloronaphthalene in Me2SO with 0.1 M 
Et4NClO4 as supporting electrolyte. The results obtained with 
4-methoxybenzophenone as redox catalyst (JF0PQ = -1.75 V) 
are summarized in Table I (all the potentials here and in the 
following are referred to the aqueous saturated calomel elec
trode). For Cp0 < 4 X 10-3 M, the kinetic control is by forward 
reaction (1 sol) as seen from the constancy of the it i values as 
derived from the working curves corresponding to the kinetic 
by forward reaction (1 sol) (Figure 3 in ref 17 modified by eq 
III). Zc1 is thus found as equal to 100 M - 1 s -1 . 

The cyclic voltammograms are completely irreversible in 
the range 0.1-1000 V s"1. The peak potential shifts by 28 
mV/decade of sweep rate with a peak width of 65 mV, showing 
that the electrode process is kinetically controlled by reaction 
2. From the determination of the peak potential in this sweep 
rate range and assuming that the electrode reaction follows an 
ECE mechanism it is found that .E0

 AB + 0.029 log it = -1.97 
V. 

On the other hand, raising the catalyst concentration above 
4 X 1O-3 M shifts the system into the region of mixed kinetic 
control (Table I). Corresponding to y = 0.5, CP° = 2 X 1O-2 

M, and P = 0 , 1 V s -1 , i.e., to Xi = 5 X 10"1, a working curve 
has been computed giving ip/2-yipi as a function of log (A/X2), 
which allows the determination of the latter parameter as 
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Table II. Reduction of 4-Chlorobenzonitrile 
Phthalonitrile (.£0PQ = -1.69 V vs. SCE), 7 

CP0, M 

ip/2-y'pd 
log(A:,) 

1 x 10-3 

0.530 
2.0 

2 X 10-3 

0.545 
1.9 

4 X 10-3 

0.615 
2.0 

as Catalyzed by 
= l,o = 0.1 Vs - ' 

2 X 10-

0.905 
1.9 

2 4 X 10-2 

1.00 
1.8 

1-0.30 
TogX/X, 

Figure 3. Reduction of 1-chloronaphthalene in Me2SO as catalyzed by 
4-methoxybenzophenone. Mixed kinetic control, Y = O-S1U = O J V S - 1 , 
C0P = 2 X 1O-2M. Working curve for Xi =5X 10_1 and determination 
of X/X2. 

shown in Figure 3. Log (A/A2) is found as equal to.-0.30 and 
therefore k/k2 = 1O-2 M. One has thus four equations: 

hi = 100 M- ' s-1 

£ ° A B + 0.029 log k = -1.97 V 
0.058 log (*i/*2) = £°AB - (-1.75) 

k/k2 = 10-2M 

for determining k\, k2, k, and E0. The values of E° and k thus 
found are those figured in Table VI. It is seen that the mag
nitude of k is such that the assumption of an ECE mechanism 
for the electrode reaction is perfectly correct (p - 5 X 10"~4 « 
1). k2 is found as equal to 5 X 109M - 1 s -1 , i.e., a value prac
tically the same as the average value of the diffusion limit for 
the present types of organic molecules.20 That k2 is at the 
diffusion limit can be rationalized as follows. For chloroben-
zene it has been shown14 that the diffusion limit is met for £ ° P Q 
- £ °AB > 420 mV.14 The standard rate constant of homoge
neous electron transfer, ks

sal, is certainly higher for 1-chloro
naphthalene than for chlorobenzene since the charge con
centration and thus the solvation energy in the anion radical 
is less for the first compound than for the second. The above 
condition is therefore a fortiori true for 1-chloronaphthalene. 
It can thus be concluded that diffusion control of the backward 
electron transfer is achieved in the present case since £ ° P Q -
£ ° A B ~ 450 mV. This conclusion can also be reached more 
directly starting from the electrochemical data obtained for 
1-chloronaphthalene. The electrode reaction is indeed kineti-
cally controlled by the follow-up reaction (2) up to at least 50 
Vs - 1 . This provides a lower limit for the apparent standard 
rate constant of the electrode electron transfer:18 kseUp > 2 
cm s -1 , which leads to the evaluation of the standard rate 
constant of the homogeneous electron transfer between the 
catalyst and 1-chloronaphthalene according to the Hush-
Marcus relationships14 as fcs

so1 > 1084 M - 1 s -1. In these 
conditions, diffusion control will prevail over activation control 
as soon as £ ° P Q - £ °AB > 150 mV. This last condition is 
fulfilled in the present case, showing that the backward ho
mogeneous electron transfer is diffusion controlled. 

The reduction of 1-chloronaphthalene as catalyzed by 4-
methoxybenzophenone offers the most favorable situation for 
the determination of the rate constants. The catalytic system 
can indeed be observed under both pure kinetic control by re
action (1 sol) and mixed kinetic control by (1 sol) and (2) and 
usable rate data can be derived from the analysis of the elec
trode behavior. This is the reason why all three rate constants 
(it,, ki, and k) could be determined. Such an ideal situation 
may not be encountered with other substrates and catalysts. 
However, the determination of k and E° can be carried out as 
soon as one of the two following sets of less restrictive condi
tions is fulfilled, (i) The catalytic system can be observed under 
pure kinetic control by reaction (1 sol) and the electrode re

action is kinetically controlled by step (2) while data on the 
mixed kinetic control of the catalytic process are not available, 
(ii) The catalytic system can be observed under both pure (1 
sol) control and mixed kinetic control while the electrode re
action is under mixed (1 el)-(2) control. 

An illustration of the first case is provided by the reduction 
of the same 1-chloronaphthalene as catalyzed by anthracene 
( £ ° P Q = -1.86 V) in the same medium. From the pure kinetic 
control catalytic data, k\ was found to be 8200 M s - 1 (Table 
I). The E°PQ - £°AB difference being 340 mV in the present 
case, it follows from above evaluation carried out in the case 
of 4-methoxybenzophenone that k2 is here again at the diffu
sion limit. Taking k2 = kdl[ = 5 X 109 M - 1 s_1, £ ° A B is de
rived from 0.058 log (k\/k2) = £ ° A B - £ ° P Q and k from 
£°AB + 0.029 log k = -1.97 (electrochemical data) leading 
to £ ° A B = -2.19 V and k = 8 X 107 s_1. These results are in 
fair agreement with those obtained with 4-methoxybenzo
phenone as the catalyst. The latter data are likely to be more 
accurate since there is less overlapping between the catalyst 
and substrate wave. 

The reduction of 4-chlorobenzonitrile as catalyzed by 
phthalonitrile ( £ ° P Q = -1.69 V) in CH3CN with 0.1 M (n-
C6H13)4NI as supporting electrolyte is an example of the 
second type of situation. The kinetic control is by forward re
action (1 sol) as long as Cp0 < 4.10-3 M, the resulting value 
of k\ being 100 M - 1 s_ l (Table II). Tetrahexylammonium 
iodide was used as supporting electrolyte since it shifts nega
tively the reduction potential of 4-chlorobenzonitrile as com
pared to smaller chain quaternary ammoniums. More space 
is thus available for the selection of a catalyst. The cyclic vol-
tammograms are irreversible in all the accessible sweep rate 
range. The peak potential shifts negatively upon passing from 
tetraethyl- to tetrabutyl- and tetrahexylammonium featuring 
the effect of the double-layer structure on the kinetics, hence 
showing that the kinetic control is at least partially by electron 
transfer. This is the case even with Et4N+, where the peak 
potential shift with sweep rate was found to be 75 mV/decade, 
indicating that the electrode reaction is under the mixed kinetic 
control of reactions (1 el) and (2).18 No usable relationship 
between E" and k such as eq I can therefore be derived from 
the electrochemical data. However, upon raising the concen
tration, the catalytic system shifts from pure (1 sol) control to 
mixed kinetic control (Table II). k/k2 can thus be determined 
following the same procedure as for 1-chloronaphthalene 
(Figure 2), leading to k/k2 = 2.4 X 10 -2 M. If it is then as
sumed that k2 = Jtdjf (=2 X 1010M -1 s-1), the resulting values 
OfZs0AB and k are those figured in Table VI. This assumption 
is supported by the comparison between 4-chlorobenzonitrile 
and chlorobenzene (fcss°'.4C1PhCN > 5̂SoI1PhCi5 2̂PhCi = k&f a s 
soon as E°PQ - E°AB > 420 mV;14 in the present case E°PQ 
- E°AB = 490 mV, therefore fc2

4-clPhCN = *d i f). It is noted 
that it is more difficult to shift the system from pure to mixed 
kinetic control in the present case than for 1-chloronaphthalene 
as expected from k being larger for the former than for the 
latter compound. 

The reduction of 1-bromonaphthalene in Bu4NClO4 (0.1 
M)-Me2SO follows the same general pattern as that of 4-
chlorobenzonitrile. Using 4-methylthiobenzophenone as the 
catalyst ( £ ° P Q = -1.65 V), the same analysis leads to the 
£°AB and k values figured in Table VI. 

Kinetic Control by Reaction (2) with (1 sol) at Equilibrium. 
A first example of this situation is the reduction of 2-chloro-
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Table III. Redox Catalyzed Reduction of 2-Chloroquinoline in 
DMF with Et4NClC>4 as Supporting Electrolyte 

Catalyst Benzo[c]cinnoline, v = 0.033 V s"1 

Cp0 10-3 2 XlO"3 

iP/2yipd 
log kk\/k2 

0.127 
-2.4 

0.170 
-2.0 

Catalyst Terephthalonitrile, v = 0.033 V s" 
CP0 10"3 2X10" 3 

l'p/27*pd 
log kk\/k2 

1.11 
-1.3 

Catalyst Perylene 
CP0 

'p/27'pd 
log kk\/k2 

1.21 
-1.1 

,u = 0.33 Vs - ' , 7 
10-3 

1.74 
+0.6 

7 = 5 
5 X 10-3 

0.171 
-2.0 

' , 7 = 0.5 
5 X 10-3 

1.36 
-0.9 

= 0.5 
2 X 10-3 

1.73 
+0.6 

Table IV. Redox Catalyzed Reduction of 2-Chloroquinoline in 
DMF with Et4NClO4 as Supporting Electrolyte 

catalyst benzo[c]cir noline terephthalonitrile perylene 

kk 1A2. S-' 10-2-' IO"0-9 IO0-6 

50AB+ -1-75 -1.75 -1.75 
0.058 log k 

E0AB+ -1.585 -1.573 -1.585 
0.029 log k 

£°AB,VVS. -1.915 -1.922 -1.915 
SCE 

k, s-' 5 X IQ5 9X10S 5 X 10s 

quinoline in DMF with 0.1 M Et4NClO4 as supporting elec
trolyte. The cyclic voltammograms featuring the uncatalyzed 
reduction were found to be irreversible from 0.1 to 2000 V s - ' , 
showing that k > 104 s -1 . The peak characteristics in this 
sweep range at 22 0C were the following: shift of the peak 
potential d£ p /d log i;"= -30 mV; peak width A£p = 50 
mV. 

This clearly indicates a kinetic control at the electrode by 
reaction (2) (theoretical values for 22 0C: d£p/d log v = -29.3 
mV, AEP = 47 mV).18 The redox catalysis experiments were 
carried out with three catalyst couples: perylene ( £ ° P Q = 
-1.61 V), terephthalonitrile ( £ ° P Q = -1.52 V), and ben-
zo[c]cinnoline (£° = -1.465 V). The results are shown in 
Table III: kk\/kz was computed from the experimental /p/ 
27(pd values for several values of Cp0' using the working curves 
corresponding to the kinetic control by reaction 2 (Figure 5 in 
ref 17 modified by eq III). The values of kk\/ki thus obtained 
are approximately constant when varying Cp0 as long as Cp0 

> 2 X IO-3 M. This shows that within this concentration range 
the kinetic control is by reaction 2 with (1 sol) as preequilib-
rium. It is noted that under these conditions log kk\lk\ is a 
linear function of £ ° P Q (Figure 4) with a slope close to 
(-1/58) mV -1 as expected from eq II. The resulting values 
of £°AB + 0.058 log k are given in Table IV for the three 
catalysts. 

On the other hand, £ °AB + 0.029 log k was obtained from 
the peak potentials of the cyclic voltammograms in the range 
0.1-50 V s - 1 assuming an ECE-type mechanism for the elec
trode reaction. This finally leads to the values of £ ° A B and k 
given in Table IV. The results obtained with perylene can be 
regarded as less accurate than those obtained with the two 
other catalysts owing to partial overlapping of the catalyst and 
substrate waves. The values found for k allow the assumption 
of an ECE-type electrode reaction to be justified. For the 
highest sweep rate used in catalytic efficiency determination 
(0.33 V s - ' ) , the value of the competition parameter/? is indeed 
found as 0.1, showing that the ECE pathway is actually fol
lowed with negligible interference of the DISP process within 
experimental uncertainty. 

•1 

-1 

2 

\ * 

A ^ 

s * 

Figure 4. Redox catalyzed reduction of 2-chloroquinoline in DMF, log 
kk\/ki vs. the standard potential of the catalyst: », perylene; A, tere
phthalonitrile; • , benzo[c]cinnoline. 

The experiments carried out at low values of Cp0 (Table III) 
show a definite tendency to depart from the behavior corre
sponding to pure kinetic control by reaction 2 corresponding 
to the transition to mixed kinetic control. This could be, in 
principle, used to evaluate X/X2 as discussed in the theoretical 
section and leads to the determination of kj. Several attempts 
to obtain ki by this procedure led to values between 109 and 
10'° M - ' S - ' , i.e., compatible with the conclusion that the 
backward electron transfer is at the diffusion limit. The results 
derived from the transition from pure to mixed kinetic control 
were, however, found to be much less accurate than on the side 
of the kinetic control by (1 sol). This is due to the smallness of 
the catalytic effect and consequently to the necessity of using 
catalysts which £°s are close to the reduction potential of the 
substrate resulting in wave-overlapping errors. It follows that 
the method using both the electrochemical data and the kinetic 
analysis of the catalytic system under pure (2) kinetic control 
is to be preferred to that based on the transition between pure 
and mixed kinetic control. The applicability of the first method, 
however, requires that the electrode reaction be controlled by 
reaction 2. This condition is likely to be fulfilled since the so
lution process is already under the same kind of kinetic control. 
It is noted that the method does not necessitate the independent 
knowledge of ki. That ki is, in the present case, at the diffusion 
limit can be shown as follows. For 2-chloropyridine, diffusion 
control is achieved when £ ° P Q - £°AB > 0.260 V (see Figure 
7 of ref 14). The standard rate constant of electron transfer is 
certainly higher for 2-chloroquinoline than for 2-chloropyridine 
since the charge concentration and thus the solvation energy 
are less for the first compound than for the second. The above 
condition is therefore a fortiori true for 2-chloroquinoline. 
Since £ ° P Q - £°AB > 0.260 V for the three catalysts, it follows 
that diffusion control of the backward solution electron transfer 
is achieved in each case. The same conclusion can also be 
reached in the following manner. The electrode reduction of 
2-chloroquinoline is kinetically controlled by the follow-up 
reaction (2) up to at least 50Vs - ' . This provides a lower limit 
of the apparent standard rate constant of the electrode electron 
transfer18 (fcsel'ap > 0.5 cm s -1), which leads to an evaluation 
of the standard rate constant of the solution electron transfer 
between the catalyst and 2-chloroquinoline according to the 
Hush-Marcus relationships:14 ks

so] > 108 ' M - ' s -1. In these 
conditions, diffusion control will prevail over activation control 
as soon as £ ° P Q - £°AB > 200 mV. This last condition is 
fulfilled by the three catalysts used here showing that the 
backward electron transfer is diffusion controlled for all 
three. 

The reduction of 9-bromoanthracene in Me2SO with 0.1 M 
Et4NClO4 as supporting electrolyte provides a second example 
of kinetic control by reaction 2 with (1 sol) being at equilibri
um. The results obtained with nitromesitylene as a catalyst 
(£°PQ = -1.305 V) are summarized in Table V. It is seen that 
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Table V. Redox Catalyzed Reduction of 9-Bromoanthracene in 
Me2SO with Et4NClO4 (0.1 M) as Supporting Electrolyte, 
Catalyst Nitromesitylene 

Table VI. Standard Potentials of Anion Radical Formation and 
Rate Constants of Decomposition 

C P 0 

P 1 V s - ' 
y 
'p/27'pd 
kki/k2 

IO-3 

1.0 
0.5 
1.14 
1.6 

IO-3 

3.3 
0.5 
1.06 
2.5 

5 X 10-3 

1.0 
0.5 
1.18 
1.9 

5 X IO-3 

3.3 
0.5 
1.05 
2.2 

compd solvent £°AB>VVS. SCE k,s~ 

kinetic control is indeed by reaction 2 in the considered con
centration range. kk\/k2 is found as equal to 2.0 s -1 . 

On the other hand, the cyclic voltammograms recorded 
between 0.1 and 1000 V s - ' showed no reversibility. Their peak 
potential exhibits a 34 mV/decade variation with sweep rate 
with a 50-mV peak width, indicating that the electrode reaction 
is under the kinetic control of reaction 2.'8 Assuming that the 
electrode reaction follows an ECE mechanism, ^0AB + 0.029 
log k is found equal to -1.45 V from the measurement of the 
peak potential. The resulting values of E0 AB and k are -1.61 
V and 4 X 105 s_1. The ECE-DISP competition parameters 
are then p = 0.6 at v = 1 V s - 1 and p = 2 at U = I O V s - 1 , 
showing that the system is right in the middle of the transition 
zone between the ECE and DISP mechanisms. If a pure DISP 
behavior were assumed to be followed, one would find k = 2 
X 105S-1 and p = 1.8 (u = 1 V s"1) and 5.6 (v = 10 Vs"1), 
leading to the same conclusion. A reasonable estimation is 
therefore k - 3 X 105 s -1 . A more refined value could be ob
tained from an iteration procedure using the working curve for 
the transition between ECE and DISP.19 This would not, 
however, be presently very meaningful in view of the current 
accuracy level of the determinations. 

It is noted that the value of k is smaller than in the case of 
2-chloroquinoline. This explains why it is not practically pos
sible in the present case to shift the system from pure kinetic 
control by reaction 2 to mixed kinetic control by decreasing 
the catalyst concentration. It is thus necessary to use the 
electrochemical data, besides the redox catalysis data, for 
determining k. 

Discussion 
The examples discussed above show that the application of 

the redox catalytic method allows the lifetimes of very short
lived intermediates to be determined. The nanosecond time 
range becomes accessible leading to a gain of four to five orders 
of magnitude over the standard application of usual electro
chemical techniques. 

It is interesting in this connection to estimate the minimal 
lifetimes that could be determined by the redox catalytic 
method. When k increases, the catalytic system tends to be 
kinetically controlled by forward reaction (1 sol). At the same 
time, the electrode process tends to be under the kinetic control 
of the electron transfer (1 el). In a typical situation where y 
= 4, Cp0 = 10 -3 M, the kinetic control by forward reaction (1 
sol) will occur for k > 107 s"1 with it2 = 5X 109 M"1 s_1. For 
such a value of k, the kinetic control of the electrode process 
by reaction 2 will be obtained within a reasonable sweep range, 
say 0.1-1 Vs - 1 , if A:s

el,ap> 0.2 cm s-1.18 This is not an ex
ceedingly high value in the context of aromatic molecules14'20 

showing that compounds can be found for which the catalytic 
system will be under the control of forward reaction (1 sol) 
while the electrode process is still kinetically controlled by 
reaction 2. The reduction of 1-chloronaphthalene in Me2SO 
was an example of such a situation. It is clear, however, that 
going to higher and higher /c's will nevertheless result in a 
tendency for the electrode reaction to be controlled, at least 
partially, by (1 el), thus preventing the knowledge of ^J0AB + 
(RT/2F) In k as an element for the determination of k. The 
upper limit of determinable k's hinges therefore upon the 

2-chloroquinoline 
9-chloroanthracene 
9-bromoanthracene 
1 -chloronaphthalene 
1 -bromonaphthalene 
4-chlorobenzonitrile 

DMF 
Me2SO 
Me2SO 
Me2SO 
Me2SO 
CH 3CN 

-1 .92 
- 1 . 6 7 a 

-1 .60 
-2 .19 
-2 .13 
-2 .18 

6 X 105 

1.5 X 10 2 " 
3 X 105 

5 X 107 

3 X 108 

5 X 108 

" Directly derived from cyclic voltammetry of the uncatalyzed 
electrode reduction (reversibility is reached for v > 10 V s~'). 

possibility of shifting the catalytic system from pure kinetic 
control by (1 sol) to mixed kinetic control upon raising Cp0 for 
a given value of 7. The enlargement of the mixed kinetic 
control zone when increasing 7 (Figure 1) suggests the use of 
high values of 7 for achieving the determination of very small 
lifetimes. However, this would result in an increased overlap
ping of the catalyst and substrate wave rendering the accurate 
determination of the catalytic current uncertain in the context 
of the presently available mathematical treatments. At present, 
reasonable estimations of the maximal usable values of 7 and 
Cp0 are 40 and 5 X 10 -2 M, respectively. This leads to the 
conclusion that the upper limit of k is around 109 s - ' . Further 
improvements could probably be obtained through the deri
vation of mathematical treatments taking the overlapping 
between the catalyst and substrate waves into account, allowing 
then the use of larger 7's. They will, however, be limited by the 
decreasing accuracy resulting from the extraction of a small 
catalytic current from a large total current. 

To conclude, let us examine briefly the trends observed in 
the correlation between the lifetimes of the anion radicals and 
the structure of the parent compounds. Inspection of the results 
given in Table VI supports the validity of the following em
pirical rules already stated at the occasion of a study of re
ductive cleavage in the thiocarbonate series.24 Designating by 
the leaving group the part of the molecule which leaves with 
the negative charge (here the halogen) and the remaining 
group the part which will keep the odd electron (Ar in the 
present case), the cleavage will be faster, in a series where the 
remaining groups are the same, the easier the leaving group 
can accommodate an elementary negative charge. In such a 
series the cleavage will be faster the more positive the standard 
potential. Conversely, in a series where the leaving groups are 
the same, the cleavage will be slower the easier the remaining 
group can accommodate the charge. Thus the cleavage will be 
faster the more negative the standard potential. 

The first part of the rule is clearly illustrated by the com
parison of the chloro and bromo derivatives of the same ArH 
(anthracene, naphthalene). Br - is a better leaving group than 
Cl - in the anion radical, and the bromo derivatives have more 
positive standard potentials than the chloro derivatives, as 
already seen for another series of haloaromatics (Table III in 
ref 14). 

The second part of the rule is illustrated by the comparison 
of bromoanthracene and naphthalene on one hand and of 
chloroanthracene, quinoline, and naphthalene on the other. 
There appears to be one exception to the rule when comparing 
1-chloronaphthalene and 4-chlorobenzonitrile. It must, how
ever, be noted that ^0AB and k are very close for these two 
compounds and that the solvent is not the same. There is indeed 
evidence that for the same aromatic halide k is significantly 
higher in CH3CN than in Me2SO and that the order of reac
tivity between 1-halonaphthalenes and 4-halobenzonitriles is 
reversed when considered in the same solvent.25 

Experimental Section 

The electrochemical instrumentation, electrode's, and cell for cyclic 



Woynar, Ingold / N-tert-Butoxy-N-tert-alkylaminyls 3813 

voltammetry were the same as already described.14 Positive feedback 
compensation of the cell resistance26 was used for sweep rates above 
10 V s -1. The working electrode was a mercury drop hanged at the 
tip of a gold disk of about 0.8 mm2 surface area. The reference elec
trodes were Ag/Ag+ (Ag+ 10~2 M) in the used solvent (DMF, ACN, 
Me2SO) or aqueous saturated calomel electrode. All the potentials 
were converted to values referred to the aqueous saturated calomel 
electrode in the corresponding medium. 

Chemicals. The aromatic halides, catalysts, solvents, and supporting 
electrolytes were from commercial origin.27 
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and Benn1' have reported an elegant synthesis of this com
pound and of three other TV-tert-butoxy-./V-ferr-alkylamines. 
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prepared according to the procedure of Meesters and Benn" and 
purified by distillation and preparative GLC. N-tert-Amy\-, N-
tert-octy\-, and N-(I-adamantyl)-0-tert-butylhydroxylamine (2-H, 
3-H, and 4-H, respectively) were liberated from their hydrochlorides 
under oxygen-free conditions. Normally this reaction was carried out 
under vacuum directly in the EPR tube by distilling onto 5-25 mg of 
the solid hydrochloride thoroughly deoxygenated NH3 and a hydro
carbon solvent (usually benzene or /i-pentane). 

Radical Generation. Radicals 1-, 2-, 3-, and 4- were generated in 
hydrocarbon solvents by one of the following methods: (a) UV pho
tolysis of the hydroxylamine in the presence.of di-fe«-butyl peroxide; 
(b) UV photolysis of the hydroxylamine alone; (c) H abstraction by 
an inorganic oxidizing agent, e.g., PbC>2 and Ag20 in the presence of 
a drying agent, usually MgSO4, and K3Fe(CN)6 in 2 N NaOH. 

If the foregoing procedures were carried out under oxygen-free 
conditions, using thoroughly degassed solvents and reagents, high 
concentrations of A'-rerr-butoxy-TV-terr-alkylaminyl radicals could 
be generated. The radicals obtained in this way were extremely per
sistent, there being no detectable decay over very many days at room 
temperature. However, if oxygen was not carefully excluded, the 
radicals were very much less persistent, especially when they were 
generated by photolysis. Decay rates were not reproducible and, during 
photolysis, an intense spectrum of the corresponding to-r-butoxy-
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Abstract: TV-fert-Butoxy-TV-ferr-butylaminyl (1-) and three related radicals have been generated from their parent hydroxyl-
amines in hydrocarbon solution. In the absence of oxygen these radicals are extremely persistent. Their electronic structures, 
as indicated by their EPR parameters (a'4N, a"°, and a13c, all determined without isotopic enrichment) and the N-H bond 
strength in 1-H (measured as 81.0 kcal/mol), show that the effectiveness of conjugative electron derealization is reduced rela
tive to that in the isomeric nitroxides. This effect is attributed to the greater electronegativity of oxygen compared with ni
trogen. 
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