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1. INTRODUCTION (d) substitution
B TN
XRy+ R =*R,+RX . (5)

The spin trapping (ST) method is used widely and success-
fully in the study of the mechanisms of reactions involving
radicals.’”?® Its essential feature consists in the fact that
the short-lived radicals formed in the reaction add to the ST
agent (STA) specially introduced into the reaction mixture,
which leads to the formation of stable radicals capable of
being identified by EPR.

The range of compounds which can be used as STA is
fairly large. The present review includes the results
obtained using nitroso-compounds and nitrones as STA.}™1°
When radicals are captured by these compounds, the products
are mainly nitroxy-radicals, whose physicochemical proper-
ties have been thoroughly investigated.'’™*®  The large set
of such STA,'”7 their selectivity,®?°~2% and their other
features2*~2% make it possible to identify radicals of different
nature by EPR.

In order to identify the radicals formed during the reac-
tion, it is essential to know the rate constants for their addi-
tion to the STA. These data are also required for the
quantitative estimation of the rates of individual stages of
complex chemical processes. The rate constants for the
addition of a wide range of radicals to STA have now been
determined and kinetic data characterising different stages
of important processes in radical chemistry have been
obtained. The present review is devoted to a survey of
these results and an analysis of the scope of the ST method
in the study of the reaction kinetics.

1f. THE SPIN TRAPPING METHOD IN KINETICS
The radicals ftl formed in the reaction interact with the
STA, giving rise to nitroxy-radicals—spin adducts (SA):
R, + STASRRNO . (1
The radicals can participate in the following reactions:
(a) addition

Ry+MER,, @
where M is the monomer,
(b) isomerisation
RAER, (3
(c) fragmentation or elimination
RFX+R,, @

These reactions compete with the main reaction (1) if their
rates are comparable to that of the latter.
The radicals R;, where i = 1-5, can recombine or dis-

proportionate:
. . kg
R; + R; = non-radical products. (6)

The use of the ST method implies that the rate of capture of
the radicals obtained in reactions (1)-(5) by the STA is
higher than the rate of their conversion into non-radical
products. The rate constants for the recombination and
disproportionation of short-lived radicals are of the order
of kg = 10°-10° litre mol™* s71.2°~3% If the concentration
of the short-lived radicals R;, which depends on the rate of
initiation of the reaction, does not exceed 10"7—10"° M and
[RNO1, = 1072~10"% M (the STA concentrations most fre-
quently used in experiments®:®), then it follows from the
condition k;{RNO], > 10°~10'° {R;] that, when

ko>10%+10° litre mol™t 571, [&3)

stage (6) can be neglected (k; is the rate constant for the
addition of the radicals R; to the STA). Consequently if
[STA], = 1072-10"3 M and condition (7) holds, it is possible
to disregard stage (6). For example, it has been shown?®
that the recombination of alkyl radicals may be neglected
when the solution contains 2 x 1072 M 2, 4, 6-tri-t-butyl-
nitrosobenzene.

Thus the knowledge of the rate constants for the addition
of the radicals R; to STA makes it possible to select initial
STA concentrations and to create necessary experimental
conditions such that it is possible to disregard the recombina-
tion and disproportionation of radicals and hence to simplify
appreciably the reaction mechanism in kinetic studies,

The rate constants for the addition of the radicals R; to
STA (k;) have been determined mainly using the methods of
competition kinetics. Under these conditions, reactions (2) to
(5), for which the rate constants ki (i = 2—5) have been
measured, were used as the reactions competing with the
addition of the radicals R, to STA. The rate constants k,
have been determined using the methods of non-stationary
kinetics {d[Rll_iNO]/dt # 0} and quasi-stationary concentra-
tions {d[RiRNO]/dt =0}

The difference between the ST method and the direct detec-
tion of the short-lived radicals in the liquid phase by EPR
consists in the fact that the time required to obtain a sta-
tionary concentration of the nitroxy-radicals amounts in
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many cases to many minutes, which permits the measurement
of the rate of formation of these radicals. Such experimental
conditions are reached when STA effective in relation to the
given radical at low rates of initiation are used. It has been
demonstrated,®® in particular, that, for a rate of initiation of
3 x 107° mol litre™* s7!, the times taken to attain a stationary
concentration of the spin adducts (SA) of the Cl,C radicals
with 2-methyl-2-nitrosopropane (MNP) at [MNP], = 3.73 x
1072 M, nitrosodurene (ND) at [ND], = 3.27 x 107® M, and
1~phenyl-N-t-butylnitrone (PBN) at [PBN], = 2.15 x 1072
are 7.5, 54, and 4 min respectively.

The formation of the nitroxy-radicals A and B is described
by Scheme I when reaction (2) is used as one competing with
the addition of the radicals R, to the STA:

Scheme 1
R, + RNO % RRNO |
(A)
R1 +M _k',_ r}2 ’
R, + RNO —2, R,RNO .
(B)

The rate constant k, is in this case determined by the
expression

d[AVds _ 4 (NRO) __ [A}

d{B]/dt ky [M]o [B] (8)
\yhere [é] and [B] are the concentrations of the STA radicals
R; and R, before the attainment of their stationary values.

A method has been proposed®’ for the determination of k;
on the basis of the measurements of the rate of formation of
the radicals R,RNO in the absence and presence of substances
with which the radicals R; can interact, for example, by
adding to M via reaction (2). The constant k; is calculated
from the formula

d[Alaps
d[Apr

where d[A]abs and d[A],, are the mgrements of the con-
centrations of the SA of the radicals R; with RNO in the
absence and presence of M.

l@qns.(S) and (9) are valid under conditions where
d[R;]/dt = 0 and d[R,]/dt = 0, which hold for short-lived
radicals over a fairly short interval (see, for example,
Denisov?®®). The choice of the STA is fairly wide. If the
rate constant for the addition of the radical to one STA is
known, then, by using the method of non-stationary kinetics,
it is possible to determine the corresponding constants for
other STA from the expression

(Mo . 9
+k1[RNO]o 9

Al __# [RNOJ,

Bl F[R'NO), (10)

Egn. (10) is valid for the reactions

R, + RNO $R;RNO ,
@)
R, + RNOS R,R'NO
©

When Egns.(8) and (10) are employed, it is essential to
know the relative stabilities of the nitroxy-radicals. It is
known?7-2%3%5 that the stability of these radicals is determined
by many factors. However, the relative stabilities of the
radicals A and B or A and C, identified by EPR, can be
estimated directly in the course of the study of the reaction.
For this purpose, it is necessary to follow over a time interval
the variation of the ratio of the concentrations of the radicals
detected by EPR, and then to extrapolate this ratio to the
start of the reaction,®*"*°

265

The nitroxy-radicals formed in the course of the reaction
reach stationary concentrations in many instances after a
short time interval. For this reason, the measurement of
the rate of their formation involves considerable experimental
difficulties. In the study of such reactions, the rate con-
stants for the addition of the radicals R, to the STA are
determined by the method of quasi-stationary concentrations.
The necessary and sufficient conditions for the determination
of this constant after the attainment of stationary concen-
trations by the nitroxy-radicals will be examined in relation
to the systems where reaction (2) competes with reaction (1).
Such processes can be described by Scheme I supplemented
by the recombination and disproportionation stages:

A+R—
+ > p non-radical products; (11)
B+R;—
A+ Ry,
. } non-radical products; (12)
B+R,
A+B
A+ Azl—'fi’ non-radical products. (13)
B+B
If the conditions
By (R, ki RS> Ry (Al + [Bly), (14)

where [Algs and [Blgt are the stationary concentrations 9f
A and B, are satisfied, then the addition of the radicals R,
to M in the presence of RNQ can be described by Scheme I
and by reactions (11) and (12) (the methods of calculation
of Ky, Ky, and ky; are described below).

At R, and R, concentrations of 107%~10"° M and for [Alg +
[Blgt < 107° M, conditions (14) for certain short-lived radi-
cals are fulfilled, because it is known*!™** that ky; and k;,
are greater than ki3 by 5—7 orders of magnitude.

When account is taken of stages (11) and (12), it follows
from Scheme I that

1Al _ iRy
(B] ™ Rl (1%
On substituting the stationary concentration
Ry) = — Ry [M] [Ry] (16)
£, IRNO), + &y ({A} 4 [B]
in Eqn.(15), we obtain
[A] __ m[RNOJ, Rt (A1 B)) & 1n
[B] ks [M]y ok, [M]o
or
b Reby [M]o 1a1
* 7 & [RNOL, + ks (A} [B] ) [B] (18)

It follows from Eqn.(18) that, in order to determine the k,
for the chemical reactions described by Scheme I and stages
(11) and (12), it is essential not only to identify the nitroxy-
radicals A and B by EPR but also to know k;, and the rate
constants for the addition of the radicals Rl and Rz to the
STA. Eqns.(17) and (18) are the most general for the cal-
culation of the rate constants for the addition of the radicals
R; to the STA in the case of chemical processes described by
Scheme I and stages (11) and (i2) when the radicals A and B
have attained stationary concentrations. It follows from
Eqn,(18) that, when k3[RNO1, » k;,{[A] + [B]}, then a
simple expression can be used to calculate k;:
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USET
by = by Ok {B] (19)

Eqgn.(17) is valid also under the condition where k; >» k!
and k;[RNOJ, » k3, {[A] + [B]} (or k; 2107—10° litre mol™* &7 1),
i.e. when the radicals R, are much more reactive than the
radicals R, in the interaction with the STA, It is desirable
that the condition [A]1/[B] = 1 (taking into account the
multiplicity of the signals in the EPR spectra of the spin-
adducts of the radicals R, and R;, on the one hand, and STA,
on the other) should hold, although the content of the
nitroxy-radicals in the reaction mixture can be determined
over a fairly wide range of [A}/[B] ratios by means of
standard computer programs for the simulation of EPR spec-
tra.** Using Eqns.(17) with known values of k,, k,, and k}
and having determined the dependence of the ratio [A]/[B]
on [RNO1,/{M],,*® it is possible to calculate k;,.

Application of the method of quasi-stationary concentra-
tions* to the radicals formed in the processes described by
Scheme I and stages (11) and (12) yields

& [Ry] + &, [R,]
by [Ry] + bua (Ry]

(Al+4[B] = [RNO], 20

When the conditions
by =1l andlky; =k,

hold, it follows from Eqn.(20) that

(21)

[A] + [Bl= L [RNOJ, |
18

Taking into account Eqns.(21) and (22), we obtain from
Eqn. (18)

(22)

by teMb | [A]
™ 2[rRNO},  [B]

(23)
Thus, when conditions (21) hold, Egn.(23) can be used to
calculate k;.

Eqns.(8), (9), (17)—(19), and (23) have been obtained for
examples where the reaction competing with reaction (1)
involves the addition of R; to M. Other expressions for the
calculation of k; can be obtained by similar procedures having
selected reactions (3)~(5) as the reactions competing with the
addition of R, to the STA. Joint examination of reactions (1)
and (3) or (4) yields an expression for the calculation of k;
similar to Eqns.(8), (9), (17)—(19) and (23) in which
Ml =1, k, = ks, or k, =k, [B] = [RRNO], or [B] =
[R3;RNO] respectively. Similarly, when reactions (1) and
(5) are considered jointly, one must replace [M]o by [XRs]
in the above expressions and k, = ks and [B] = [RsRNO]
must be adopted.

Thus the identification by EPR of the spin-adducts of the
radicals Ri and R; (where { = 2-5) with the STA and the
knowledge of the constants k; are necessary for the deter-
mination of the rate constant for the addition of the radicals
R; to the STA using the methods of non-stationary kinetics
and quasi-stationary concentrations. If Eqn.(9) is uged,
then it is sufficient to identify the SA of the radicals R; with
the STA in order to determine k;. Another feature which
makes this method convenient is the fact that it can be
applied also in cases where the radicals R, (i = 2-5), formed
as a result of the involvement of R; in secondary reactions
[see reactions (2)—(5)], are not trapped by the STA.

For reactions described by Scheme II, i.e.

Scheme 11
initiator — By ,
R+ RNOS-RiRNG ,
R; + R;RNG %4 non-radical products,
2R,RNO M non-radical products,
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the following expression is valid:

’thNO]-—hn[RIRN(.)]ﬂ —-L”—‘[R;RN(')E..
&y [RNO), + Ay [RyRNOJ,¢ %

(24)

It has been suggested®? that the following expressions be
employed to determine k;, ki;, and kjg:

(d[R,RNb],,) -k,
d[RNO] /moyw u

(IR,RNODmNOpce == (O0/kyg)™ (26)

The rate of initiation is determined by the method of measure-
ment of the initial rate of formation of R;RNO.*%»"” Having
determined k; by Eqn.(25), it is possible to calculate k;j;.
The knowledge of the constants k;; and k;3; and vi{ makes it
possible, in its turn, to establish the limits of validity of
condition (14) and k;[RNO], » k,3[R;RNO]gt and hence the
limits of the applicability of Eqn.(18) or (19) in the calcula-
tion of k,. Since k;; may be determined also by other
physicochemical methods,*®~%! the agreement between their
values calculated by two independent methods can serve as a
criterion of the correctness of the rate constants found for
the addition of the radicals to the STA.

There exists a fairly wide range of methods for the deter-
mination of the rate constants for the addition of short-lived
radicals to the STA, which may supplement one another in
ane form or other.

(25)

1. THE RATE CONSTANTS FOR THE ADDITION OF
RADICALS TO SPIN TRAPPING AGENTS

1. The Rate Constants for the Addition of Carbon~Centred
Radicals

Primary, secondary, and tertiary alkyl radicals are trapped
by a large number of STA.»*~%5%5% 1t is noteworthy that,
when 2,4,6-(Me;C);C¢H,NO (BNB) is used as the STA, the
secondary radicals add both to the nitrogen atom, giving rise
to nitroxy-radicals, and to the oxygen atom with formation of
anilino-radicals.’**% Tertiary alkyl radicals add exclusively
to the oxygen atom of the NO group in BNB.

Ingold and co-workers"!™*® determined the rate constants
for the addition of primary and secondary alkyl radicals to a
large number of STA using the cyclisation of H,C=CH(CH,),.

.éHz (I) to the radicals éHz—EH(CHZ)stZ (1I) and of

H,C=CH(CH,);CHMe (III) to the radicals CH,~CH(CH,) CHMe
(IV). The authors*?*® chose cyclisation as the reaction
competing with the addition reaction in the determination of
the rate constants for the addition of the radicals (I) and
(III) to the STA. The rate constants for the cyclisation of
the radicals (I) and (I1I) had been calculated earlier from the
EPR spectra.®»5¢ The rate constants determined in the
above investigations"?"® for the addition of the radicais to
the STA are listed in Table 1, which also includes the rate
constants for the addition of the radicals PhCMe, and CMe; to
STA, obtained by Doba et al.?” and Maeda and Ingold.*®
Table 2 summarises the data on the rate constants for the addi-
tion of carbon-centred radicals with functional substituents.

It follows from Tables 1 and 2 [cf., for example, No.4 in
Table 2 with the data for the radicals (III) in Table 1] the
replacement of the alkyl group or hydrogen at the C, atom by
other substituents does not entail an appreciable alteration of
the rate constants for the addition of the secondary radicals
to the STA.



Russian Chemical Reviews, 56 (3), 1987

Table 1. The rate constants (10~° k;, litre mol™! s™1) for the
addition of alkyl radicals to STA.

Radical
Ne- STA H.CemCHCH,)sEH; | HyC=CH(CH ) CHMe ++ PhtMe,” Me,& voe
4 | MNP 90,2 61 100 33
2 |ND 407.0 406 110 2000
3 BN'B 4.7 0'18..'.; 3.i§..'. 4.'8.‘t.' 2.3Utt.‘
4 |PMNB - — — 1400
5 |NB — — - 2000
6 | DMPO 25.8 42 1.9 -
7 | MBN 31.3 13 - —
8 | PBN 1.33 0.68 0.0027; 10*#*e*s 0.4
9 | 4-MeO-PBN 1.16 - - -
10 | 4Me-PBN 1.24 — — —
14 | 4CN-PBN 1.68 - — —
12 | 4NO,-PBN 2.88 — — —
13 | (Me0)3-PBN 0.18 — — -~
Notation: MNP = 2-methyl-2-nitrosopropane, ND = nitroso-

durene, BNB = 2,4,6-tri-t-butylnitrosobenzene, PMNB =
pentamethylnitrosobenzene, NB = nitrosobenzene, DMPO =
5,5-dimethylpyrroline 1-oxide, MBN = methylene t-butyl
nitrone, and PBN = a-phenyl N-t-butyl nitrone.

*At 40 °C.*?

*kAt 40 oC 43

*kkAt 26 °C,%7
***¥Njtroxy-radical.
***kkAnilino-radical.

*rkkr¥AL 60 °C.°7

Table 2. The rate constants for the addition to STA of
carbon-centred radicals with functional group substituents.
No. STA* Radical 10°5 &y, litre mob™! s lx*!  Refs.
1 PMNB cyclo—C-t;Hl 1 160 (26°) 58]
2 MNP (Me;Co)yCH 945 (25°) {59]
3 ND HO,C(CH,)CH, 351 (40°) [60}
4 ND CClg(CH,CHMe), "™ 394 (40°) i61)
5 Mey(COMe)CNO | RCH,CHCC X *o** 10 (60°) (62}
6 PBN Ph 120 (20°) 163}
7 ND Bh 30 000—60 000 (20°) {64]

*For the significance of the notation, see the footnote to
Table 1.
**The temperature (in °C) at which k; has been determined
is given in brackets.
*ken = 1,2.
*kxx¥X = Cl, F, or H.

2. The Rate Constants for the Addition of éCIs to Other
a-Chloro-radicals

The range of STA which may be used for the identification
of CCl; and other o-chlororadicals is limited.%2*,5%% The
rate constants for the addition of chloro-radicals to the STA
used most frequently for their trapping have been deter-
mined?®¢#”:%® (Table 3).
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3. The Rate Constants for the Addition of Hetero-radicals

Table 4 presents the rate constants for the addition of
hetero- and other radicals to the STA and also the rate
constants for the addition of hydrogen and a hydrated elec-
tron.

Table 3. The rate constants for the addition of a-chloro-
radicals to STA.

No. STA* Radical 10°5 ki, litre mol 1 g7 1#4 Refs.
1 ND [o¥e} 91 (20°) 136)
2 ND CI(CH,)yCCly 13 (20°) (36}
3 ND C1,CCH,CHCI 14 (20°) {68)
4 PBN ClsC 0.7 (20°) 1361
5 MNP Cie 18.9 (20°) 136]
[ MNP CI{(CH,),CCly 1.7(20%) 136]
7 MNP Cl,CCHCL 3.3 (40°) 167}
8 MNP CI,HCCEC, 3.3(40°) 167]
9 MNP CICH,CCICCly 3.8 (40°) 167)

10 MNP CICH,CCLCCl, 3.8(40°) 167]

*For the significance of the notation, see the footnote to
Table 1.
**The temperature (in °C) at which k; has been determined is
given in brackets.

The radicals Et 3§i (V) are widely used for the generation of
other radicals as a result of the abstraction of a halogen:

Et,5i 4 RHal % Et,SiHal +R . (27

The constants k,, for many halogen-containing compounds
have been determined.’’ Various STA are used for the EPR
identification of the radicals (V).%»°%%%%% in the case of
BNB, anilino-radicals are produced, while the reaction with
PBN gives rise to nitroxy-radicals. The radicals (V) add at
high rates to the carbonyl group in ketones:*®?

(V) + R'RCO% R'RCOSEY, . (28)

The constants k,3 have been determined for certain ketones
and the rate constants for the addition of the radicals (V)

to BNB and PBN have also been determined’’:’? (see Table 4,
Nos.5 and 6). Reactions (27) and (28) have been adopted as
the stages competing with the addition of the radicals (V) to
the STA.

Table 5 {ists t}}e rate constants for the. addition of the
radicals HO, HOO, CH,0, MeCHOH, Me,COH, and MeCH,.
.CHOH to substituted PBN.

It is seen from the data in Tables 1-5 that the rate con-
stants for the addition to the most frequently used STA have
been determined for a large number of radicals. Although
these constants have been obtained in relation to different
STA for some of the radicals, nevertheless by employing
Eqn. (10) it is also possible to determine the rate constants
for the addition of the radicals to other STA. The rate
constants for the addition of the radicals to STA vary over
a range of several orders of magnitude depending on the STA
used. This property of the STA makes it possible to choose
a suitable STA permitting the use of simpler expressions, for
example Eqn. (19), for the determination of the rate constants
for reactions (2)~(5).
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It follows from Tables 1—3 that nitroso-compounds are more
effective STA for the trapping of aliphatic carbon-centred
and phenol radicals than nitrones. Among nitroso-com-
pounds, aromatic compounds are more reactive than alkyl
nitroxy-radicals, provided that there is no appreciable steric
hindrance. The highest rate constants for the addition of
radicals have been obtained for nitrosodurene (Tables 1 and
3, Nos.1-3). However, it does not follow from this that
nitrosodurene is also the most reactive STA for other radi-
cals, because the efficiency of the STA depends on many
factors, for example on the stability of the SA formed,®***
on the thermal and photochemical stabilities of the STA, and
other causes.

Table 4. The rate constants for the addition of hetero-
radicals and other radicals to STA at 20°C.
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can also involve factars other than the delocalisation of the
unpaired electron in the SA.

In contrast to nitroso-compounds, aliphatic nitrones are
more reactive than aromatic nitrones (Table 1, Nos.7-13;
in addition, cf.No.14 in Table 4 with Nos.1-3, 5, and 6 in
Table 5). It is believed*? that this is associated, apart
from other causes, with the steric factor, because aliphatic
nitrones are less sterically hindered than aromatic nitrones.
Comparison of the rate constants for the addition of certain
radicals to substituted and unsubstituted nitroso-compounds
and nitrones shows that the steric structure of the substitu-
ents influences significantly the reactivity of the STA (cf.
Nos.2-4, 7, 8, and 13 in Table 1, Nos.14-18 in Table 4, and
Nos.1—-3, 5, and 6 in Table 5).

Table 5. The rate constants (10~ k,, litre mol~! 5~1) for the
addition of radicals to substituted o-phenyl n-t-butyl

" - X : 78
No. STA Radical uoskl,h;remol“ Refs. nitrones (PBN) at 25 °C.
.
1 [ 4MePBN HO 5000 169] o sTA Radical
2 |pBN PhCOO 1-100 [47, 63} ’ MecO® | HO | HOO | &HoH | MeCHOH | MebOH | MecH,CHOH
3 |PBN Med 1200 170}
ol i B 500 | 130 3 [emersn | 032 |40 (of| 230 &% | &f | o3
-Me-] N A . . . .
S |mBN B o | i 3 |aMeornn | 055 |60 |04 | 20| o5 [ ots | ol
PEN > 4 | 4cneBN Z" |es0| 08| 7500 | 20 = 1.7
6 |BNB EtSi 16000 (721 5 | ano,pen | 09 [ 740 [ 03 | 12000 | 335 - 085
7 | DMPO HO 20 000—27 000 | [69) 6 | aciPBN 0.65 | — | — - e - phs
8 | MNP Med 1800 (—40°) | [73)
13 r;:n :g : ;;x {;:} *According to the data of Janzen and Evans;’® the solvent
u | e PhS 2200 174 was benzene, while in all the remaining cases it was water.
12 [ pMPO Me,CO 5000 75]
DMPO L 7 300 76{
13 | MNP M 15 75
MNP e'fo 11 (40°) {77
14 | HyC=N(OYCMe3 Me,CO 3000—5000 | [75)
45 | HMPO Me,CO 3800 176}
16 | DeMPO Me,CO 3300 [76)
17 | PMPO Me.CO 4100 761 It follows from the data in Tables 4 and 5 that nitroso-
18 | MegPO Me,CO 88 [76} compounds and nitrones are just as effective for the identi-
19 | PBN Cay 100 000 178} fication of oxygen-centred radicals. As for alkyl radicals,
20 [PBN co, 150 178] aliphatic nitrones are more reactive than aromatic nitrones
21 | PBN CH,0 120 {78) (cf.No.14 and Table 1 and No.1 in Table 5). Furthermore,
22 |PBN ) o, 50 [78) the polarity (Table 5) and steric properties (Nos.8—13 in
2 “':'”',':'m l'°x,':° N"f“"m ) HO 32000 {781 Table 1 and Nos.15—18 in Table 4) influence appreciably the
24 | o-3-pyridine l-oxide N-t-butyl nitrone HO 48000 179] effectiveness of nitrones, as happens for aromatic nitroso-
25 }.a-4-pyridine 1-oxide N-t-butyl nitrone HO 35 000 179} compounds (Table 1, Nos.2-4)
26 | PBN EtO 2000 | (8] P » NO8.E7R). .
The causes of the differences between the activities of the
Notation: 4-Me-PBN = 4-N-methylpyridine t-butyl nitrone, STA in relation to different radicals are so far not altogether

HMPO = 5-n-hexyl-5-methyl-1-pyrroline N-oxide, DeMPO =
5-n-decyl-5-methyl-1-pyrroline N-oxide, PMPO = 5-n-propyl-
5-methyl-1-pyrroline N-oxide, and Me,-PO = 3,3,5, 5-tetra-
methyl-1-pyrroline N-oxide; for the significance of the
remaining abbreviations, see the footnote to Table 1.

The high rate constants for the addition of carbon-centred
radicals to aromatic sterically unhindered nitroso-compounds
can be accounted for by the stabilisation of the SA as a result
of the delocalisation of the unpaired electron over the aromatic
ring,% so that aromatic alkyl hydroxy-radicals should be
more stable than dialkyl nitroxy-radicals. However, com~
parison of the rate constants for the addition of thiyl radicals
to NB, PMNB, and MNP (cf.Nos. 911 in Table 4 and Nos.1,
4, and 5 in Table 1) shows that the efficiency of the STA

clear. For example, MNP is a relatively ineffective STA 2
compared with NB and PMNB, in the trapping of the Me;C
radicals (see Table 1, Nos.1, 4, and 5). However, it is
seen from the comparison of the rate constants for the addi-
tion of thiyl radicals of MNP, NB, and PMNB (Table 4,

Nos. 9-11) that the difference between the effectiveness

of these STA and that of thiyl radicals is insignificant.

The strength of the bond between the radicals and the STA
apparently has a significant influence on the effectiveness of
the STA. Thus the rate constants for the addition of
silicon-centred radicals to nitrones are somewhat higher
(Table 4, No.5) than the corresponding rate constants for
carbon-centred radicals (No.8 in Table 1 and No.4 in

Table 3). On the other hand, the rate constants for the
addition of silicon-centred radicals to BNB with formation of
a silicon—carbon bond are greater by approximately two
orders of magnitude than the rate constants for the addition
of the same radicals to PBN (Table 4, Nos.5 and 6).
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The rate constants for the addition of alkyl radicals of
various types to the most effective STA have similar velues
(Table 1, Nos.1—-3 and 5; Table 2, Nos.3 and 4). The radi-
cals containing the HO group at the a-carbon atom are an
exception (Table 5), which may be associated, apart from
other causes, also with the fact that all these radicals have a
planar or nearly planar structure®”:%® and the steric structure
of the radicals identified does not therefore play a significant
role.

The rate constants for chlorine-containing radicals depend
appreciably on the nature of the radical. A For example, the
rate constants for the addition of the C1;C radicals to nitroso-
compounds are approximately an order of magnitude greater
than the corresponding rate constants for the RCCl; and
RCHCI radicals (Table 3). This is probably associated with
the geometry of the radicals, because it is known®’ that the
Cl1,C radicals have a more pronounced pyramidal structure
than the RCCl, or RCHCI radicals.

According to Ingold and co-workers,*?* the relative error
in the determination of k; for aliphatic carbon-centred radi-
cals is 30%. The error is determined mainly by the difficulty
of measuring the relative stabilities of the radicals detected
by EPR, because, during the initial period of the reaction,
the signal to noise ratio precludes a more accurate deter-
mination of the relative SA concentration and the extrapola-
tion of the ratio to zero time owing to the low concentration of
the radicals. The absolute values of k; listed in Tables 1-5
can differ by a factor of 2-5,%4%%%77 which is associated
with the accuracy of the determination of the rate constants
k; [i = 2-5, see reactions (2)—(5)] for other reactions
competing with the addition of the radicals to the STA,
because the k; enter into the expressions for the determina-
tion of k; (see Section II).

Table 6 lists the activation energies and pre-exponential
factors for the addition of n-alkyl radicals. It follows from
these data that the pre-exponential factors are in the range
characteristic of the addition of radicals to the double bond
within the limits of the accuracy of their determination,??:3%s
89,90 while the activation energy for this reaction is low.

Table 6. Parameters of the Arrhenius equation for the
reaction involving the addition of radicals to STA.
STA* Radical ree ycarmort| B4 T | Rets
MNP | n-alkyl 50—70 2.0 8.4 {42}
BNB | n-alkyl 40—73 1.0 6.5 {42}
PBN | n-alkyl 27170 1.2 7.3 [42]
MNP  |CCLCH,CHCCLF | —40—27 2.5 - [62]

*For the significance of the notation, see the footnote to
Table 1.

IV. THE USE OF THE SPIN TRAPPING METHOD FOR THE
DETERMINATION OF THE KINETIC PARAMETERS OF ISOM-
ERISATION, FRAGMENTATION, ELIMINATION, SUBSTITU-
TION, AND ADDITION REACTIONS

Section I1I listed the rate constants for the addition of
short-lived radicals to STA. These constants were deter-
mined for cases where the reactions selected to compete with
addition of the radicals R; to the STA were cyclisation,
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substitution, or addition reactions whose rate constants
were known. Certain data on the rate constants for the
isomerisation, fragmentation, elimination, addition, and
substitution of the radicals R;, obtained by the ST method,
are compiled below. On the other hand, the addition of the
radicals R, to the STA for which the rate constant has been
measured were selected as the reaction competing with the
above reactions.

It has been shown in Section II that, in order to be able
to determine the rate constants for reactions (2)—(5) by the
ST method, it is essential to detect simultaneously by EPR
the SA of the radicals R; and R; (i = 2—5) [except in the
cases where it is possible to employ Eqn.(9)]. Evidently
the STA whose SA with the radicals R; and R; have the
simplest EPR spectrum are the most suitable for these pur-
poses. Many nitrones satisfy this condition. On inter-
action of radicals with these compounds, fairly simple spectra
are obtained, and the nitroxy-radicals formed are extremely
stable. However, the spectra of the SA of many radicals
with nitrones have similar hyperfine interaction (HFI) con-
stants®*°! and the lines due to individual radicals can there-
fore frequently overlap. Nevertheless, the large set of the
possible nitrones®%%%°2 gllows the elimination of these diffi-
culties in many instances. As regards nitroso-compounds,
their selection as the STA depends on many factors and
therefore requires special study in the investigation of a
particular reaction. Nitroso-compounds are known to be
selective (see, for example, Freidlina et al.®) with respect
to individual radicals. For this reason, it is not always,
possible to detect simultaneously the SA of the radicals R,
and R; with the aid of nitroso-compounds. In such cases
one can use Eqn.(9) to determine the rate constants for
reactions (2)—(5).

When Eqns.(8), (9), (19), and (23) are used to determine
k,, it is necessary to know only the values of k;. However,
the application of these expressions requires that certain
conditions be maintained. If these conditions are not
fulfilled, then more complex expressions, for example
Eqn.(17), may be used to determine k,, which requires the
knowledge of the rate constants for the addition of the radi-
cals R; and R, to the STA. It follows from the data in
Tables 1-5 that much information is now available about the
rate constants for the addition of short-lived radicals to STA.
The main difficulty with which the use of Eqn.(17) for the
calculation of k, is associated consists in the comparatively
small amount of data available for the rate constant k,.
However, on the basis of Eqns.(24)—(26), it is possible not
only to determine k,, but also to establish the validity of
condition (14).

1. Determination of the Rate Constants for the Isomerisation
Reaction

The present development of the chemistry of radical
processes has shown that the chemical processes involving
the rearrangement of radicals in the liquid phase [see reac-
tion (3)] are general and can be regarded as one of the
principal types of radical reaction together with the frag-
mentation, elimination, substitution, and addition reac-
tions.35%¢

The rearrangements of radicals with 1, 2-migration of the
chlorine atom®%%* and sulphur-containing groups®® as well
as different types of isomerisation with migration of hydrogen
to a more remote radical centre®%°® occupy an important place
in the series of known rearrangements of short-lived radicals.
Such rearrangements have been investigated by methods of
preparative chemistry,®*~%, EPR,%,58,87,97"101 gnd other
physicochemical methods., %3 98,102,103
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The STA more effective in relation to the radicals ft; and flz
investigated, namely MNP and ND, have been used to deter-
mine the isomerisation rate constants ks (Nos.1 and 2 in
Table 1 and Nos.7-10 in Table 3). The rate constants k;
were determined with the aid of the expression

y =y [RNOJ, LRRNOL
{RRNO)
[see Eqn.(19)], which has been shown in Section 1L to be
valid subject to the condition k3[RNO], > k{[R,RNO] +
[R,RNO1}, where k is the rate constant for the interaction of
the radicals R; with R;RNO and R RNO [see reaction (12)].

(a) Determination of the rate constant for the isomerisation
of polyhdlogeno-radicals with 1, 2-migration of chlorine. The
attempts to determine the rate constant for the rearrange-
ment of the radicals CCl,CHz to CCIZCHZCI with 1,2-migration
of chlorine by the EPR method have been unsuccessful,
because it has not been possible to observe signals due to
the non-rearranged radicals even at —140°C.*»% On the
basis of the results obtained,*® it has been suggested that
these reactions are characterised by low activation energies
and that the rate constant for the isomerisation of the primary
radicals CC1,CH, to CCI,CH,Cl is apparently kjg = 102 5™ at
50 °C. 87,98

Using the selectivity of nitroso-compounds, Freidlina et al.®
detected the SA of the radical CC1;CH, with Me,C(COMe)NO.
The rearranged CCl,CH,Cl] radicals have been detected with
the aid of ND as the STA. In subsequent studies,®?:°%¢7 it
was possible to detect simultaneously the SA of the non-
rearranged and rearranged radicals in other reactions.

The se results made it possible to find an approach to the
determination of the rate constants for the rearrangement of
polyhalogeno-radicals with 1,2-migration of chlorine by the
ST method.

The authors®?°®%%” ugsed MNP as the STA for the determina-
tion of the rate constant for the isomerisation of polyhalo-
genoradicals with 1,2-migration of chlorine, because, with the
aid of this compound, it is possible to establish the equiv-
alence or non-equivalence of the two B8-chlorine atoms in the
SA of these radicals with the STA®%1%1% and thereby assign
unambiguously the spectra of the non-rearranged and
rearranged radicals when these are present simultaneously
in the reaction mixture (Table 7).

Table 7. Parameters of the Arrhenius equation for the

reaction involving the isomerisation of the radicals Rl to
R 38,60,62,66,67

No. R R 104%3,51 | 4,51 | E kealmorl
1 | cadua ¢Cl,CClLH 1.,8* - -

2 | ccHCaiccl, CICH,CCLECH 1,0* - -

3 | RCHyCMeCCly RCH,CMeCICCly 3.3 10 2.5

4 | RCH,CHCCLF RCH,CHCICCIF 10 101 10.5

5 | CClylH, CC1,CH,C 108 108 8.0

6 PuC(spn).éH, PhC(SPh)CH,SPh 5.6 8-10 8.8

7 | RCOCHW(CHYCH, | ROOCH(CH)sMe 13 8-40° 6.3

8 | ROOCH{CHp)CH, | ROO,CH(CH,)Me 1.8 240 8.5

9 | RCOCHy(CH\CH, | RCOCH(CHy)gMe 0,78 7400 8.6

*At 20°C; in the remaining cases the data refer to 40 °C.

The rate constants for the isomerisation of certain poly-
halogeno~-radicals with 1,2-migration of chlorine determined

in the above studies®%%% %7 and the parameters of the
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Arrhenius equation characterising these reactions are
summarised in Table 7 (Nos.1-5). The knowledge of the
isomerisation rate constants leads to the possibility of
predicting a whole group of isotypical telomerisation, poly-
merisation, addition, and substitution reactions in which the
intermediate radicals may rearrange with 1, 2-migration of
chlorine. In particular, the study of the polymerisation of
H,C=CHCCl,X, where X = Cl or F,'°® showed that the poly-
mer formed consists mainly of the rearranged——(CH,.
.CHCICCIX),—units. Since the rate of isomerisation of
the secondary radicals is at least an order of magnitude
higher than the rate of their addition to the monomer, the
radicals RCH,CHCCI,X formed have sufficient time to isomer-
ise.

(b) Determination of the rate constant for the isomerisation
of the radicals PhC(SPh),CH, to PhC(SPh)CH,SPh with 1, 2-
migration of the SPh group. The rate constant for the
rearrangement of the radicals PhC(SPh),CH, to PhC(SPh).
.CH,SPh has been determined®® in the temperature range
10—~70°C (Table 7, No.6). These radicals are obtained on
thermal or photochemical isomerisation of acetophenone
diphenylmercaptal to 1,2-di(phenylthioc)ethylbenzene.*’

The activation energy and the pre-exponential factor obtained
proved to be closer to the parameters characteristic of radical
isomerisation®2:1°%1%® than to the parameters of the elimina-
tion®1:21? or addition® reactions. These results enabled the
authors®® to assume that the isomerisation of the radicals
PhC(SPh)chz to PhC(SPh)CHQSPh with 1,2-migration of the
thiyl group proceeds via an intramolecular mechanism.

(c¢) Determination of the rate constant for the isomerisation
of radicals with migration of hydrogen. The SA of the initial
CH,(CH,)nCH,CO R and the rearranged Me(CH,),CHCO,R
radicals with ND have been identified by EPR.*%%? The
non-rearranged radicals were generated by abstracting
bromine from BrCH,(CH,)nCH,CQ,R by triethylsilyl radi-
cals.!®> The radicals Me(CHz)nCHCOzR are formed as a
result of the rearrangement of the radicals CH;(CH:)nCHz.
.CO;R with 1,4-migration (n = 2), 1,5-migration (n = 3),
and 1,6-migration (n = 4) of a hydrogen atom.

Table 7 (Nos.7—9) presents the temperature variation of
the rate constants for the isomerisation of the radicals
CHZ(CHZ)nCHzCOZR to Me(CHz)nCHCOZR These results
were obtained over a narrow temperature range (AT = 30 to
40 °C) and for a small number of experimental points.'®!
Nevertheless it follows from the above data that 1,5-migra-
tion is preferred on both kinetic and thermodynamic grounds
in reactions where there is a possibility of the rearrangement
of the intermediate radicals with migration of hydrogen.

The use of the ST method yielded the kinetic and thermo-
dynamic parameters for the isomerisation of short-lived
radicals with migration of chlorine, the thiyl group, and
hydrogen. The error in the measurement of the isomerisa-
tion rate constants, especially in the rearrangement of
radicals with 1,2-migration of chlorine, is apparently hailf
an order of magnitude and is associated with the inaccuracy
in the determination of the rate constant for the addition of
the non-rearranged radicals to the STA. Nevertheless the
results obtained make it possible to take into account the
role of the rearrangement stage in complex chemical reactions.

" 2, Determination of the Rate Constants for the Fragmentation

Reaction

The rate constants for the fragmentation of the radicals
RCO (R = isopropyl, t-butyl, l—adamentyl tetra-allyl,
and cumenyl) have been measured®’»’’ using MNP as the STA.
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The fragmentation of polymeric radicals via the mechanism

A'Ae h;l'e A;le Me Me Me
. | ] .
—CHy—E—CH—C~CHy—C~ 5 oozt 4 et , (29
Pr  Ph  Ph Ph Ph ™
(VD (VI

bas also been studied.’!' Having determined the stationary
concentrations (2g) of the SA of the radicals (VI) and (VII)
with MNP and havmg adopted values in the range 3.3 x 10° to
9 x 10° litre mol™! 57! for the rate constants for the addition
of the radicals (VI) to MNP, the authors'!! obtained k,y =

5 x 10°-4.1 x 10* s~ at 25°C.

3. Determination of the Rate Constant for the Abstraction of
a Chlorine Atom from CCl, by the Telomeric Radicals CCl,.
(CHZCHX)n (n =1-3; X =H, Me, or Cl) and Their Addi-
tion to Olefins

The telomerisation of the olefins H,C=CHX (X = H, Me, or
Cl) with CCl, takes place at a fairly high concentration of the
telogen via a radical chain mechanism:}12-*

Scheme III
initiator » R ,
R 4 CCl — RCY +CCly ,
CCly + HC=CHX - CClI,CH,CHX ,
&t
CCl,CH,CHX + H,C=CHX GDF CCI,CH,CHXCH,CHX ,

p
CCI,CH,EHX + CCl, é’;ccn.cu,cnxa +¢ay
(Ty)

K
CCly (CHyCHX), + H,C=CHX (;”)- CCly (CHiCHX),,, ,

»
CCly (CH,CHX), + CCl, é)’»ca, (CH,CHX), Cl + CCly ,
(T,)
200, % products .

It is seen from this scheme that the relative yield of the
telomer-homologue Tj, is determined solely by the competition
between the stages involving the substitution and addition of
the radicals CCl3(CH,CHX)n [stages (a)—(d)]. The methods
of competitive kinetics made it possible to investigate the
reactivity of the radicals. The determination of the partial
chain transfer constants Cn = kj,./k} is a widely used method
for such estimates. An appreciable difference between C,
and Cp (n 2 2) has been observed in the telomerisation of
styrene,'!® ethylene, propene, and vinyl chloride® with
CCly. In order to elucidate the causes of the changes in
the quantities C,,, it is essential to calculate k r Or k;} and
to establish thereby the contribution of stages (c) and (d)

to the telomerisation of CCl, with olefins.

The rate constants for the abstraction of chlorine from CCl,
by the radicals CClg(CHZCHX),'I (where X = H, Me, or CI)
have been determined®%,%%'7 by the ST method. The
telomeric radicals were generated by the photochemical
decomposition of CCl1;(CH,CHX )l in the presence of
Hg(m-C,H,B;,Hs-9),.'1® In the determination of the rate
constant ks = kR. for the abstraction of chlorine from CCl,
by the radicals ccuca;cax Jn» the.authors®®¢%117 ysed ND
as the STA, which is most effective in relation to these radi-
cals, and also the expressiont

+This expression is analogous to Eqn.(19) with ks = ky;
[M], = _[CCl,]o, [A] = CCI3(CH,CHX),N(O)Ar, and [B] =
CCI;N(O)Ar, where Ar = 2,3,5,6-Me,C¢H.
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[ND]o [CCI,N (0) Ar}
[CCly)o [CCl3 (CH,CHX),, N (0)ar]

k’t‘r=k5=k1

In particular, it has been shown®® that, when a more general
expression is used [see Eqn.(18)] to determine k '., the same
values of ktr are obtained as in the case where the above
formula was used. This is associated with the fact that, as
numerous results show,3%*%*%,61,88,117 the pates of addition of
the radicals CCl3(CH ZCHX),'l to ND are much higher than the
rate of reaction of these radicals with the SA. The values
of k!, determined in a number of studies®*%'*7 are listed in
Table 8.

Table 8. The chain transfer (k,,., litre mol ! s71) and

propagation (k,, litre mol™? s™!) rate constants for telomeric
radicals at 40 °C.

No. Radical 104 kyy 103 kp Refs.

1 CCILCH,CH, 0,39 45 147}

2 CCly(CH,CHy); 9,0 30 |

3 CCly(CH,CHy), 14.0 19 [117]

4 CCLCH,CHMe 1.4 8.8 161}

5 CCly(CH,CHMe) ; 20.8 4.2 161}

6 CCl,CH,CHCI 0.045 168 [68)

7 CCl,y(CH,CHCI); 0.476 98 168(

Table 9. The rate constants ks for the abstraction of hydro-
gen by the radicals Ph 122 and MeO 2% at 20 °C.

Reaction 10°5 ks, litre Reaction 10°S ks, litre
mol-l 1 mol! s
Ph - MeOH 1.4 MeO + glycerol 13
Ph + MeCHOH 2.3+0.4 | MeO + MeOCH,0Me 19
Ph 4 Me,CHOH 44404 | MeO + HCOOMe 48
MeQ + MeCH,;OH 5.0 MeO -+ MeOCH,0H 3%
MeO + ethylene glycol 6.2 MeO + n-pentane 1

Freidlina and co-workers®':%%117 determined the chain
propagation rate constant kI [see Scheme III, stages (a)
and (c)] listed in Table 8 from the values of k}}. obtained and
the partial constants Cp, for chain transfer in the telomerisa-
tion reactions of propene and vinyl chloride,}16,119=121  yt
follows from the data in Table 8 that (1) the reactivity of the
radicals CCl3(CH,CHX)p, (X = H, Me, or Cl) in reactions with
CCl, depends significantly on the position of the CCl; group
relative to the radical centre and on the nature of the sub-
stituents at the a-carbon atom, (2) the differences between
the values of Cn for the telomerisation of ethylene and
propene with CCl, are associated mainly with the differences
between the rate constants for the abstraction of chlorine
from CCl, by the radicals CC1,CH,CHX and CCIl,;(CH,CHX)p,
where n 2 2 and X = Me or H, and (3) the changes in the Cn
for the telomerisation of vmyl chloride with CCl, are asso-
ciated with changes in both k » and kp
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4. Determination of the Rate Constants for the Abstraction
of Hydrogen by the Radicals Ph and MeO

The rate constants in the abstraction of hydrogen from
methanol, ethanol, and isopropyl alcohol by phenyl radicals
have been determined’?? using PBN as the STA (Table 9).
Table 9 presents also the rate constants for the abstraction
of hydrogen from various compounds by the radicals MeO.
These data were obtained on the assumption that the rate
constant for the addition of the radicals MeO to PBN is 1.2 x
10° litre mol~? g7?

5. Determination of the Rate Constants for the Addition of
Radicals to Compounds Containing the S=C<Groups

It is known!%15:12%125 that compounds containing the s=c/
linkages can be used as STA. The stability of the radicals
formed then depends significantly on a series of factors (for
further details, see Scaiano and Ingold'?). Using MNP and
(Me;C).C =S as the STA, Scaiano and Ingold determined the
rate constants for the addition of methyl radicals to
(Me3sC),C =S. The SA of the radicals Me with MNP and
(Me3C)C =S have been identified by EPR at —40 °C:

e + MNP MeN (0) CMe, ,

phte (30)

e (MesC)e C=S 25 MeSC (CMep, | (31)
{1x)

The value k3, = 1.5 x 10° litre mol™* s™* was adopted for the
rate constant for the addition of the radicals Me to MNP at
-40°C on the basis of the data of Perkins and Roberts.?% "’
The rate constant k3; = 1.1 x 10° litre mol™* s™* was deter-
mined by comparing the rates of formation of the SA of
methyl radicals with MNP and (Me3),C =S using the known
value of k3;. The results obtained showed that alkyl radi-

cals add to compounds containing the S =C< linkage at high

rates. Thus the interaction of the radicals Ph with
S8 = C(OPh)CH,Ph and S = C(OPh)CHPh, yields in addition
to the radicals PhSC(OPh)CHzPh and PhSC(OPh)CHPh,, i.e.

Ph + S=C (OPh) CHyPh %5 PhSC (OPh) CH,Ph , (32)
Bh + S=C (OPh) CHPh, %% PhSC (OPh) CHPh, | (33)
the radicals § = C(OPh)CHPh and § = C(OPh)CPh,:
Ph + S=C (OPh) CH,Ph % S=C (OPh) CHPh , 34
Ph + S=C (OPh) CHPh, 23 5—C (OPh) CPh, . (35)

With kg, = ks = 5 x 10° litre mol™* s~!, the rate constants
for the addition of phenyl radicals to S = C(OPh)CH,Ph and
S = C(OPh)CHPh, at 45 °C were found’® to be kj, = 2.3 x 10°
and ki3 = 2.7 x 10° litre mol™? s~ respectively. It is note-
worthy that the values of k3, and k33 determined by the ST
method are virtually identical with the corresponding con-
stants calculated on the basis of the direct identification of
the rla?icals PhSC(OPh)CH.Ph and PhSC(OPh)CHPh,; by

EPR.

The phenylation of benzene has been investigated®® by the
ST method. Having adopted the value of 1.2 x 107 litre
mol™* s~ for the rate constant for the addition of phenyl
radicals to PBN at 25 °C in methanol, the authors®’ obtained
the constant kggq % 10° litre mol™* 87> for the addition of
phenyl radicals to benzene, which agrees well with the results
of the phenylation of benzene by phenyl radicals obtained by
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Levy et al.}?® and Scaiano and Stewart'?” using other
methods.

—=-000——-

Thus the experimental results considered in this review
demonstrate the probable usefulness of the application of the
ST method in the determination of kinetic data for individual
stages of complex chemical reactions of various types.
Although the amount of such data is at present small, never-
theless one may hope that further accumulation of experi-
mental rate constants for the addition of radicals to STA as
well as the analysis of the dependence of the rate constants
for the addition reaction on the steric and polar properties of
the radicals and on the nature of the STA will permit a con-
siderable extension of the range of reactions for which
kinetic data may be obtained.
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