
Journal of Physical and Chemical Reference Data 3, 937 (1974); https://doi.org/10.1063/1.3253151 3, 937

© 1975 The U. S. Secretary of Commerce on behalf of the United States.

A Critical Review of H-Atom Transfer in
the Liquid Phase: Chlorine Atom, Alkyl,
Trichloromethyl, Alkoxy, and Alkylperoxy
Radicals
Cite as: Journal of Physical and Chemical Reference Data 3, 937 (1974); https://doi.org/10.1063/1.3253151
Published Online: 29 October 2009

D. G. Hendry, T. Mill, L. Piszkiewicz, J. A. Howard, and H. K. Eigenmann

ARTICLES YOU MAY BE INTERESTED IN

Elastic Properties of Metals and Alloys. II. Copper
Journal of Physical and Chemical Reference Data 3, 897 (1974); https://
doi.org/10.1063/1.3253150

Critical Review of rate constants for reactions of hydrated electrons, hydrogen atoms and

hydroxyl radicals (⋅OH/⋅O− in Aqueous Solution
Journal of Physical and Chemical Reference Data 17, 513 (1988); https://
doi.org/10.1063/1.555805

The Surface Tension of Pure Liquid Compounds
Journal of Physical and Chemical Reference Data 1, 841 (1972); https://
doi.org/10.1063/1.3253106

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/222900553/x01/AIP/HA_WhereisAIP_JPR_PDF_2019/HA_WhereisAIP_JPR_PDF_2019.jpg/4239516c6c4676687969774141667441?x
https://doi.org/10.1063/1.3253151
https://doi.org/10.1063/1.3253151
https://aip.scitation.org/author/Hendry%2C+D+G
https://aip.scitation.org/author/Mill%2C+T
https://aip.scitation.org/author/Piszkiewicz%2C+L
https://aip.scitation.org/author/Howard%2C+J+A
https://aip.scitation.org/author/Eigenmann%2C+H+K
https://doi.org/10.1063/1.3253151
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.3253151
https://aip.scitation.org/doi/10.1063/1.3253150
https://doi.org/10.1063/1.3253150
https://doi.org/10.1063/1.3253150
https://aip.scitation.org/doi/10.1063/1.555805
https://aip.scitation.org/doi/10.1063/1.555805
https://doi.org/10.1063/1.555805
https://doi.org/10.1063/1.555805
https://aip.scitation.org/doi/10.1063/1.3253106
https://doi.org/10.1063/1.3253106
https://doi.org/10.1063/1.3253106


A Critical Rev.iew of H-Atom Transfer in, the Liquid Phase: Chlorine Atom, Alkyl, 
Trichloromethyl, Alkoxy, and Alkylperoxy Radicals 

D. G. Hendry, T. Mill, l. Piszkiewicz 

Stanford Research Institute, Menlo Park, California 94025 

J. A. Howard 

National Research Council o..fCanada, Ottawa,. Can(lda KIAOR9 

and 

H. K. Eigenmann 

elBA GEIGY AG, CH-4002 Basel, Switzerland 

This review covers hydrogen-atom transfer from carbon-hydrogen bonds in organic compounds to 
chlorine atom, methyl, ethyl, trichloromethyl, t-butoxy and alkylperoxy radicals in the liquid phase. Rate 
constant data are presented -iri 38 tables. Literature is covered throu,gh most of 1972. The review is 
divided into six sections; an introduction plus five sections each dealing with specific radicals. 
Hydrogen-atoIn trander to chlorine Iltom Ilrp pre!':f>ntp{l :I!': rpbtivp ratp eon",tant",_ For hydrogen-atom 
transfer to methyl, ethyl, trichloromethyl, and t-butoxy radicals, both relative and absolute rate 
constants are tabulated. For alkylperoxy radicals only absolute rate constants are listed. Each 
absolute rate constant ha.s a tabulated set of rate parameters where A has been assigned and E derived 
from the Arrhenius equation. 

Key words: Chlorine atom reactions; hydrogen transfer r~actions; liquid phase; organic molecules; 
organic radical reactions; rate constants; reference data. 
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1. Introduction 

The objective of this review is to collect the best 
available rate constants for hydrogen-atom transfer 
from carbon-hydrogen bonds in organic compounds to . 
chlorine atoms, small alkyl radicals, trichloromethyl, 
alkoxy, and alkylperoxy radicals in the liquid phase. 
We also' evaluate the limits of uncertainty and assign 
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or calculate Arrhenius A-factors and activation energies 
(activation parameters) for all absolute rate constants 
and selected relative rate constants. Excluded from this 
review are H-atom transfer from carbon to carbon 
during polymerization (chain transfer) and from ele­
ments other than carbon. 

1 .1 . Background 

Ever since the early 1930s when chemists first 
-recognized the important role of free radicals in many 
chemical processes, much effort has gone into,measure­
ments of rates of the elementary steps involving atomic 
and molecular radicals. The objective has been to de- . 
v~lop generalizations concerning structure and reac­
tivity that would be useful in prediction as well as in 
understanding. Only in the last few years, however, has 
this goal been even panly realized owing to the experi­
mental difficulties and the complexities of the problem. 

One of the most important classes of free radical 
reactions is hydrogen atom transfer, usually from carbon 

to another radical center as represerited by the reaction 

I I 
X'+ H-C~XH+' C-:. . I I 

where X might be carbon, oxygen, nitrogen, sulfur, or 
halogen. Although these reactions represent a significa~t 
proportion of free radical chemistry and are the subject 
of hundreds of papers, surprisingly few sources of reli­
able kinetic parameters (entropies and enthalpies of 
activation) are available either on a relative or an 
absolute basis for th~se reactions. For gas phase sys­
tems, the recent reviews by Trotman-Dickenson and 
Milne [1] 1 and the selected series of critical reviews 
by the group at the University of Leeds [2] are among 
the best sources available. For liquid phase systems, 
there is nothing comparable, although 'Howard's [3] 
more circumscribed review of R02 • and RO' radicals 
is among the most extensive 'and reliable for any class 
of radical reactions, and Denisov's grand compilation [4] 
is unrivaled for completeness. 

One of the important unsolved problems of radical 
chemistry is the quantitative effect of phase on the 
absolute rate of a reaction. Thus, while reliable absolute 
rate constants' are now available fvI' I'ea~tiuIlS uf halugen 
atoms and alkyl radicals in the gas phase, almost none 
are available for these radicals in the liquid phase. The 
converse is found for reactions of alkylperoxy radicals, 
where many r~liable values are available -ror the liquid 
phase but almost none have been measured in the gas 
phase. For lack of a reliable basis for converting absolute 
rate data from gas to liquidphase, most of the published 
data for chlorine atom and alkyl radicals must remain 
on a relative basis. 

1 Figures in brackets indicate the literature references, which are listed at the end of 

each section. 
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1.2. General Kinetic Treatments 

A general radical chain sequence for H-atom transfer 
involves simultaneous initiation, propagation, chain 
transfer, and termination reactions. For example, the 
halogenation of substrate RH' by the halogen X2, may 
be expressed by the following reactions 

Initiation X2~2X· (1) 

Propagation X·+RH~XH+R· (2) 

Transfer R·+X2~RX+X· (3) 

Termination 2X· ' (4) 

X·+R· 
Termination (F;) 
Products 

2R·~ (6) 

For the case where the chain length is long, i.e., 
rates o'f reactions (2) and (3) are much greater than the 
sum of rates for the termination reactions, the general 
equation governing this. set of reac,tions is conveniently 
solved in the form [5] 

[RH]2RJR2 = 2ktt + 2kt2 '( [RH]) + 2kt3 ([RH])2 
RH k; kakb [X2 ] k~ [X2 ] , 

(7) 

where brackets represent concentrations of X2 and RH 
and R i =ki [X2] and RRH=-d[RH]/dt. 

For special cases where rates of reactions (5) and (6) 
are s~all relative to (4), [R .],~ 0, eq (7) simplifies to a 
more familiar form commonly applied to oxidation and 
polymerization chain reactions, 

(8) 

Both equations may be used to evaluate k a/ (2k tl )1!2 if 
values for Ri and RRH are known or can be measured. 
Absolute values of k~ can be evaluated directly'from the 
steady-state radical concentration or indirectly by' one 
of the non-steady state techniques. Absolute values can 
then be assigned to ka (hereafter referred to as simply k). 
As yet there have been no direct measurements of rate 
constants for abstraction of a H -atom from carbon. 

Equation (7) has' been used to evaluate k for t-BuO . 
radical generated from t-BuOCI [5] and could be applied 
to halogenations as well; eq (8) is used extensively in 
kinetics analyses of autoxidation reactions [6]. But 
many other 'radical abstractions result in systems too 
complex to be' amenable to this kind of kinetic analysis , 
or the kinetic chain lengths are too short for eqs (7) or (8) 

to be applicable. In such cases rates of formation for 
only certain propagation and termi~ation products will 
provide values for k/ k:!2 without additional knowledge 
of the other products. From reactions (2) and (4), where 
their rates ,are known from product analyses, 

(9) 

Equation (9) could be used to' evaluate k for some alkyl 
radicals since k t has been recently reported for combina­
tion of some radicals in solution [7]. 

The user will find that more than half the entries in 
this review are for relative rate constants, often com­
pared with a common standard, but without any reliable 
means of converting the relative values to absolute 
values. For chlorine alUm aiJsLracLium;, 'wlu:::n~ absolute 
rate constants are known for gas phase but not for liquid 
phase systems, we have not used gas phase data as a 
basis for q.eriving liquid phase absolute rate constants 
because th'ere appears to be no sound basis for such 
interconversion at this time. Inspection of the tables on 
chlorine atom abstraction shows that only a few absolute 
values for abstraction are needed to put all relative 
values on an absolute basis. The situation is similar for 
the methyl and ethyl radicals except there is a limited 
amount of data where eq (9) can be used. From the in­
formation that is available we have evaluated k for a 
number of reactions in different solvents but with some 
uncertainty. 

1.3. Activation Parameters 

Throughout this review we have attempted to include 
measured values for Arrhenius A -factors and activation 
energies, E, as defined by the Arrhenius equation 

log k = log A - (E/2.3RT) 
(R=8.314 J. mol-I. K-I= 1.986 cal· mol-I. K-I) 

In only a few cases, however, are such values reported 
,expli'citly; for chlorine atom reactions, most temperature 
dependent data are not accurate enough to use in cal­
culating relative values of A and E. However, several 
sets of parameters were calculated. for reactions of 
chlorine atoms in noncomplexing solvents. 

For'most radical reactions, however, reliable data are 
available at only one temperature. Therefore, we have 
assigned values of log A based on the probable change 
in entropy of a reactant going to the transition state for 
H-atom tra~sfer to a radical species. Detailed treatments 
of bimolecular atom-transfer processes by Benson [8] 
and Golden [9] suggest that for H-atom, transfers in­
volving yolyatomic radicals, log (A/M-1s-l)2 should 
be no lower than 8 to 9 for alkanes and no lower than 7 
to 8 for open-chain allylic or benzylic systems where 
greater stiffening in the transition state for these latter 
reactants will increase dS± and lower 10gA by about one 

2 Throughout this paper the units symbol M is equal to mol· dm-". 
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log unit [8 and 9]. There is good experimental evidence 
that log (A/M-1s-l) ;:?; 9 for sec-H-atom transfer from 
alkanes to R02 • radicals [10]. These H-atom transition 

,states should have the largest degree of bond breaking 
of any of the common H-atom, transfers owing to the 
high activation energies (> 10 kJ/mol). Accordingly we 
would expect the largest effects of resonance on as± to 
be found here, and we have assigned values of log A for 
all H-atom transfers as show~ in table 1.1 with an addi­
tional refinement (perhaps unjustified) that values of 
10gA for secondary (sec) and tertiary (tert) H-atom trans­
fers are larger by 0.2 and 0.4, respectively, than for 
primary (prim) H-atomtransfers. Several kinds of 
H -atom transfers exhibit this structural effect in gas 
phase reactions [11], and some support for these differ­
ences also comes from reactions of methyl radical in 
the liquid phase [12]. 

TABLE,I.I. Assigned value of log A for H-atom transfer to polyatomic 
radicals 

Reactant 

Alkyl pri 
sec 
tert 

Allyl pri 
sec 
lert 

Benzyl pri 
sec 
tert 

C ycloalkyl sec 
lert 

Cycloallyl sec 
tert 

Cyclobenzyl sec 
lert 

Heterosubstituted a 

log (AIM-1s-l)±0.5 b 

9.0 
9.2 
9.4 
8.0 
8.2 
8.4 
8.0 
8.2 
8.4 
9.2 
9.4 
8.7 
8.9 
8.7 
8.9 

8.7 

a Includes ethers, alcohols. sulfur analogs, amines, and aldehydes. 
Where reliable experimental evidence indicates that some other value 
of log A is avvlil:able, we have i1bu li::>led the eJl.perimental value (by 

way of recognizing that kinetics is as much an art as a science), How· 
ever, in no case do the estimated and experimental values differ by 
more than one log unit and larger differences, which are often reported, 
should be viewed with considerable skepticism. 

b M=mol' dm-3• 

Intermediate values of log A were assit.!;ned to reac­
tions involving cyclic allyl and benzyl systems and to 
heteroatom substituted systems on two bases: For 
cyclic systems, changes in as± should be smaller than 
for open chain system~ since resonance stabilization 
cannot additionally stiffen these structures very much. 
In heteroatom systems where' resonance effects involv­
ing p-electrons appear to be small as indicated by only 
small changes in CH bond strengths on substituting 
oxygen or nitrogen for carbon [13], we have increased 
log A to 8.7 to reflect a lessened degree of r~sonance 
interaction but have neglected differences bet~veen pri, 
sec, and tert CH bonds. We believe this procedure, 
with a probable error of ± 0.5 log unit, is at least ,as 
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reliable as most rate measurements over limited 
temperature spans and for some radical systems, such 
as alkylperoxy or alkoxy, the most reliable method of 
obtaining rate parameters. The values of iog A for the 
relative reactivities(k) for the chlorine atom reaction 
have been assigned as the difference in the expected 
value of log A from the individual values of log A in 
table 1.1. However the actual value of log A for the 

,chlorine atom will be at least a log unit of 1 larger 
because of a smaller change in as± associated with 
these reactions. 

From the experimental value of either the absolute 
or relativ..e k and the assigned value of 199 A we have 
calculated E with the precision needed to recalculate 
the original value of k. 

1 .4. Error Analysis 

Because many different kinds of experimental pro­
cedures are used to measure radical abstraction proc­
esses, no one error analysis procedure is applicable to 
all sets of data. Relative reactivity data reported for 
chlorine atom abstraction appear to be of high precision, 
often with less than 2 percent standard' deviatiuIl (~ee 
section 2). But absolute values for k for abstraction by 
t-BuO . radical are probably not accurate to better than 
a factor of three owing to the uncertainties in the ki­
netics of t~BuOCI chlorinations [5]. Other rate constants 
have precision and accuracies that lie between these 
extremes, but it is unlikely that any absolute value of 
k can be considered reliable within a factor of two. 
Some sets of experimental data are reported with error 
limits that involve a judgmental factor in selection of 
data. These error limits may be considered as equal to 
twice standard deviation. 

Most experimental measurements of E are made over 
temperature spans of 40-80 K and usually around 298 
K. Benson's "rule" [14] indicates that with a random 
error of 20 percent in k (relative) E may be determined 
with an accuracy of about 30 percent; however, with ~ 

random error of 100 percent in k (absolute), E is only 
accurate to 1100 percent or a factor of 10! This latter 
value is discouraging if one hopes to measure accurate 
values for E from temperature dependence ofk (abso­
lute). It is mainly for this reason that we have preferred 
to rely predominantly on' assigned values of A and cal­
culated E (absolute)' 

We estimate that assigned values of log A are accurate 
to ±O.S log units or a factor of 3 in A. Combined with a 
random error of ± 100 percent in k (absolute), the error 
in E (t:tbsohite) is 4.6 KJ/mol (1.1 kcal/mol) if k is evalu­
ated at 298 K. The interdependence of A and E is such 
t4at, at the temperature used to calculate E, the errors 
cancel and we have calculated E from k and A with 
enough precision to enable the user to recalculate the 
original value of k. Compensation of errors is increas­
ingly poor as the temperature departs from the point 
of evaluation. In most cases, if k is calculated at tem­
peratures within 100 degrees of the temperature where 
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E was evaluated, the uncertainty in log A (±O.5) results 
in less than a factor of 2 in the uncertainty in k. 

1 .5. Literature Sources 

A thorough search of Chemical Abstracts was made 
through 1972 under the major !;nbjer.t he::ldings for 

specific radicals. A few data on trichloromethyl radical 
are current through ,May 1973. The review on oxy radio 
cals by Howard [3] is the major source of data for H-atom 
transfer by those radicals. Both of these sources were 
supplemented by a search of the holdings of the Chemi­
cal Kinetics Information Center at the National Bureau 
of Standards by Francis W estley~ Supplemental data 
for chlorine atom were obtained from a review by 
Poutsma [15]. 

1.6. Format 

The review is divided into five data sections plus the 
introduction. To assist the user, references are renum­

bered in each section and listed in the back of each 
section. Although every effort has been'made to use a 
consistent format throughout, some differences among 
tables are unavoidable owing to differences in the kinds 
and reliability of data available for various radicals. 

In the tables, compounds are generally grouped by 
type, such as alkane, substituted alkanes, cycloalkane, 
aralkanes, and miscellaneous compounds. In each 
grouping, compounds are listed in order of increasing 
complexity generally according to IUP AC nomenclature. 

In those cases where relative rate constants are re­
ported, the r~ference compound and position are indi­
cated in the Standard column. If reactivity is relative 
to a second position in the same molecule, only the 
position is indicated in the column. In table 2.1 all 
reactivity data are relative to one standard indicated in 
the heading, and therefore we have deleted the Stand­
ard column. 

Rate constarits k are expressed in M,-lS-1 (see foot­
note Z). For those cases where rate constants are ex­
pressed relative to a second reactiQn ks } with the 
same order in free radical (k/ kg), the values are dimen~ 
sionless. Very large and very small v~ues of k are 
listed as partial exponents. Thus a column heading 
103k requires that every listing in that column he mul­
tipHefl hy 10-3 to r~tri~v~ k Rv~ry ~ffort was mad~ to 
list k and, (k/ks) on a per eH basis. The values of log 
A, log (A/A~), E, and E-Es are Arrhenius constants 
that best fit the kinetic data according to the Arrhenius 
equations 

log k=logA ~ E/2.303RT 
or 

log (k/ks) = log (A/As) (E - Es)/2.303RT. 

The unit:s of A are the :same a5 for k, the unit5 for 

A/As are dimensionless; the units for E or E - Eg are in 
SI units of kilojoules per mole (kJ/mol) with the more 
common valllf~ of kilocalori~~ per mole (kcal/mol) in 

parenthese!5. To minimize confusion we use only kcal/ 
~ol' in the text. In those few cases where temperature 
dependent data are available and reliable, values of 
log A and E are calculated from the best fit of the data 
to the Arrhenius equation (log. k versus lIT). IIi most 
cases however. log A is assigned (see table 1.1) and E 
is calculated for absolute values of k ,but not for relative 

values of(k/ kg). , , 
We have, as a general rule, not repeatedly listed 

standard, ~olvent, temperature, or reference when the 
same listing applies to several entries in sequence. 

1.7. 'Unsolved' Problems in, ti-AtomTransfer 

Little effort has been made to determine absolute rate 
constants for H-atom transfer reactions' by small free 
radicals in the liqUid phase except in the case of peroxy 
radicals. Until recently this lack of information was due 
partly to the unavailability of suitable techniques and 
thc difficulty of performing such measurements. In 

addition liquid phase ra:dical chemistry was more the 
province of organic. chemists whose orientation is toward 
the products of reaction and the relation of products to 
substrate structure. Thus relative reactivity was adequate 
to answer many questions especially when confronted 
with the difficulties of obtaining absolute rate constants. 

At this time knowledge of absolute rate constants is 
becoming more important, particularly in evaluating 
critical steps in chemical processes and in actually 
ulUtldiIl~ :sul:h pCUl:e:s:st::s Lv maximhe dIicieucy. Huw­
ever, as seen in this review , such 'lnforn::tation is limited. 
Thus, while this review attempts to show what informa­
tion is available, equally important it also shows what 
is not available. 

Perhaps the most glaring deficiency is the absence of 
any absolute rate data for H-atom transfers to chlorine 
atom. The information on relative reactivity seems to 
suggest that rate constants in solution are slower than 
in the gas phase, but no one has pursued this question in 
sufficient detail to overcome the experimental difficulties. 

The information we have on the methyl radical is pre­
liminary; however, these data appear to be fairly consist­
ent with the gas phase data considering the experimental 
uncertainties. Techniques are readily available to put the 
absolute rate data on more certain bases and should be 
done, Some additional information on th~ oth~-.: ::Ilkyl 
radicals is also justifiable. 

The various sources of data on the liquid phase reac­
tions of the trichloromethyl radic8l show reasonable 
agreement. The most interesting problem in this case is 
why rate constants for gas and liquid phase reactions 
differ. 

The absolute rate data for alkoxy radicals is limited 
largely to the t-butoxy radical and that· relies on two 
measurements of the combination of two t-butoxy radi­
calIS, which agree only within a power of 10. Thu:5 while 

the data could be improved, we probably know these rate 
constants within a factor of 3. .. 

More information is availahle on the absolute rate con-
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stants of peroxy radical reactions in solution than on any 
other small radical. While greater precision· would be 
desirable, it is not likely that the data can be significantly 
improved until new techniques are developed. . 

While the abs~lute rate data for H-atom transfers by 
various free radicals in the liquid phase are· in various 
degrees of development, at least two questions common 
to all radical abstraction reaction are important. First 
with the present data we can generally estimate the 
Arrhenius A values with greater accuracy than they can 
be determined experimentally. 'In general data have not 
been obtained over a sufficient temperature range to give 
the desired precision in A. Thus more attention should 
be given to improving precision and to increasing the 
temperature range of the measurements so that experi­
mentalA values can be made more reliable. 

The second and the mQst interesting problem deals 
with the effect of phase change on the rate constant. 
While for example Russell [16], and others later, showed 
that aromatic solvents can have profound effects on 
the relative reactivity toward the chlorine atom, we can­
not tell how much effect these solvents have on the rate 
constants compared with absence of solvent or what 
effect so called "non-complexing" solvents have relative 
to absence of solvent, if any. This question has been 
considered by Mayo [I7]~ who discussed mainly the dif­
ferences between phases, such as concentration differ­
ences, and the effects of free volume, cages, and third­
body interactions. However, the need still exists to 
quantify the differences on individual steps by measur­
ing their rate constants in both phases under parallel 
conditions. 
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2. Reactions of Chlorine Atoms 

While there has been considerable interest in the 
reactions of chlorine atoms with organic compounds, 
there ha~ been no direct measurement of any absolute 
rate constants for reactions of chlorine atoms with sub· 
strates in solution. Kinetic studies that in principle-could 

give rate constants have led to results that suggest that 
the reactions are inhibited by trace impurities [1 and 2]. 
The expected chain lengths of liquid pl.tase reactions, 
based on gas phas~ data, are expected to be in the range 
of 106 to 1010. Thus the reactions should be sensitive to 
small amounts of inhibitors such as oxygen, phenols, 
and amines. 

Because of the limitations in obtaining absolute rate 
constant data (section 1), most effort has been made to 
measure the relative reactivity of different compounds 
and of different positions within a single molecule toward 
chlorine atoms. This type of information is relatively 
easy to obtain without any significant interference from 
the problem mentioned above, and it does indica,te the 
effects of substrate structure on reactivity. However, it 
is of no value for estimating the absoulte rate constants 
or.for predicting how abstraction of hydrogen would com­
pete with termination reactions. 

2.1. Determination of Relative ReaCtivities 

For two competing reactions of a chlorine atom 

kl CI . + R1H -----4) HCI + Rl . 

the expression for the relative disappearance of the two 
hydrocarbons on a molecular basis is . 

Separation of the variables and integration gives 
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An approximate, but somewhat simpler, expression 
often used is 

k / k - d[R1Hl X [R2Hlav = [R1CI] X [R2H]av 
1 2 - d[R2H] [R1H]av [R2CI] [R1H]av· 

This simpler expression generally gives satisfactory 
results up to about 20% conversion, above which the 
error increases rapidly with conversion unless both 
reactants have nearly the same reactivity. 

The relative reactivity on the inolecular basis, is 
related to the reactivity on a per active hydrogen by 
the relationship 

where n1 and n2 are the number of reactive hydrogens 
in reactants R1H and R2H, respectively. Iil all cases 
reactivities are reported here on the per active hydrogen 
basis. 

Thus the general technique for. evaluating k l / k2 
involves measuring the formation of the products at low 
conversions or the decrease of reactants at higher con­
version.' When the products arf~ n~p.d to estimate the 
relative reactivity of the initial reactants, the reactivity 
of the products become important. If the initial product 
of one of the components has the same reactivity as the 
initial component, at 5 percent conversion the initial 
product would react 0.052 as fast as it is formed; at 
10 percent conversion it would react 0.111 as fast. Since 
in most cases the monochlorinated materials are les::; 
reactive than the original material, further chlorination 
of the initially formed products is of little importance 
below 10 percent conversion. 

When the change of reactants is being followed, 
secondary reaction of the products is not generally a 
probl~m. and high conversions are necessary to obtain 
satisfactory accuracy in the relative reactivity ratio. Gen­
erally 50 percent conversion of both reactants is neces­
sary to reduce the uQ.certainties in k1f k2 to below 
10 percent. 

The. above error analysis is based on optimum ana­
lytical conditions. In fact serious nonrandom errors can 
be introduced in determining the chloride products or 
the disappearance of reactants. The standard procedure 
generally has been to use gas chromatography (gc). How­
ever, under the conditions necessary for gc analygig 
(higher temperatures and potential catalytic surfac~s), 
complications can result from the ease with which most 
organic chlorides can" eliminate hydrogen chloride. 
While an analysis may give reproducible results, there 
may be systematic errors. Undoubtedly many ·research 
groups have made efforts to eliminate complications dur­
ing the gc analysis, but it is .unfortunate that they have 
not generally made note of this in their publications. 

An alternative method 'of analysis for cases where one 
of the products is highly reactive and would dehydro­
halogenate easily during a gc analysis is to determine one 
or both chlorides by selective hydrolysis. Because of the 

larger uncertainties associated with this approach, this 
method should be used only when gc methods are 
inadequate. 

2.2. Solvent" Effects 

Unlike most other atorriic or molecular radicals, the 
relative reactivity and undoubtedly the absolute rate" 
constants of the chlorine atom are very sensitive to the 
composition of the solvent [3]. The selectivity increases 
in the" presence of a solvent or substrate that can com­
plex with the electron-deficient chlorine atom~ This 
selectivity effect is a function of concentration of the 
complexing solvent or substrate as well as the strength of 
the complex. Aromatic compounds and CS 2 complex 
strongly with chlorine atoms with the result that relative 
reactivities measured in these solvents are difficult to 
interpret in terms of relative rate parameters. Therefore 
although values" for log (A fA s) and- (E - E s) could be 
readily assigned and calculated at each compl~xing 
solvent concentration, we have not done so. Rate param­
eters for chlorine atom reactions in noncomplexingsoI­
vents have been calculated and appear in table 2.1 (see 
next section). 

2.3. Relative and Absolute Rate Parameters 

In the analysis of data obtained in noncomplexing 
solvents, such as alkanes, carbon tetrachloride, and 
nitrobenzene, the assumption is made that the statis­
tically corrected values of A for the reaction of chlorine 
.atom are different for each type of carbon-hydrogen 
bond (primary, secondary, and tertiary). This assumption 
draws support from gas phase data where for several 
radicals the vl;llues of A for tertiary, secondary, and pri­
mary differ by factors of 2 to 4 [4]. Figure 1 is a plot of 
liquid-phase data where secondary and tertiary C - H 
bond5 are compared directly with" the primary C - II 
bonds in the same molecule. These data" indicate that 
Asec/Apri ratios are greater than unity but not more than 
2." Since we feel the variation could easily be the result 
of experimental uncertainties, in our analysis we have 
used 

log AtertfApri = log AsecfApri = 0.15. 

Using these values of AterJApri and Asec/Apri one may 
calculate E tert - E pri and Esec - E pri for various reactions 
from data at one temperature. In table 2.1 the differ­
ences inEhave been determined in this way. Since ratios 
of log A have" an uncertainity of ± 0.15, a general un­
certainty is introduced into D.E of about ± 0.2 kcal/mol. 
However, because of the interdependence of errors in 
A and E, the errors completely compensate at the tem­
perature where they were evaluated. The compensation 

"is poorer the farther the temperature is from the point 
( of evaluation. Thus at 50 K from the evaluation tempera­

ture the uncertainty is generally ± 30 percent in a cal~ 
culated value of a relative reactivity. 

J. Phys., Chem. Ref. Data, Vol. 3, No.4, 1974 



944 HENDRY ET AL. 

1.0 r--------r--------~------~----~--~------~------~~-------
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0.4 -
0.2 ~------~------~~------~------~~------~------~------~ 

2.0 2.5 3.0 3,5 4.0 4.5 5.0 5.5 

liT x 103 

FIGURE 1 (a) ARRHENIUS PLOT OF INTERNAL RELATIVE REACTIVITY OF SECONDARY 
CH BONDS RELATIVE TO PRIMARY CH BONDS TOWARD CHLORINE ATOM 
IN NONCOMPLEXING SOLVENT: • n-BUTANE; • n-PENTANE; 2-CARBON; 
• n-PENTANE, 3-CAR60N; • n..:..QCTANE 

1.2r--------r--------~------~--------~------~------~~------~ 

• 1.0 

..2 0.6 

0.4 

0.2~------~--------~------~------~~------~------~------~ 

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 

FIGURE 1 (b) ARRHENIUS PLOT OF INTERNAL RELATIVE REACTIVITY OF TERTIARY 
CH BONDS RELATIVE TO PRIMARY CH BONDS TOWARD CHLORCNE ATOM 
IN NONCOMPLEXING SOLVENT: .. 2,5-DIMETHYLPENTANE; - 2,3-
DIMETHYLBUTANE; .TRIMETHYLBUTANE 
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For reactions of alkanes in complexing solvents such 
as most aromatic solvent~ and CS 2 and for reactions of 
benzylic compounds, the data do not warrant assigning 
to the ratios A terJA pri and Asec/Api:i values other than 
unity. Thus 

log (AtertlApri) '-'-log (Asec/Apri) -. O. 

The uncertainty in this ratio is ± 0.3. 
Table 2.1 summarizes the reactivity for the various 

positions in representative compounds compared with 
the aliphatic primary C - H bond in 2,3-dimethylbutane 
in noncomplexing solvents. If there were some absolute 
rate data in solution, these relative data could he con· 
nected to an absolute basis; however, none is available. 
The assumption that the absolute rate constants for 
simple aliphatic compounds are the same in both liquid 
and gas phases is not valid because it· leads to the con­
clusion that the liquid phase reactions should be diffusion ' 

contrplled. If this were true, one should find that dif­
ferent, but structurally similar, compounds such as 
nuclear-substituted toluenes would all react at the same 
rate, but this is not the case. 

2.4. Relative Reactivity Data 

The relative reactivity data available are summarized 
in 'tables' 2.2 through 2.7 by substrate on a per hydrogen 
ba8is as uefineu in section 2.1. Names of compounds 
follow CA usage. The reactive position is indicated by 
carbon number, following IUPAC convention for num­
bering except for arylalkanes where Greek numerals are 
used for sidechain carbons. Relative rate constants are 
unitless. 

We report solvent compositions for many chlorine 
atom reactions either in mole percent or molar units, 
following the original reports. Compositions reported 

TABLE 2.1. Chlorine atom-organic compounds: ~ummary of relative reactivities in noncomplexing 
solvents relative to the primary position of 2,3-dimethylbutane at 313 K per reactive hydro­
gen (summarized from tables 2.2-2.7) 

Compound Position k/kpri log A/A~ri -(E-E pri ) 

(kllmol) 

Butane a 2 2.8 0.15 1.8 
Isobutane a 2 3.2 0.15 2.2 
2,3-Dimethylbutane I 1.0 0.0 0.0 

2 3.9 0.15 2.7 
Pentane a 2 2.4 0.15 ·1.4 
Neopentane 1 1.41 0.0 0.92 
T etramethylsilane I 1.09 0.0 0.17 
2,2· Dichloropropane I 0.037 0.0 -8.6 
I-Chlorohexane 1 0.19 0.0 -4.3 

2 0.86 0.15 -1.3 
3 1.26 0.15 .....:0.33 
4 2.11 0.15 1.0 
5 2.04 0.15 0.92 
6 0.96 0.0 -0.13 

1-Acetoxypentane 1 0.37 0.0 -2.6 
2 1.02 0.15 -1.0 
3 2.4 0.15 1.3 
4 2.8 0.15 1.8 
5 1.0 0.0 0.0 

Cyclopropane 0.22 0.15 -5.0 
Cyclobutane 1.7 0.15 . 0.50 
Cyclopentane 2.8 0.15 1.8 
Cyclohexane 2.7 0.15 1.7 
C ycloheptane 3.0 0.15 2.0 
Cyclooctal)e 4.3 0.15 2.9 
Toluene b a 1.15 0.0 0.36 
Ethylbenzene b a 3.5 0.15 2.4 

fl LR 0.00 l.fi 

Cumene b a 7.8 .0.15 4.4 
(3 2.2 0.0 2.0 

Diphenylmethane b a 2.7 0.15 1.7 
Triphenylmethane b a 10.0 0.15 5.0 
I-Phenylcyclopentane b a 13.0 0.15 5.8 
I-Phenylcyclohexane b a 9.9 0.15 5.0 
trans-2-Butene I 1.86 0.15 0.154 

a Reactivity of 1 position assumed to equal 1 position of 2,3-dimethylbutane. 
b Reactivity at infinite dilution in C6HsNO z or CCI4• 

C Evaluated from plots of log(kl kpr!) versus lIT for selected compounds; see figure 1. 

(kcal/mol) 

(0.44) 
(0.52) 
(0.0) 
(0.65) 
(0.33) 
(0.22) 
(0.04) 

(-2.06) 
(-l.03) 
(-0.32) 
(-0.08) 
. (0.24) 

(0.22) 
(-0.03) 
(-0.63) 
(-0.25) 

(0.32) 
(0.43) 
(0.0) 

(-1.2) 
(0.12) 
(0.43) 
(0.40) 
(0.47) 
(0.69) 
(0.09) 
(0.56) 
(0.37) 
(1.05) 
(0.49) 
(0.40) 
(1.2) 
(1.4) 
(1.2) 
(0.037) 
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TABLE 2.2. CI atom-alkanes: relative reactivity per reactive hydrogen 

Substrate and position Standard Solvent Temp.,K k/ks Reference 
." 

Isobutane 2-CH loCH Reactant 258 4.5 5 

263 3.2 6 
80 1llvl % CCl .. 263 3.2 

273 3.4 
CCI .. '297 3.2 7 
5.9 M CsHsCI 258 29.0 5 
80 mvl% C6H6 273 39.6 6 

80 mol % CHa C6 Hs 273 37.6 
80mo} % CS: 253 41.6 

253 35.8 
273 20.0 

:283 26.2 
Neopentane loCH 2,3-dimethylbutane 4.1 MCC14 341 1.38 8 

l-CH 4,.5 M CCl4 341 1.70, 1.66 
5.b M C 6H6 341 1.48 

n"Butane 2-CH loCH Reactant 198 4.00±0.03 8 
273 3.09±0.03 

C6HsN02 341 2.69±0.08 
9 M C 6lIs 341 5.11 
I1.J M CS2 273 13.2 

307 7.8 
341 6.55 

13.3 M CS 2 273 62.5 
I 

307 39.6 
C6H12 5 M CCl4 273 l.12±0.02 

341 L17±0.02 
7.3M CJi6 341 1.28 

2,3-Dimethyl-butane 2-CH loCH Reactant 198 11.0 8 
273 4.96 
278 4.2 5 
313 3.9 
328 3.7 5,4 
341 4.04 8 

CCl 4 298 4.2 9 
313 3.9 

4.0M CCI4 328 3.5 5,4 
4.1 M CCI .. 341 3.7 8 
4.5M CC1 4 341 4.2 
5.2 M CCl4 341 4.1 

4.0 MCsHaCl 298 17.1 5 
313 13.5 
328 10.2 

2.0 M CsHs 278 11.0 
313 8{6 
328 8.0 

4.0MC,;HII 298 20.0 
313 17.0 
328 14.6 

8.0 M CS H6 298 49.0 
2,3-Dimethylbutane 2-CH l-CH Reactant 313 40.0 

328 32.0 
4.0 M tBuCsHs 298 35.0 

328 24.0 
11.1 M CS 2 273 93.2 8 

307 51.4 
341 34.0 

CCl4 313 1.44 5,10 
4MCsHs 313 '3.3 
4 M tBuC6H5 313 4.3 
12 M CSz 313 10.0 

loCH C6H12 CCl4 313 0.37 
4 M CsHs 313 0.19 
4 M t-BuCsH 5 313 0.145 
12 M CS2 313 0.05 

2,2,3-Trimethylbutane 3·CH 4-CH Reactants 258 4.5±O.2 11 
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TABLE 2.2. el atom-alkanes: relative reactivity per reactive hydrogen - Continued 

Substrate and position Standard' Solveni Temp.,K k/ks Reference 

273 3.7 
298 3.4 
353 3.2 

n·Pentane 2-CH l-eli 233 2.86 6 
253 2.38 

n·Pentane 2·CH l·CH 273 2.80 6 
293 2.55 

80% CCl4 273 2.62 

CJl6 273 15.18 
283 11.75 
293 9.97 
306 7.51 
323 7.25 

80 mol % CSzb 253 14.49 
273 10.76 
283 10.37 
293 9.51 
306 5.94 

CS? ?O3 22.5 12 

253 9.0 

3·CH loCH Reactant 233 3.42 6 
253 3.22 
?73 3.16 

293 3.08 
8O%CClt 273 2.98 
80% C6Hs 273 17.48 

283 14.03 
293 11.14 
306 9.48 
323 8.58 

n·Pentane 3·CH loCH. 80% CS z 253 21.58 15 
273 15.48 
283 13.76 
293 12.06 
306 7.19 

3·CH 2·CH Reactants 293 1.09 13 
C SH6 293 1.31 

I·CH 2,3·Dimethyl eCl4 298 0.97 9 
butane l-CH 

I 

4 M CJIs 0.97 
4 M t·BuCsHs 0.92 
12 M CS 2 0.86 

2,2,4·Trimethylpentane CSHIZ eCl4 313 1.19 10 
4 MCsHs 1.62 

3·CHc 12 M CS 2 1.28 

4·CH eCl4 0.53 
4 M CJIs 0.75 
12 M esz 1.09 

5·CH CCl.t 0.44 
4M CJI6 0.27 
12 M C!Sz 0.064 

2,3,4.Trimethylpentane 2-CH l·CH Reactant 293 2.41 14 

3·CH 293 4.23 
3·CHa 293 0.85 

2,2,4,4·Tetra- CSH12 CCl .. 313 0.34 iO 
methylpentane 

l·CH 4 M CJI6 313 0.11 
3·Cll CCl4 313 . 0.68 15 

4 M CsBs 313 . 0.91 

3,3·Diethyl· I·CH Reactant 293 2.01 8 
pentane 
2·CH 

n-Hexane I·CH 33% CC4 203 3.53 16 

Ave.2,3·CH 
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i'ABLE 2.2. CI atom-alkanes: relative reactivity per reactive hydrogen-Continued 

Substrate and position . Standard Solvent Temp.,K k/ks Reference 

240 2.86 
258 2.52 
276 2.26 
273 2.29 
295 2.31 
312 2.41 

2·CH Reactant 293 2.45±0.13 17 
3-CH 293 2.65-'-.0.13 

2,5-Dimethyl- 1-CH 238 4.34±0.21 15 
hexane 
2·CH 254 4.07 ± 0.04 

273 3.85±0.13 
293 3.60±O.12 

2,5-Dimethyl- l·CH 313 3.65±0.10 15 
hexane2-CH 333 3.56±O.09 

4 M C6H6d 273 13.5±O.4 
293 11.2 ±0.2 
313 9.0±O.05 
333 7.69±O.47 

6 M C6HSF 238 26.8±1.6 
254 22.4±O.5 
273 16.5±O.3 
293 14.1 ±1.0 
313 11.1 ±0.5 
333 9.75±0.2 

12 M CS 2 283 75±5 
293 75±9 
313 46±3 

3-CH loCH Reactant 238 2.77±O.09 
254 2.80±O.04, 
273 2.75±O.O7 
293 2.68±0.12 
313 2.65±O.05 
333 2.60±0.08 

4MC;Hllu 273 4.60±0.W 
293 4.31 ± 0.09 
313 3.91±O.03 
333 3.54±0.21 

2,5·Dimethylhexane,2·CH I·CII 4M CsHsd 273 4.60+0.10 ]!=i 

293 . 4.31 ±0.09 
313 3.91 ±O.03 

333 3.54 ±0.21 

6M C6H~F 238 7;04 ±0.26 
254 6.46 ±O.IB 
273 5.61 ±0.1O 
293 5.24 ±0.32· 
313 4.&0 ±O.2.0 
333 4.62 ±O.13 

12M CS 2 283 16 ± 1 
293 16±2 
313 q.'l±O.B 

I·CH CsH12 CC14 313 0.33 18 

6 M C6H6 0.15 

6 M C 6HsF 0.17 
12M CS z 0.068 

2·CH C 6H12 CCl~ 1.20 

6 MC 6H6 2.30 

6MCsHsF 1.89 

12MCSz 3.13 

3·CH C 6H 12 . CCl4 0.87 
6 M C6H6 0.78 
6M C6 HsF 0.82 

12M CS2 0.80 

3,4·Dimethylhexane, 3·CHa I·CH Reactant 293 0.8 14 

n· Heptane 2·CH I·CH Reactant 288 2.88 19 
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TABLE 2.2. CI atom-alkanes: relative reactivity per reactive hydrogen-Continued 

Substrate and position Standard 
.·_0 

3-CH l-CH 

4-CH l-CH 

3-CH 2-CH 

2-Methylheptane loCH 
2-CH 
3-CH 
4-CH 
5-CH 
6·CH 
7-CH 

3· Methylheptane l-CH 
3·CI-:Ia 

n-Octane l-CH 
2-CH 

3-CH; 

4·CH 

n-Decane l-CH-
2-CH 

.3-CH 

4-CH 

5-CH 

a Data at various CS2 concentrations. 
b Data at various CS2 concentrations in both references 6 and 12. 
C Additional data in reference 6. 
d Additional data at 6 and 8 M solvent. 

Solvent Temp.,K 

293 
313 
328 
353 
288 
293 
313 
328 
353 
288 
293 
313 
328-
353 
293 

CsHs 293. 
Reactant 293 

293 
293 

293} 
293 
293 
293 

Reactant 253 

293 
293 
253 
293 
293 
253 
293 
293 
263 

293 
371 
263 
293 
371 
263 
293 
371 
263 
293 
371 

949 

klks Reference 

3.54 20 
2.53 19 
3.5 21 
2.11 19 
2.67 i9 
3.35 20 
2.26 19 
3.4 21 
1.93 19 
2.65 19 
3.34 20 
2.34 19 
3.2 21 
1.79 19 
0.96 13 
1.18 13 
2.90 14 

2.64 
1.77 
Average 

2.56 
1.22 
0.8 14 

3.23 20 

3.19 20 
2.15 ± 0.11 17 
3.02 20 
2.98 20 
2.20 ± 0.11 17 
2.72 20 
2.80 20 
2.20 0.11 ' 17 
2.72 

2.74 
2.68 
2.64 
2.66 
2.66 
2.66 
2.52 
2.59 
2.50 
2.48 
2.56 
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TABLE 2.3. Chlorine atom-cycloalkanes: relative reactivities per reactive hydrogen 

Substrate and position Standard Solvent Temp. K k/ks Reference 
, 

Cyclopropane C6H12 '5 M CCL. 273 0.048 22 
341 0.100 

7.3 M C6Hs 341 0.136 
Cyclobutane CSH12 SMCCL. 273 0.84 22 

341 0.67 
7.3 M C6Hs 341 0.76 

Cyclopentane C6Ht2 5 M CCl4 273 0.95 22 
.34.1 o.ss 

2,3-Dimethylbutane CCl4 313 2.8 9 
I-CH 

4 M CS H6 313 5.2 
4 M t-BuPh 313 7.3 
12 M CS2 313 23. 

Cyclohexane 2,3-Dimethylbutane CCl4 313 2.7 9 
I-CH 

4MCljHIj 313 5.2 
4 M t-BuPh 313 6.9 
12 M CS2 313 20. 
5.2 M CCl4 341 2.1 8 
4.5 M CC14 341 1.94 

'5.6 M C6H6 341 5.8 
Cycloheptane 2,3-Dimethylbutane CCI 4 313 3.0 9 

I·CH 
4 At C6H6 313 6.4 

4M t·BuPh 313 10. 
12 M CS2 313 40. 

Cyclooctane 2,3-Diniethylbutane CCl 4 313 4.3 9 
I·CH 

4 M C6H6 9.2 
4 M t-BuC 6Hs 16. 
12 M CS 2 75. 

Hicyclo(2.1.1)hexane 2-CH C6H12 CCl4 298 2.4 23 
Bicyclo(2.2.1)heptane C6H12 5 M CCl4 341 1.04±0.05 8 

2-CH CC14 273 0.99±O.05 24 
CCI4 353 0.79±0.O3 

l-CH C6H12 CCLI 313 1.43±O.27 
4 M C6H6 3.52±O.63 
12 M CS2 6.94±1.9 

Adamantane a C6H12 CCl4 313 O.65±0.07 15 
4 MCsHs 1.04±0.17 
12 M CS 2 1.42±0.37 

a Adamantane is tricyclo [3.3.l.p·7] decane. 
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TABLE 2.4. Chlorine a}om-arylakanes and allylic compounds: relative reactivities per reactive hydrogen 

Substrate and position Standard Solvent Temp.K k/ks Reference 

Toluene 2,3-Dimethylbutane I·CH CCl4 313 1.15 9 
4 M CsHs. 313 2.1 
4 M t-BuPh 313 2.8 
12 M CS2 313 11. 

Toluene, 2 M C SH12 Reactants 313 0.4 
4tH 313 0.36 
8M 313 0.35 

298 0.37 
328 0.40 

PhCH2Da·CD 353 2.0 19 
343 2.1 25 

CC14 350 1.3 26 
Reactants 383 1.5 

C SH12 353 0.36 27 
2,3-Dimethylhutane 1-CH CsHsNO z 313 1.4 28 

m-Xylene Toluene a-CH CC4' 313 1.30±0.02 29 
p-Xylene 313 1.57 ±0.0l 
m-Chlorotoluene 313 0.595 ± 0.005 
p-Chlorotoluene 313 0.79±0.01 

CsHs 313 0.79±0.01 
p-CICsHsCH2D a·CD CCl4 313 1.44 ± 0.08 

p-Nitrotoluene Toluene a-CH 313 0.32±0.01 
p-Phenyltoluene Toluene a-CH CCl 4 313 1.55±0.OI 29· 
m-Phenoxytoluene Toluene a-CH CCl4 313 O.86±O.Ol 
p-Phenoxytoluene Toluene a-CH CCl4 313 2.S0±_O.02 
Ethylbenzene a-CH 2,3-Dimethylbutane I-CH CsHsN02 313 3.5 28 

,B-CH 313 1.8 
Cumene a-CH 2,3-Dimethylbutane I-CH CCl4 a 313 7.8 

,B-eH 313 2.2 
n-Propylbenzene a 30 
n· Butylbenzene a-CH n-Butylbenzene, a-CH CC14 313 5.9 28 

,B-CH 313 2.7 
,),-CH 313 4.0 

Iao-hutylbcnzcnc a-CH Reactant 293 14·.9 30 
,B-CHa 293 1.1 
,B-CH2 293 2.1 

t-Butylbenzene 2,3-Dimethylbutane loCH CCl4 313 0.63 9,28 
4 M t-BuPh 313 0.60 

Toluene a-CH Reactant 353 0.22 
Indana-CH 2,3-Dimethylbutane l-CH CsHsN02 313 6.1 28 

,B-CH 313 4.7 
Tetciiliu a-eH Z,3-Dimt:lhyUmtiiut: loCH :;>13 5.8 

,B-CH 313 5.5 
Diphenylmethane sec-CH 2,3-Dimethylbutane l-CH C6 HsN02 313 2.7 28 
Triphenylmethane tert-CH 313 10. 
Phenylcyclopemane {enoCH 313 13. 
Phenylcyclohexane tert-CH 313 9.9 

Allylic compounds 

trans-2-Butene l-CH CSH12 Reactants 273 0.69 3l 
cis-2-Butene 1-CH 273 0.60 31 
I-Butene 3·CH 273 0.76 31 
Cyclohexene 3-CH 273 l.20 32 
I-Butyne 3-CH 273 0.27 32 

a Reactivity data measured neat can be found in references 6 and 30. 
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TABLE 2.5. Chlorine atom-haloalkanes: relative reactivity per reactive hydrogen 

Substrate and position Standard Solvent Temp. K k/ks Reference 

Dichloromethane 2,3-Dimethylbtitane ,CCI4 313 0.011 9 
loCH 4M t-BuC6 Hs 313 0.030 

12 M CSz 313 0.044 
Trichloromethane CCl4 313 0.0051 9 

4 M t·BuCsHs 313 0.017 
12 M CSz 313 0.033 

1-Chloroethane 8 
loCH 2·CH 6.9 M CCl4 273 3.2 

7.6 M CsHs 273 7.2 
6.6 M CsHsCl 273 5.6 
11.1 M CSz 273 8.2 

1-Chloroethane 2,2-Dichloropropane Reactants 313 a 8.3 33 
1-CH 
2-CH 2.3 

1,I-Dichloroethane 2-CH Reactants 291-318 ',10. 34 
I·CH 8M CS2 291-318 17-27 

1,1· Dichloroethane 2,2 Dichloropropane 
2·CH 313 0.6 
l·CH 313 4.7 

CH3CCl2 CH3 Tetraethylmethane 1-CH Reactants 313 0.037 35 
1,1·Dichloro-2,2-difluoroethane 2-CH 338 ±S 1.31 36 

1-CH 
Trichloroethane 2,2· Dichloropropane 313 0.07 33 
1,2-Dichloroethane 313 3.0 
1,1,2· Trichloroethane 

l·CH 313 0.78 
2·CH 313 0.47 

1,1,1,2·Tetrachloroethane 2,2· Dichloropropane Reactants 0.24 33 
1,1,2,2· Tetrachloroethane 0.43 33 
I,I,1,2,2·Pentachloroethane 0.44 33 
1-Chloropropane 1-CH 3-CH Reactants 333 0.82 37 

CC14 313 0.57 38 
298 0.8 39 
319 0.8 39 

2-CH 333 2.2 37 
CCl4 313 2.8 38 

293 2.6 39 
319 2.3 39 

2,2-Dichloropropane 313 58 40 
3-CH 313 21 40 

I-Chloro-2-methylpropane 
loCH (CHahCH CC14 297 0.43 7 
2·CH 297 2.63 
3·CH 297 0.58 
I·CH (CHa)3CCI CC14 297 1.78 41 
?l:H 297 8.02 
3-CH 297 2.25 
I-CH 5 M CS HS/CGI4 297 2.50 
2-CH 297 31.2 
3-CH 297 1.9S 
loCH CSz 297 3.94 
2-CH 297 60.3 
3-CH 297 1.98 

1,1-Dichloropropane 2-CH 2,2-Dichloropropane Reactants 313 14 40 

3-CH 313 11 40 
I-CH 313 0.32 37 
2-CH 3-CH 358 1.4 37 

l,3-Dlchloropropane loCH 2-CH 358 0.75 37 

1,1 ,1-Trichloroprop~ne 2·CH 3·CH 358 1.1 42 
1,1,3-Trichloropropane 

loCH 3-CH 35S' 0.9 42 
3-CH 358 1.4 42 

1,2,3-Trichloropropane loCH 2-CH 293 b OA 43 
I,2,2-Dichloropropane I·CH 3-H 358 3.2 43 
I-Chloro-2,2-difluoropropane I·CH 2,2-Difluoropropane 318 4.1 44 
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. TABLE 2.5. Chlorine atom·haloalkanes: relative reactivity per reactive hydrogen - Continued 

Substrate and position Standard Solvent Temp. K k/ks Reference 

I·Chloro-2,2-difluoropropane 3-CH CCl4 318 O.ll 
1,1,1-Trichioro-2,2-difluoropropane 318 0.12 
1,3-Dichloro-2,2-difluoropropane 318 1.1 
1.,1,1 ,3-Tetrachlor~-2,2-difl~o:r~propane 2,2-Difluoropropane Reactant 318 1.2 44 
I ,1-DichIoro· 2,2-difluoropropane 

I·CH 318 4.4 
1,1,1,3,3-pentachloro-2,2-difluoropropane 318 1.3 
(CH3 hCCI (CH3hCH CCl4 297 0.24 7 

(CH3hCCl 2,2· Dichloropropane 313 9.8 35 
1·Chloro-2,2-dimethylpropane 3,3· Dichloropropane 313 20 40 

I-CH 20 
2-Chioro-2-methylbutane 2,2· Dichloropropane 

3-CH 313 90 40 
4-CH 313 25 40 

1.Chlorobutane c 

1-CH 4~CH 307 0.5 d 8 
2-CH 1.g e 

3-CH 4,2 f 

1,1· Dichlorobutane 4-CH S02CI2/CC4 
I-CH 353 0.08 45 
2-CH 0.5 
3-CH 1.9 
1-CH 353 0.12 39 
2-CH 0.4 
3-CH 1.8 

2,2-Dichlorobutane 
3-CH 2,2-Dichloropropane 313 26 40 
4-CH 313 IS 40 

1,2,2-Trichloro-3-methylbutane 2,2-Dichloropropane Reactant 
4-CH 313 3.4 34 
l·CH 313 5.9 34 

3-Chloro-3-ethyl pentane 
4-CH 313 19 40 
S-CH 313 9.3 40 

3,3-Vichloropentane :2,:2-Dichloropropane Reactants 

4-CH 313 7.2 4() 

5·CH 313 4.4 40 

1,1,1-Trichlorobutane 3-CH S02Cb/CC14 

loCH 0.2 45 

2·CH 1.3 
l-Chlorohexa,ne n-Hexane l-CH 293 

I·CH 0.16 17 
2-CH 0.83 

3·CH 1.24 

4·CH 2.17 
5-CH 2.10 
6-CH 0.95 

1-CH 6·CH 353 0.3 39 

2-CH 0.9 
~.C:H 2.0 
4·CH 2.9 

S·CH 2.9 

2-Chlorohexane n-Hexane I·CH Reactants 293 17 
loCH 0.05 

2-CH 0.29 

3·CH 0.90 

4-CH 1.16 
5-CH 1.42 

6·CH 0.68 

3-Chlorohexane n-Hexane I·CH 293 17 

loCH 0.18 
2·CH 0.6(} 

3·CH 0.42 

4-CH 0.51 

5-CH 0.90 
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TABLE 2.5. Chlorine atom-haloalkanes: relative reactivity per reactive hydrogen - Continued 

Substrate and position Standard Solvent Temp. K 

6-CH 
1,1-Dichlorohexane 6-CH 

l-CH 
2-CH 
3-CH 
4-CH 
5-CH 

1,2-Dichlorohexane 6-CH 
l-CH 
2-CH 
3-CH 
4-CH 
5-CH 

l-Chlorooctane g n-Octane l-CH 
l~CH 

2-CH 
3·CH 
4·CH 
G·cn 
6·CH 

l-Chlorocyclopentane h 

l·CH CsH12 CCl4 

2-CH 
3-CH 
l-CH CC14 

2-CH 
3·CH 

1.Chlorocyclohexane i 
l-CH CCl4 

2-CH 
3·CH 

1-Bromocyclohexane 
l·CH 4-CH CCl4 

2·CH 
3-CH 
l-CH 
2-CH 
3·CH. 
l·CH CS2 
2·CH 
3-CH 

a Relative reaction rates at 293 K found in reference 33. 
b Relative reaction rates at 358 and 423 K can be found in reference 43. 
C Data availahlp. uHlng CIJH" and CS., as solvents as welL references 8 and 39. 
d .lEa=-0.37±0.23, log (A/A a) =-0.03±0.15. 
e .lEa =0.23±0.09, log.(A/A a} =0.1l±0.06. 
f .lEa =0.50±0.09, log (A/Aa) =0.26±0.06. 
g Relative reaction rates at 253 K can be found in reference 39. 

b Reaction rates measured in CH3 CN, PhN02 , CSH6, Ph20, and CS2 can be found in reference 46. 
i Further information on chlorocyclohexane can be found in reference 48. 
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253 

253 

29~ 

313 

243 

313 

313 

243 

k/ks 

0.32 

-0 
0.4 -
0.9 
2.6 
3.1 

0.4 
0.8 
0.9 
0.9 
3.3 

0_1& 

0.66 
0.42 
0.51 
0.90 
0.32 

0.21 
0.37 

0.75 
0.18 
0.32 
0.75 

0.36 
0.44 
0.79 

0.40 
0.20 
0.91 
0.17 
0.20 
0.62 
0.36 
0.24 
0.59 

Reference 

39 

39 

17 

46 

47 

47 
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TABLE 2.6. Chlorine atom-silane: relative reactivity per reactive H 

Substrate and position Standard Solvent Temp.K 

T etr amethylsilane 2,3.Dimethylbutane I·CH CCl4 298 
4 M t-BuC6Hs 298 
12 M CS2 298 

'fetraethylmethane I·CH Reactants 313 

Chlorotrimethylsilane 2,3·Dimethylbutane loCH CC14 313 
4M C6H6. 313 
4M t-BuC6H" 313 
12 M CS2 313 

Tetraethylmethane loCH Reactants 313 
Methyltrichlorosilane 313 
Dichlorodimethylsilane 313 
Chloromethyl·methyldichlorosilane 313 
Chloromethyldimethylchlorosilane l-CH3 313 

1-CH2 CI 313 
Chloromethyltrimethylsilane loCHs 313 

I·CH2CI 313 
Tetraethylsilane a-CH 313 

,G.CH 313 
Dichlorodiethylsilane a·CH 313 

,G-CH 313 
Ethyltrichlorosilane a-CH 313 

,G-CH 313 

TABLE 2.7. Chlorine atoms-miscellaneous compounds: relative reactivity per reactive H 

Substrate and position Standard Solvent 

Pentanoyl chloride 
2-CH 4-CH Reactanis 
3-eH 

Acetoxybutane 
loCH 4-CH 
2-CH 
3-CH 

Trichloroacetoxybutane 
?-rH 4-CH 
3-CH 

Butanesulfonyl chloride 
2·CH 4-CH 
g·CH 

Hexanoyl chloride a 

2-CH S-CH 
3-CH 
4-CH 

Acetoxypentane 
loCH 5-CH 
2-CH 
3-CH 
4·CH 

Heptanoyl chloride 
l·CH 6·CH CHsCN 
?-CH 
3·CH 
4·CH 
5-CH 

Trichloroacetoxyhexane 
3·CH 6·CH Re~ctants 
4·CH 
5-CH 

Octanoyl Chloride b 
2~CH . 7-CH 
3-CH 
4-CH 
5-CH 
6-CH 

a Data available using the following solvents: C6 H6 , CC14 and CHsCN in references 13 and 50. 
bData available using CGH6 as solvent in reference 12. 

Temp. 1.<:. 

293 
293 

298 
298 
298 

253 
353 

353 
353 

293 
293 
293 

300 
300 
300 
300 

325 
325 

325 
325 
325 

353 
353 
353 

293 
293 
293 
293 
293 

955 

k/ks Reference 

1.1 9 
1.1 9 
0.16 9 
4.36 35 

0.17 9 
0.16 
0.16 
0.20 
0.45 35 
0.0048 
0.045 
0.24 
0.16 
0.89 
0.81 
2.2 
1.5 
2.4 
0;78 
0.89 
0.45 
0.28 

k/ks Reference 

0.8 13 
2.5 

0.3 49 
1.2 
2.5 

0.14 13 
1.1 

0.007 39 
0.85 

0.6 13 
2.0 
2.8 

0.3 49 
l.0 
2.5 
2.9 

0.06 50 
0.4 

0.9 
1.1 
1.4 

0.18 39 
2.2 
3.1 

0.5 13 
1.5 
2.0 
2.5 
2.6 
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in molar units are temperature dependent and almost 
always refer to 298 K. Compositions reported in mole 
percent of one component imply that the reactant(s) 
is the other component. In some Cqses the reactant or 
reactants serve as solvent. ' 

Where reported in the original paper, error limits are' 
included in the tabulation. These error limits are usually 
estimated as twice the standard deviation (95 percent 
confidence limits). 
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3. Reactions of Alkyl Radicals 

The available information on H-atom transfer reac­
tions of alkyl radicals deals predominantly with methyl 
radicals. Only a small amount of data for other alkyl 
radicals exists. Therefore this section covers data on 
methyl radicals but includes some data on ethyl radicals. 

The data that are available, like much of the liquid 
phase radical data, are relative reactivity data. How­
ever by combining data on the photolysis of acetone in. 
solution with rate constants for methyl radical com­
bination in solution along with the relative rate data, 
it is possible to derive absolute rate constants for 
H-atom transfer by methyl radicals. The use of similar 
information for ethyl radical allows only two reactions 
to be put on an absolute basis. 

3.1. Relative Rate Data for Methyl Radical 

There are four basically different ways by whi~h rela­
tive reactivity toward methyl radicals has been de­
termined. The first involves generating methyl radicals, 
generally by decomposing acetyl peroxide, in the 
pi~:;~nct: of th~ dC:;.ilCd hydlogcn atom donor and car­

bon tetrachloride. 

0 0 
/I /I 

CH3 COOCCH3 ) 2CH3 • + 2C0 2 (1) 

kH 
CH3 ·+RH· ) CH 4 + R . (2) 

CH 3 • + CCl4 
kCl ) CH3CI + CCl3 • (3) 

By measuring the ratio of CH4 and CH3Cl one may 
obtain the desired relative reactivity 
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d[CH 4 ]/d[CH 3Cl] = (kH/k c1) [RH]/[CC14], 

kH/kcl = [CH4] [CC14]/[CH3CI) [RH). 

(4) 

This method was first used by Edwards and Mayo [1] 
but only~ith the work of Pryor et a1 [2] oid it he'come 
apparent that the procedure had some limitations. 
Complications arise using this technique if the hydrogen­
donating substrate can readily chlorinate via the 
reactions 

CCb '+RH --~) CCbH+R· (5) 

·R ·+CC14 --~) RCI+CCb' (6) 

Small contributions by these reactions do not interfere 
with the methyl radical reactivity determinations since 
no CH4 or CH3CI is formed in th~ sequence. However, 
reactions (S) and (6) do deplete both RH and CCI4, 

thereby affecting the! calculation of kH/ kCl since the con­
centrations of RH and CCl4 are used in eq (4). In addi­
tion, CCbH has a higher reactivity than CCl4 toward 
Cl-abstraction; thus the formation of CCbH in reaction 
(5) adds the possibility of an additional route to CH 3CI 
formation ' 

CH 3 ,+CChH ___ "-4) CH3Cl+CCbH' (7) 

Pryor et al. [2] have shown that this technique generally 
gives reliable data for aralkanes and presumably for 
various alkenes where the resonance-stabilized radical 
formed by hydrogen abstraction is too unreactive to 
undergo reaction (6)" relative to termination reactions. 

However, for alkanes where reaction (5) is ,considera­
bly exothermic reactions (4) and (5) are important and 
sufficient to make the measured value8 of kH/kcl invalid 
at the conversion gener~lly encountered. Thus this 
technique is satisfactory for aralkanes but not alkanes. 
It wQuld appear that if a suitable solvent were available 
to lower the concentrations ofRH and CCl4 ,its use could 
reduce and possibly eliminate reactions (4) and (5) and 
thereby make this technique suitable for alkanes also. 

A second technique developed and used by Swarzc 
and coworkers [3] is largely th~ outgrowth of an effort 
to measure rate of addition of methyl radical to olefinic 
substrates relative to abstraction of hydrogen from 
isooctane. 

CH3 • + isooctane 
ks ) CHi + R· (R) 

CH3 • + olefin 
k9 ) Adduct (9) 

CH3 • + olefin (RH) 
k lO ) CH4 + R' · (10) 

By comparing methane formed in mixtures of olefin 
and isooctane, [CH4 ], to that formed only in isooctane, 
[CH4]i, one obtains 

[isooctane]/[RH] ,+ klO/ k9 • (11) 

Thus a plot of the left-hand ratio in eq (11) against 
[i~oo~tane]/[RH] "gives klO/ks as the intercept and 

ks/k9 as the slope, the ratio of which gives klO/ks. The 
more common technique has been to ignere the last 
term in eq (II); then if the apparent value of kRlk9 
changes with olefin concentration, a plot of the apparent 
ks/ k9 against the ratio [RH] I [isooctane] is made. In 
this case the intercept gives the true value of ks/ k9 and 
the slope gives klO/ krj. 

This procedure is invalid if the substrate does not 
add methyl radical. In such cases the abstraction may 
be measured relative to addition to a"standard compound 
or compounds [4]. 

CH3 • + S ----;10) CH3 - S . (12) 

The standard in this case has been l,l-diphenylethylene 
or trans-stilbene. Thus the formation of methane from 
decomposition of acetyl peroxide in the presence of a 
hydrogen donor (RH) and diphenylethylene may be 
expressed 

where [CH4 ] i is the methane formed in absence of S, 
equal approximately to two times the acetyl peroxide 
decomposed. 

This general technique for comparing H-atom transfer 
to radical addition has generally given what appear to 
be satisfactory data. However, for the technique to be 
totally valid, methyl radical~ must react only with the 
starting reactants. Errors [3] may occur to the extent that 
methyl radicals react with radicals formed in reactions 
(8)-(10), (12) and (13), although this factor could be im· 
portant in only a few cases. 

One of the largest potential sources of error arises 
from formation of radical products that are more reactive 
than the initial substrate; for example, olefins formed by 
radical disproportionation are generally more reactive 
than the initial substrate. This effect is probably 
largest for alkanes having tertiary hydrogen since ter­
tiary alkyl radicals tend predominately to dispropor· 
tionate, forming reactive olefins. Some correction for 
this effect may be made by comparing methane formed 
in the presence and absence of the olefin that adds 
radicals. Experiments designed to proceed only to low 
conversions would minimize this possible complication. 

A third approach to evaluating the relative reactivity 
of methyl radicals involves using a tritium labeled 
standard (ST) [5, 6]. 

CH3 '+RH --~) CH4 +R· (14) 

CH3 '+ST ---+ CH3T+S' (15) 
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The kinetics can be expressed in terms of the specific 
activity, A, of the gases formed in mixtures of RH and 
ST relative to the specific activity, A 0' of gas formed in 
the absence RH. 

A -A y= (kI4/ kt5) (RH/ST). 

Thus, while similar in some respects to the previous 
technique, it is undoubtedly more accurate because of 
the precision with which specific activity can be 
measured. This technique does away with the problem 
associated with addition to double bonds of the substrate 
or standard. Reactions need be carried only to low con­
versions where reactions of the initial products are un­
important. 

The precision and presumably the accuracy of this 
technique appears to be in the range of ± 5 percent as 
judged from the reported standard deviations.' This 
compares with values of ± 10 percent for the previous 
technique for generally larger samples. There have been 
cases where observed relative reactivities are sensitive 
Lu the prupurLion of reactants. These effects may he true 

media effects but more than likely are the result of com­
plicating side reactions of the type discussed above. 
Until this problem is resolved, some factor of uncertainty 
of 2 to 3' must be associated with all the previous 
techniques. 

Pryor et al. [7] have more recently measured reac­
tivity of a wide variety of compounds toward methyl 
radical relative to partially deuterated t-butyl mer­
captan-S-D at 383 K using t-butyl peracetate as a methyl 
radical source. The reactions are 

0 
II 

CH3CO' ) CH3 • + CO 2 (18) 

CH3 · +RH ) CH4 + R . (19) 

CH3 • + t-BuSD ) CH3D + t-BuS . (20) 

CH3 • + t-BuSH ) CH4 + t-BuS . (21) 

The ratio of CH4 -to-CH3 D becomes a measure of the 
relative reactivity. 

d[CH 4 ]/d[CH 3D] = (kI9/k20) [RH]/ [t-BuSD] 

+ (k2dk20) [t-BuSH]/[t-BuSD]. (22) 

Plots of the ratio of CH4CH3D obtained versus the ratio 
of [RH]/[t-BuSD] give a line with the slope equal to 
kt9/ k20 the desired relative reactivity, The intercept is 
a function of the degree to which the mercaptan is 
deuterated. 

j, Phys. Chem. Ref. Data, Vol. 3, No.4, 1974 

The preCISIOn reported is about 15 percent" which 
is higher than for the other technique. However, the 
type of complicating reactions discussed for these other 
techniques do not appear to be important [7]. There­
fore the accuracy of this technique is probably about 
the same as the precision, or ±15 percent. The preci­
sion of the data could undoubtedly be improved· by 
evaluating the intercept of the second term on the left­
hand side of equation (22) separately. This would re­
quire measuring the CH4/CH 3D ratio in absence of 
hydrocarbon. Then from one 'experiment with added 

hydrocarbon the ratio of k19/k20 would be defined and 
additional experiments would check and define 
precision. 

3.2. Absolute Rate Constants 

The pyrolysis of acetone has been studied in neat 
acetone [8], perfluorodimethylcyclobutane [9], and 
water [10. 11, 121. The reactions of methyl radicals 
formed upon photolysis are 

o 0 
1\ 1\ 

CR3 • + CR3 CCH3 -----7) CR4 + . CHz CCH3 (23) 

(24) 

The competition of methane and ethane formation may 
be expressed 

At 313K kz3/k241/2 = 9 X 10- 4 (M-l s -l)I/2.in acetone 
[8], 15 X 10- 4 in perfluorodimethylcyclobutane [9], 
and 3.5 X 10-2 in water, [10, 11, 12]. Since there is 
little difference in the viscosity of these solvents at 
313 K (0.5, 0.7, and 0.7 centipoise, respectively) kZ4 
is probably not too different in each solvent and there~ 
fore most of the effect. must be ill k23 . The value of k24 
has been estimated by epr techniques to be 5.5 ± 0.5 
X 109 M -1 S -1 in di-t-butyl peroxide solvent at 255 K 
[13] and 1-.5 X 109 M- -1 S - 1 in cyclohexane at 298 K 
[14]. The average value is 5.0 ± 1.0 X 109 M-1s-l inde­

pendent of temperature. Using this value for k24, the 
above ratios give k2:l (in acetone) 10.6 M-I S -1 per 
hydrogen and k23 (in water)=412 M-I S :"1 per hydro­
gen at 313 K. An average of eight recent gas phase 
studies [15 and 16] gives 

log k23 = 7.72 ± 0.07 - 9.60 ± 0.13/8; 

8 = 2.303RT X 10- 3 

kZ3 = 10.4 ± 0.5 per C-H bond at 313 K 

Thus the liquid phase value of k = 10.6 ± 0.5 M-l s per 
C-:-H bond obtained in acetone agrees well with the gas 
phase data. The value in the perfluorinated solvent is 



HYDROGEN ATOM TRANSFER REACTIONS 959 

70 per cent larger than the gas phase number. This 
difference could possibly be due to k24 being 2.3 times 
faster in this solvent as well as a solvent effect on k23 • 

The results in water are most interesting and, if real, 
suggest that hydrogen bonding between water and the 
acetone carbonyl activates the reactivity of the adjacent 
carbon bonds. However in absence of data for the re­
combination of methyl radicals in aqueous solution, we 
cannot be certain that k24 is not smaller in water, al­
though the termination constant would have to be an 
unreasonable 1.5 X 103 times slower in water than in 
organic solvents to explain the entire difference. Thomas 
[17] has investigated the reaction of methyl radical in 
aqueous solution using radiolysis techniques. His rate 
constant values generally were slightly larger (generally 
4-10 times larger) for both addition and abstractiop 

reactions than anticipated by extrapolating gas pha~e 
data from a higher temperature. We have not considered 
reactions in aqueous solutions any further in this review, 
but it is a research area deserving further study. 

Assigning a value for log (A/ll1- 1s -1) of 8.0 on a C - H 
bond basis for acetone which is consistent with recently 
reported gas phase values for this reaction, the value of. 
k23 obtained in acetone can be expressed as 

o 
1\ 

log k(CH 3 ' +CH 3CCH3)=8.0-9.99/8 

f}=2.303RT=4.576Tx 10-3 

Using this as a primary reference and assuming 
that it applies in hydrocarbon reaction mixtures, we can 
evaluate other rate constants that have been compared 
to acetone. Unfortunately no compounds have been com­
pared directly to acetone. However acetophenone 
carbun-hydrugen bund is repurted to be 2.45 times as 

reactive at 343 K as a sec C-H bond in n-heptane 
(table 3.7). Since the a-C-H bond in acetophenone 
should have the same reactivity as in acetone and 
assuming log (AIM-Is-I) is 9.2 for secondary hydrogen 
transfer (table 1.1) the Arrhenius expression for reac­
tion of methyl with the secondary position in n-heptane 
is 

logk(CH 3 '+sec-CH) = 9.2 -12.4818. 

From this expression, it is possible to evaluate the rate 
parameters for those- compounds that have been meas­
ured directly or indirectly, relative to sec-CH position 
of alkanes using estimated values for log A. Some of 
these estimated parameters derived largely from data 
measured relating to t-butyl mercaptan-S-D and to 
toluene are in table 3.l. 

A number of compounds have been measured rela­
tive to isooctane. "From the data of Pryor et al., it is 
possible to obtain the Arrhenius expression for "reac­
tiQn for all C-H bonds of this standard. 

log kiso = 10.25 -12.68/8 (per molecule) 

Thus the absolute value of rate constants reported rela­
tive to isooctane may be evaluated ,by multiplying the 
relative value by the rate constant for isooctane at the 
given temperature obtained from" this expression. The 
activation energy then may be calculated by assigning 
the appropriate A-factor where comparison is possible. 
The agreement between the values obtained in this 
manner and those obtained above is within 4 kJ/mol 
(l kcalfmol). There are more uncertainties associated 
with the data based on isooctane and we feel that 
this approach is less reliable than where comparisons 
have been based on t-butyl mercaptan-S-D and toluene. 
Therefore these values have not been included in table 
3.1. 

3.3. Assigned Values of log A for Abstraction by Methyl 

For reaction of CH3 with alkanes we have generally 
assigned a value of log (AIM-1s-I ),= 9.0 per primary 
hydrogen (see section 1 and table 1.1). For toluene and 
propylene, log (AIM-Is-I) is assigned as 8.0 on the 
assumption that resonance interaction would stiffen the 
reacting molecule with the loss of an additional 4 entropy 
units compared to a reaction of a primary alkane posi­
tion. Eachus et al. [6] observed that secondary benzylic 
positions have a slightly higher A -factor than primary 
benzylic positions and in turn tertiary benzylic positions 
have a still higher A-factor (see table 3.3). We have 
incorporated these observed differences into our esti­
mates. Allylic carbon-hydrogen bonds are assumed to 
parallel the corresponding aralkane. In the cyclic ole fins 
the value of log A is increased 0.5 over the similar straight 
chain molecules since the cyclic structure already has 
limited rotation. 

3_4_ Absolut@ Data for Ethyl Radical R@actions 

The photolyses of 3-p~ntanone (diethyl ketone) 
neat [18] and in perfluorodimethylcyclobutane [19] 
yield information on the rate of H -atom transfer from 
3-pentanone to ethyl radical. The important reactions 
involving ethyl radical are 

At low concentrations of ketone, reaction (28) is an 
important source of C2 H6 • Since k28 ~ k2d20], the rate of 
ethane formation may be expressed as 
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The ratio k26/ k Z7 1/Z has been evaluated to be 0.0064 
(M-1 S -1) 1/2 in neat ketone at 301 K and 0.010 (M-1 S-1)1/Z 
in perfluorodimethylcyclobutane at 299 K~ The value of 
kZ7 + k28 in liquid ethane has been evaluated by Fessen­
den [21] to be 

log (k27 + k28 ) = 10.11-0.83/0, 

in the temperature range of.96 to 133 K. Assuming this 
expression to apply, at 301 K, k27/M- 1 s-1=3.2 X 109 

(ignoring kZ8 ) which is slightly less than observed for 
CH3 • ,'as expected. Thus at 301 K k 26/M-1 S -1 = 90 
per a-hydrogen in the ketone solution and 1.4 X 102 

in perfluorodimethylcyclobutane. Recent gas phase 
data extraploated to this temperature give a value of 
92 ± 7 X 102 [16]. The [agreement between. this gas 
phase value and the value found in ketone solution is 
remarkable. The analysis of data for k26 in ketone solu­
tion gives an Arrhenius expression log k = 5.2 - 5.18/0 
per a-C-H bond. The exceptionally low value of log A 
suggests that the system has been oversimplified and 
that, while values of k are valid within a factor of two 
over the range in vestigateJ, the uLserveJ LemperaLure 

dependence is not a correct measure of the E for k. 
Assigning a value of log A = 8.2 per a-C-H bond in 
3-pentanone solvent for reaction (26) gives 

log k=8.2 -8.60/0. 

At 350 K, k/M~lS-l = 680. 
The larger rate constant for C2 H5 radical found in 

perfluorodimethylcyclobutane is consistent with re­
sults for CH3 • where the same effect was observed. 
Thus the effect is probably real; however, it is impos­
sible to determine whether it is due to slower radical 
combination in the' perfluorinated solvent or to a true 
solvent effect on the abstraction reaction. 

Kodama et a1. [22] have studied the photolysis of . 
azoethane in n-heptane. After correction for ethane from 
disproportion . of ethyl radical within and outside the. 
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initially formed cage, they estimated the rate constant 
for reaction 

relative to 1C271/2 • 

k26/k27 1/2 = 1.2 X 10-4 (M-IS -1) 1/2 at 273 K, 

the value of k27 from reaction (30) at 273 K is 2.8 X 109 

therefore 

k26/M-1s -1 = 0.63 per sec C-H bond. 

Using a value of log (A/M-Is-I) =9.2 gives 

log (A/ltJ-1S-l) ~.2 11.74/0. 

At 350 K, k/M-1s-1 = 74. 

3.S. Error Limits . 

The values for CH3 • reactions are derived by a number 
of steps and undoubtedly involve greater uncertainties 
than the C2 H5 • data. Because of the uncertainties of the 
photolysis experiments ~s well as the extrapolation of 
the value of k 27 , the rate constant values calculated for 
C2 Hs· should be considered certain to only a factor of 2. 
The rate constants for C2 Hs' calculated above are about 
a factor of 2 larger than' the corresponding data in table 
3.1 for CH3 '. While the reactions of C2 H5 ". and CH3 • 

with both a secondary alkyl C-H bond and a 3-penta-' 
none a-C-H bond are exothermic, the methyl radical 
reactions are more exothermic and expected to have a 
slightly smaller activation energy and therefore be 
slightly faster. Thus based on the comparison with the 
C2Hs ' data, the aetivation energies for CH3 reaction 
may be too large by 4 kJ/mol (I kcal/mol). 
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TABLE 3.1. Methyl radical-organic compounds: summary of absolute rate parameters 

Type of bond kIM-1s-l 

Aliphatic (ave) 
Primarya 28 
Secondaryb 18 
Tertiarya 1300 

Olefinic (ave) 
Primarya 260 

Secondarya 600 
Tertiarya 1860 

Benzylic 
T olucnca (pri) 2BO 
Ethylbenzenea (sec) 120c 

1160a 

Diphenyl methaneC (sec) 420 
Cumenea,c (tert) 380c 

3650a 

Phenylcyclohexanec (tert) 320 
Triphenyl methanec (tert) 2000 

CyeIo Aliphatic 
Csa 107 
c6a 87 
cra 130 
Cs" 230 

CyeIo Allylic 
c6a 320 

Ketones 
Acetonell (pri) 10.6 

Diethylketonee (sec) 160 
Diisopropyl keto nee (tert) 610 

Carboxylic Acids 
Acetic (pri)e 22 
Propionic (sec)e ~60 

Ethers 
Diethyl (sec)a 2200 
Diisopropyl (pri)a 5700 

a Calculated from reactivity relative to a secondary aliphatic position 
(ref. 7) and the absolute rate data in this table for the secondary ali­
phatic position (see text). 

b Calculated from the relative reactivIty of acetophenone and the 4-
position of n-heptane (ref. 28) and the absolute data for acetone in this 
table, QS1sumi~g the CIt-position of acetone and acetophenone have the 

same reactivity (see text). 
C Calculated from the reactivity relative to toluene (ref. 6) and the 

absolute rate data for toluene in this table (see text). 

log E Calc kf 
Temp~K (AM-1s':"1)g kJ/mol (kcal/mol) 350 K 

383 9.0 55.4 (13.24) 5.4 
343 9.2 52.2 (12.47) 26 
383 9.4 46.1 (11.02) 330 

383 KO 41.0 (9.79) 77 

383 8.2 39.8 (9.50) 190 
383 8.4 37.6 (8.99) 610 

383 8.0 1·0.7 (9.73) 81· 

323 8.2 37.8 (9.02) 370 
383 
323 8.2 34.5 (8.24) 1100 
323 8.4 35.7 (8.54) 1200 
383 
323 8.4 36.5 (8.71) 920 
323 8.4 31.5 (7.54) 4900 

383 9.2 52.6 (12.57) 22 
383 9.2 53.3 (12.72) 18 
383 9.2 52.0 (12.42) 28 
383 9.2 50.2 (11.98) 52 

383 8.7 45.4 (10.86) 83 

313 8.0 4LH (9.9lJ) 5H 
333 8.2 38.2 (9.14) 310 
343 8.4 36.9 (8.81) 790 

353 8.0 45.0 (10.75) 19 
353 8.2 39.1 (9.34) 230 

383 8.5 37.8 (9.04) 720 
383 8.7 36.3 (8.66) 2000 

d Calculated from liquid acetone photolysis· data (ref. 8,9, 10, II, 12) 
and absolute rate data for the combination of methy1 ra~l~lll~ (rpL l~ 

and 14) (see text). 

e Calculated from the reactivity relative to 4- position of n-heptane 
(ref. 28.29,20) and the absolute rate parameters for secondary aliphatic 
position in thIS table.· 

f Absolute rate constant at 350 K calculated from log A and E. 
g Assigned; see table 1.1. 

TABLE 3_2. Methyl radical-alkanes and cycloalkanes 

Substrate and position Standard Solvent Temp. K k/ks Reference 

Alkane, pri (ave') t-BuSD Reactant 383 S.5x 10- 4 7 
Alkane, sec (ave) 24 X 10- 4 7 
Alkane, tert (ave) 260 X 10- 4 7 
Heptane, pri HePtane 4-H Heptane 353 0.1 5 

sec 1.0 5. 
Cyclopentane 1.42 22 
Cyclohexane 0.89 22 
Methylcyclopentane leTt 13.7 22 
Methylcyclohexane tert 9.6 22 
trans-decalin, tert 6.65 22 
Cis-decalin, tert 17.9 22 
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TABLE 3.3. ~ethyl radical-aralkanes: benzyl CH 

A - (E -E8) 

Substrate Standard Solvent TempK klks log kl/mol (hal/mol) Reference 
As 

Toluene t-BuSD Rl'!a~tJ.lnt 3R.~ 55 X ]0-4 7 
o-Xylene Toluene 323 1.03 0.10 ± 0.05 1.1 ± 0.2 (0.26 ± 0.04) 6 
m-Xylene Toluene 1.02 - 0.10 ± 0.05 0.8 0.3 (0.20 0.06) 6 
p-Xylene t-BuSD 383 61 X 10-4 7 
p-Xylene Toluene 323 1.16 - 0.10 ± 0.05 1.3 ± 0.2 (0.31 ± 0.06) 6 
Mesitylene Toluene 1.02 -0.31 0.15 2.0 0.2 (0.47 ± 0.06) 6 
Ethylbenzene t-BuSD 383 228 X 10- 4 7 
Ethylbenzene Toluene 323 4.63 0.70 ± 0.05 3.0 ± 0.2 (0.71 ± 0.06) 6 
Diphenylethane Toluene 4.34 0.15 ± 0.05 3.1 0.2 (0.73 0.07) 6 
Inda~ Toluene 9.2 0.20 ± 0.10 5.0 ± 0.5 (1.19 ± 0.12) 6 
Tetralin Toluene 14a - 0.22 ± O.lOa 9.2 ± 0.6 (2.19 ± 0.15) 6 
Cumene t·BuSD 383 730 7 
Ctimenl'! TO}Ulo,np 323 14S O.4..~ ± O.OS 4_4 ±O4 (lJlli + o OS) Ii 
p·t-Butyl Cumene Toluene 16.9 0.35 ± 0.10 5.3± 0.6 (1.27 ± 0.15) 6 
Cydohexylbenzene Toluene 12.3 0.48 ± 0.10 3.7 ± 0.7 (0.89 ± 0.15) 6 
Diphenylmethane 16.2 0.52 0.15 4.1 ± 0.9 (0.98 ± 0.22) 6 
Triphenylmethane 77.1 0.91 ± 0.4 6.7 ± 3.3 (1.6 ±0.6) 6 
o-Chlorotoluene 373 0.5 23 
p·Chlorotoluene LO 23 
p-Bromotoluene 0.9 23 
p-Phenoxytoluene 0.76 23 

aAssumes 4 active C-B bonds. 

Compound and position Standard Solvent Temp. K k/ks Reference 

I-Methylnaphthalene Toluene Reactants 330 0.8 24 
2-Methylnaphthalene 2.05 
1,2-Dimethylnaphthalene 1.06 
2,6-Dimethylnaphthalene 1.08 
1,5·Dimethylnaphthalene l.09 
l·Ethylnaphthalene 4.26 
2-Ethylnaphthalene 4.27 

TABLE 3.5. Methyl radicaI-alkenes 

Substrate andp~sition Standard Solvent Temp. K klks Reference 

Pri allylic t·BuSD Reactants 383 50 x 10-4 7 

Sec allylic t·BuSD 120 X 10-4 7 

Tert allylic t-BuSD 370 X 10-4 7 
PHlpylene 18()()ctanc Reactants 33B <OA 25 

2-Methylpropylene 0.37 

Cis-butene·2 0.81 

Trans· butene-2 0.53 
DULelle-l 3.3 

Pentene-1 4.1 

Heptene.l 6.3 

Decene-l 6.3 

Hexadecene·l 6.4 

3-Methylbutene·l 22.1 

l,2·Pentadiene 8.8 26 

1,4· P entadiene 20 26 
1,5·IItlA(u.lieue 4.9 26 

1 ,3· Dhnethylenecyclobutane 42.5 26 

2,5-Dimethylhexadiene-l,5 4.2 26 

2,5· Dimethylhexadiene-2,4 0.5 26 
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TABLE 3.6. Methyl radical-cycloalkenes: allylic CH 

Substrate Standard Solvent Temp. K k/ks Reference 

Cydopentene Isooctane Reactants 358 0.81 27 
Cyclohexene t-BuSD 383 62 X 10-4 7 
Cydohexene Isooctane 358 0.15 27 
CycIoheptene 0.62 
C ycIooctene 0.40 
CycIopentadiene 30. 
C y dulU::::Ai:l.uit::UI:::-1,3 5l. 

C yc10heptadiene 17. 
Bicycloheptene <2. 

TABLE 3.7. Methyl radical-ketones: a-CH 

Substrate and position Standard Solvent Temp. K k/ks Reference 

Diethyl ketonea n-Heptane Reactants 333 15.3±0.2 28 
Di-n-propyl ketonea 15.8±0.4 28 

Di-n-butyl ketone a 13.6 28 

Cyclopentanone a 19.8±OA 28 

Cyclohexanone a 16.2±0.2 28 
Dj-isopropyl ketone a 343 34.0±O.2 28 

Acetophenone" 343 2.45...!..0.1 28 

Propio.phenone 363 25.0±0.4 28 

Isobutyrophenone 353 20.0±O.2 28 

a Data at other temperatures in reierence. 

TABLE 3.8. Methyl radicals-acids: a-CH 

Substrate and position Standard Solvent Temp. K k/ks Reference 

Acetic acida n-Heptane Reactants 353 O.72 b 29,30 
Propionic acid a 8.50 b 29,30 
Butric acid 8.0b 29 
Valeric acid 9.0b 

Caproic acid 7.5b 

Heptanoic acid 8.S b 

T9.ohl1tyrir. ar.irl l()_Sb 

Cyclohexane carboxylic acid 19.5 b 

a Data at various. temperatures in references. 
b Reactivity per a-CH bond assuming no reaction at other positions. 

TABLE 3.9. Methyl radical-miscellaneous organic compounds 

Substrate and position Standard Solvent Temp. K klk. Reference 

Chlorobromo methane Toluene Reactants 321.5 0.6 31 

Dichlorobromomethane Toluene 338 30 
Methyl fj,fj.r1impthyla~rylatp IM~H T~oo~tanp. 1.3 32 
{3,{3-dimethylacrylonitrile 2.1 

l-C yclopentenecarbonitrile 12.3 

Methylphenyl ether t-BuSD 383 99 X 10- 4 7 

Ethylphenyl ether a-CH 160 X 10- 4 

Dioxane 120 X 10- 4 

Diethyl ether a-CH 440 x 10- 4 

Diisopropyl ether a-CH ll00x 10- 4 
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4. Reactions of Trichloromethyl Radical 

The ease of generating the trichloromethyl radical 
under controlled conditions has encouraged the study 

of this radical, and a good balance of absolute and 
relative rate data has been obtained. Except for the early 
studies on this radical, the liquid phase data now appear 
to be self-consistent. The trichloromethyl radical re­
actions are of special importance since there now ap­
pears to be a distinct difference between gas and liquid 
phase data as will be discussed below. 

4.1. Absolute Rate Measurements 

The trichloromethyl radical can be generated by 

photolysis or radiolysis of CCIsBr and CCl4 

CClg-X --.,. CCIa . + X· (X = Hr, CI), (1) 

or by H -atom transfer by a carbon radical (R .) with 
CClaH, CCbBr, or CCl4 

R . +CCIa-Y --.,. RY +CCla . (y =H, Br, Cl). (2) 

Carbon radicals are generally formed by thermolysis 
of an azo or peroxide compound or by photolysis of 
CCbX. 

RN2R --"'2R '+N2 (3) 

In the presence of H-donor (RH) the following propa­
gation and termination sequence occurs 

CCls·+ RH--7 R·+ CHCls, (4) 

R· + BrCCb (or CCI4)--7 RBr (or RCl) + CCb·, (5) 

2 CCls . --7 C2 C16 , (6) 

CCIa . + R· --7 RCCls, (7) 

2R·--+R-R (S) 

When chain lengths are long, the overall rate ofCHCla 
formation of CHCls(RcHcb) or halide formation (RRX) 
may he expressed 

(9) 

where Ri equals the rate of radical formation. Eq (9) is 
a variation of eq (7) (section 1) and simplifies at high 
[CXCIa] where the expression becomes zero order in 
[CXCls] and only reaction (6) is important for termination: 
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(10) 

Alternatively, if R i , k7, and ks make unknown contribu­
tions to the overall rate, then the rate may be expressed 
as a form of eq (8), section 1 

Thus the ratio of· k4/ kA/2 can be determined in two 
diff~rent ways. From this ratio the value of k4 may be 
readily determined since k6 has been estimated. The 
best value of k6/M- 1s-l is 5.0 (±2.5) X 107 and is inde­
pendent of temperature. This value is an average of 
values obtained by following the decay of trichloro­
methyl radical by esr [1], by the rotating sector technique 
where the change in ~quid volume is used as a measure 
of reaction [2 and 3] and by a decay technique where 
liquid volume and heat accumulation are monitored to 
follow the reaction l4]. The good agreement among the 
variety of methods seems to offer strong support for the 
average value cited here. However, this average value 
I::; III ::;tIong disagreement with the gas phasc values 

reported for this combination reaction of 3.9 x 109,4'.6 X 

109 , and 7.9 x 109 [5, 6, 7]. There is some evidence that 
the rotating sector technique over-estimates the rate 
constant for gas phase combination of simple alkyl 
radicals [8] and possibly this is also true for the trichloro­
methyl radical. Alternatively, there may be a true sol­
vent effect on the reaction as a result of the polar 
trichloromethyl radical [1]. 

The rotating sector and photochemical after-effect 
techniques give absolute values of k4 as well as k6 • Since 
these techniques have relied generally on volume con­
traction for determining the conversion, the reactions 
studied have largely involved addition of CCh' to· a 
double bond rather than abstraction of hydrogen as in 
reaction (4) 

CCIa ·+C=C~CCls-C-C·, (12) 

followed by 

CCb-C -C . + CCIaX ~ CCIa -C ---C X + CCIa . 
(13) 

For most olefins with an allylic C-H, k4 and k12 
complete and the ratio of k4/k12 has been determined 
in several cases [9}. Therefore the value of k4 can be 
determined from values for k 13 and k4/k 13 . 

4.2. Relative Rate Measurements 

:Most of liquid-phase structure-reactivity data we have 
for tri chloro methyl radical comes from competitive 
reactions where the value of k4 has been measured for 
several substrates relative to k4 for a reference com~ 
pound [10]. For example in the competitive bromination 

of two hydrocarbons, RIH and R2H, the following ki­
netic expression aI)plies 

(14) 

At low conversions it is necessary to use product forma­
tion to determine relative reactivity (k4 / k~), the precision 
of k4/k~ being approximately the.sum of the precision of 
the two measured products. However, for less stable 
products, analysis by gas chromatography may not be 
feasible. Thus it is necessary to measure the decrease 
in hydrocarbon, and high conversions are needed. The 
precision of k4/k~ measured in this way is less than that 
obtained by measuring the products because the pre­
cision of aR1H and aR2H is" not as large, but generally 

the precision increases linearly with. conversion. At 
high conversions, eq (14) is no longer valid and the inte­
grated form mll~t he l1~f'cI [10]_ 

4.3. Absolute Rate Parameters 

Most of the kinetic data for the CCb· abstraction 
have been measured at one temperature or over an 
insufficient temperature span to define E or A adequately. 
Therefore we have assumed values of A to be consistent 
with the values of A chosen -ror other H-atom transfers 
covered in this review (see table 1.1,section 1) and have 
calculated E from experimental values of k and log A. 

4.4. Error Analysis 

If the value for the combination of. trichloromethyl 
radicals in the liquid phase is within the indicated limit 
of 5.0 (±2.5) 107 M~lS-l, the value of k4 obtained 
directly from the ratio k4/k~/2 (known to ± 20%) is valid 

to about ± 40%. While there is some uncertainty in the 
log A values as well as the E values these errors tend to 
compensate. For example, the Arrhenius values give the 
measured value of k4 at mean experimental temperature, 
but at 50 K above or below the mean temperature the 
added uncertainty due to the uncertainties in E a and A 
are :t: 20%. Thus the calculated values of k4 in table 
4.1 should be accurate within ± 60%. 

4.5. Tables 

Tables 4.1 through 4.6 'summarize absolute and 
relative rate data f~r trichloromethyl radical. Table 4.1 
summarizes absolute rate constants and rate parameters 
for H-atom transfer by trichloromethyl radical from a 
representative series of organic compounds. 

Some values for k were measured directly and others 
were calculated from relative values listed in tables 
4.2-4.6. In principle, all relative values. of k may be 
converted to absolute values using known absolute 

. values for key reference compounds. Units for absolute 
rate constants are in M-1s-l units; relative rate data 
are unitless. 
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TABLE 4.1. Trlchloromethyl radical-organic compounds: summary of absolute rate constants and rate parameters 

kIM-1s-l Temp. Eb Calc k d 

Substrate and position perCH K Log A a kJ/mol Reference 
(Kcal/mol) 300 K 400 K 

Cyclohexane 0.013 298 9.2 3.25 0.015 8.7 II 
(I5.II) 

Cyclohexene 84 298 8.7 38.68 93 4500 2,4,9 
3·CH (9.24) 

I-Heptene 170 313 8.2 35.79 94 3400 4,9 
3·CH (8.55) 

Toluene 1.1 328 12 

a·CH 2.2 340.5 12 

4 353 12 
9.3 373 8.0 q.~.96 0.20 30 12 

(I 1.93) 
Ethylbenzene 24 c 313 8.2 40.95 12 720 Table 2 

a-CH (9.78) 
Cumene 122 c 313 8.4 37.86 65 2900 Table 2 

a-CH (9.04) 
sec-Butyli:Jenzene 210 c 343 8.4 39.94 28 1500 Table 2 

a·CH (9.54) 
3· B utylbenzene 74 c 343 8.4 42.91 8.6 630 Table 2 
Diphen ylmethane 24 c 313 8.2 40.95 12 720 Table 2 

(9.78) 
Triphenylmethane 75 c 313 8.4 39.12 40 2000 Table 2 
Isopropanol 3.0 298 8.7 11.21 3.4 378 13 

2-CH 48.65 
(46.91) 
(11.62) 

Benzaldehyde 335 c 353 8.7 41.73 27 1780 Table 4 
l-CH (9.97) 

a-Meth yoxytoluene 214 c 353 8.2 39.69 20 1000 Table 3 
a-CH (9.48) 

a Assigned. 
b Ca1culated from assigned value of A and experimental value of k. 
C EvallHl,ted from relative reactivity in tables 2, 3, or 4 and calculated rate constant for the standard compound using parameters in this table. 
d Calculated from log k= log A - EIB. 

TABLE 4.2. Trichloromethyl radical-aralkanes: relative reactivities of benzyl CH 

Substrate Standard Solvent Temp.K 

Toluene a Toluene Reactants 

Ethylbenzene Toluene Reactants 
Ethylbcnzene Cumcnc Benzene 

o-Diethylbenzene Fluorene CClaBr 

Propylbenzene Cumene Benzene 

Cumene b Toluene Reactants 
h;u-BulylLt:l1:£t:l1t: Cumene Benzene 

sec-Butylbenzene Cumene Benzene 

Neopentylbenzene C Cumene Benzene 

3-Pentylbenzene Cumene Benzene 
Diphenylmethane Toluene ReacLantlS 

Triphenylmethane Toluene Reactants 

l.l-Diphenylethane Toluene Reactants 

Benzocyclobutene Fluorene CCIaBr 
Benzocyclopentene (lndan) 
Benzocyclohexene (T etralin) 
BenzocycIoheptene 
I-Methylnaphthalene d Toluene Benzene 
2· Methylnaphthalene Benzene 

I-Methylanthracene Benzene 

9-Methylanthracene Benzene 

a ~.:tfect of ring substitution on reactivity at 323 K in reference 14. 

b Investigation of effect of p- and m-substitution on cumene reactivity at 343 K in reference 17. 
C Effect of p- and m- substitution on reactivity at 343 K in reference 18. 
d See reference 19 for other methyl substituted polyaromatics. 
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313 
313 
313 

343 
343 
313 
343 

343 
343 
343 
313 
313 
313 
343 
343 

343 
343 
343 
343 
343 
343 

k/k. Reference 

1.0 
50±5 10 

.0.151::'::.0 • .0.05 15 

0.86±0.06 16 
0.122±0.01 15 
2.60±0.01 10 

.0 • .042::':: .0 • .0.02 15 
0.48 IS 
0.006 15 
0.169 15 

5.0.1.5 1.0 
160±16 10 
650±65 10 

0.076·± .004 16 
1.39:!: . .08 16 
1.14± .08 16 
0.84± .06 16 
5.8±0.3 19 
4.0±0.6 19 
76.±6 19 
650±60 
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TABLE 4.3. Trichloromethyl radical-ethers: relative reactivities 

Substrate and position a Standard Solvent. Temp. K k/ks Reference 

a-Methoxy toluene b Toluene CCl4 353 52±5 20 
a-Methoxy diphenylmethane 108±5 20 
a,a-Dimethoxy toluene 50±3 20 
Dibenzyl ether 34±4 20 

a CH adjacent to oxygen. 
b Data for ring substituted compounds in reference 20. 

TABLE 4.4. Trichloromethyl radical-aldehydes: relative reactivities 

Substrate Standard Solve.nt Temp. K k/ks Reference 

Benzaldehyde a Ethylbeuzene CCl4 ·353 2.40±0.02 22 
p-t·Butylbenzaldehyde 3.46±0.16 22 
p-Chlorobenzaldehyde l.S6±0.02 22 

a Additional data on ring substituted compounds are included in references 21, 22 and 23. 

TABLE 4.5. Trichloromethyl radical-cycloalkanes: relative reactivity 

Substrate and position Standard Solvent Temp. K k/ks Reference 

Bicyclo [2.2.1]-heptane Adamantane a loCH Reactants 313 
loCH 0.00 24 
2-CH 0.67±0.O7 24 

Bicydo [2.2.2]-octane 
l·CH l.ll ±O.lS 24 
2-CH 1.92±0.23 24 

Bicydo [3.3.1J-nonane 
loCH 16.0±0_B 24 

Adamantane a 

2-CH O.5±0.1 24 
l,l-Diadamantane 1.47±0.OB 25 
I-Methyladamantane 1.29±0.O6 25 
1-Methoxyadamantane O.75±0.O4 25 
l-Carbomethoxyadamantane O.62±0.03 25 
I-Bromoadamantane O.37±0.O2 25 
l-Cyanoadamantane O.37±0.O3 25 
Homoadamant!lne b· 

3-CH .40.3±2.0 24 

a Adamantane is tricyclo [1.1.1.1] decane. 
b Homoadamantane is tricyclo [2~l.P' 5 .P' 8] undecant. 
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5. Alkoxy Radicals 

The reaction of molecular oxygen with organic com­
pounds in the liquid phase proceeds by way of one or 
more radical chain sequences involving peroxy (R0 2) 

and often alkoxy (RO) radicals. 
Although the detailed reactions of alkoxy radicals are 

often quite complex, relative rates of H-atom transfer. 
from two or more substrates can be obtained relatively 
easily and, through a common standard., related Lu au 

absolute value. As a result, we have available many 
absolute rate constants for H·atom transfer by t-butoxy 
radicals from a variety of organic compounds. 

5.1. Relative and Absolute Rate Measurements 

Almost all the extensive data for alkoxy radical 
abstractions refer to t-butoxy radical (t-BuO) because of 
the ease with which this radical may be generated from 
the corresponding peroxide, oxalate, hyponitrite, and 
particularly from the hypochlorite. 

Relative reactivities of organic compounds toward 
t-BuO (k/k') may be measured in competitive experi-
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ments where two substrates (R1H and R2 H) react with 
t-BuO and the product radicals then form products such 
as org:mlt: t:hlorides by reactions with CC4 solvent. 

The ratio of rate constants k/ k' may be determined 
indirectly by comparing ROH/ketone ratios on reaction 
with each substrate, separately or directly, by deter­
mining the relative yields of R1Cl and R2 Cl or the con­
sumptionof reactants in competitive experiments. 

Both competitive methods give fairly reliable· relative 
rate constants in most cases. However, discrepancies 
between them have been found when t-butyl hypo­
chlorite was used as the source of alkoxy radicals and 
when aralkanes (e.g., toluene) were the substrates. This 
occurs because of the incursion of a chlorine atom chain 
and relative reactivities to CI rather than to t-BuO were 
determined. Since most of the absolute rate constants 
reported in this review have been calculated from rela­
tive reactivity data obtained from hypochloritechlorina­
tions, we have been careful not to include data that may 
be suspect. 

To date there have been two stationary state kinetic 
studies of t-butyl hypochlorite chlorinations [1 and 2] and 
one nonstationary state study [3]. This reaction can be 
represented by the following reaction scheme. 

Initiation: 
t-BuOCI ~ t-BuO . + CI . 

Propagation: 
k 

t-BuO . + RH ~ t-BuOH + R . 

fast 
R . + t-BuOCl ~ RCI + t-BuO . 

Termination: 
k 

t-BuO -+ t-BuO -----4) 

L-BuO-+R- k,. >~ 
R.+ R. kt" ») 

Molecular products 

(1) 

(2) . 

(3) 

(4) 

(5) 

(6) 

Carlsson and Ingold [3] found that overall rates (R) of 
photochemical and a,a' -azobisisobutyronitrile (AIBN) 
initiated t-butyl hypochlorite halogenation of certain 
hydrocarbons in CCl4 at 297 K obeyed the kinetic 
expression 

(7) 

This suggested that. reactions (2) and (4) were the rate 
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controlling propagation and termination steps. The rotat­
ing sector method was used to determine 2kt ( ~ 2 X 108 

M-Is-I), and values ofk were calculated from k/(2kt }1/2• 

The values of· k reported by Carlsson and Ingold were 
based on an overall heat of reaction of -51 kcal mol-I for 
the process 

The overall heat of reaction of the analogous process 
with cyclohexane has now been accurately determined 
as -42.4 kcal mol-I by Walling and Papaioannou [4]. If 
we make the reasonable assumption that ~H for toluene 
and cyclohexane are equal Carlsson and Ingold's values 
of k (per active hydrogen) for toluene fit·the equation log 
(kiM-Is-I) = 7.4-5.6/2.303RT. Values of k calculated 
from this equation at 313 K and 323 K are approximately 

. ten times smaller than the values of this rate constant 
that have been estimated by Walling and Kurkov [1] and 
Lorand and Wallace [5]. This discrepancy must be partly 
because the value of 2k t for t-BuO obtained by Carlsson 
and Ingold is too low. We have, therefore, converted the 
relative reactivity data for t-BuO to absolute values 
using values of k that are ten times larger than the values 
that can be calculated from the above Arrhenius equa-

tion. For example, at 313 K, we have used a value of k 
(per active hydrogen) of 3 X 104 M-Is-I. 

Activation parameters for reactions of t-BuO are not 
directly available from experiments except in those few 
instances where the variation in (kl kd ) with temperature 
was measured for hydrocarbons [6]. However, in the 
absence of reliable values for cleavage reaction kd (those 
reported se'em to be unreasonably low), no reliable 
values of k can be obtained by this method. Accordingly, 
we have assigned rates of log A as shown in table 1.1 and 
withvalues o{k, calculated E with sufficient precision to 
recalculate the experimental value of k. 

5.2. Errors 

We believe that assigned values of log A have prob­
able errors of :1:0.5 equivalent to ±0.7 kcal/mol in E at 
313 K and represent a factor of 3 in rate constant, well 
beyond the probable experimental error for these kinds 
of measurements. Although this error· analysis suggests 
that more aqcurate activation parameters may be 
obtained by direct measurements at two temperatures, 
this may not be the case if experiments are done at tem­
peratures much above 313 K where cleavage of RO and 
cross termination of alkyl radicals become important. " 
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TAHLt.; 5.1. £-Buwxy radical-organic compounds: summary of absolute 
rate constants and parameters at 313 K per active 
hydrogen 

TABLE 5.3. t·Butoxy radical-alkenes: relative and absolute rate con­
stants and parameters for abstraction at allylic CH bonds 
at 313 K per reactive hy?-rogen [7] 

. kIM-Is-I log 
RH Bond X 10- 4 (AIM-Is-I) a 

(±0.5) 

Alkane 
pri 0.28 9.0 
sec 3.6 9.2 
tert 12.6 9.4 
cyclic-sec 4.3 9.2 

Alkene 
pri 5.3 8.0 
sec 24 8.2 
tert 52 8.4 
cyclic-sec III 8.7 

Phenylalkyl 
pri 3.0 8.0 
sec 10.5 8.2 
tert 20.5 8.4 

cyclic-sec {6S 8.7 
15 8.7 

Diphenylmethane 14.1 8.5 
Triphenylmethane 29 8.5 
Ethers (a CH) e 

pri 10 8.7 

sec 31 8.7 
cyclic sec 3-ring d 27.5 9.0 
cyclic sec 4-ring 58.5 8.7 
cydic sec S-ring 42.5 8.7 
cyclic sec 6-ring 22.3 8.7 

Alkyl-X (a CH) 
chloro .1.4 9.0 
cyano 0.18 9.0 

acetoxy 0.81 9.0 
Ketone (a CH) 

pri 0.074'e 8.7 
see 0.6 e 8.5 
eydo 1.0 e 8.7 

a Assigned: see table 1.1. 
b Calculated from k and log A. 

C Extrapolated from 273 K (see table 5.5). 
d Ring size. 
eAt 273 K. 

Eb 
; 

kllmol 
(kcal/mol) 

33.3 (7.95) 
27.8 (6.65) 
25.8 (6.16) 
27.4 (6.54) 

19.6 (4.69) 
16.9 (4.04) 
16.1 (3.84) 
15.9 (3.80) 

21.1 (5.04) 
19.0 (4.55) 
18.5 (4.42) 
17.3 (4.13) 
21.1 (4.80) 
20.1 (4.80) 
18.2 (4.35) 

22_2 (5.30) 

19.2 (4.59) 
21.3 (5.10) 
17.6 (4.20) 
18.4 (4.40) 
20.1 (4.80) 

29.1 (6.95) 
34.4 (0.22) 

30.5 (7.29) 

34.9 (8.35) 
28.3 (6.76) 
28.2 (6.73) 

Substrate and k/M-IS-I log EC 
position klks a X 10-4 (AIM-Is-I) b kl/mol 

(kcal/mol) 

Isobutylene 1.19 3.6 8.0 20.6 (4.93) 
pri-CH 

trans-But-2·ene 1.97 5.9 8.0 19.3 (4.62) 
pri-CH 

cis-But-2-ene . 2.1 6.3 8.0 19.2 (4.58) 
pri-CH 

But-1·ene 6.0 18 8.2 17.7 (4.22) 
sec-CH 

cis-Pent-2-ene 9.1 27 8.2 16.6 (3.96) 
sec-CH 

trans-Pent-2-ene 9.3 28 8.2 16.5 (3.94) 
sec-CH 

3-Methylbut-l-ene 1'7.4 52 8.4 16.1 (3.84) 
tert-CH 

Cyclohexene 36.4 109 8.7 15.9 (3.81) 
sec-CH 

Cyclopentene 37_9 114 8.7 15.8 . (3.78) 
sec-CH 

a Rddtive to toluene for which Ie i:o; 3 x 10" ftf-':o;-' at 313 K. 

b Assigned; see table 1.l. 
e Calculated from kand log A. 

TABLE 5.2. t-Butoxy radical-alkanes: relative and absolute rate constants and parameters at 313 K per active hydrogen [7] 

Substrate and position klks a 

n-Butane 
l"i-H 0.1 

sec-H 1.2 
2,3-Dimethylbutane 

pri-H 0.09 (0.095) b 

tert-H 4.2 (3.9) b 

Cyclobutane 0.7 
Cyclopentane 1.38 
Cyclohexane 1.06-1.59 c (1.55) b 

a Relative to toluene; t-BuO . from photolysis of C 4H gOBr [8]. 
b C4HgO· from photolysis of C4HsOBr [8]. 

Ee 
kiM-Is -1 X 10-4 (AIM-Is-I) d kllmol 

(kcal/mol) 

0.3 9.0 33.1 (7.90) 

3.6 9.2 27.8 (6.65) 

0.27 (0.28) b 9.0 33.3 (7.97) 
12.6 (11.7) 9.4 25.6 (6.16) 
2.1 9.2 29.2 (6.98) 
4.14 9.2 27.4 (6.56) 
3:8-4.8 (4.65) 9.2 27-27.7 (6.45-6.61 ) 

e The limits of relative reactivities determined using C4HgOCI, C4HsOBr, di-t-butyl peroxylate and di-t-butyl hyponitrite as sources of t-BuO . 
[9]. 

d Assigned; see table 1.l. 
e Calculated from k and log A. 
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TABLE 5.4. t-Butoxy radical-aralkanes and aralkenes: relative and absolute rate constants and param­
eters for abstraction at benzyl and/or allylicCH bonds at 313 K per reactive hydrogen 

k/M-1s-I log E b p 

Substrate k/ks X 10-4 (A/M-IS-I) a kJ/mol Reference 
(kcal/~ol) 

Toluene C (Standard) 1.0 3.0 8.0 21.1 (5.04) 10 
Ethylbenzene 4.0 12.0 (l1)d 8.2 18.6 (4.45) 11 
n-Propylbenzene 2.93 9.0 8.2 19.5 (4.65) lO 
Cumene 6.84 20.5 (25) 8.4 18.5 (4.42) "lO 
t-Butylbenzene 0.17 0.5 9.0 31.8 (7.59) 11 
Diphenylmethane 4.70 14.1 8.5 20.1 (4.80) lO 
Mesitylene 1.34 4.0 8.0 20.3 (4.86) lO 
Tetralin 21.6 65 8.7 17.3 (4.13) 11 
Fluorene 5.04 15 K7 21.1 (5.04) 10 
Triphenylmethane 9.60 29 8.5 18.2 (4.35) 10 
Allylbenzene 3.87 12 7.5 14.5 (3.47) 11 

a Assigned; see table 1.1. 

b Calculated from k and log A. 
C Absolute reactivities (per benzyl hydrogen) of meta and para substituted toluenes can be corre­

lated by the equation log (k/M- Is-I)=_(.32-.39)o-++4.78. 
d C4HgO. radicals from C4H gOBr' [8]. 

TARLR S.S. t-RlltoXY radi~::Il-p.thp.rs~ rphtive a ::Inn absolute rate constants and parameters for abstrac­

tion of an a-CH at 273 K per reactive hydrogen [12] 

kjM-Is-I 
Ether klks b (rel) X lO-4 

Toluene (standard) 1.0 0.87 
Diethyl ether 12.2 10.6 

Diisopropyl ether 15.9 13.8 
Methyl t-butyl ether 3.22 2.8 
Di-t-butyl ether 0.05 0.045 
Anisole (methylphenyl ether) 1.0 0.87 
Phenetole (ethylphenyl ether) 6.5 5.7 
Ethylene oxide 9.8 8.5 
Propylene oxide e 50.4 44 
Isobutylene oxide f 0.076 0.067 
Styrene oxide g 0.235 0.2 
Trimethylene oxide 25 22 
T etrahydrofuran 17.3 15 
2,5-Dimeth yltetrahydrofuran 75.8 66 
Tetrahydropyran 8.1 7.0 
Methylal (dimethoxymethane) 9.3 8.1 
Dioxane 5.0 4.3 

a Relative to toluene for which kat 273 K is 0.B7X 104M-i s-i. 
b Average error in k (reI) given as 8 percent. 
C Log A assigned; see table 1.1. 
d Calculated from k and log A. 
e Assume two reactive hydrogens. 
f Assumes eight reactive hydrogens. 
g Assumes three reactive hydrogens. 

log Ed 
(AIM-Is-I) C kJ/mol 

(kcal/mol) 

8.0 21.2 (5.07) 
0.7 19.2 (4.59) 

8.7 18.6 (4.45) 
8.7 22.2 (5.31) 
9.0 33.2 (7.93) 
8.7 24.9 (5.95) 
8.7 20.6 (4.93) 
9.0 21.3 (5.08) 
9.0 17.5 (4.19) 
9.0 32.3 (7.71) 
8.5 27.2 (6.49) 
8.7 17.5 (4.19) 
8.7 18.4 (4.40) 
8.7 15.1 (3.60) 
8.7 20.2 (4.82) 
8.7 19.8 (4.74) 
8.7 21.3 (5:08) 

971 
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TABLE 5.6. t-Butoxy radical-organic compounds: relative a and absolute rate constants and parameters 
at 313 K per reactive hydTogen [13] 

kIM-1s-l 
Substrate and position k/ks a X 10- 4 

l-Chlorobutane 
1-CH 0.46 1.4 
2-CH 0.41 1.2 
3-CH 0.92 2.8 
4-CH 0.22 0.66 

Butyronitrilc 

loCH 0.060 0.18 
2-CH 0.12 0.36 
3-CH 0.060 0.18 

n-Propyl acetate 
l-CH 0.27 0.81 
2-CH 0.40 1.2 
3-CH 0.15 0.45 
Acetoxy CH 0.047 0.14 

a Relative to' toluene for which k is 3.x 104 M -1 S -1 at 313 K. 
b Assigned; see table 1.1. 
C Calculated from k and log A. 

log EC 
(AIM-Is-I) b kJ/mol 

(kcal/mol) 

9.0 29.1 (6.95) 
9.2 30.7 (7.33) . 
9.2 28.5 (6.80) 
9.0 31.0 (7.42) 

9.2 35.6 (8.51) 
9.2 33.8 (8.08) 
9.0 34.4 (8.22) 

9.0 30.5 (7.29) 
9.2 30.7 (7.33) 
9.2 41.0 (7.94) 
9.0 33.2 (8.38) 

TABLE 5.7. t-Butoxy radical-organic compounds: relative a and absolute rate constants and parameters 
for H-atom transfer at 273 K adjacent to a functional group per reactive hydrogen [11] 

kIM-1s-l 
Substrate klks a X 10-4 

Methyl formate 6.42 5.6 
Methylene chloride 0.35 0.3 
Chloroform 3.24 2.8 
Acetone 0.085 0.074 
t-Butyl alcohol 0.043 0.037 
3-Pentanone 0.69 0.6 
Cyclopentanone b 0.14 1.0 
Acetophenone 0.107 0.09 
Methyl henzl)!'Ite 0.040 o.ms 
Phenyl a~etate 0.029 0.025 

a Relative to toluene for which k at 273 K is 0.87 X 104 M -1 s -1. 

bAt 313 K. 
C Assigned; see table 1.1. 
d Calculated from k and log A. 
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log Ed 
(A/M-1s-l)C kJ/mol 

(kcal/mol) 

8.7 20.7 (4.94) 
8.7 27.3 (6.52) 
8.7 22.1 (5.31) 
8.5 30.5 (7.28) 
9.0 32.0 (7.65) 
8.5 25.5 (6.10) 
8.5 23.5 (5.62) 
8.5 29.0 (6.93) 
8.7 32.1 (7.69) 
8.7 32.9 (7.87) 
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6. Peroxy Roditals 

The great technical importance of autoxidation has 
stimulated much of the research to elucidate mecha­
nisms and kinetics, to predict" products and rates, and 
ultimately to measure absolute' rate constants for all 
important elementary rate steps in oxidation [1, 2 and 3]. 
As a result, we have available many more reliable 
absolute rate c~nstants for R02 • (in the liquid phase) 
than for any other radical [4]. 

6.1. Relative Rate Constants 

Oxidations of mixtures of organic compounds or of 
two or more different CH bonds in a single molecule 
is the most co~mon procedure for evaluating relative 
reactivities [5, 6 and 7]. Under most conditions the 
values for k(rel) are independent of values fork t ; how­
ever ::Is measnre() in cooyi()atlon, k(rf~l) 1~ mmally a 

com~osite of two rate constants for H-atom transfer by 
one alkylperoxy radical toward both substrate CH bonds. 
Although capable of giving valuable information con­
cerning reactivity of different organic compounds toward 
R02 • radicals," cooxidations require exceptional care 
in analyses to avoid very large errors [6J and have been 
all but superseded by the technique of added hydro­
peroxide [8] discussed below. Relative reactivity data 
may be used to estimate absolute rate constants only if 
relative data refer to a single type of R0 2 • radical such 
as tertiary or secondary, as the absolute reactivities of 
peroxy radicals vary in the order tert:sec:prim= 1:5:10 
[9]. Because of the large number ~f absolute constants 
available, no relative data are included in this review. 

6.2. Absolute Rate Constants 

The same kinetic considerations discussed in con­
nection with determination of k for RO . apply equally to 

reactions of R02 and eq (4) in section 5 above may be 
used directly with rotating sector or esr methods to 
evaluate 2kt and k. 

Typically, rates of oxidation are followed by changes in 
oxygen pressure with time. For this reason, and unlike 
with most chain reactions, reliable measurements of 
changes in reactant concentration" may be made at 
very low conversions ("'-' 1 %) of hydrocarbon. This is a 
fortunatccircumstuncc for in most autoxidations the 

primary product is either a hydroperox.ide (ROOR) or 
a polyperoxide fCH2CR2-OOJn, neither of which is 
stable thermally or in the presence of transition metal 
ions. 

Accurate and precise measurements of absolute or 
composite rate constants (kf(2k t ) 1/2} in autoxidations 
are obtainable only if the following experimental pre­
cautions are taken: 

(1) Rate of initiation is known through the use of an 
added" initiator. 

(2) Oxygen pressure is high enough (> 100 mm) and 
stirring or shaking fast enough to ensure an ade­
quate rate of oxygen diffusion. 

(3) Temperature is low enough"( < 373 K) to minimize 
formation and cleavage of alkoxy radicals. 

(4) System is free (<:: lO-6M) of transition metal ions 

that decompose peroxides and free of inhibitors. 
(5) Conversion is low enough (2-5%) to avoid decom­

position of hydro peroxides and oxidation of primary 
products. 

(6) Product analyses can account for > 750/0 of the 
absorbed oxygen. 

Obser~ation of the foregoing requirements will usually 
permit one to measure composite rate constants to about 
± 20% accuracy and absolute rate constants to ± 50%, 
if the substra.te ha.s only one reactive site (> 909b reac­
tion) or equivalent sites. Error limits may be much higher 
if several different eIi bonds are involved in competi­
tive oxidation or if Beveral different radical!) participate. 

in termination steps. 
The literature records many efforts to measure autoxi­

dation rate parameters for composite rate constants, 
and from this information coupled with assumptions 
concerning values of E t , to estimate values of E. Most 
estimates are probably in significant error owing to 
failure of the system to meet all the foregoing require­
ments, particularly (3) and (5) as shown by the wide 
variation in E reported by different investigators [2]. 

For all these reasons, autoxidation in the presence of 
added hydroperoxide is a powerful and alternative tech­
nique for simplifying oxidation kinetics and providing 
an accurate value of k with one measurement [8]. By 
proper choice of substrate and added hydroperoxiae, it 
becomes possible to evaluate many combinations" of 
R02 • and RH. The principle of this procedure rests on 
the rapid chain transfer between R02 • and added 
R'OOH (k ---- 103M-Is -I). In a typical chain s~quence: 
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Initiation: I kd n ----..>!.----l» 2X' 

X'+RH ----~)XH+R· 
f~st R· + O2 ----~) R02 • 

k 
Propagation: R02 · + RH -----4-) ROOH + R . 

. R02 . + R'OOH ----) R02H+ R'02 . 

(1) 

(2) 

(3) 

(4) 

(5) 

k' 
R'02'+ RH ) R'02H+ R· (6) 

k' 
Termination: 2R'02 . t ) Termination (7) 

2R02 . 
kt ) Termination (8) 

kIf 
R02 ·+R'02· t ) Termination (9) 

If enough hydroperoxide is added to ensure that all 

R02 · are converted to R' O2 " the kinetic expression 
for oxidation becomes (with long chains) 

R (RJ2k;)1/:::k' [RR] , 

where Ri = 2ekd[In]. 
The several advantages of this procedure over autoxi­

dation are: 

(1) The reactivity of a series of substrates to one peroxy 
radical can be determined, free from differences in 
the reactivity of the peroxy radical. 

(2) Since the termination rate constant (k;) does not 
change, the ratio k' /(2k;)1/2 gives much more 
reliable relative reactivities than does k/ (2k t }1/2 •. 

(3) Addition of a hydroperoxide, which gives a peroxy 
radical with a low value of k; (e.g., t-butyl hydro­

peroxide), can significantly increase the chain length 
of an autoxidation. Thus reliable v~lues of k' can be 
determined for substrates that normally oxidize too 
slowly to give reliable values of k by a nonstationary 
state method. 

As with RO·, few reliable measurements of the 
temperature dependence of autoxidation reactions are 
a~ailable because of the increasing complexity associ: 
ated with increasing temperature and the failure of sim-

.J. Phys. Chern. Ref. Data, Vol. 3, No.4, 1974 

pIe kinetic expressions under these conditions. Where 
available [9], such data support the idea that abstrac~ 
tions of alkanes by R02 . have values of log (A/M-1s -I) 
>.9 [9, 10, and 11]. Therefore we have preassigned log 
A in order to calculate E from' k on the same basis as 
for reactions of other radicals (table 1.1). In the few 
cases where reliable temperature dependent measure­
ments are available from which to estimate log A and 
E, these values are. also noted in the tables . 

Two kinds of absolute rate data arc available for 

many autoxidation systems owing to the extensive use 
of the .added hydroperoxide technique. First are values 
of k for R0 2 • + RH, and second' are values of k' for 
t-BU02' + RH. Use of k' alone is advantageous in 
calculating relative reactivities of substrates and pro­
vides absolute values that are intercomparable among 
many substrates. The tables 6.1 through 6.10 provide 
both k and k', but A' and E' have been assigned and 
calculated only for values of k'. 

Recent measurements of absolute rate constants 
for H-atom transfer to R02 • radicals for a wide variety 
of hydrocarbons,. olefins, and functionalized organic 
compounds [9] suggest that good correlations exist 

between log k or log k' and C-H bond strengths. 
(D(R-H». For primary and secondary RO 2' radicals 
the following relation holds at 303 K: 

log (k/M-1s-I) = 16.4-0.2(D[R-H] + d) 
(in kcal/mol), 

where A is a correction needed to place log k on the line 
defined by the equation. A similar equation holds for 
reactions of tertiary R0 2 • radicals 

log (k/M-1s-I) = 15.4-0.2(D[R-H]) + A) 
(in kcal/mol)_ 

For thirty functionalized compounds the average 
deviation, A = ± 3; for thirty alkanes and ole fins , 
d=±2. 

6.3. Error Analysis 

We estimate that the probable error in k is ± 10%, 
the error in log A is' ± 0.5 log units and the deri~ative 
error in E is 1 kcal/mol. 
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TABLE 6.1. Peroxy radicals-organk compounds: summary of absolute rate constants k for R02 • + RH, 
k' for t-BU02 . + RH and rate parameters at 303 K per reactive hydrogen. 

Substrate and position kiM-'s -j k'IM-'s-' log E' , 

(AIM-Is ") a kJ/mole (kcalimQie) 

Alkyl 
primary 
s~conda.ry f!.UUU21 Y.~ 14.U (11.1) 

tertiary 0.0048 0.0048 9.4 67.9 (16.2) 

cydo 0.00027 9.2 74.0 (17.7) 

Allyl 
primary 0.14 
secondary 0.50 0.084 8.2 53.8 (12.8) 
tertiary 1.2 
cyclo 1.6 0.80 8.5 49.8 (l].9) 

Benzyl 
primary 0.08 0.012 8,0 57.5 (13.7) 

secondary 0.05 0.10 8.2 53.3 (12.7) 

tertiary 0.18 0.16 8,4 53.3 02.7) 
cyclo 1.6 0.50 B.5 51.0 (12.2) 

Aoetylenic 0.7 

Dienes 
1,4 7.0 0.23 7.5 47.2 (IL3) 

1,3 31.0 
cyclo 1,3 55 1.4 8.0 45.5 (l0.9) 
cyclo 1,4 370 20 8.5 41.7 (9.97) 

Alcohols 
secondary 0.009 9.2 65.2 (15.6) 

cyc10 0.036 
benzyl 2.4 0.065 8.0 38.5 (9.19) 

Ethers 
secundary- 0.3 0.016 9 62.6 04.9) 
lertim'Y om 0.02 9 62.0 (l·t.8) 
benzyl :>.» U.55 ~ 4LY (lO.\l) 

cyeIo sec 5 ring Ll Q.085 8.7 56.6 (13.5) 
cyclo tert 5 rlng 2.4 0.4 8.7 52.7 (lZ.6) 
cyclo 5 ring . 0.14 0.006 8.7 63.3 (15.1) 

a Assigned; see table 1.I. 
b Calculated from k and log A' . 

TABLE 6.2. Peroxy radicals·alkanes: absolute rate constant k for RO,·+RH, k' for ,·BuO,·+RH and r.teparametersfor k' per reactive 
. ltydrogen 

Substrate and position 

~. 

ll·Butane 
2·CH 

Isohutane 
3·CH 

2,4,6·Trimethylheptane 
3-CH 

Tridecane 
2-eH 

Hexadecane 
2·CH 

Cyclohexane 
2·CH 

• Experimental value [9J. 
b Assigned; see lahle 1.1. 

k/Mc's-I 

0.0003 

0.005 

0'<)]7 

0.044 

e Calculated from k' and lOQ: A' . 

Temp. K Ref. k'fM-'.-' 
x 10:) 

303 10 

303 II 5.0 

303 12 

0.27 
0.86 

U.<lU 

0.92 

333 13 0.28 
0.65 

Temp.K log (d'/ E" Ref. 
M~lS-l)l> kJlmol Ikeallmol) 

3.3 Se8' 69.9 (16.7) , 11 
9.4" 67.8 (16.2) , 

303 9.4' 74.4 (l7.8) • 9 
313 9.2' 74.0 (17.7) c 

<lW '1.4 • "/4.4 \11.3) ') 

313 9.2" 

303 9.4' 74.4 (17.8) • 9 
313 9.2' 73.9 (17.7)' 
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TABLE 6.3. Peroxy radicals-alkenes and polyenes: H-atom transfer from ~llylic positions; absolute rate constants k for R0 2 • + RH, k' for 
t-BuOz + RH at 303 K and rate parameters for k' per reactive hydrogen 

Substrate 

2,3-pimethylbutene-2 
Cyclopentene 
Cyclohexene 
2,5-Dimethylhexene-3 
Heptene-3 
Octene-l 

Decyne-5 
Pentadiene-l,4 
Cyclohexadiene-1,3 
Cyclohexadiene-1,4 
Methyllinoleate (octadecadienedate) 
Methyllinolenate (octadecatrieneoate) 

a Assigned; see table 1.1. 
b Calculated from k' and log A' . 
Q Experimental value 283-343 K. 

k/M-I S-1 Ref. 

0.14 9 
1.7 9 
1.5 9 
1.2 9 
0.35 
0.50 9 

0.70 9 
7.0 9 

55 9 
370 9 
31 9 
'59 9 

k'/M-1s-l log E' b 

(A/1M-I s -I) a kl/mol (kcal/mol) 

0.85 8.5 49.69 (11.87) 
0.75 8.5 49.98 (11.94) 

0.05 8.2 55.09 (13.16) 
0.084 7.1 c 47.13 (11.26) c 

8.2 53.53 (12.79) 

0.23 7.5 47.18 (11.27) 
~ 1.4 8.0 4.5.52 (10.88) 

20 8.5 41.72 (9.97) 

TABLE 6.4. Peroxy radicals-aralkanes: H-atom transfer from benzyl CH; absolute rates constant 
k for R02 • + RH, k' for t·BuOz· + RH at 303 K and rate parameters for k' at 303 K 
[9] per reactive hydrogen 

Substrate k/M:"l S-1 k'/M-1s-l log E' b 

(A'IM-1s-i) a kJ/mol (kcal/mol) 

Toluene 0.08 0.012 c 8.0 57.51 (13.74) 
o-Xylene 0.07 
m-Xylene U.UH 

p-Xylene 0.14 0.015 8.0 56.92 (13.60) 
Ethylbenzene 0.65 0.1 8.2 53.32 (12.74) 
n-Butylbenzene 0.28 
sec-Amylbenzene 0.07 
sec-Butylbenzene 0.08 
Cumene 0.18 0.16 8.4 53.28 (12.73) 
Indan 1.2 0:37 8.5 
Tetralin 1.6 0.50 8.5 
Phenylcyclohexane 0.06 
Bibenzyl 0.14 0.045 8.2 55.33 (13.22) 
Diphenylmethane 1.0 0.16 
1,I-Dipllenylethane 0.44 
9,10-dihydi"oanthracene 80 6.0 

a A'ssigned; see table 1.l. 
b Calculated from k' and log A'. 
C Absolute values of k' for 13 meta- and para-substituted toluenes fit the equation log k' =-0.56 (1'* 

- 2.0 [14]; values of k for meta- an'd para-substituted cumenes toward cymylperoxy radical fit equation 
log k=-'O.?Q(T+-O.74 [15]. 

TAHLt: 6.5. Peroxy radicals-aralkenes: H-atom transfer from 
benzyl-allyl CH: absolute rate constant k for R02 • + RH 
at 303 K per reactive hydrogen [16] 

Substrate 

Allylbenzene 
Crotylbenzene 
Indene 
1,2-Dihydronaphthalene 
1,4-Dihydronaphthalene (3,-CH) 
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TABLE 6.6. Peroxy radicals-ketones: H-atomtransfer at a-Cl!; absolute rate constant k for R02 • + RH 
or k' for t-BuOz' + RH at 303 K and rate parameters for k' per reactive hydrogen 

Substrate, ketone k/M-I S-l log E' b 

(A' /M-I S-l) a kJ/mol (kcal/mol) 

Methyl ethyl 0.055 
Methyl n-propyl 0.0035 
Methyl isopropyl 0.36 
Diisopropyl 0.026 (k') 8.7 59.61 (14.24) 
Dibenzyl 0.045 (k') 8.2 55.33 (13.22) 

Cyclohexanone 0.19 

a Assigned; see table 1.1. 
b Calculated from k' and log A' . 

TABLE 6.7. Peroxy radicals-aldehydes: H-atom transfer from acyl 
CH; absolute rate constants k for RCOa• + RCHO, [20] 
k' for t-BuOz . + RCHO [21] 

Substrate k/M-l S-1 Ref. 

Acetaldehyde 2700 20 

Heptanal 3100 

Octanal 3900 

Decanal 2700 a 21 
Pivaldchydc 2500 

Cyclohexane-carbaldehyde llOO 
Benzaldehyde 12000 22 

0.85:(k') b 

a Measured at 278 K. 
b This rate constant with assigned l~g A' = 8.7 gives E = 50.84 

kJ/mol (12.14 kcal/mol). 

Ref 

17 
18 
18 
9' 
9 

19 

977 

TABLE 6.8. Peroxy radicals-alcohols and ethers: H·atom transfer at a-CH; absolute rate constant k for ROz . + RH, k' for t-BuOz . + RH at 
303 K and rate parameters for k' per reactive hydrogen 

Substrate k/M-1s-l Ref. k'/M-IS-l log E' b 

(A'/M-IS-l) a kJ/mol (kcal/mol) Ref. 

Alcohols 

Cyclohexanol 0.17 23 
Benzyl alcohol 2.4 22 0.065 8.2 54.42 (13.00) 22 
a-Methylbenzyl 2.1 22 U.lO H.4 54.49 (13.U2) 22 

Ethers 

Diisopropyl . 
intermolecular 0.055 24 0.055 8.7 57.72 (13·Z9) 25 
intramolecular 0.2-0.7 

Di-n-butyl 0.3 24 0.016 8.7 60.82 (14.53) 25 
Isopropyl t-butyl 0.02 0.02 8.7 60.28 (14.40) 
Tetrahydrofuran 1.1 0.085 8.7 56.64 (13.53) 
Tetrahydropyran 0.14 0.006 8.7 63.29 (15.12) 
2,5-Dimethyltetrahydrofuran 2.4 0.4 8.7 52.74 (12.60) 
1,4-Dioxan 0.12 
Benzyl t-butyl 5.8 0.55 8.2 .49.02 (11.71) 
Benzyl phenyl 0.75 0.10 8.2 53.32 (12.74) 
Dibenzyl 

intermolecular 7.5 0.32 8.2 50.40 (12.04) 
intramolecular 15.30 

Di-a-methylbenzyl 0.042 8.4 56.67 (13.54) 
Phthalan 108 

a Assigned; see table 1.1. 
b Calculated from k' and log A' . 
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TABLE 6.9. Peroxy radical-organic sulfides: H-atom transfer from a-CH; absolute rate constant k 
for R02 ·.+RH, k' for t-Bu02' + RH at 303 K and rate parameters for k' per reactive. 
hydrogen [26J 

Substrate, sulfide k/M-IS -1 k'jM-1s-l log E' b 

(A'/M-1s-l) a kJimol (kcal/mol) 

Benzyl t-butyl 0.05 8.2 55.09 (13.16) 
Benzyl phenyl 4.75 0.08 8.2 53.87 (12.87) 
Dibenzyl 0.087 8.2 53.66 (12.82) 
Tetrahydrothiophene 1.6 0.025 8.7 59.73 (14.27) 
Tetrahydrothiopyran 0.37 0.005 8.7 03.75 (15.23) 

a Assigned; see table 1.1. 
b Calculated from k' and log A' . 

TABLE 6.10. Peroxy radical-organic compounds; H-atom transfer adjacent to functional group; 
absolute rate constant k for R02' + RH and k'for t-Bu02' + RH at 303 K and rate paramo 
eters for k' per rea~tive hydrogen [9] 

Substrate kjM-1s-l k' jM-1s-l x loa log E' b 

Isopropyl alcohol 9 
Isopropyl acetate 2.4 
2-Chloropropane 0.6 
2.Bromopropane 0.6 

2-Nitropropane 0.3 
2-Cyanopropane 10 
Methyl isobutyrate 12 
Benzyl chloride 1.5 8 
Benzyl bromide 6 
Benzyl acetate 2.3 8 
Benzyl benzoate 2.6 9 
t-Dutyl phenylace;tate 0.0 30 

a Assigned; see table 1.1. 
b Calculated from k' and log A' . 
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