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An experimental method has beeu developed for determining the relative rates of addition of methyl radicals to aromatic

compounds.

The relative rates of addition which are denoted here as methyl affinities, were determined for the following

compounds: benzene, diphenyl, naphthalene, phenanthrene, chrysene, pyrene, stilbene, benzanthracene, anthracene,

naphthacene, pyridine, quinoline, isoquinoline, acridine, diphenyl ether and benzophenone.

It has been found that a

linear relation holds between log of methyl affinities and log of the relative rates of addition of CCls radicals to a series of

aromatic hydrocarbons. C
activities of methyl and trichloro methyl radical.

log of methyl affinities and the triplet-singlet energy transitions of the aromatic compounds.

terms of Polanyi’s model for a chemical reaction.

It is well known that radicals or free atoms may
add to olefinic compounds producing new radicals.
Such a reaction, exemplified by equation

R. + CH,—=CH, —> RCH,CH,- (1)

is encountered in many processes, the polymeriza-
tion of vinyl monomers being the most striking
example. A considerable volume of evidence,!=®
accumtulated during the last few years, indicates
that reactions similar to (1) take place when radi-
cals interact with aromatic compounds, e.g.

R: 4 CeHy —> RCsHe: (2)

Radicals such as RCgHg are probably the inter-
mediates in substitution or addition reactions, e.g.

substitution RCGHG' + R: —> RCGHs + RH (3)

R H
R
addition RC¢He 4+ R —> R ©F (4)
<
R H

We have shown recently® that reaction (2) does
occur when methyl radicals interact with benzene.
Further investigation has resulted in the develop-
ment of a method which permits a quantitative de-
termination of the relative abilities of aromatic
compounds to add methyl radicals. In this com-
munication, we report the values for the relative
rates of addition of methyl radicals to a number of
aromatic compounds, and discuss their significance
in relation to other radical reactions.

Description of the Method.—Kharasch and his
co-workers” have shown that the thermal decompo-
sition of acetyl peroxide generates methyl radicals.?
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It is proposed to consider the slope of the resulting straight line as a measure of the intrinsic re-
Furthermore, it has been observed that there is a linear relation between

This relation is discussed in

It was shown elsewhere$® that this decomposition
if carried out in a kighly diluted solution of the per-
oxide in isotctane, yields carbon dioxide, methane
and ethane in quantities which obey the stoichio-
metric relation

(CH4 + 2CHg /CO; = 1

The addition of an aromatic compound to such a
solution decreases the amount of methane formed,
without affecting, however, the yields of carbon di-
oxide or of ethane produced by the decomposition.!®
It seems, therefore, that the following two reactions
compete for methyl radicals

CHa' + iSO-CsHls —> CH4 + iSO-Can (I)
CHj;- 4- aromatic —> CHj;- aromatic!! (1I1)

and that reaction II is responsible for the decrease
in the fraction of methyl radicals converted to
methane in the presence of an aromatic compound.

Denoting by %1 and ki; the bimolecular rate con-
stants of reactions I and II, we conclude that
ki1/k1 = {(the decrease in CH, formed) /(the amount of CH,

formed)} -
+Xcsms/ X aromatic

In this equation the "“amount of CH, formed” de-
notes the amount of methane actually produced in
the reaction; the ‘'decrease in CH, formed” is given
as the difference between the amounts of methane
formed in the absence of an aromatic compound and
in its presence; and Xc.m, and Xeromatic represent
the molar fractions of isodctane and of the aromatic
compound present in the reacting mixture.

Since the decomposition of each mole of acetyl
peroxide produces 2 moles of carbon dioxide and
2 moles of methyl radicals (the latter appearing
eventually as methane, ethane or the addition
complex), it is convenient to express the ratio

(the decrease in CH, formed) /(the amount of CH, formed)
in the form

{(CH,/CO2)eotvens — (CH4/COs)er} /(CHy/CO2)ar
(CH4/COs)sotvent is a constant term, giving the ratio

(9) M, Levy and M. Szwarc, THie JOURNAL, 78, 5981 (1954).

(10) It has been shown elsewhere (ref. 9) that in & diluted sclution of
acetyl peroxide the formation of ethane has to be attributed to a cage
reaction. Hence, the number of ''free’”’ methyl radicals (or acetate
radicals) which are available for reactions is given at 2-(1 — g) X
[number of molecules of acetyl peroxide decomposed], where g de-
notes the probability for a cage formation of ethane. Of course, g is
independent of the concentration of the peroxide, and it is unaffected
by the presence of an aromatic compound in the solution.

(11) The symbel "CHjaromatic’’ denotes the initial intermediate
addition product.
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of these two products formed in pure isodctane,
while (CH,/COs)ar denotes the ratio of these two
products formed in a solution containing an aro-
matic compound.

The equation derived for ki/kr is valid only if
the molar fractions of isodctane and of the aromatic
compounds in solution remain constant throughout
the experiment. This is substantially correct if the
fraction of aromatic compound consumed in the
reaction is small (say a few per cent. only). In
the more general case, the decrease in the amount of
CH, formed is given by the integral

ﬁ@ucmﬁdm

where C denotes the variable concentration of the
aromatic compound. Solving the appropriate dif-
ferential equations, without any approximation,
leads to the following equation for kr1/k1

kII/kI = (CHé/COZ)soIvenc - (CH-i/COZ)ar ><

(CH4/CO2)ur
{ XC&HIS/Xarolnatic }

where f, the correction term, is given by the ex-
pression

f=;1j><1n(1—d)

d denoting the fraction of the aromatic compound
which reacted during the experiment.

In our experiments, the concentration of the
peroxide was of the order 10—% mmoles/cc. If the
molar fraction of the aromatic compound is 0.01,
i.e., 19;, then its amount is of the order 10!
mmoles/cc. Hence, the above correction is signifi-
cant only for experiments in which Xaromatic <0.01,
and the fraction of decomposition of the peroxide is
very high.

Results

The experimental technique has been described
in a previous communication® to which the reader
is referred. The aromatic compounds used in this
investigation were obtained commercially and puri-
fied, if necessary, by standard techniques. Melting
points were taken as the criteria of the purity of the
compounds used. The experiments were carried
out with 10-cc. portions of approximately 10—2? M
peroxide solution in isodctane which contained the
appropriate amount of an aromatic compound.
The deaerated mixtures were immersed in a con-
stant temperature bath, heated for 2 hours and
then analyzed for methane, carbon dioxide and
ethane. The experimental data are listed in Table
I. The ratio CH,/CO; for the peroxide solution
in isobctane (in the absence of aromatics) was deter-
mined in several experiments, and the average
values (0.805 at 65°, and 0.802 at 85°) were used
for the computations of krr/kr values listed in the
fourth column of Table I. The last column in
Table I gives the unimolecular rate constants for
the decomposition of acetyl peroxide measured by
the amount of CO, produced. The percentage de-
composition of the peroxide was about 5%, in experi-
ments carried out at 65°, and 50 to 609, in experi-
ments performed at 85°.

Some aromatic compounds, such as chrysene or
naphthacene, have little solubility in isodctane and
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in order to overcome this difficulty toluene was used
as an alternative solvent. The use of another sol-
vent naturally changes the rate constant &1, so that
the new results are expressed in terms of kir/kf,
k{ being generally different from 2:.

TABLE I

1T, Mole 9% of aromatic xki‘oﬁ,
°C. in the soln. CH4/CO: RI1/ kT sec. ~1
65 25%, Benzene 0.740 0.26 0.88
65 509, Benzene .605 .33 .95
65 759, Benzene .433 29 955
85 25% Benzene .697 .45 13.4
85 509, Benzene .582 .38 14.0
85 75% Benzene 402 .33 14.3
65 5% Biphenyl 0.750 1.4 0.80
65 10% Biphenyl 682 1.6 0.81
85 5% Biphenyl 725 2.0 11.2
85 109, Biphenyl .665 1.9 11.1
85 209, Biphenyl . 550 1.8 10.6
65 59, Naphthaleue 0.545 9.1 0.85
65 109, Naphthalene 417 8.4 .86
65 209%, Naphthalene .253 8.7 .91
65 20% Naphthalene .253 8.7 .89
85 59%, Naphthalene .536 9.4 127
85 109, Naphthalene 412 8.5 11.8
85 209, Naphthalene .267 8.0 11.3
65 5%, Phenanthrene® 0.527 10.0 0.82
65 109, Phenanthrenc® .358 11.3 0.87
85 59, Phenanthrene® D18 10.4 12.2
85 109%, Phenanthrene® 1343 12.0 12.8
85 209, Phenanthrene® 221 10.5 12.2
85 0.25% Pyrene 0.727 41 9.8
85 0.759%, Pyrene 875 52 10.6
85 1.00% Pyrene 521 53 10.6
65 0.59, Stilbene 0.513 113 0.93
65 1.09%, Stilbene .392 104.5 0.93
85 0.59%, Stilbenc 572 80 12.3
85 1.09%, Stilbene 488 64 10.4
85 1.09, Stilbene 432 84.5 12.6
85 2.09%, Stilbene .318 74.5 11.8
85 2.59% Stilbene 309 62 9.9
65 0.5% Anthracene 0.275 385 0.98
85 .1259, Anthracene 525 420 13.6
85 .259, Anthracene .442 326 12.6
85 .509%, Antliracene .313 310 12.6
85 .509%, Authracene .336 276 11.2
65 209, Pyridine 0.615 1.2 1.23
65 309, Pyridine 482 1.5 1.48
85 109, Pyridine .730 0.9 12.9
85 209, Pyridine 615 1.2 13.4
85 309% Pyridine 485 1.5 12.4
65 109, Quinoline 0.327 13.2 1.04
65 209%, Quinoline .195 12.5 1.30
65 309%, Quinoline J111 14 .4 1.46
85 109, Quinoline 357 11.2 12.7
85 209, Quinoline 211 11.2 12 4
85 309%, Quinoline 135 11.5 12.3
85 109% Isoquinoline 0.308 14 .4 8.6
85 209 Isoquinoliue 178 14.0 9.5
85 30% Isoquinoline 115 14.0 7.8
85 1% Acridine 0.200 174 7.9
85 29, Acridine (185 164 7.9
65 5% Benzophenone  0.660 4.2 0.83
85 5% Benzophenone .638 1.9 11.4
85 109 Benzophenone 530 4.1 11.2
85 20% Benzophenoue .395 4.1 11.6
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TABLE I (Continued)
E

T, Mole 9, of aromatic X ‘i‘OD,
°C. in the soln. CH./COs k11/kI sec. !
85 109, Diphenyl ether 0.725 0.95 9.9
85 209, Diphenyl ether .640 1.0 9.0
85 309% Diphenyl ether .585 0.9 8.8

@ The phenanthrene used in these experiments was freed
from anthracene by treating it with maleic anhydride. The
values reported in our preliminary note (J. Chem. Phys.,
22, 1621 (1954), refer to the compound purified by crystalli-
zation only, which contained apparently some anthracene
impurities.

The data obtained with toluene as a solvent are
listed in Table II. Computations are based on a
CH,/CO; ratio of 0.665 obtained for toluene (in the
absence of an aromatic compound) at 85°. The
kri/k{ values were correlated with kir/kr values,
measured in isodctane solution, by carrying out a
series of experiments with the same aromatic com-
pounds in both solvents. The results given in
Table III show that kr1/kt values are lower by a
factor of 3 than the respective krr/k; values.

TaABLE 11
Toluene used as a solvent; T = 85°

, kir/k1 xkluoi,

Mole %, of cpd. CH,/CO: k11/k1  recaled. sec.”!
109, Naphthalene 0.477 3.5 10.5
0.59% Anthracene .447 97.5 9.7
1.09%, Anthracene .377 114 12.4
109, Quinoline .478 3.5 10.4
1.09%, Pyrene 557 19.2 12.4
0.5% Chrysene 0.645 7.4\ 930 142
1.09%, Chrysene .616 7.9 ’ 12.0
0.59%, Benzanthracene 0.506 62.5 12.1
1.09%, Benzanthracene  .420 58.5 187 12.5
1.09% Benzanthracene .410 62.5 13.4
2.09, Benzanthracene .286 66.5J 12.7
0.989, Triphenylene  0.603 11.2 34 14.7
0.03% Naphthacene® 0.592°  765°| 3700 1.1°
0.039% Naphthacene®  .576°  880°/ 1.1°

a These experiments were performed in p-xylene solution
at 65°.

TABLE III

COMPARISON OF k1/k’I’s IN DIFFERENT SOLVENTS
All these data refer to 85°

(k11/kD/
k11/k1 in EI/kD in (k1L/ED) =

Aromatic isodctane toluene k1/k1
Naphthalene 8.52 3.565 2.4
Quinoline 11.2 3.52 3.2
Phenanthrene 17.3 5.2 3.3
Pyrene 52.8 19.2 2.75
Anthracene 330 97.5 3.4
Quinone 6000 2000 3.0

Discussion

The following conclusions emerge clearly from
inspection of the data collected in Tables I, IT and
II1.

1. The rate of the unimolecular decomposition
of acetyl peroxide is essentially unaffected by the
presence of varying amounts of different aromatic
compounds. Its value is about 0.8-0.9 X 10~
sec.”!at 65° and 11-12 X 107 sec.™! at 85°. The
addition of bases like pyridine definitely accelerates
the decomposition rate. This effect seems to be

REACTIVITIES OF AROMATIC HYDROCARBONS TOWARD METHYL RADICALS

1951

quite general, and has been observed in the decom-
position of other peroxides.!2

2, Although the molar fractions of the aromatic
compounds were varied by factors as high as 4, the
ratio kir/k1 remains essentially constant for a given
compound. This is strong evidence justifying our
interpretation of its significance.

3. Since activation energies for reactions I (ab-
straction of hydrogen atom from the solvent) and
II (addition to the aromatic compound) are both
low, not exceeding probably 10 kcal./mole, one
would expect little change, if any, in krr/kr deter-
mined at 65 and 85°, respectively. This is in a
substantial accord with the data presented in Ta-
bles I and II.

On the other hand, the activation energy of the
decomposition of acetyl peroxide is high (about 30
kecal./mole), and thus the rate of the decomposition
increases over tenfold as the temperature is raised
from 65 to 83°. Hence, the stationary concentra-
tion of methyl radicalsisabout 10 times higher at 85°
than it is at 65°, and consequently the constancy
of kr1/kr shows that this entity is essentially inde-
pendent of the stationary concentration of methyl
radicals, confirming again our basic assumption.

4. Further evidence in favor of our kinetic
scheme is provided by the comparison of ku/k:
obtained in isodctane solution with krr/kf obtained
in toluene solution. It follows from our assump-
tions that the ratio (kr/kr)/(kir/kf) obtained for
the same aromatic compound should be a constant,
namely, k{/k;1. Such a comparison is shown in Ta-
ble ITI. In spite of the great variation in the indi-
vidual values of %(r/kr the ratio of kf{/kr remains
constant. This result means that methyl radicals
abstract hydrogen atoms from toluene about
three times more readily than from iso-octane.!3

(12) P. D. Bartlett and K. Nozaki, Tris JoOURNAL, 69, 2299 (1947).

(13) The last statement needs some clarification. Methyl radicals

react with toluene in two ways
CHa' -+ CGH5CH3 e CH4 -+ CGH5CH2'
CHa- + CGH5CH3 —_—> (C6H5CH8)CH3
Indeed, the ratio (CHg + 2C:Hs)/CO; obtained in experiments car-
ried out in pure toluene is less than 1, indicating clearly that some ad-
dition reaction takes place in the solvent.® If we denote by % the
bimolecular rate constant for the reaction CH; + CsHsCHa regardless
what the products are, and by f the fraction of methyl radicals which
abstract hydrogen atoms. we arrive at the following equations
CHs' + CsHsCHa e CH4 + CeHsCH2 fkf
CH; + CeH:CH; —> CH;CH;-CH; (1 — f)k{
CHa' + Ar —_—> ArCH3 kII
The ratio (CH4/COg)r in experiments carried out in the absence of an
aromatic compound is f(1 — g), where g denotes the fraction of methyl
radicals which produce ethane by the cage reaction (g is independent of
the concentration of acetyl peroxide and of the concentraticn of the
aromatic compound, see ref. 9). In the presence of an aromatic com-
pound the fraction of methyl radicals which abstract hydrogen atoms
is given by
(CH./COs)s, = (1 — gkifxr/(k{X1 4+ kurXa)
hence
(CH,/COyr — (CH4/COs)a, = (1 — @fknnXa /(kiXT +
kuXa)

and finally
ku/kt =

(CH,4/COg)t — (CHg/CO2)Ar % Xt
(CH4/CO2)A]_ XAr

The final result is the same as that deduced previously for the case of
isodctane; the only difference lies in the meaning of kf which denotes
now the rate constant of the reaction of toluene with methyl radicals
regardless of the nature of the products.
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The above survey of experimental results shows
that the proposed mechanism is well substantiated.
Nevertheless, it is desirable to discuss critically the
underlying assumptions. There is little doubt
that radicals may add to aromatic compounds.
The most direct evidence is brought up by the
work of Kooyman and Bickel* who isolated the
products by addition of (CHj):C-CN radicals to

anthracene. Both compounds (A) and (B) were
identiﬁed as products of the reaction.

k/d PO \) R = (CHy)»C-CN
\/ \/ 2

While (A) results frorn the reaction of the initial
complex Ar-R with another R radical, (B) repre-
sents the product of dimerization of two initial
complexes Ar-R.

The next point which needs consideration is the
fate of the initial complex Ar-CH;. Our mecha-
nism assumes implicitly that Ar-CH; does not react
further with methyl radicals. Such an assump-
tion seems to be justified under our experimental
conditions, as is shown clearly by the fact that all
methyl radicals, produced in a dilute solution of
acetyl peroxide in isodctane, are accounted for in
the form of methane or ethane; 4.e.,, the ratio
(CH, + 2C;Hg)/CO; obtained from 10 experi-
ments is 0.98 = 0.013. This means that the proba-
bility for a methyl radical to recombine with a
solvent radical is much lower than the probability
of its reaction with a solvent molecule. Conse-
quently, the stationary concentration of solvent
radicals is much higher than that of methyl radi-
cals, and the former radicals disappear eventually
by reacting in pairs. The same argument applies
to the situation existing in the presence of an aro-
matic compound, and we conclude that the initial
complexes Ar-CHjs disappear either by reactions in-
volving solvent radicals R, or by reaction involving
two Ar-CHj radicals. Such reactions may be di-
merization or disproportionation processes.

Finally, let us consider the reaction of abstrac-
tion of a hydrogen atom from an aromatic molecule
by a methyl radical. Such a reaction is quite con-
ceivable, and it would be an additional source for
methane formation. However, its rate constant
is probably much lower than that for the reaction
with iso-octane!® and therefore its importance
would be mnegligible for all the cases in which
isobctane is in a great excess. The only case in
which the concentration of an aromatic compound
is ligh is that of henzene, and we feel that even

(14) A P
(1952).

(15) We deal with aromatic compounds which dv not possess side
chains, i.e., no labile hydrogen atoms.

Bickel and E. C. Kooyman, Rec. trav. chim., 71, 1137
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for this compound our determination of kir/kp is
not greatly in error.

Scale of Methy! Affinities.—We are now in a
position to introduce the scale of relative reactivities
of aromatic compounds toward methyl radicals.!®
We propose to take the relative values of the rate
constants £11 as a measure of this property of an
aromatic compound, and we attribute arbitrarily
the value of unity to the relative reactivity of ben-
zene. Taking the average value of k11/k; obtained
at 85°" for each of the investigated compounds
and dividing it by the ku/k; value obtained for
benzene, we build up the scale of relative inethy!l
affinities of aromatic compounds which is presented
in Table IV.

TABLE [V
THE RELATIVE REACTIVITIES: BENZENE TAKEN AS UNITY
Relative Relative
methyl methyl
Compound atfinities Compound affinities
Benzene 1 Anthracene 820
Diphenyl 5 Naphthacene 9250
Naphthaleite 22 Pyridine 3
Phenanthrene 27 Quinoline 29
Chrysene 3.5 [soquinoliue 36
Pyrene 125 Acridine 430
Stilbene 183 Benzophenone 11
Benzauthracene 463 Diphenyl ether 2.5

Inspection of Table IV shows clearly that the
reactivities of aromatic compounds increase rapidly
with the increasing conjugation in the molecules.
This is shown clearly by comparing the methyl
affinities of benzene, diphenyl and diphenyl ether.
The latter molecule is built up from 2 non-conju-
gated benzene rings and we would expect, there-
fore, a value of 2 for its methyl affinity. Hence,
it was gratifying to find a value 2.5 for the methyl
affinity of diphenyl ether. On the other hand,
the two phenyls are conjugated in the molecule of
diphenyl and its methyl affinity is considerably
greater, namely, 5. The case of benzophenone is of
some interest. Its methyl affinity is 11, and it
might result from the presence of the C=0 bond
conjugated with phenyl groups. This result poses
the question whether methyl radicals attack ini-
tially the aromatic rings or the C=0 bonds.!®* At
present there is not enough information to solve
this problem, but we hope to study it more fully in
future investigations.

The reactivities of heterocyclic compounds are
closely related to the reactivities of the correspond-
ing isocyclic compounds. On the whole, the pres-
ence of a nitrogen atom in the ring seems to activate
the molecule, the effect however decreases with the
increasing size of the molecule. The position of
the pair acridine—anthracene seems to be anoma-
lous in this respect. No explanation for this anom-
aly is offered at this stage of the investigation.

(18) We shall refer to this entitv as methyl affinity for the sake of
compactness of the language.

(17) The temperature of 83° has been chusen arbitrarity. At this
temperature, the experimentul values are more reproducible and ac-
curate than at 65°

(18) Since the Ar-CH; comptex formed initially might isomerize in
course of a reaction teading to the final product, the isolation of the
final product is not sufficient for answering the problem,
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The Comparison of Reactivities of Various Radi-
cals.—Several groups of workers investigated re-
cently the reactivities of various radicals toward
aromatic hydrocarbons. Most of these studies led
to qualitative information only. Thus, e.g., Magat
and Boneme! found that radicals formed in the
thermal polymerization of styrene show a decreasing
reactivity toward the following compounds: benzo-
pyrene > 20-methylcholanthrene > phenanthrene >
2-methylanthracene > dibenzanthracene, while
their reactivities toward pyrene and chrysene seem
to be negligibly small. Roitt and Waters’® re-
ported a slightly different order of reactivities of
aromatics toward radicals generated by the decom-
position of benzoyl peroxide. The order of re-
activities was: benzopyrene >>> anthracene, benz-
anthracene > dibenzanthracene >> phenan-
threne, chrysene.

Quantitative information on this subject was
provided by the studies of Kooyman and Faren-
horst and of Dunn and Waters. Kooyman and Far-
enhorst* studied the addition of CCl; radicals to #-
hexadecene and to styrene. They found that the re-
action is retarded by various aromatic hydrocarbons
and from the extent of retardation they were able
to measure the relative rates of addition of CCls
radicals to aromatic compounds. The comparison
of their data with those reported in the present
paper is very instructive. Figure 1 shows a plot of
logarithms of the relative addition constants of
CCl; radicals versus those of methyl radicals, which
results in a straight line. The point representing
naphthacene seems to be displaced. We believe
that reactivity of naphthacene has been incorrectly
determined by Kooyman, the error probably result-
ing from the exceedingly low solubility of naphtha-
cene. The reactivity of benzene toward CCl; radi-
cals is so low that Kooyman could estimate only
its upper limit, namely, 2. < 10~3. From our linear
relation we would predict the reactivity of benzene
kr = 10—

It is interesting to notice that for the series of
investigated hydrocarbons the %, values vary within
six powers of ten while the reactivities toward
methyl radicals vary within four powers of ten
only. We consider this fact as important, and we
believe that it reflects the difference in intrinsic re-
activities of CCl; and CHj; radicals. An extremely
reactive radical will react approximately at the
same rate with substrates of various reactivities;
on the other hand, the rate of attack of a radical
of a low reactivity will vary considerably for differ-
ent substrates. We propose, therefore, to consider
the slope of the straight line shown in Fig. 1, esti-
mated by the least square method at 1.95, as a
measure of the ratio of the intrinsic reactivities of
methyl and trichloromethyl radicals, and we hope
to develop this subject further in a forthcoming
publication.

The inhibition of benzaldehyde autoéxidation by
aromatic compounds was studied by Dunn and
Waters.®® These workers deduce, from their ki-
netic studies, the relative rate constants of addition
of PhCOOQO, radical to aromatic hydrocarbons. In
view of the complicated nature of the reaction, and
of uncertainties in assumptions introduced, the
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values of Dunn and Waters should be considered
as less reliable than those of Kooyman and Faren-
horst. Nevertheless, the plot of their rate con-
stants versus those of methyl radicals (on a log-log
scale) results also in a straight line, and from the
slope of this line we conclude that the intrinsic re-
activity of the PHCOO; is about the same as the
intrinsic reactivity of CCl; radical.1®

The Mechanism of the Addition Process.—It was
pointed out by Kooyman and Farenhorst¢ that an
approximate linear relation exists between the log-
arithms of the addition constants and the maximum
free valencies calculated for the respective aromatic
compounds.?® Of course, the same type of relation
must hold for the relative methyl affinities, since
there is a linear relation between the logarithms of
the latter and log k. The existence of such a rela-
tion implies that the radical adds to a particular
carbon atom, namely, to the one endowed with a
maximum free valency.

One can look upon the problem of addition of a
radical to an aromatic hydrocarbon from a differ-
ent viewpoint. The ground state of an aromatic
hydrocarbon is a singlet. It is plausible to expect,
however, that in the transition state it acquires the
electronic configuration of a triplet (the uncoupling
of one pair of electrons would be necessary to pro-

(19) Unfortunately. this conclusion is based on results obtained
for three compounds only, chrysene, henzanthracene and anthracene.

(20) For the sake of this correlation the additic n constants are di-

vided by the number of carbon atoms corresponding to the maximum
free valency.



1954

vide an electron for the formation of a new bond).

It has been suggested by one of us?' that the
course of the addition reaction may be represented
by the heavy line shown in the energy diagram, Fig.
2. The energy of the system radical-aromatic

Tripiet A4+ R
at e

Triptet -
Singtlel
sxcitgtion
energy

Activation
snesgy ot
the process

Energy of the system R+ A

Singiet A+ R
at r = oo
AR

= distance belween R gnd A.

Fig. 2.

affinity).

fog (methyl

M. LEvy aAND M. SZwARC

Vol. 77

crossing from the first repulsion curve to the second
attraction curve, the hump corresponding to the
transition state.

If one deals with a series of reactions of the above
type in which the same radical R interacts with
various aromatic molecules Ay, A,, . . . one deduces,
applying the well known approach of Polanyi,?? that
the differences in the activation energies AFE, are
proportional to the differences in the respective
singlet—triplet excitation energies AEg-p, .¢.

AEs = aAEs.p

This relation is approximate. In its derivation
it is assumed that the slopes of the crossing lines
remain constant for the series of reactions, and it
does not account for the rounding at the intersec-
tion point which is caused by resonance between
the two levels.

Assuming now that the differences in the respec-
tive activation energies are responsible for the vari-
ations in the rate constants of the addition reaction,
one concludes that a linear relation should exist

@)
00 i J 1 L ] | l 1 I ] I ] I
18,000 18,000 20000 22000 24000 26000 28000 30,000
Singlet - triplet excitation energy.
Fig. 3.

molecule in its ground state (singlet state) is given
by the rising curve (for the decreasing rar). The
increase in energy is due to the repulsive force re-
sulting from the interaction between a radical and
an aromatic molecule in its singlet state. On the
other hand, the interaction between an excited
triplet molecule and a radical results in an attractive
force leading to the formation of a chemical bond.
Consequently, the energy of a system radical-trip-
let state aromatic molecule decreases with decreas-
ing distance between the components, and the
curve has the shape of the familiar Morse curve.
The actual path of the process results from the
(21) M. Szwarc and L. A, Essede, J, Chem. Phys., in press.

between log of these rate constants and the respec-
tive singlet—triplet excitation energy. Such a rela-
tion, for the reaction involving methyl radicals, is
shown in Fig. 3, the relevant data being given in
Table V.

It is striking to notice that the points represented
in Fig. 8 refer to molecules belonging to various
classes of compounds, such as hydrocarbons, het-
erocyclic nitrogen bases, ketones and ethers. There
are only two points which seem to be displaced;
the one corresponds to diphenyl and the other to
stilbene. However, the reactivity of the latter re-

(22) R. Ogg and M. Polanyi, Trans. Faraday Soc., 81, 604 (1933);
M. G. Evans and M. Polanyi, 1bid., 34, 11 (1938).
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TABLE V
Relative
methyl
Compound affinities Eg—71, cm. "t Ref.
Benzene 1 29,400 a, b
Diphenyl ether 2.5 28,200 b
Pyridine 3 26,050 b
Diphenyl 5 22,800 b
Benzophenone 11 24,100 a
Naphthalene 22 21,300 a, b
Phenanthrene 27 21,600 a
Quinoline 29 21,700 a
Stilbene 183 (érans) 21,700 (czs) b
Chrysene 57.5 19,800 a
Pyrene 125 16,800 a
Benzanthracene 468 16,500 a
Anthracene 820 14,700 a
e D. S. McClure, J. Chem. Phys., 17, 905 (1949). *R.V.

Nauman, Thesis, Berkeley.

fers to the trans-isomers while the phosphorescence
was meastred for the cis-isomer. Consequently,
the discrepancy may result from the difference in
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the properties of the isomers.?* All these results
show definitely that the suggested model for the
reaction is plausible, and the assumptions intro-
duced are justified at least in the first approxima-
tion. The above discussed correlation implies
that one might predict the reactivity of an aroma-
tic molecule toward radicals from the observed
singlet-triplet excitation energy, or vice versa.

Finally, we wish to mention that this type of in-
vestigation can be extended to many classes of com-
pounds, and indeed the above method has been ap-
plied recently in determining the reactivities of
methyl radicals toward vinyl monomers, quinones,
substituted aromatics and other compounds. These
results will be published later.

In conclusion, we would like to thank the Na-
tional Science Foundation for financial support of
this investigation.

(23) Indeed it is reported that the c¢is isomer is much less reactive
than the fraus, see, e.g., Marvel and Anderson, THis JOURNAL, 76, 5434
(1954).

Syracusg, N. V.
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An Electron Diffraction Study of Ketene Dimer, Methylketene Dimer and
B-Propiolactone!?
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The results of electron diffraction studies of the structures of B-propiolactone, and the dimers of ketene, and monomethyl
ketene in the gas phase are reported. Procedures for the reduction of diffraction intensity data obtained with a rotating
sector are described. A comparison is made of the structural parameters found with those in related straight-chain and small

ring molecules.

The structure of diketene has been of interest
due to its great reactivity. This reactivity has
meant, however, that by following standard or-
ganic methods it has not been possible to reject
any of the following five configurations conclu-
sively.?

H
(0] O CH, CH; CH;
N N N N N, H
¢c—CH, C—CH, C—CH. C=CH Cc—C
[ ] [ | ] | ] 7N
H,C—C HC—C 0—C 0o—C O C
N N AN N N
(6] (6] O O (6]
I II III v \'%
diketone mono-enol vinylaceto- B-crotono- acetylketene
of I B-lactone  lactone

(1) A preliminary report on the structure of diketene was presented
at the American Chemical Society Meeting in April 1946, **An Electron
Diffraction Study of Ketene and Dimethylketene Dimers' by S. H.
Bauer, J. Bregman and F. W. Wrightson. Some of this material was
presented at the American Society for X-Ray and Electron Diffrac-
tion meeting in June 1949, “An Electron Diffraction Investigation of
the Structures of Beta-propiolactone and Ketene Dimers,”’ Judith
Bregman and S. H. Bauer, and some at the American Crystallographic
Association meeting in April 1950, *The Reduction of Electron Dif-
fraction Photographs and the Computation of Radial Distributions
from Scattering Data,” K. P. Coffin, Judith Bregman and S. H. Bauer.

(2) P. F. Gross, Thesis. Cornell University, 1936; A. B. Boise, Jr.,
Ind. Eng. Chem., 32, 16 (1940); C. D. Hurd and J. L. Abernethy,
THis JOURNAL, 62, 1147 (1940); F. O. Rice and R. Roberts, ¢b:d., 65,
1677 (1943); J. T. Fitzpatrick, sbid., 69, 2236 (1947); A. T. Blomquist
and F. H. Baldwin, ibid., 70, 29 (1948); C. D. Hurd and C. A. Blan-
chard, ibid., 72. 1461 (1950).

Measurements of the dipole moment and other
additive physical properties eliminated only the
symmetric configuration I.2 The absorption spec-
tra of the liquid phase? have been interpreted as
consistent with one or another of the lactone con-
figurations, I1I and IV, or possibly requiring a mix-
ture of them. Recent studies of the exchange of H
by D on treating diketene with CH;0D?® support
the presence of III alone in the liquid phase. Mass
spectrograph studies® indicate that the configura-
tion in the vapor is predominantly, if not entirely,
IIT. A determination of the crystal structure by
X-ray diffraction’ also reported the configuration
to be III; the angles and distances agree with those

(3) F. Chik and N. T. M. Wilsmore, J. Chem. Soc., 93, 946 (1908) ;
97, 1978 (1910); W. R. Angus, A. H. Leckie, G. L. LeFevre, R. J. W.
LeFevre and A. Wasserman, zbid., 1751 (1935); C. D. Hurd and J. W.
Williams, Tars JourNaL, 88, 962 (1936); P. F. QOesper and C. P.
Smyth, ibid., 64, 768 (1942); E. C. Hurdis and C. P. Smyth, ibid., 66,
89 (1943); J. D. Roberts, R. Armstrong, R. F. Trimble, Jr., and M.
Burg, ibid., 71, 843 (1949).

(4) G. C. Lardy, J. chim. phys., 21, 281, 353 (1924); M. Calvin,
T. T. Magel and C. D. Hurd, Tuis JoUurNaL, 63, 2174 (1941); H. J.
Taufen and M. J. Murray, ¢bid., 87, 754 (1945); D. H. Whiffen and
H. W. Thompson, J. Chem. Soc., 1005 (1946); F. A, Miller and S. D.
Koch, Jr., THIs JoUurNAL, 70, 1890 (1948); R. C. Lord, Jr., R. S.
McDonald and R, J. Slowinski, unpublished work, see J. D. Roberts,
et al., ref. 3.

(3) J. R. Johnson and V. I. Shiner, Jr., Tats JournNaL, 76, 1350
(1953).

(6) F. A. Long and Lewis Friedman, bid., T8, 2837 (1953).

(7) W. Lipscomb and L. Katz, Acta Cryst., 8, 313 (1952).



