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ticles and polymer matrix are similar in chemical
composition, as evidenced by infrared analysis
and close correspondence in refractive index.
The particles, therefore, have a higher density and
a smaller thermal expansion coefficient than the
melt, since a small increase in refractive index is
proportional to a small increase in density.!?

The observed average diameter of the cross-
linked networks is about 10 x and corresponds to
a ‘“‘molecular weight’’ of about 10'* assuming them
to be solid spheres with a density of 1 g./ml.
A random coil with radius of gyration 5 p would
have molecular weight 3 X 10%% This estimate
is low since crosslinking will have the effect of de-
creasing the particle radius below that of a random
coil. In any case, the experiments demonstrate
the inappropriateness of including the ‘“‘molecular
weights’’ of these particles in the distribution for
the uncrosslinked polymer molecules, since the
resulting weight average molecular weight re-
flects no contribution from the major part of the
polymer.

The particles observed by phase contrast micros-
copy and small angle light scattering are much
larger than those with diameter 500 A. reported in
a study of polyethylene by electron microscopy.®

The crosslinked networks are precipitated by
ultracentrifugation in #n-decane. The amount of
precipitate is approximately the same as the volume
fraction of crosslinked networks derived from phase
contrast observations on films. However, vis-
cosity measurement indicates that the ultracentri-

(19) (a) H. A, Lorentz, "Theory of Electrons,” Teubner, Leipzig,
1909; (b) J. H. Gladstone and T. P. Dale, Pkil. Trans., 168, 317 (1863);
(c) J. F. Eyckman, Rec. trav. chim,, 14, 177 (1895); (d) E. Jenckel,
Kolloid-Z., 120, 160 (1951).

(20) J. T. Atkins, L. T. Muus, C. W, Smith and E, T. Pieski, Tris
JourNaL, 79, 5089 (1957) (Paper 1X).
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fuge residue contains other polymeric material in
addition to the crosslinked networks, such as
branched molecules of high molecular weight.

The small angle light scattering experiments
show that no information about the weight average
molecular weight of the polymer can be obtained
from measurements in the angular range above
25° when crosslinked networks are present even in
small amounts. The intensity of light scattered
from the network particles outweighs by far that
from the branched polymer molecules, especially
at small angles. There is no obvious way of
separating the simultaneous scattering of the two
species.

Fawcett-type polyethylene is characterized by
extensive long chain branching.?? The Ilong
branches are formed by chain transfer to polymer
in the polymerization process.?! However, chain
transfer alone can result neither in an infinite
branched molecule nor in a crosslinked network.??
An additional reaction, such as intermolecular or
intramolecular recombination of pairs of branched
radicals,?® is required for the formation of cross-
linked networks.
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(21) (a) P. J. Flory, THIS JoUrRNAL, 69, 2893 (1947); (b) J. K.
Beasley, ibid., 78, 6123 (1853) (Paper IV).

(22) P.]J. Flory, Ann. N. Y., Acad. Sci., BT, 327 (1953).
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LCAO-MO method with the inclusion of overlap integrals between adjacent orbitals and with the assumption of hyper-
conjugation was applied to calculate the free valences, excitation energies, atom and bond localization energies, bond orders
and electron densities of a number of monod&lefinic hydrocarbons. These quantities were compared with the relative rate
constants of addition reactions with methyl, ethyl and trichloromethy! radicals (radical reagents) and of oxygen atoms (*P),
peracetic acid, bromine and dibromocarbene (electrophilic reagents). For the reactions of the radical reagents the logarithms
of relative rate constants were found to be roughly linearly related to the free valences and for the reactions of the electro-

philic reagents good correlations were obtained with the excitation energies and the bond orders.

In the former case a

statistical factor of one-half was applied to the rate constants of symmetrical olefins.

Introduction

Attempts to correlate trends in chemical re-
activity with various quantities which can be de-
rived by the application of the molecular orbital
theory have met with considerable success in spite
of the crude approximations which have to be made
in order that the calculations can be carried out.
So far the same approach has been applied to ole-
fins only to a relatively limited extent.

In the present paper the concept of hyperconju-

(1) National Research Council Postdoctorate Fellow, 1956-1958.

gation, originated by Mulliken and his co-workers,?
is employed to calculate the free valences, excitation
energies, atom and bond localization energies, bond
orders and electron densities for a number of mono-
olefins. These quantities are compared with the
literature values for the experimentally observed
trends in the rates of addition to the olefinic double
bonds of (a) methyl, ethyl and trichloromethyl
radicals (radical reagents) and (b) bromine,
bromocarbene, peracetic acid and ground state

(2) R. 8. Mulliken, C. A, Rieke and W. G. Brown, THIS JOURNAL
63, 41 (1941).
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TaABLE 1

ReLATIVE RATE ConsTANTS (R) FOR DIFFERENT SERIES OF ADDITION REACTIONS TO OLEFINS (GROUP A, RapICcAL REAGENTS)

Type of
substitution Olefin CHs?
() Etlivleune (.04
(Pr()pyleue .61
! 1-Butene L7h
@ {1.Penterne .68
‘ 1-Hexene .71
1-Noneue .61
fere i Isobuteue 1.00
12,3,3-Trimetlivl-1-butene
fc{s-?-Butene (.004
e < trans-2-Butene 0.19

| Cyclohexene
aal 2-Methvl-2-hiteie
aaBB

1,3-Butadiene

2 R. P. Buckley, F. Leavitt and M. Szwarc, THIs JOURNAL, 78, 5557 (1956).

CoHsh CCl:d Olefin CHa
PhCH=CH/ 0.73
0.19
0.43
0.19°
1.00" 1.00 PL,C=CH. 1.00
0.48
PUCH=CHPHK 0.002
< .04 0.15°
< .00 045
a7 Ph,C=CHPlL 038
P113C=:CP}1-_: 011
>38

®D.G. L. Jamesand E. W. R. Steacie, Proc.

Roy. Soc. (London), A244, 297 (1958); rate constant of reaction with 2,4,4-trintethyl-1-pentene is taken as unity in this

series. °© trans-4-Octene.
¢ Ph = Phenyl! radical.
5493 (1953).

k Mixture of eis and trans.

oxygen atoms (electrophilic reagents). The re-
spective relative rate constants for these two groups
are summarized in Tables I and II, taking in both
cases the rates for an «,a-substituted olefin as
unity. The reactions of the electrophilic reagents
show a continuous increase in rates with the number
of alkyl radicals directly attached to the doubly
bonded carbon atoms. They also give linear free
energy (log & — log k) plots®* as well as linear log
k plots against some physical properties of the

TABLE 11

ReLATIVE RATE CoxsTaxTs (B) FOR DIFFERENT SERIES OF
AppitioN ReactiONs TO OLEFINS (GrOUP B, ELECTRO-
PHILIC REAGENTS)

Type of Per-
substi- acetich
tution Olefin o@¢p)e acid Br:d CBra¢
0 Ethylene 0.038 0.002 0.18
[ Propylene .23 048 0.36
@ / 1-Butene .24 047
. 1 Octene .054 0.077
1-Decene 051
aa , I.obutene 1.00 1.00 1.00 1.00
i cis-2-Butene 0 .84 1.01°
! trans-2-Butene 1.13
| cis-2.Pentene 0,90  1.03
| 2.Hexene 1.08°
| 3.Hexene 1.40°
af . 3-Heptene 1.20°
| 4-Nonene 1.14°
| Cyclobutene 0.22
| Cyclopentene 1.20 2.12 0.5
' Cyclohexene 1.40 0.4
| Cyclolieptene 1.90
aal [ 2-Methyl-2-butene 13.5 1.9 3.2
Y 1-Methyleyclopeatene 2.1
aafB  2.3-Dimethyl-2-butene 4.18 Very fast 2.5 3.5
1,3-Butadiene 0.957 0.5

aR. J. Cvetanovié, J. Chem. Phys., 25,376 (1956); 30,19
(1959). *? J. Boéeseken and J. Stuurman, Rec. trav. chim.,
56, 1034 (1937); J. Béeseken and C. J. A. Hanegraaf,
ibid., 61, 69 (1942); D. Swern, THIS JOURNAL, 69, 1692
(1947). © Mixture of cis and trams. ¢ S. V. Anantakrish-
nan and C. K. Ingold, J. Chem. Soc., 984, 1396 (1935).
¢P. S. Skell and A. Y. Garner, THIS JOURNAL, 78, 5430

(1955). [ 1-Hexene., ¢R. J. Cvetanovié, to be published.
(3) P. 8. Skell and A. Y. Garner, Tats JoUurNaL, T8, 5130 (19536).
(1 RT Cvyetanovie, J. Chem, Phys., 80, t4 r1630),

4 M. 8. Kharasch and M. Sage, J. Org. Chem., 14, 537 (1949).

¢ 1-Octene. / Cyclopentene.

¢+ I¢ Leavitt, M. Levy, M. Szwarc and V. Stannett, Tiis JOUurNar, 77,

olefins* (ionization potentials, spectroscopic exci-
tation energies, heats of hydrogenation). The
trends in the rates of the reactions of the radical
reagents on the other hand appear to be much more
irregular.

Although the concepts of electrophilic, nucleo-
philic and homolytic reactions are based on the well
known simple assumptions regarding the number of
electrons donated by each of the two reactants for
the formation of new bonds, the criteria for classi-
fication of reagents must ultimately be based on
the experimentally observed trends in rates under
specific conditions. In some cases then there is
need for a quantitative modification of the original
concepts. Tlius chlorine atoms appear to be
strongly clectrophilic and some free radicals can
exhibit electrophilic or nucleophilic character in
certain reactions.® Similarly, ground state oxygen
atoms, which are diradicals, behave as electrophilic
reagents in their reactions with olefins.# There is
evidently room for gradations between the ex-
treme cases, and it appears correct to speak of the
degree of homolytic and electrophilic or nucleo-
philic character of a reagent in a reaction.

The types of correlation to be expected for the
rates of reactions of heterolytic and homolytic
reagents with unsaturated hydrocarbons have been
discussed in particular by Burkitt, Coulson and
Longuet-Higgins.® The initial stages of heterolytic
reactions ought to be governed mainly by the
coulombic forces between the existing or induced
charges, while the ease of radical reactions should
be determined by the free valence of the reactive
center of the unsaturated hydrocarbon. Thus
for the reactions of methyl radicals with a number
of aromatic hydrocarbons Coulson found’ a good
linear correlation of the logarithms of the rate
constants with the free valences or the localization

(5) G. A. Russell, Turs Journar, 80, 4987 (1958); R. L. Dannley
and M. Sternfeld, ibid., 76, 4513 (1954):; R. A Beukeser amd W,
Scliroeder, thid., 80, 3314 (1938).

(6) F. H. Barkitt, C. A. Coulson an/t H. C. Longnet-Higgins, 7yans.
Fuaraday Soc., 47, 533 (1951},

(7) C. A Coulson, J. Chem. Soc., 1435 (1943).
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energies, the last two quantities being linearly re-
lated between themselves for these hydrocarbons,
Szwarc, who with his co-workers was responsible
for the experimental values of the relative rate
constants employed by Coulson, discussed further
examples of similar correlations.?

The trends in the rates of reaction of methyl
radicals with some olefins, on the other hand, ap-
peared to exhibit irregularities suggestive of steric
hindrance. The irregularities were ascribed to
variations in the steric factors.® A potential
importance of variable steric factors has been dis-
cussed also by James and Steacie!® who studied the
reactions of ethyl radicals with some olefins.

In the present work the expected correlations
with the computed excitation energies are found for
the heterolytic reactions (group B). In addition
similar correlations are also exhibited by the bond
orders of the olefinic double bonds. For the homo-
lytic reactions (group A) a reasonably good cor-
relation is found between the logarithms of the rate
constants (after multiplications by a factor of !/,
for symmetrical olefins) and the free valences of
the ‘“‘reactive centres” of the monodlefins. Pos-
sible significance of these correlations is discussed.

The Method of Calculation and the Results

The calculations have been based on the molecu-
lar orbital treatment with the inclusion of overlap
integrals between adjacent atomic orbitals, as
described by Lofthus.!! For all carbon atoms the
value of the parameter!? §cc has been assumed to
be zero and 6uy = 6ms = —0.50.12) The bond
lengths for all C==C bonds have been assumed to be
1.353 A. and of all C—C bonds 1.543 A. The
values of the overlap integrals listed have been
taken from Lofthus!': Scc(1.353) = 0.264,
Scc(1.543) = 0.191, and Scu, = Scu, = 0.626.
The energies are computed!® in units of By, the
resonance integral for an assumed standard
C=C bond (1.353 A.). In the present work 1-
butene has been treated as H; = C—C—CH=CH,,

I

H,
t1.e., as a system of six w-electrons parallel to each
other, and not as identical with propylene. Simi-
lar treatment was applied to the other olefins.
Parallelity of all m-electrons in such systems is a
crude approximation. However, the differences
found between the conjugative effects of CHj; and
C.H; radicals are very small, the former being
slightly greater, as expected.

The excitation energies Ee., the bond locali-
zation energies's Ey,, the atom localization energies

{8 M. Szwarc, J. Phys. Chem., 61, 40 (1957).

(9) R. P. Buckley and M. Szwarc, Proc. Roy. Soc. (London), A240,
396 (1957).

(10) D.J. 1. James and E. W. R. Steacie, ibid., A244, 297 (1958).

(11) A. Lofthus, THIS JoURNAL, 79, 24 (1957).

{12} The symbols are defined in the quoted literature,

(13) Lofthus used alternately 0, —0.25 and —0.50 for éus and éx2
in similar calculations!! and showed that the use of these different
values did not lead to any essential differencesin the results. Propyl-
ene was the only monoslefin for which calculations were carried out.

(14) The solutions have heen obtained on an electronic computer.
The authors are thankful to Dr, J. L. Howland of the Computing De-
vices of Canada Ltd. for devising a suitable numerical technique for

problems of this kind.
(15) C. A. Coulson, Research, 4, 307 (1951),
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E., the electron densities (¢) and bond orders!®(p)
of monoélefins have been calculated in the usual
manner. Free valences (F) have been calculated
from the equation,” F = 4732 — Zp, where Zp
is the sum of bond orders of all the bonds from the
atom under consideration. Bond orders of unity
have been assumed for the C—H bonds which do not
participate in the conjugation.

The computed excitation energies and the atom
and bond localization energies are summarized in
TableIII. The caseof 1,3-butadiene, in which only
the ordinary conjugation is considered, has been
included for comparison.

Bond Localization Energies.—As is shown in
Table III, the stabilization energy obtained by
substituting hydrogen atoms on ethylene succes-
sively with methyl radicals is almost constant per
radical and independent of the position of substi-
tution, ¢.e., the stabilization energy for «,a-sub-
stitution is nearly the same as for «,3-substitution.
This fact has been pointed out already by Coulson
and Crawford on the basis of similar calculations.!8
Moreover, Table III shows that the effects of
methyl and ethyl radicals are almost the same,
although methyl radicals are slightly more effective
than ethyl radicals.

Excitation Energies.—Since electron spin is not
considered in the construction of the wave functions
of molecular orbitals, the excitation energies shown
in Table III represent the difference between the
energies of the ground states and the averages of
the singlet and triplet excited states.'®

TasLe 111

CALCULATED EXCITATION ENERGIES AND ATOM AND BOND
LocarizatioNn ENErRGIES (UNIT: —fg)

Ex- Atom Bond
cita- locali- locali-

Type of tion zation zation En
substi- energ energy energy per
tution Olefin (Eese. (Ea1) (Ey1) radical

0 Ethylene 2.1498 1.5822 0O
o Propylene 2.0182 11,5336 0.03194
1-Butene 2,0113 11,5301 .03156
aa Isobutene 1.9164 1.4854 .06270 0.03135
{ 2-Butene 1.9022 1.5658 . 06408 .03204
2-Pentene 1.8975 1.5623°  .06370 .03185
afB Cyclobutene® 1.9354
Cyclopentene® 1.8848
Cyclohexene® 1.8049
aaf 2-Methyl-2-butene 1,8100 1.5177 .09504 .03168
aaff 2,3-Dimethyl-2-
butene 1.7242 11,5490 .12628 .03157
Butadiene 1.4535 1.3897 .09035

@ Calculated on the assumption that all the » and quasi-
w-electrons are parallel. °® Atom localization energy at the
ethyl radical substituted carbon atom is 1.5654.

Crawford calculated these values using 6mg, =
—0.5 for the united H; atoms and écc = —0.1 for
the carbon atoms adjoining the united atoms.?®
His results are, of course, linearly correlated with
the results in Table III, which provides in addition
the values for trimethylethylene, not considered
by Crawford.

(18) B. H. Chirgwin and C. A. Coulson, Proc. Roy. Soc. (London).
A201, 196 (1949).

(17) C. A, Coulson, "Valence,” Clarendon Press, Oxford, London,
1953, p. 254.

(18) C. A, Coulson and V. A. Crawford, J. Chem. Soc, 2052 (1953).

(18) T. R. Platt, J. Chem. Phys., 18, 1168 (1950).

(20) V. A. Crawford, J. Chem. Soc., 2061 (1953).
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The excitation energy of 1,3-butadiene is much
smaller than those of monoolefins. The excitation
of 1,3-butadiene, however, is essentially different
from that of mono¢lefins: in the excited state of
1,3-butadiene the double bond character is con-
centrated in the 2,3-CC bond rather than in the
original 1.2- and 3,4-positions. In monodlefins,
on the other hand, there is no comparable shift.

Atom Localization Energies.—Unsymmetrical
nionodlefins have two different values of atom local-
ization energy and the smaller values only are
shown in Table III. The smaller value always
appears on the side of the less substituted carbon
atom of the double bond, probably because the
space for the resonance of electrons remaining after
the localization is larger in this case than when the
localization takes place at the more substituted
carbon atom. Similarly in the case of 2-pentene the
atom localization energy at the carbon atom to
which a methyl radical isattached is slightly smaller
than that at the other carbon atom of the double
bond to which an ethyl radical is attached. This
result suggests that the olefinic carbon atom to
which methyl radical is attached should be slightly
more reactive. However, some other factors may
have to be considered also, as will be discussed
later.

Free Valences and Bond Orders.—Table IV
shows the results of computations of the free
valences and the bond orders of aliphatic mono-
olefins. With the exception of 2-pentene, the
carbon atom which gives smaller atom localization
energy has larger free valence than the other
carbon atom of the double bond. However, the
values of these two quantities—the atom locali-
zation energy and the free valence—are not linearly

TaBLE IV
FREE VALENCES AND Boxp ORDERS OF OLEFINS
2.000 1.231 1.973 1,228 1.973
H,C==C1, IhE(P—CH:CHZ I;=C—C—CH=CI1,
; I
Y H. ‘l’
0.732 0.528 0.759 0.531 0.759
1,228 1.973 1.233 1.948
H;.“—:C—(ﬁ—(‘l\—C‘H=CHZ H;=C—CH=CH-—C=H;
Hy Hy ¥
0.531 0.759 0.553
1.229 1.946 1.233 1.226
1 r,;EC_C_C}I:CH—'Czllg H:gEC
I J( { N 1.974
11, W C==CI{,
0.5564  0.5530 IHEC/ J l
0.334 0.785
1.227 1.228
He=C T1,== C=H,
N1.921 1.234 N 1.897,/
C=CH—C=H; C=C
e L e ‘L
1=C vy HE==C Cz=H;,
0.357 0.577 0,378
1.940 1.340

H,C—=CH—CH==CHj
\1;/
0.792 0.452
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related as was found by Coulson? to be the case for
certain aromatic compounds.

Comparison with Experimental Data and Discus-
sion

Rate of Reaction.—Because of paucity of ex-
perimental data and frequent difficulty of measur-
ing activation energies accurately, the quantities
calculated by the application of molecular orbital
theory such as localization energies, free valences,
etc., usually have been correlated with the loga-
rithms of rate constants obtained at one tempera-
ture. It is regarded then that this procedure im-
plies constant pre-exponential factors in the Ar-
rhenius rate equation for the considered series of
reactions and consequently that the logarithms of
the reaction rate constants are proportional to the
activation energies.?!

In attempting to correlate the logarithms of the
relative rate constants in Tables I and II with the
various calculated quantities in Tables II and IV,
it is found that the log % values for the reactions of
group A, the radical reagents, are very roughly
proportional to the free valences of monodlefins
(Fig. 1). For the reactions of the electrophilic
reagents, group B, they are proportional to the
excitation energies or bond orders (Figs. 2 and 3).
Here, the relative rate constants of the radical
reagents with symmetrical monoolefins are divided
by two before plotting their logarithms because
these compounds have two equivalent carbon
atoms in the double bond. For the reactions of the
electrophilic reagents the relative rate constants are
not divided by two because the excitation energies
and bond orders are properties of a double bond as
a whole and not of the two individual carbon atoms
in the double bond.

The observed correlations for the electrophilic
reagents are in agreement with the view that the
rate-determining stage of the process of addition
to monoodlefins 1s an interaction of the attacking
reagent with the double bond as a whole, as dis-
cussed previously.? In this case, at least the series
of reactions of peracetic acid with the olefins con-
sidered here has constant entropies of activation®
which is the basic requirement for theoretical cor-
relations of this kind.??

The correlation with free valences which appears
to hold for the additions of the radical reagents
has to be regarded with some caution. Inasmuch
as the free valence is considered to be an index of
the potential free radical character at a particular
position in a molecule, this correlation is the one
which could be anticipated for attack by free
radicals. In view of the observed correlation
tliere would then be no uced to assume lack of
constancy of entropies of activation in tlie series
in order to explain the seemingly irregular trends
in the rates. Some support for this view is pro-
vided by the fact that the two radicals CHjy and
CCl;, which differ considerably, give alinost coin-

(21) The relationship, log kaF, where k is rate constant and E
activation energy of the reaction, exists also when the pre-exporential
factors are not constant but the series of reactions obeys the compensa-
tion rule. This matter has been discussed elsewliere 4

(22) A study of the temperature dependence of the rates of the

corresponding series of the yround state oxygen atont reuctions is in
progress in this Laboratory.



July 5, 1959 FLECTRONIC STRUCTURE AND REACTIVITIES OF MONOOLEFINS 3227
in the initial stages of the reaction. The atom

o localization energy, on the other hand, is the energy

o 2 zH : necessary to localize one r-electron at an atom in a

- o cons conjugated system. This idealized condition should

< CHy (WITRH

LOG k (CORR.},

apg aap o aaa

| I \ |
04 0.5 0.6 0.7 0.8

aagp

FREE VALENCE.

Fig. 1.—Plot of logarithms of corrected relative rate con-
stants (& corr.) against the free valences of monoélefins for
attack by free radicals. A statistical factor of !/; has been
applied to the experimental values of the rate constants in
the case of symmetrical olefins.

cident plots of log % against the free valence of
the olefins. At the same time, there is very little
reliable experimental information on the tempera-
ture coefficients of the rates of such reactions and
the relative importance of variations in the energies
and entropies of activation remains uncertain.
Moreover, even the available information on the
rate constants at a single temperature is quite
limited. For these reasons any discussion of the
trends in the rates of these reactions has to be of a
very tentative character until more extensive ex-
perimental information is accumulated.
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Fig. 2.—Plot of logarithuns of relative rate coustants
against the excitation energies of monoélefins for attack by
electrophilic reagents.

Linear correlations are not obtained if localization
energies are plotted instead of free valences in
Fig. 1. Free valence is considered to characterize
the localizability of an atom in a conjugated system?
and is, therefore, a property which comes into play

(23) R. D. Brown, Quart. Revs. (London), 6, 63 (1952).

correspond to a stage in the process subsequent to
the activated state. The trends in the two quan-
tities need not, therefore, be the same.
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Fig. 3.—Plot of logarithms of relative rate constants
against tlie bend orders of the double bond in monoélefins
for attack by electrophilic reagents. The points in brackets
on the O(®P) and CBr. plots are for 1,3-butadiene,

The free valence of terminal atoms in 1,3-
butadiene is larger than that in any monodlefin.
This agrees with the fact that the relative rate con-
stant of reaction of CCl; with 1,3-butadiene is
larger than for the reactions with monoélefins.
At the same time the value of log %k as a function
of the free valence for 1,3-butadiene deviates rather
seriously from the linear plot in Fig. 1. However,
the atom localization energy of 1,3-butadiene is
much smaller than in the case of monodlefins and,
perhaps, the reactivity should not be estimated
on the basis of the initial stages of the reaction
only.

For the reactions of the electrophilic reagents
there is a good correlation between the excitation
energies and the logarithms of relative rate con-
stants, as shown in Fig. 2. This is the same kind
of relationship as was pointed out by Szwarc in
his discussion of the relative rates of addition of
methyl radicals to some aromatic compounds.8
However, in the present case the correlation is
valid for electrophilic and not for radical reagents.
It is of interest that the bond orders of niono-
olefins are also linearly related to log %, as shown in
Fig. 3, although hitherto bond orders have not
been directly correlated with the chemical reactiv-
ity. This quantity is considered to characterize
the bond strength and may be intuitively associated
with the relative unreactivity of the bonds in a series
of structurally similar compounds.

The calculated bond order of terminal bonds of
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1,3-butadiene is 1.940 and the plot of log k against
it fits into the linear plot in Fig. 3 for the oxygen
atom and the bromocarbene additions, the two of
the electrophilic reactions for which experimental
values are available. The reactivity of butadiene is
comparable with the reactivities of alkenes in the
case of electrophilic reagents but is much greater
for radical reagents. This readily differentiates
the two types of reagents and has been utilized for
that purpose.?*

Position of Attack by the Reagents.—The results
of the previous section indicate that in an olefin
molecule the carbon atom which has the largest
free valence should be most susceptible to attack
by radicals such as CH;, C,H; and CCl;. On the
other hand, for additions of electrophilic reagents,
i.e., the reactions of group B, it is most likely that
the double bond as a whole participates in the for-
mation of the activated state which determines the
rate of addition. This, however, does not neces-
sarily imply three-membered ring intermediate or
final products, although the latter are frequently
formed: epoxides in the oxidation with peracetic
acid, dibroniocyclopropane derivatives in the re-
action with CBr; and epoxides in the reaction with
ground state oxygen atoms. In the last reaction,
carbonyl compounds (aldehvdes and ketones)
isomeric with the epoxides, are also the major
products.® A consistent explanation of the ep-
oxides, aldehydes and ketones formed with the
various olefins requires the assumption of an "open”’
intermediate with the oxygen atom localized on one
of the two carbon atoms of the double bond. There
1s, therefore, a definite '‘orientation’’ in the addi-
tion of oxygen atoms to olefins: the atoms add
almost exclusivelv to the less substituted carbon
atom of the double bond. In agreement with this,
the calculated 7-electron densities are always found
to be greater at the less substituted carbon atoms.
It is then probably correct to assume that the
electrophilic character of oxygen atoms is respon-
sible for their addition at the position of highest
electron density. Thus, for example, in the re-
action of 1-hutene with oxygen atoms. butanal is
essentially the only carbouyl compotnd formed
and methyl ethyl ketone is found only in very
small amounts, The case of 2-pentene is of special
interest. The products of the reaction of 2-pen-
tene with oxygen atoms indicate addition of oxy-
gen atoms to the carbon atom of the double bond
to which the methyl radical is attached. However,
calculations show that the two carbon atoms of the
double bornd have essentially the same w-electron
density (1.012 and 1.013, respectively).

A better agreement with the experiment can be
obtained by the application of the frontier electron
theory® according to which the electrons in the
highest energy level of the molecule are most likely
to determine the chemical reactivity. The frontier
electron densities have therefore been calculated
for all the monoélefins for which the total =-electron

(24) R. M. Etter, IT. S Skovronek and P. 8. Skell, THIS JorrNaly,
81, 1008 (1956).

/25) R. J. Cvetanovié, Can. J, Chem., 36, 623 (1958).

(26) K. Fukui, T. Yonezuwa and H. Shingu, J. Chem. Phys., 20,
722 (1952); K. Fukui, T Yeonezawa, C. Nagata and H. Shingu, thid,,
22, 1433 (1954},
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densities were known. For all the monodlefins
except 2-pentene, the trends obtained by the two
methods were found to be coincident. In the case
of 2-pentene, on the other hand, the frontier elec-
tron densities are

CH, CH,—CH=CH- Cl;
e AN
0.743 0.735

which is in qualitative agreement with the experi-
mentally observed orientation.

The very successful quantum mechanical treat-
ment of Wheland? for predicting the reactive
positions in aromatic compounds for attack by
electrophilic, radical and nucleophilic reagents was
based on the assumption that the energy require-
ments for these processes can be adequately de-
duced by localizing, respectively, 2, 1 or 0 =-elec-
trons in the atomic orbital of the attacked carbon
atom. In principle this treatment should be also
applicable to the corresponding reactious with
monoélefins. The calculations for the case of
electrophilic reagents are shown in Table V, while
for the radical reagents they have already been
given in Table I as the atom localization energies.
These calculations predict well the positions at-
tacked by the reagents, but the localization ener-
gies show no general correlation with the logarithms
of relative rate constants for either group of re-
actions. This is probably so because the idealized
model with completely localized =-electrons, on
which the calculations of atom localization energies
are based, is too far removed from the activated
state which determines the rates of these reactions.
It is probable then, as has been suggested in a pre-
vious publication,* that the over-all rates of addition
and the position of attack are in general not
governed by the same factors.

TaBLE V

AroMm LocALIZATION ENERGIES FOR ELECTROPHILIC RE-
AGENTs (Ux1T: —fB6)

CH,=CH. 1.5822 (CH;).C=CH, 1.3988
CH,CH=CH. 1.4825 (CH;)»C=CHCH; 1.4306
CH;CH=CHCH; 1.5146 (CH;).C=C(CH;), 1.4618

While the computations reported here were in
progress, an interesting paper by Binks and Szwarc?®
was published in which good correlations were
found between localization energies and the rela-
tive rates of addition of methyl radicals to restricted
classes of terminal olefins. The present attempt
to correlate with the free valences the rates of
radical additions to alkenes in general is consider-
ably wider in its scope but retains, of course, a
tentative character until more extensive experi-
mental information becomes available. The two
correlations are not equivalent since for mono-
olefins the free valences and the localization ener-
gies are not in general linearly related.

The correlations found for the electrophilic
reagents appear to be reasonably straightforward
and agree with the empirical relationships observed

(27} G. W. Wheland, TH1iS JourNaL, 64, 900 (1942).
(28) J. H. Binks and M. Szwarc, Proc. Chem. Soc., 226 (1958).
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before.* Detailed structural configurations of the
activated states responsible for the rates and the
orientational effects in the two groups of reactions
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are still highly uncertain and no attempt will be
made to discuss them here.

OtTtawa, CAKADA
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The Electronic Properties of Alkyl Groups. I.

By THEODORE L. BROWN
RECEIVED DECEMBER 3, 1958

Dispersion and Induction Forces

Electronic effects arising froin tlie large variations in the polarizabilities of alkyl groups are considered. The magnitude
of the dispersion energy existing between the alkyl group and the ring in alky! benzenes is estimated, and it is concluded
that this quantity in the series of alkyl groups, methyl, ethyl, isopropyl and ¢-butyl, varies over a range of about 4.5 kcal./
mole. Polarizabilities play an important part in connection with the inductive effect ascribed to an alkyl group. The polar
substituent constants, ¢*, for alkyl groups are evaluated in a system in which the purely inductive and polarizability effects

are opposed.

alkyl groups in systems where, for example, the inductive and polarizability effects operate in the same direction.
havior of the neo-pentyl group is explainable on the basis of its polarizability.

It is argued that these constants may not be generally applicable as measures of the electronic properties of

The be-
It can be concluded that the dispersion and

induction forces due to alkyl groups in molecules are at least in part responsible for variations in thie apparent order of elec-

tron release by the alkyl groups.

It was observed by Baker and Nathan in 1935
that the inductive order of electron release (methyl
< ethyl < isopropyl < t-butyl) of alkyl groups is
apparently not followed in the kinetics of the
reaction of para-substituted benzyl bromides with
pyridine.! The inversion of the inductive order of
electron release by alkyl groups has subsequently
been observed in many other contexts and is termed
the Baker—Nathan effect. The most popular
explanation of the effect has for many years in-
volved the concept of hyperconjugation.2® Re-
cently it has been pointed out that other factors
may be of overriding importance, and various
experimental evidence has been offered to show
the importance of these other effects.®=® As evi-
dence accumulates, however, particularly on the
physical properties of alkyl-containing compounds,
it appears that there is as yet no completely satis-
factory picture of the properties of alkyl groups.
In this series of papers some experimental results
will be presented regarding the physical properties
of alkyl-containing compounds which will, it is
hoped, help to clear up certain questions which
remain open at present. The purpose of the
present paper is to point out that the dispersion
force interactions and other effects arising from the
polarizabilities of alkyl groups, factors which have
been largely neglected, many be of considerable
importance in determining their behavior as parts
of larger molecules.

In considering the electronic energy of mole-
cules, it is generally necessary to ignore the dis-
persion forces which operate between atoms in the
same molecule, because the treatment of such
forces would be too difficult. They are apparent,

(1) J. W. Baker and W. S, Nathan, J. Chem. Soc., 1844 (1935).

(2) R. S. Mulliken, C. A. Riecke and W. G. Brown, THIS JOURNAL,
63, 41 (1941).

(3) J. W. Baker, “Hyperconjugation,” Oxford Univ. Press, London,
1952.

(4) (a) A. Burawoy and E. Spinner, J. Chem. Soc., 3752 (1954);
(b) 2085 (1953); (c) 2557 (1955).

(5) (a) W. M. Schubert and W. A. Sweeney, THIS JoUrNaL, 76,
4625 (1954); (b) J. Org. Chem., 21, 119 (1956).

(6) W. M. Schubert, J. Robins and J. L. Haun, THIS JourNat, 79,
910 (1957).

however, in determining the properties of the rare
gases and of non-polar molecules.’® Pitzer has
applied the concept of dispersion forces to show
that they may be of considerable importance when
operating between atoms in the same molecule.!?.!!
Schubert and Robins have considered polarizabili-
ties in a qualitative sense in discussing the effect of
the neo-pentyl group on spectral transition ener-
gies.1?

The simple equation derived by London’ to
express the dispersion energy between two unlike
atoms is

_ Baiay Ly

E= o I+ I, (N

where oy and o are the polarizabilities in cm.?, [,
and I, are the ionization energies and 7 is the inter-
nuclear distance in cm. In applying this expression
to polyatomic systems as we do below it is necessary
to make some rather gross approximations. Never-
theless when it is applied to molecules containing
alkyl groups it is possible to gain some insight into
an important effect in determining their behavior.

The systems to be considered first are the alkyl-
benzenes; the molecules are assumed to be in the
vapor state. The alkyl group and the ring are
considered as two ‘‘pseudo-atoms,”’ and we evaluate
the dispersion energy between these two. The
polarizabilities of the alkyl groups are estimated
by summing the bond polarizabilities,!? taking only
the components which lie in the plane of the ring.
One-half of the polarizability of the C-C bond
joining the alkyl group to the ring is taken as be-
longing to the alkyl group. Since the polariz-
ability of the C-H bond is not far from isotropic,
this procedure is quite satisfactory; the values so

(7) F. London, Trans. Faraday Soc., 33, 8 (1937).

(8) H. Margenau, Rev. Mod. Phys., 11, 1 (1939).

(9) J. O. Hirschfelder, C. F. Curtiss and R. B. Bird, *Molecular
Theory of Liquids and Gases,” John Wiley and Sons, Inc., New Vork,
N. Y., 1954, p. 955.

(10) K. S. Pitzer, J. Chem. Phys., 23, 1735 (1955).

(11) K. S. Pitzer and E. Catalano, THIS JOURNAL, T8, 4844 (1056).

(12) W. M. Schubert and J. Robins, ibid., 80, 559 (1958).

(13) K. G. Denbigh, Trans. Faraday Soc., 86, 936 (1940).



