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We have used a procedure based on the semi-empirical LCAO MO method to calculate hyperconjugation or conjugation
energies for the ethyl, isopropyl, ¢-buty! and allyl radicals and their positive ions. An important feature of the method is the
introduction of a parameter which allows for a linear dependence of the coulomb integral, «, of a given atom upon the charge
on that atom. The large magnitudes in the present and other related cases of the observed and computed hyperconjugation
energies (comparable for the radicals with ordinary conjugation energies, and still larger for the ions) are qualitatively
explained in terms of valence- bond resonance theory. On this bas1s they are here classified as examples of the new category
of ““strong hyperconjugation’’ or 1sova1ent hypercon]ugatlon This differs from ordinary or ‘‘sacrificial”’ hyperconjuga-
tion in the same way that resonance or stroug (or ‘isovalent”’) conjugation’ in for example benzene or the allyl rad1ca1 or
ion différs from ordinary or ‘“‘sacrificial”’ conjugation. Some new valence bond symbols for multiple and quasi- -multiple
bonds are introduced as an essential aid in making clear the roles of Tx and my bonds in various resonance structures in con-

Jugatlon and hyperconjugation.

The extra-large stabilization energ1es in ions as compared with radicals, in both strong

conjugation and strong hyperconjugation, are attributable to a joint effect of conjugation and charge redistribution.

Introduction

Recent measurements by electron impact
methods have led to experimental stabilization en-
ergies for a number of gaseous hydrocarbon radicals
and their positive ions.? Table I shows these
stabilization energies for four of the simplest radi-
cals and their ions.

In the series ethyl, isopropyl, {-butyl, the stabili-
zation energy of the radicals increases approxi-
mately linearly with the number of methyl groups,
each of which contributes about 5 kcal./mole.
Perhaps the most striking feature of the data,
however, is that the stabilization energies of the
ions are almost an order of magnitude larger than

(1) The major part of the calculations (by N.M.) was done in 1952/
1953 while N.M. was a National Research Postdoctorate fellow at
Magdalen College, Oxford, and R.S.M. a Fulbright Research Scholar at
St. John's College, Oxford.

(2) (a)J. L. Franklin and H. E. Lumpkin, J. Chem. Phys., 19, 1073
(1951); (b) J. Halpern, ¢bid., 20, 744 (1952); (c) J. L. Franklin and
H. E. Lumpkin, ¢bid., 20, 745 (1952); (d) F. H. Field and J. L. Frank-
lin, “Electron Impact Phenomena and the Properties of Gaseous
TIons,”’ Academic Press, Inc., New York, N. Y., 1957; (e) questions
have been raised as to the absolute accuracies of the appearance poten-
tials of fragment jons on which these resonance energies are based.
However, since the resonance energies themselves involve only differ-
ences of appearance potentials for closely related molecules, it seems
probable that these resonance energies can be relied on to 0.1-0.3 e.v.
The writers are greatly indebted to Dr. James D. Morrison for dis-
cussions on the reliability of the mass-spectrometrically determined
stabilization energies.

TABLE 1

OBSERVED STABILIZATION ENERGIES OF SOME SIMPLE
RapicaLs axp THEIR Ions®

Stabdl . Stab.

Radical eREadical),  energy(pps. fon),
CH: . 0 0
CH;—CH, 5 36
CH~—CH—CH, 11 66
CHj -

3>C—CH3 16 84
H;
CH,—CH—CH 24° 58

¢ Values are taken from ref. 2c, except for the allyl
radical and ion; the latter values are from ref. 2b. See
ref. 2c and Section 12 for a critical discussion of the appli-
cability of these values. °? Franklin and Field in ref. 3 cite
evidence in favor of a value of 19 kcal./mole for allyl radical.

those of the radicals, and that this is true not only
for such ions as the allyl ion, where there are two
obvious resonance forms, but also for the ions of the
saturated radicals, where there seems to be no
scope for resonance in the usual sense. This led
Franklin and his co-workers®<3 to maintain that
the observed stabilization cannot be due to reso-
nance in either case; butnosatisfactory alternative
origin for it was proposed. On the other hand,
Halpern® and authors cited by him have attrib-

(3) H. L. Franklin and F. H. Field, THis Jour~ar, 75, 2819 (1953).
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uted the effect to hyperconjugation, and have
offered qualitative arguments to show that hyper-
conjugation should be more effective in stabilizing
the ions than the radicals.

Recently, arguments of considerable force have
been advanced which indicate that the experimen-
tally observed ions may be ¢somers of those here
and heretofore assumed. If so, the stabilization
energies of the ions in Table I may represent ener-
gies of these isomers. Nevertheless (see Section
12) we believe that existing evidence still indicates
stabilization energies at least near those of Table I
so that the relevance of our calculations is not
seriously altered. The following discussion pro-
ceeds on this basis. However, in Section 12 we
shall consider critically the interesting question of
the actual structures and stabilities of the alkyl
ions and their possible isomers.

In a previous paper,* we developed a procedure
based on the semi-empirical linear-combination-
of-atomic-orbitals molecular orbital (LCAO MO)
method, for calculating the hyperconjugation en-
ergies (HCJE’s) of carbonium ions. We found an
unusually large HCJE, about 17 kcal./mole, for
the benzenium ion, CeH;T, and suggested that
HCJE’s (strictly speaking, joint induction-hyper-
conjugation energies) comparable in magnitude
with usual conjugation energies might be expected
in general for positive ions having an odd number
of centers bearing = or quasi-v electrons. (Rea-
sons are discussed in section 13.)

The ethyl, isopropyl and ¢-butyl ions are of this
type, and the present paper describes calculations
using the method of reference 4 which show that
the large stabilization energies of these ions may
indeed be attributed to the joint effects of hyper-
conjugation and charge redistribution. Applica-
tion of the same method to the neutral radicals
gives HCJE’s also in good agreement with the ob-
served stabilization energies, and with results of
earlier HCJE calculations of Roberts and Skinner.?

More recent calculations on vertical conjugation
energies of unsaturated hydrocarbon radicals and
ions by Brickstock and Pople,® using a self-consist-
ent MO method including electron interaction ex-
plicitly instead of a semi-empirical method as we
have, show results for conjugation energies similar
to ours for hyperconjugation energies. These will
be discussed further in section 11.

Here and in the following discussion we shall for
simplicity spoak for the most part of conjugation
and hyperconjugation energies, even when we
ought more properly to refer to stabilization ener-
gies resulting from the joint effect of charge redis-
tribution (or induction) and conjugation or hyper-
conjugation.

The Calculations

1. General Considerations.---We consider the
cthivl, isopropyl and £-butyl radicals and their ions
as derived from a planar methyl radical or ion by

(4) N. Muller, L. W. Pickett and R. S. Mulliken, THIS JOURNAL,
76, 4770 (1954);: see also J. Chem. Phys., 21, 1400 (1933).

(5} J. S. Roberts and H. A. Skinner, Trans. Faraday Soc., 45, 339
(1949). In their calculations, considerably different parameters from
ours were used, the overlap integrals being neglected.

(1) A. Brickstock and I. A. Pople, ibid., 50, 901 <1054); . A.
Vople, J. Phys. Chewm., 61, 6 (1957).
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successive substitutions of hydrogen atoms by
methyt groups. The configurations and numbering
of the atoms are shown in Fig. 1.

The delocalization energy arises principally
from the interaction of m-AQ’s (atomic orbitals)
and quasi-r GO’s (group orbitals) having their
nodes in the plane of the carbon atoms. Thus for
exainple the isopropyl ion is treated as if it had
four w-electrons, assigned to LCAO MO's obtained
as linear combinations of the three 2pmc AOs and
two quasi-m GOs on the two H; quasi-atoms.”

In this example, the vertical HCJE is the dif-
ference between the total energy of the four elec-
trons in these delocalized MOs and the energy of
four electrons in localized quasi-2-center bond MOs
formmed from CH; carbon 7 and H; quasi- 7 orbitals.

There is an additional small contribution to the
HCJE resulting from hyperconjugation in the
plane of the carbon atoms™; we made separate
computations for the ethyl ion including such a
contribution and leaving it out, and found that the
total net HCJE is almost the same, provided the
charge distribution is suitably adjusted (see sec-
tion 6 below).

2. Illustration of the Method; Secular De-
terminant for the Ethyl Ion: ‘‘Complete’” or
“‘Two-Dimensional’’ Calculation Including Both «
and y Hyperconjugation.—As indicated in Fig. 1a,
we assume the two carbon atoms, the hydrogen
atoms of the CH, group, and the center of gravity of
the H; group to lie in one plane, which we call the
plane of the molecule. We shall call the = (or
quasi-m) orbitals that have a node in this plane
7y (or [7],) orbitals, and those that have a node in
the plane passing through the carbon atoms per-
pendicular to the plane of the molecule m, (or
[w],) orbitals. For brevity, we shall sometimes
call all these simply x or v orbitals.

Using the numbering of Fig. 1 it may be seen that
quasi-atom 1 and atoms 2 and 3 are centers for x
GOs or AOs, while all four atoms or quasi-atoms are
centers for y GOs or AOs. The ion has two elec-
trons in the emnergetically lowest of the three x
MOs obtainable from the » GOs and AQOs, and two
more electrons in each of the two lowest ¥y MOs ob-
tainable fromn the y GOs and AOs. To evaluate
these energies, and the coefficients in the respective
linear combinations, a system of linear equations,
and the resulting secular equation, must be set up
and solved in the usual way.

Making the usual approximation of neglecting
interactions except between nearest neighbors, the
secular determinant for the ¥ MOs of the ethyl ion
mnay be written

(xp 4 a0t

X Bo S g 0 0

Bia 4 Sy ’i;—g;‘i - B Qij;’lﬁ')
i1

(g )]

¥ 4 x) -
Ly o %) [ TR

() 23 4 Sy — Xy

. (v -+ x)
1) 1) Bay + S & L +—""'4"

(7) (a) R. 8. Mulliken, C. A. Ricke and W. G. Brown, THis JoUuRr-
NaL, 63, 45 (1941); (b) C. A. Coulson, “Valence,"' Oxford, 1952, Fig.
12.4, p. 312.
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That for the x MOs is identical except that the last
row and column should be deleted.

In (1), i = o — E, where o = S YiHyi*dr
and E is the eigen value of the energy; By =
ViHY*dr — Sylla + o)/2), and Si; = S g, *dr.
¥i is an AO or GO on atom or quasi-atom i. The
method of assigning numerical values to these
quantities will be discussed in the following sec-
tions.

The energies of the electrons in the Jocalized
MOs are given by the roots of two second-order
secular determinants. For the CH; group the de-
terminant is the same for the x and the y localized
MOs and 1s obtained, formally, by striking out the
last two rows and columns of (1). The numerical
values of the terms occurring in this determinant,
which we will refer to as (2), will not, however, be
the same as those in (1). For the CH, group the
determinant is obtained by striking out the first
two rows and columns of (1).

3. Numerical Values of the a's.—ea; for an un-
charged carbon atom is taken as a reference value,
and called «. The numerical value of oy may be
left undefined, since it always cancels out in cal-
culating conjugation energies. For an uncharged
H; or H; quasi-atom, the value of « is taken as
ao + 880, where By is an energy unit (see section 4)
and ¢ is a proportionality constant; the choice of a
negative value for § is equivalent to the assumption
that the hydrogen GO’s are more electropositive
than the 2pre AO’s. We made separate calcula-
tions with 6 = 0 and § = —0.50. (See reference
4 for a discussion as to the best a priori value of §.)

Following reference 4, we now assume that if the
it atom or quasi-atom has a charge g;, its « value
will depend linearly on ¢;, so that we may write it
as oy + wBogi, where w is a proportionality con-
stant which, since it cannot readily be determined
a priori, may be chosen to give the best agreement
with experiment. We chose w to reproduce the ex-
perimental resonance energy of the isopropyvl ion;
for & = O this required setting w = 1.47; for é =
—0.50, w = 1.25. w is the only new adjustable
empirical parameter in the treatment here de-
scribed; the others are determined by the require-
ment that the method should become equivalent to
those used in previous HCJE and CJE computa-
tions® when the ¢’s vanish.

We computed the ¢i's from the coefficients of the
occupied MO’s as described in section 5 of ref. 4;
as there, the normalizing condition imposed on the
coefficients of each MO was Z¢;2 = 1, which is suffi-
ciently accurate for this purpose even though it
ignores overlap effects. [This of course does not
mean that we neglected overlap where its effects
are important: note the S;; in (1).] The ¢'s were
then adjusted to self-consistency as follows. For
each ion, we began by guessing a first trial set of
¢'s and calculated the energy levels, LCAO co-

(8) See Mulliken, Rieke and Brown, ref. 7a above and Tris JOUR-
NAL, 68, 1770 (1941); C. A, Coulson and V. A, Crawford, J. Chem. Soc.,
2052 (1953); also R, S, Mulliken and C. C. J. Roothaan, J. Chem.
Phys., 16, 118 (1948), in which the parameters used were most similar
to those used here; further, A. Lofthus, THis Jour~aL, 79, 24
(1957). The parameters used in the present paper are slightly differ-
ent from those later arrived at by Lofthus, but the effects of these

differences are not important. See also Y. I'haya, Bull, Chem. Soc.
Japan, 28, 369, 376 (1955).
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Fig. 1.—Assumed configurations and numbering of atoms
and quasi-atoms for the radicals and their ions.

efficients, and thence a new set of ¢’s. These
were used as a guide in picking new trial values, and
the operation was repeated until the “output’ set
of ¢'s agreed with the “input.”

When the «'s are determined in this manner, it
follows that x; = ay — E + wgiB for carbon atoms
and % = a9 — E + 88y + wBgi for hydrogen
quasi-atoms. Writing x = a; — E, these expres-
sions become % = ¥ + wfg and x; = x + 86 +
wBogi, respectively. Finding the eigenvalues of x
is then tantamount to finding the energy eigen-
values; the energies so obtained will be in units of
Bo, and are converted to kcal./mole using the value
Bs = —60.0 keal./mole.*

4, The Off-diagonal Terms of the Secular De-
terminant.—To fix the values of Bj; and Si; we
used for the C~C bonds a self-consistency procedure
as in section 8 of ref. 4. For simplicity we used
the constant values.S = 0.50 and 8 = 28, for bonds
between C and H, or H; (1-2 and 3-4), although
here too the use of a self-consistency procedure
would have been somewhat better. For the car-
bon—carbon bonds we used the approximate for-
mulas S(p) = 0.080p 4+ 0.115 and B(p) = BuS
(p)/0.25, where p is the total bond order. The
B(p) formula expresses the assumption that § is
proportional to .S. The .S value obtained from the
formula usually was rounded off to two significant
figures. For the ethyl ion including both x and y
hyperconjugation we arrived at Sy = 0.26, G
= 1.048y; Bo is the value of 8 for a C-C bond of
length 1.39 A ¢

To keep the treatment as simple as possible, we
made no allowance for any effect of ¢ and ¢; on
Sij or Bi;. The only effect of the ¢'s on the off-
diagonal terms in the secular equation arises there-
fore from the occurrence of x; and xj in the 4jth
term.

5. Results for the Ethyl Ion.—Table II shows
the ¢’s, bond orders, LCAO MO energies and
HCJE obtained when the elements of the secular
determinant were fixed as indicated above. It
should be noted that in computing the localized
CH; and CH,; energies the ¢’s are all zero when § =
0, while for 6 = —0.50 small charge separations
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arise (with g1 = —¢s, g3 = —¢q,) so that a self-con-
sistency procedure was necessary.

TABLE I1
RestLTs OF COMPLETE ‘“TwoO-DIMENSIONAL’' CALCULATIONS
FOR THE ETHVL IoN

6§ =00 =147 § = —0.50,w = 1.23
fa + 0.216 +0.302
Charges on the atoms: Ja + 157 + 044
| s ~  .433 + 344
la  + 141 + .220
Drnergies of "y MOSs j(l) - 1.9779% ~1.968680
occupied j (@) — 1.456980 ~1.138380
delocalized { x MO — 1.77938 —1.523780
Ttype MOs |
Total delocalized w-energy —10.428280 —8.7212830
Total localized r-energy — 0.5322830 —7.853680
Vertical hyperconjugation 0.896080 0.857630
cnergy =53.76 keal./mole  51.46 kecal./mole
(1-2) 2.752 2.720
Tatal bond orders < (2-3) 1.826 1.833
(3-4) 1.0677 1.951
Compressional encrgy corrn.
(keal./mole) 11.60 13.36
Net HCJE (kcal./male) 42.16 38.10

The C. E. (compressional energy), in kcal./mole,
correctious were evaluated using the formulas?

C. E. (C—C single bond) = 323.7(0.29 — 0.33p + 0.04p2)?
C. E. (C=C double bond) = 688.5(0.50 — 0.33p + 0.04p%)?
C. E. (C=H,; “triple bond”) = 185.6(1 — p/3)?2
C. E. (C=H., “double bond") = 110.4(1 — »/2)2 (2)
where p is the total (¢ plus 7, plus m,) bond order,
calculated from the LCAO coefficients, again as in

ref. 4.

The net HCJE is seen to be in fair agreement
with the observed value of the stabilization energy;
just as for the benzenium ion,* it is an order of mag-

x + 880 + w,B()QI
0.5 + Bol2 + 0.25( + wg + wgs)]

x + wBoGa

0 0.24x + B[0.96 + 0.12(wge + wgy)]

nitude larger than HCJE’s in neutral molecules
previously studied. The = bond order for the
C-C bond is correspondingly very large.

6. The Ethyl Ion without y Hyperconjugation:
“‘One-dimensional’’ (x Only) Calculation.—It was
apparent during the calculations that the HCJE
of the ethyl ion resulted almost entirely from de-
localization of the x orbitals, and we therefore
repeated the calculations leaving the v orbitals out
of consideration. It soon became evident that if
we used the same w value as before and ¢; + ¢ +
¢y = 1,00 the computed HCJE would be consider-
ably larger than that computed including vy hyper-
conjugation. This is a consequence of the fact
that although the v delocalization contributed little
to the HCJE directly, it made a considerable dif-
ference to the charge distribution, by placing an ap-
preciable part of the positive charge of the ion on
the H, quasi-atom 4. Actually, this charge g,
which appears through our allowing y delocaliza-
tion is essentially a result not of y HCJ but of a
largely localized shift of positive charge from atom
3 to quasi-atom 4 (¢f. discussion in section 12).

Assuming gs to have the same values as found in
the cowplete calculations, we now recalculated

NORBERT MULLER AND ROBERT S. MULLIKEN

Vol. 80

the HCJE using the LCAO’s to determine the
ratio ¢i:¢::qs after setting ¢1 + ¢2 + ¢ = 1.00 ~
gs, which is 0.856 for 6 = 0 and 0.780 for § = —0.50,
and obtained HCJE values in quite close agree-
ment with those of the preceding section.

This “‘renormalization” of the ¢’s in effect allows
for the “leakage’ of positive charge out of the x-
orbital systein which arises from y delocalization.
Since it is necessary to have the complete calcula-
tions to determine the extent of this leakage, there
would no be advantage in a ‘‘one-dimensional”’
(x only) treatment with allowance for leakage if
the ethyl ion were the only one being considered.
However, we can use the results obtained for this
ion to estimate the effect of an analogous leakage in
the isopropyl ion, where computations including y
hyperconjugation would be quite cumbersome, and
the one-dimensional ethyl ion calculations were
carried out with this in mind. [A complete under-
standing of the charge distribution in the alkyl ions
would require consideration not only of x and v but
also of ¢ delocalization, but this would fall outside
the framework of our scheme of semi-empirical
calculations. We feel, however, that the proce-
dure used here, which allows for leakage of charge
to atoms which are not represented in the x-electron
system (namely the two H atoms called 4 in C.H;™
and the H atom on carbon atomn 3 in the isopropyl
ion) should give reasonably satisfactory HCJE’s. |

The calculated C-C bond order was somewhat
smaller in this approximation than in the preced-
ing one; accordingly we used S = 0.24 and B
= 0.968;. The same .S and 8 values were used for
the remaining ions, the calculated C-C bond order
being nearly the saine for all.

The secular determinant for the delocalized x
LCAO MO'’s is now

055 + B2 + 0256 + wq + wgo)] 0 |

0.245 + B[0.96 + 0.12(wgs + wg)]| @)
* + wBogs ‘

The total localized energy is given by twice the
negative root of the two-by-two determinant (2)
of section 2 above.

The results are displayed in Table III, and show
that the change in the vertical HCJE as compared
with the two-dimensional calculation is nearly
compensated by a change in the compressional
energy correction; the net HCJE is hardly altered
when y hyperconjugation is not explicitly included,
provided that allowarce is made for its effect on the
charge distribution.

7. The Isopropyl Ion (One-dimensional Cal-
culation).—If hyperconjugation is neglected, the
four quasi-r, electrons are localized in CH; bond-
ing orbitals whose energy is the same as in the
ethyl ion, so that the total localized energy is four
times the negative root of determinant (2) of sec-
tion 2.

In consequence of the symmetry of the ion, the
delocalized MOQ'’s that can be obtained as linear
combinations of the five x AO’s and GO’s must be
either symmetrical, in the sense that the coeffi-
clents obey the relations ¢1 = ¢s and ¢ = ¢4, or else
antisyinmetrical, that is, with ¢1 = —¢;, 2 = —¢y,
and ¢3 = 0. Substituting these conditions into
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TaBLE III

RESULTS OF ONE-DIMENSIONAL CALCULATIONS FOR THE
ETHVL IoN (OMITTING y-HYPERCONJUGATION)*

§ =0, 0w =147 6§ = —0.50, 0w = 1.25
(o0 + 0236 + 0.324
Charges on the atoms J\ Zi i étl)g i ggg
L (+ 149 (+ .220)
Energy of occupied delocal-
ized w-type MO — 1.732280 ~— 1.487980
Energy of corresponding
localized MO ~— 1,333380 ~— 1.0875830
Vertical HCJE 0.797880 0. 800880
=47 .87 kcal./mole =48.48 kcal./mole
Total bond orders { (12 27970 2.7438
Compressional energy
corrn, (keal./mole) 6.54 8.32
Net HCJE (kcal./mole) 41.33 40.16
Net HCJE with y-hyperconjuga-
tion (from Table IT) 42.16 38.10

@ But with allowance for charge redistribution effects of
y hyperconjugation.

the linear equations which lead to the secular de-
terminant brings about a transformation to sym-
metry orbitals and reduces the order of the deter-
minant.

This leads, for the symmetrical MO’s, to

2Dy, 2D, 0
2D, 2D, Dy =0
i 0 Dy Dy,

where Dy;is the ¢jt" element of determinant (3) of the
preceding section, but with a new set of ¢'s. The
secular determinant for the antisymmetrical MO'’s
is

Dy Dy, f
D, Doy |

Since ¢; = 0, these orbitals do not contribute to
the C-C bonding, and they would be identical in
energy with the localized CHj; orbitals except that
a different set of ¢'s is involved for the delocalized
ones. The lowest-energy MO of each class is
doubly occupied.

As indicated in the last section, it is to be ex-
pected that some of the charge will leak out of the
x-orbital system onto the central hydrogen atom
in the plane of the ion. We estimated that the
charge on this atom would be perhaps a little less
than half as great as the charge on the H, quasi-
atom of the ethyl ion, and accordingly used ¢’s
whose ratio was determined from the LCAO co-
efficients but with the total charge normalized to
0.94 for 6 = 0 and to 0.90 for § = —0.50. The re-
sults of the two separate calculations are shown in
Table IV.

8. The (-Butyl Ion (One-dimensional Calcula-
tion).—The total localized energy is now six times
the negative root of (2) of section 3. After de-
localization, the six . electrons are to be assigned
to the three most favorable MOs derived from the
seven x AOs and GOs.

The lowest-energy LCAO MO will be sym-
metrical, with ¢; = ¢ = crand ¢; = ¢4 = ¢ Its
energy is the lowest root of the determinant

3Du 3D12 0 ;
| 3Dy 3Day Dis |
L0 Da Da |
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TaBLE IV
RESULTS OF ONE-DIMENSIONAL CALCULATIONS FOR THE
IsopropPYL TON®
&=0 § = ~0.5

g1 0r g5 +0.176 +0.274
Charges on the atoms< ¢z or g 4+ .078 —+ .002
a3 + .432 + .348

Energies of occupied delocalized r-type —1.76968 —1.5353580
MOs ~—1.52148 ~1.25748

Total delocalized 7 energy —6.58208 —5.621880
Total localized m energy —5.333280 —4.350080
Vertical HCJE 1.248880 1.27188
Vertical HCJE (kcal./mole) 74.93 76.31
Tota bos axders {(17) o (70 i 1.a%00
Compressional energy corrn. (kcal./mole) 9.02 10.85
Net HCJE (kcal./mole) 65.91 65.46

¢ With allowance for charge redistribution effects of y
hyperconjugation.

where Dj; is again the 4t element of (3) above,
with new ¢’s.

The other two occupied delocalized MO’s are a
degenerate pair, each having ¢y 4+ ¢ + ¢ = 0, +
¢s + ¢ = 0,and ¢; = 0. The energy is again the
negative root of

Dy Du | _
D21 D22

with appropriate new ¢’s. The total contribution
of these two orbitals to the carbon-hydrogen bond-
ing may be found, after determining the ratio of
¢1:¢: in the usual manner, by applying as a nor-
malizing condition the requirement ¢® 4 ¢? =
1/s, whereupon the contribution to each C=H,
bond will be 4cic;.  Again since ¢; = 0, these orbi-
tals do not contribute to the C-C bonding.

Since the f-butyl ion has no atoms or quasi-atoms
which are not part of the x-orbital system, there is
no possibility of a charge leakage in the sense dis-
cussed above, and the charges must therefore be
normalized to unity. The results, for each of the
trial values of 8, are shown in Table V.

TABLE V
RESULTS OF ONE-DIMENSIONAL CALCULATIONS FOR THE
t-ButvL Iox
§=0 5§ = ~0.50
¢ or gs or gr +0.144 +0.268
Charges on the atoms g2 OF gs OF g6 + .063 - .037
g3 + .379 + .307

Energies of occupied delocalized »-type {— 1.813680 —1.610480

MOs* ~—1.486480 ~—1.27326%
Total delocalized =-energy —9.57288 —8,313660
Total localized r-energy —7.999868 —6.525080
Vertical HCJE 1.573080 1.788650
Vertical HCJE (kcal./mole) 04.38 107.32

1-2) or (4~5) or (6~ . .
Total bond orders {22—3; or E3—4; or E3-—(g ?igig ?ig;;
Compressional energy corrn. (kcal./mole) 10.52 12.18
Net HCJE (kcal./mole) 83.86 95.14

® The second of the two listed energies belongs to a two-
fold degenerate MO.

9. The Allyl Ion (One-dimensional Computa-
tion).—An interesting test of the method here pro-
posed is to apply it to the evaluation of the con-
jugation energy (CJE) of the allyl ion. The de-
localization energy of this ion is the difference be-
tween the energy of a pair of electrons inan ordinary
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C-~C double bond, and the energy of two electrons
i a symmetrical three-center LCAO MO.

The energy of the localized . MO (double bond
m MO) is the negative root of the determinant

. x Bo + 0.25x [
Bo + 0.25x x

while the delocalized energy is the negative root of
the determinant

‘ 2(s + whg)  2(0.25¢ + B[l + 0.125(wq + wgo)]]|
1210255 + Boll + 0.125(wgs + wgs)]} % + wBge ;

In both cases, 8 and S have been assigned the
specific values (3, and 0.25) appropriate to the
interatomic distances calculated for the delocalized
structure, where the bond order is 1.7 for both of
the C-C bonds.

We evaluated the net CJE separately with w =
0, w = 1.25, and «w = 1.47; the results are 19.47,
63.99 and 72.44 kcal./mole, respectively. It is
noteworthy that unless the value of w is of the or-
der of that used to make the HCJE'’s of the other
ions agree moderately well with experiment, the
computed CJE of the allyl ion is badly out of line
with the measured value. In other words, a
single value of w suffices to account for all the stabi-
lization energies of the ions here considered to a
reasonably good approximation, regardless of
whether they originate from ordinary conjugation or
hyperconjugation. The extent of charge redis-
tribution effected by w is as follows., For w = 0,
1.25, 1.47, respectively, g» (Fig. 1) = 0.000, +0.158,
+0.170; while of course ¢1 = g3 = +0.500(1 —

g2)-

10. The Radicals.—As a further check on our
method, we calculated the stabilization energy of
the parent radical of each of the above ions. For
each radical, the calculation is very nearly the same
as for its ion. The Jocalized energies are given by
the same determinants as before, but there is now
an additional electron in a 2pmc AO. This AO
will have x = 0, except that in the two-dimensional
treatment of the ethyl radical with § = —0.5 one
finds a small charge, ¢», on this atom and conse-
quently x = —wBge.

The determinants for the delocalized MO ener-
gies will have the same form for each radical as for
its ion; the additional electron in each case goes
into the second lowest symmetrical LCAO MO,
which will have x equal to zero when § = 0 and
nearly zero otherwise, so that this electron contrib-
utes little or nothing to the delocalization en-
ergy.

If w were set equal to zero for both ions and
radicals, the determinants, and hence the delo-
calized MO energies, of the radicals would be iden-
tical with those of their ions, and the HCJE of
each radical and its ion would be the same. With
non-zero w's, the MOs differ strongly in energy
because radical and ion have very different g’s.
For the radicals, every ¢ is zero for § = 0, so that
no self-consistency procedure for the charges is
needed. For 6§ = —0.50, there are small charge
separations within each radical, and we adjusted
these charges to self-consistency.

We treated the ethyl radical first as a ‘“‘two-
dimensional” and then as a one-dimensional sys-
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tem, and found that the calculated HCJE was
again about the same. The bond orders are slightly
different for the radical and ion, leading to some-
what different off-diagonal elements in the deter-
minants. For the two-dimensional computations
we used S = 0.24 and 8 = 0.9683,, and for the one-
dimensional treatment of all three saturated radi-
cals, we used S = 0.22 and 8 = 0.888;. For the
allyl radical, the bond order is so nearly the same
as that of the ion that the same .S and 8 were used
for both.

The results are collected in Table VI. They are
quite insensitive to the choice of §, and in good
agreement with both experiment and previous cal-
culations.

TABLE VI
RESULTS OF CALCULATIONS FOR THE RADICALS
(All values are in kecal./mole)

CeHs® Co:Hsd CiHib CiHsd  Ci3Hse
Vert, HCJE 13.25 9.58 17.90 25.28 29.37
8§ =0 Compr. energy 7.38 3,00 5.20 6.8 9.90
Net HCJE 5.67 6.58 12,70 18.39 19.47
Vert. HCJE 13.32 10.61 19.48 27.37
§ = —0.50 < Compr. energy 8.35 3.96 6.49 8.33
Net HCJE 4.97 6.65 12.99 19.04

¢ Values in this column calculated including both x and y
hyperconjugation. ® Values in this column calculated in-
cluding only x hyperconjugation. ¢ Values in this colunin
are independent of the value of &.

Discussion

11, Charge Redistribution Effects.—Table VII
summarizes the calculated and experimental stabili-
zation energies. In view of the drastic simplifica-
tions of the present treatment, the agreement
between the computed and empirical values is
quite satisfactory, and indicates that it is entirely
reasonable to attribute the observed effects to
hyperconjugation (or conjugation in the case of the
allyl radical and its ion). It is gratifying that the
MO calculations of Brickstock and Pople on odd
alternant conjugated hydrocarbon radicals and ions
have led them to a similar conclusion with respect
to conjugation. The success of the present cal-
culations reflects encouragingly on the procedure
and assumptions involved, especially the use of a
single new parameter, here called w, to adapt the

TaABLE VII
SUMMARY OF CALCULATED AND EXPERIMENTAL STABILIZA-
TION ENERGIES

(All values are in keal./mole)
((;,alcd., s Caled.,

=0 = —0.50 Obsd.
Ethyl ion “two-dimensional” 42.16  38.10 } 36
Ethy! ion ‘“‘one-dimensional” 41.33 40.16
Isopropy! ion 65.91 65.46 66
t-Butyl ion 83.86 95.14 84
Ethyl radical ‘“two-dimensional”” 5.67 4.97 .
Ethyl radical ‘‘one-dimensional”  6.58 6.65 } °
Isopropyl radical 12.70 12.99 11
t-Butyl radical 18.39 19.04 16
withw = 0 19.47
Allvlion ¢ with w = 1.25 63.99 58
{ with o = 1.47 72.44
Allyl radical 19.47 24°

s But see note b, Table 1.
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LCAO MO method as originally developed by
Mulliken, Rieke and Brown®# to the computation
of HCJE’s of carbonium ions.

If wis fixed so as to give agreement with obser-
vation for a single positive ion (here the isopropyl
ion) the other data of Table I are made intelligible
without the need of any further adjustment of pa-
rameters. It is interesting that the data could be
fitted about equally well with any reasonable choice
of 8, provided that é was fixed first and the best w
then chosen. On the other hand, the best agree-
ment for the allyl ion is obtained with w = 1.25,
from a calculation in which é is not involved, and
this would tend to support § = —0.50 and w =
1.25 as the best pair of values within the present
scheme.

For further discussion on the role of charge redis-
tribution in enhancing stabilization energy® in
hyperconjugated ions as compared with corre-
sponding radicals, reference should be made to
section 13 of ref. 4, which is just as applicable to the
results of the present paper as to those there re-
ported for the benzenium ion. However, it should
be recognized (more definitely than in ref. 4) that
the extra stability of the ions is a joint effect of
hyperconjugation and charge redistribution. Ref-
erence should also be made to section 11 of ref. 4
for a discussion on charges and bond orders; see
Fig. 1 and Tables II-V below for a listing of these
quantities as obtained in the present work.

12. The Configurations of Alkyl Ions.—Reac-
tion-kinetic studies on carbonium ions in solution®
and, of more direct relevance here, mass spec-
troscopic studies of gas phase ions using isotopically
labelled atoms,!! indicate that the resonance energy
data on ions in Table I may not refer to ions having
the geometrical forms shown in Fig. 1, but to iso-
meric ions. For example, the ethyl ion may have a
symmetrical protonated-ethylene hydrogen-bridged
configuration rather than the unsymmetrical struc-
ture of Fig. 1. Existing evidence suggests that the
two forms differ little in energy but leaves open
the question as to which is the more stable. What
is definite is that protons (and other groups in more
complicated carbonium ions) can migrate rather
freely from one carbon atom to neighbors; and
presumably the reason is that bridged structures
have small or possibly negative activation energies.

In the case of the isopropyl ion, Rylander and
Meyerson have proposed that the C;H;* ion ac-
tually observed in mass spectroscopy has a proto-
nated-cyclopropane structure!? (cyclopropanium
or!? cyclonium ion). They point out that several
investigators from data on appearance potentials
have found the same ionization potential (7.43 =
0.1 v.) for the C;H;* ion whether obtained from #-

(9) Cf. also L. Goodman and H. Shull, J. Chem. Phys., 28, 33
(1955), who discuss the related question of the mutual dependence of
the inductive and resonance effects in substituted conjugated hydro-
carbons.

(10) Work of Winstein, Roberts, Cram, Taft and others. L. G.
Connell and R. W. Taft, Jr,, Tais JoUrNar, 78, 5812 (1956), give
some of the references.

(11) P. N. Rylander and S. Meyerson, tbid., 78, 5779 (1956), and
subsequent articles.

(12) J. D. Roberts, C. C. Lee and W. H. Saunders, bid., 76, 4501
(1954), have proposed a similar structure for certain more complicated
ions in solution.
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alkanes or isoalkanes, whereas a direct measurement
of the ionization potential of the isopropyl radical
by Farmer and Lossing!® gives an appreciably
higher value (7.90 £ 0.05 v.). “The discrepancy
suggests that C;H; ™ ions produced by electron im-
pact of hydrocarbon molecules and those produced
by ionization of isopropyl radicals do not have the
same structure.”” The implication is perhaps that
the #-propyl ion is, or quickly becomes, a cyclo-
propanium ion, while the isopropyl ion may be pro-
duced as such by ionization of an isopropyl radical,
but then may (and under rough treatment does) go
over in the more stable cyclopropanium ion.

However, if we assume that the configurations at
least of the radicals are correctly represented in
Fig. 1, and if we accept the conclusions indicated
by Rylander and Meyerson, the isopropyl ion is
only 0.47 e.v., or 11 kcal,, less stable than the cyclo-
propanium ion. This would reduce the resonarnce
energy of the isopropyl ion in Table I from 66 to 55
kcal. Such a relatively moderate change would re-
quire only that the value of our empirical param-
eter w be somewhat reduced. However, it would
not affect our essential conclusion that the (with-
out much question) very large resonance energies
of the alkyl ions can be satisfactorily accounted for
by strong hyperconjugation coupled with charge
redistribution.

Further, Farmer and Lossing’s ionization poten-
tial for the isopropyl ion should be essentially a
vertical value and may be appreciably larger than
the adiabatic value so that the latter might still be
close to the 66 kcal. value of Table I. Our tenta-
tive conclusions from the foregoing discussion are
(1) that even if bridged or cyclic structures are
usually the stablest forms of alkyl ions, they are
probably not much different in energy from the
simple unsymmetrical structures of Fig. 1, which
must then have remarkably large stabilization en-
ergies; and (2) that the latter are a result of
strong hyperconjugation coupled with charge re-
distribution.

13. “‘Strong’’ Conjugation and Hyperconjuga-
tion.—As was pointed out in ref. 4, the observed
HCJE's (hyperconjugation energies) for alkyl
radicals are of the same order of magnitude as or-
dinary CJE’s (conjugation energies), while in the
ions (as also for aromatic carbonium ions) the
joint effect of hyperconjugation and charge redis-
tribution gives stabilization energies comparable
with benzene-like resonance energies. Moreover,
these large stabilization energies are satisfactorily
accounted for theoretically using the same param-
eter values which yield?® in agreement with ex-
periment, much smaller HCJE’s for examples of
ordinary hyperconjugation. Although the effect is
greatly enhanced by charge readjustment in the
1ons, as discussed in Section 11 and in ref, 4, it is al-
ready noteworthy in the radicals——namely, the
HCJE's in the radicals are comparable with ordi-
nary CJE’s. Likewise in the biradical obtained by
twisting the planes of the two CH. groups in
ethylene to perpendicularity, a similarly large
computed HCJE is found.?

These facts can be understood in terms of VB

(13) J. B. Farmer and F. P. Lossing, Can. J, Chem., 38, 861 (1955).
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(valence-bond) resonance theory. Let us, how-
ever, first look at conjugation, then afterwards at
hyperconjugation. In ordinary conjugation, there
is one predominant resonance structure with, say,
N 7 bonds, while the other “excited”’ structures
which give rise to conjugation have only N — 1 good
7 bonds. Typical examples are the following.

(1) Butadiene with predominant structure
H,C=CH—CH=-CH, (N = 2) and three excited
structures H,C—CH=CH-—CH,. The small cir-
cles over the outer carbons here indicate either odd
electrons or = charges. The symbol - in ==
signifies the 7, bond and the — the ¢ bond of the
double bond; =, means a = MO with nodal plane
in the plane of the molecule. (2) Diacetylene
with predominant structure HCsC—Cs=CH (V.
= 2 and N, = 2, with — denoting a , bond), and
excited structures HC=C==C=CH, HC==C=C-
=CH, and HC—Cs=C—CH.

In contrast to these examples of ordinary con-
jugation one has various cases of stronger m-electron
resonance which do not come under the classical
idea of conjugation, but which because of their
essential kinship in quantum-mechanical theory
are now also frequently called conjugation. Famil-
iar examples are benzene with two equivalent pre-
dominant resonance structures, the cyclopenta-
dienyl anion CsHg~ and the tropylium cation
C:H;* with five and seven equivalent predominant
resonance structures, and odd alternant ions of the
type (R;N=::CH=::NH,)* with two equivalent
resonance structures. Odd alternant radicals and
ions such as the allyl radical and ion again have two
equivalent predominant structures. In all these
examples of strong m-electron resonance, resonance
occurs between two or more structures with equal
numbers of like = bonds, whereas in ordinary con-
jugation the best available resonance structures in-
volve loss of one 7 bond. Hence ordinary conjuga-
tion is weak m-electron resonance. Asa convenient
terminology to distinguish the two cases yet show
their relationship, we shall refer to “‘strong con-
jugation”’ and simply “‘conjugation.’”’

An alternative terminology more explicitly indi-
cating the VB-theory explanation of the distinction
between these two cases would refer to the first as
“isovalent comjugation” or perhaps ‘‘non-sacrificial
conjugation,” and to the second as “sacrificial con-
jugation” or just “comjugation.”” (In the first, the
number of valence bonds is the same in two or more
resonance structures, while in the second, one bond
is sacrificed even in the most favorable resonance
structures.)

1t will now be recognized that ordinary hyper-
conjugation, like conjugation, is weak or ‘‘sacrifi-
cial’’ 7-electron resonance with loss of one w-type
bond in the excited resonance structures. How-
ever, hyperconjugation differs from conjugation in
that the bond which is lost is a quasi- instead of an
ordinary = bond; and since quasi-r bonds are
stronger than 7 bonds, the loss is greater, and as a
result HCJE'’s are smaller than CJE’s. To illus-
trate, we may consider propylene and methylacety-
lene. Each of these (like butadiene for conjuga-
tion) has only one predominant structure (Hy=C—
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CH==CH, or Hiz=C-—Cs=CH, respectively). The
hyperconjugative effect results from resonance with
excited structures with one quasi-= bond less: Hy=
C==CH—CH,, or Hf=C=C==CH or H,=C=C=
CH, respectively.

But for the radicals and ions discussed in the pres-
ent paper and in ref. 4, which may now be described
as cases of ‘‘strong hypercomjugation’’ or “isovalent
hyperconjugation,”’ m-electron resonance occurs with
no decrease in the total number of #-type bonds.
For example, the ethyl radical and the ethyl ion,
with principal resonance structures HaﬁC—eCHg
and H3——,_‘..—C°—C *+H,, are stabilized by resonance with
structures Hy7=C==CH, and H; +=C==CH, in which
there is no change in the number (here 1) of 7.-type
bonds. However, there is here a substitution in
the resonance structure of one ordinary . for one
quasi-m, bond, and it is for this reason that strong
hyperconjugation gives smaller resonance energies
than in analogous cases of strong conjugation. It
is now qualitatively obvious why the resonance
energies should be and are much larger in strong
hyperconjugation than in (ordinary or “sacrificial’’)
hyperconjugation.

In the preceding paragraphs, only 7. resonance
was considered for propylene and the ethyl radical
and ion. For methylacetylene, an example of 2-
dimensional first-order hyperconjugation,”™ both
7> and m, resonance were considered above be-
cause they contribute equally to the hyperconju-
gation there. In the case of propylene, 7. reso-
nance gives first-order but , resonance only second-
order hyperconjugation. The HCJE for second-
order™ hyperconjugation (which might reasonably
be called hyperhyperconjugation) is much smaller®
than for first-order hyperconjugation. This i§ be-
cause, although in both cases (as also in conjuga-
tion) there is a net loss only of one 7-type bond in
the excited resonance structures, this loss involves
in the case of second-order hyperconjugation the re-
placement of two quasi-= bonds by one ordinary =
bond. This is most simply illustrated by a consid-
eration of the second-order m, type hyperconjuga-
tion which occurs in ethylene. If the principal
structure is formulated as H;=C==C=H,, the
excited structures are of the type Ho—Cs=C—H,.
Further discussion of this case and of propylene ES
hyperconjugation is given in ref. 8.

For the ethyl ion when 7, (here second-order) as
well as . (strong) hyperconjugation are to be con-
sidered (¢f. section 2 above), the principal reso-
nance structure should be formulated as H=C—
Ct=H,;. The strong =, hyperconjugation intro-
duces the resonance structure H;*+t=C=C=H,,
and the second-order =, hyperconjugation then
brings in Hs==C+~C*—H. and (combined with
strong 7. hyperconjugation) H;*—Cs&5C—Ho..
Closely parallel statements hold for the ethyl radi-
cal. However, in the ethyl ion, the resonance
structure of major importance when we admit y
delocalization (hence HCJ) is not one of the m,
HC]J structures just indicated, but the locally-polar
structure H;C=C-—C-—H,. It is this structure
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which accounts for the considerable charge g, which
we found in sections 5 and 6.

The foregoing discussion has been entirely in
terms of VB theory. Our computations made in
the framework of LCAO MO theory correspond of
course to a somewhat different weighting of reso-
nance structures, together with some additional
ones. Nevertheless there is a sufficient degree of
coincidence between the two theories so that our
discussion of VB resonance structures has valid
qualitative significance for the understanding of the
distinctions between strong and ordinary conjuga-
tion and between strong and ordinary hyperconju-
gation.

Two further examples of VB resonance struc-
tures in conjugation and hyperconjugation may be
instructive. For allene, 7, and , bonds are equally
important. The principal resonance structure is
Hs=C==C=C==H,. The only =-type resonance
here is (first-order) hyperconjugation involving ex-
cited structures Hy=C—Cz=C—H, and I:Ig—Cﬁg)
=H,. In ethylene twisted until the two CH,
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planes are perpendicular, the principal resonance
structure is Hs==C— C=H,. Here there is strong
hyperconjugation with each of the two structures
HQ_C C+=H; and Hy==C=C— —H, (also, less im-
portant, with HQ—C—C—HQ)

To illustrate further the new bond symbols intro-
duced here, one might use (for one of the principal
resoniance structures in each case) the following
symbols to make clearer the structures of phenyl-
acetylene and of toluene from the point of view of
conjugation or hyperconjugation

—C==CH —C=H,
and

As another example, the VB formulation of CO; in-
volves resonance between two equivalent struc-
tures O==C+=0 and O=C==0.
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The Proton Magnetic Resonance Spectra of Azulene and Acepleiadylene
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The proton resonance spectra of the non-alternant hydrocarbons, azulene and acepleiadylene, have been measured under

conditions of high resolution.

A satisfactory assignment of the spectra to individual protons in the molecules was possible

and proton chemical shifts and spin coupling constants were evaluated. The chemical shifts are much larger in the non-

alternant hydrocarbons, compared to the corresponding shifts in alternant hydrocarbons.

The observed spin coupling

constants between adjacent protons, increase with the size of the carbon ring, being of the order of 3.5, 7 and 12 c./sec. for

the 5, 6 and 7-membered rings.

The “ring current” model, which gave a fairly satisfactory interpretation of the proton
shifts in the spectra of alternant hydrocarbons, is inadequate for the non-alternant hydrocarbons.

This fajlure of the

model is attributed to the highly asymmetric nature of the electron charge distribution in the non-alternant molecules,

Surprisingly large shifts of the proton resonances were observed on dilution in various solvents.

anomalous;
carbon ring on the same molecule.
these hvdrocarbons.

The relative chemical shifts of protons bonded to
different carbon atoms in polynuclear aromatic
hydrocarbons are of some interest. Previous
work? had shown that the proton chemical shifts
of alternant aromatic hydrocarbons can be satis-
factorily accounted for in terms of the “ring cur-
rent” model.)® An earlier proton resonance
spectrum of the non-alternant hydrocarbon azulene,
which was measured under conditions of moderate
resolution,? did not permit a complete assignment
of the spectrum. Moreover, the range of chemical
shifts indicated by the spectrum did not appear to
be reproduced by the spectrum calculated by the
ring current model. The proton spectra of the
non-alternant hydrocarbons, azulene and ace-
pleiadylene, which are isomeric with naphthalene
and pyrene, respectively, have now been measured
under conditions of higher resolution. A complete

(1) Visiting Research Associate, National
Summer 1957.

(2) H. J. Bernstein, W. G. Schneider and J. A. Pople, Proc. Roy.
Soc. (London), A236, 515 (1950).

(3) J. A. Pople, J. Chem. Phys.

Research Council,

, 24, 1111 (1956).

These dilution shifts were

the protons on the 7-membered carbon ring gave rise to a much larger dilution shift than the 5-membered
This behavior is discussed in terms of an intermolecular interaction characteristic of

assignment of the spectra has been made on the
basis of which individual chemical shifts and spin-
coupling constants could be evaluated.

Experimental

The proton magnetic resonance spectra were measured
with a Varian V-4300 NMR spectrometer operating at a fixed
frequency of 40 Mc./sec. and equipped with a Varian Field
Stabilizer. The frequency separation of the signals in the
spectra was measured by the side-band technique in the
usual manner.

A sample of purified azulene and 1- and 2-methylazulene
were kindly provided by Dr. E. Heilbronner. The spectra
of the methylazulenes provided a useful confirmation of the
proton assignment. Another sample of azulene was ob-
tained from K. and K. Laboratories, Long Island, N. Y.
The sample of acepleiadylene was provided by Professor V.
Boekelheide. It had been purified by chromatographic
methods and recrystallization and had a sharp melting
point at 160-161°.

The spectrum of azulene was measured, above its melting
point, at 125° and that of acepleiadylene at 175°. Heating
of the samples was accomplished by means of an apparatus
previously described? which had been modified to permit
simultaneous spinning of the sample by the stream of hot
nitrogen gas used to heat the sample. The samples were
contained in a 5 mm. o.d. glass tube together with a sealed



