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The notion that hyperconjugation may be the major driving force in some reactions where carbonium ion
products or transition states are formed is supported by results of semiempirical LCAO-MO theory reported
here. In the particular cases of aromatic and olefin protonations, good internal consistency is found among
several organic chemical rules, parameters in the Taft linear free energy equation, and the theoretical energies

comptuted for these reactions.

The Baker~Nathan effect, Markownikoff, and Saytzeff~Wagner rules are ra-
tionalizable in terms of hyperconjugative models of various refinements.

Analogous effects noted in the ultra-

violet spectral shifts for the alkvlbenzenes are discussed. The effects of inductive electron donation in these
systems and the possibilities of ion stabilization by nonclassical structures are also examined.

1. Introduction

It is a matter of continuing controversy whether
ascription to hyperconjugation (HC]J) of several clearly
demonstrable effects accompanying alkyl substitution
in organic molecules is justified.? The observables
provoking disagreement in interpretation cover a
broad range, e.g., bond length variations, ultraviolet
frequency and n.m.r. proton shifts, e.s.r. splittings, and
reactivities in the vapor and solution phases. As a
result of such widespread and often less than discrim-
inate use, the concept has drawn many criticisms.
These seem at times capable of impairing by generaliza-
tion whatever utility HCJ might have upon careful
application.

Perhaps the most detailed, useful, and, at the same
time, most widely criticized application of the HC]J
concept has been in explanation of the enhanced effects
noted for p- vs. m-position alkyl substitution on various
aromatic molecule reactivities, The criticisms natu-
rally are directed in terms of alternative explanations?;
although many are provocative, none at present seem
any more satisfactory in the general sense than hyper-
conjugation. The latter seems quantitatively most
compelling when viewed in the context of the dual sub-
stituent linear free energy equation. Taft and Lewis?
have shown that the inductive-resonance effect sepa-
rations made for the alkyl groups as substituents are
normal with respect to similar separations for groups
where conjugative ability is generally accepted. Fur-
ther, the Baker—-Nathan effect’ may be rationalized in
terms of a larger C-H than C-C bond contribution to
or. Additivity per bond, C-H and C-C, to the total
effect of the particular alkyl group is also found, in
agreement with empirical rules previously noted.?®?

In this paper, a semiempirical LCAO-MO investiga-
tion is described for electrophilic substitution reactions
which, as a group, are well represented in the Taft cor-
relations. Specifically considered are protonation
reactions of olefinic and aromatic molecules which
result in carbonium ions in the product or transition
states. These ions, very different from their precursors,
are expected by virtue of the isovalent HC] interactions
possible to be most favorable subjects for articulation of
resonance effects on reactivities. Comparisons are
sought with the applicable Taft correlation parammeters.
Special attention is paid to the relative C-H to C-C
bond HCJ effects and their variations between aromatic

(1) Work performed under the auspices of the U. 8. Atomic Energy Com-
mission.

(2) (a) M. J. S Dewar, “"Hyperconjugation,”” Ronald Press Co., New
York., N. Y., 1962, and (b) J. W. Baker, ""Hyperconjugation,”’ Oxford Uni-
versity Press, New York, N. Y., 1952, discuss this question in great detail
from widely divergent points of view.

(3) Cr. C.C. Priceand 1. C. Lincoln, J. Am. Chetn. Soc., T8, 5836 (1951);
W. A Sweeny and W. M. Shubert, sbid., 76, 4625 (1954); V. J. Shiner,
ibid., 76, 1603 (1954); A. Buraway and E. Spinner, J. Chem. Soc., 3752
(1954); 1.. 8. Bartell, J. Chem. Phys., 33, 827 (1960).

(4) R. W. Taft, Jr., and 1. C. lewis, Tetrahedron, 8, 210 (1959).

(3) J. W. Baker and W. 8, Nathan, J. Chem. Soc., 1844 (1935).

and olefinic reactivities. Coincidental questions such
as the theoretical implications of the Markownikoff®
and Saytzeff-Wagner rules’ are also examined, again in
the attempt to find the common ground for theory,
empirical correlations, and chemical intuition.

2. Theory

Previous work where HCJ effects on the basicities of
the methylbenzenes were examined® provided the basis
for the present study. The model employed is a re-
finement of the one developed in that work, to the ex-
tent where two-dimensional HCJ (z.e., quasi-m and
my) with Coulomb, exchange, and overlap integral
coupling between dimensions is considered. A further
extension allowing generation of self-consistent eigen-
values and vectors for excited states was also made.
The latter was used in calculations on the ultraviolet
frequency shifts accompanying the alkylation of ben-
zene.

The Wheland model,® modified to relate the free
energies for reaction or activation to the resonance
energy differences between reactants and products or
transition state carbonium ions, is again adopted.
Therefore

AF«E, (ion) — Er (N.M.) — Eg- = AE, — Ep- (1)
and
—RTIn K/K, = AF — AF, = AAF = pAAE, (2)

Eyn+ is the energy of the proton or protonating species,
assumed independent of the reaction within a particular
series; K is now either an equilibrium or rate constant,
and S denotes the standard reaction, generally for the
nonalkylated substrate. E7x (N.M.) is the =-electron
energy of the neutral molecule and u is the proportional-
ity constant relating the double difference in 7-electron
energies to the corresponding free energies. The as-
sumptions concerning the disposition of AS and AF,
within the AF and AZLciectronic terms have been carried
over directly from ref. 8.

The p-position protonation reactions of the mono-
alkylbenzenes, toluene, ethyl-, isopropyl-, and ¢-butyl-
benzene, assumed representative of strong electrophilic
reactions on aromatic substrates, may be pictured as

1 2 3 4 5 s o, X
| | * | | |
0= ¢ ED e [y 6 ] ¥
- y
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where X and Y are hydrogen or methyl. The =-,
quasi-r-framework extends over 8(10) sites in the par-
ent aromatic and 9(11) sites in the ion in the one (two)
dimensional model. Both species have S(10) =-plus
quasi-r-electrons. The =, dimension, orthogonal to

(8) W. Markownikoff, Anx., 183, 256 (1870)

(7) Cf. P. Karrer, ""Organic Chemistry,”’ Elsevier Co., New York, N. Y ..
1950, p. 74

(8) S. Ehrenson, J. Am. Chem. Soc., 838, 4493 (1961).

(9) G. W. Wheland, ¢bid., 64, 900 (1942).
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7, it should be noted, contains only the two orbitals of
the alkyl group and two electrons.

Albeit as unstable intermediates, the existence of
such ions as above is readily demonstrable (e.g., from
ultraviolet and n.m.r. spectra'®; Olah and Kuhn have
isolated a variety of salts which are stable at low tem-
peratures!!). Protonation reactions of the alkyl sub-
stituted olefins are, however, less amenable to precise
definition as regards the structures of their transition
states. At present, informed opinion is directed to the
view that in acid-catalyzed solvolyses and halogen acid
additions, in particular, which shall serve as prototype
reactions herein, the transition states are o-protonated
carbonium ions.!2

A representative electrophilic addition to an olefin is,
then, the formation of an isopropyl-type carbonium
ion from a vicinal dialkyl substituted ethylene

1 2
| 3 4 | | +
(xzv)—cc; é’? ¢ HY |x-c? ¢ s
= 9 = C—C—(H,,C X,Y)
H/ \c_(sz) H/ 2 2
iig hag

These structures show the principal one-dimensional
HC]J model for the reaction. Six and four delocaliz-
able w-electrons are contained, respectively, in the olefin
and ion. The orthogonal =, dimension, which con-
tains only quasi-m sites, is somewhat more difficultly
pictured. Fixing attention on the ion, it is apparent
that not only will the methyl hydrogen quasi-groups
and the carbons to which they are attached constitute
7y sites, but that the central, formally sp? hybridized
carbon is capable of participation as well. This would
follow conceptually upon incorporation of the central
hydrogen and one C(X,Y) group into a quasi-group,
nz.

C-C-(HaEX Y}, 0r  (X¥)~C _
(HCXY)7 § A ;74 C=(H,C Hy\ CXY)
- 13 / /
6 1 10
b4 had

Two such representations, essentially identical, are
seen to be possible for these ions, contrasted to one for
the ethyl- and three for the ¢-butyl-type ions. The
other possible =, structures, e.g., H-C-[CX,Y,C(H,,
X,Y)], for the isopropyl ion are assumed unimportant
and ignored in the present calculations.!?

The multiple 7, structures in the isopropyl- and ¢-
butyl-type ions are incorporated into the computations
by (a) assuming mutual orthogonality to each other, in
addition to the formally imposed orthogonality to the
7y structure; (b) filling each Wheland-Mulliken MO;
(c) cycling to seli-consistency in charge densities and
bond orders; and finally (d) distributing the four
available quasi-m, electrons equally among the self-
consistent 7,~MOQO’s. Interactions between these struc-

tures is accomplished by a direct coupling technique for:

Coulomb and overlap integrals, discussed in detail in
the next section. The over-all result of this procedure
is to recognize computationally the stabilization effects
afforded by the second HC]J dimension, essentially

(10) C. Reid, /. Am. Chem. Soc., 76, 3264 (1954); C. Macl.ean, J. H
van der Waals, and E. 1., Mackor, Mol. Phys., 1, 247 (1958).

(11) Cf.G. A Olah and 8. J. Kuhn, J. Am. Chem. Soc., 80, 6535 (1958).

(12) J Manassen and F. S. Klein, J. Chem. Soc., 4203 (1960): Y. Pocker,
thid. . 1292 (1960); J. 8. Coe and V. Gold, ¢bid., 4771 (1960); M. J. 8.
Dewar and R. C. Fahey, Chem. Eug. News, 41 (10), 38 (1963); J Am.
Chem. Soc., 88, 2245, 2248 (1963).

(13) These strictures are easily seen to resemble the substituent alkyl
gronps themselves with only small Conlomb integral differences at site 3.
Consequently, the contributions of such structures to the resonance energies
should he negligible within the approximation employed.
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exercised by a mechanism of charge leakage from the
7y to the formally charge deficient 7« dimension.!*

3. Computations

The computational approach is the same as that de-
scribed in section 3 of ref. 8 with the following major
modifications:

i.—Inclusion of the second =-dimension may be
viewed as expanding the secular determinant to give
two orthogonal minors. Direct interactions between
dimensions is therefore impossible; however, in the
cycling procedure such interactions are permitted
through the «, S (and B) parameters. The process of
coupling of such elements recognizes the response to dif-
ferential electron deficiencies or excesses between the
x and y dimensions of a given site or sites, and, in fact,
may be viewed in terms of self-polarizability of the
atom or quasi-atom in the =-framework. Specifically

a; (coupled) = 7ijai + (1 — 7i))e; (3)
a;j (coupled) = (1 — 7ij)ai + ) «;
and
(B1;/B8°)S° = Syj (coupled) = 7ij1Si; + (1 — 7ix1)Sa (4)
(Bk1/B°)S® == Sk (coupled) = (1 — 731)Sy + 7Sk

The coupling is carried out after the self-consistency
adjustments and prior to re-solution of the secular de-
terminant. The coupling factors, 7, generally taken
as (.5, were restricted to parameters associated with the
same site. Application of this technique may be il-
lustrated by returning to the isopropyl-type ion (struc-
tures IV-VI)., Sites 1 and 13; 2 and 12; 3,7, and 11;
4 and 8; 5 and 9 are a-coupled. Bonds 1,2 and 12,-
13; 3,4and 7,8; 4,5 and 8,9 are S (and 8) coupled.

ii.—The inability to estimate a priors, parameters
for the methyl-bearing quasi-w-groups with even the
most modest expectations of theoretical justification
has been the principal reason why C-C bond HC]J has
been ignored in quantitative discussions.’ This prob-
lem is especially acute for Coulomb integral terms and
seems likely to remain so for some time. Rather than
guess at parameter sets, the following procedures were
adopted.

(a) A grid of Coulomb integrals centered roughly
about the value o« = «° — .38° was considered, the
central value representing the most reliable estimate
for the (H;) and (H,) quasi-groups.!® Further, one
may show that a smooth variation of « is to be expected
in passing from methyl, through ethyl and isopropyl, to
t-butyl, if free rotation of these groups is allowed. The
difference in the values for these parameters, per C-C
for C-H bond substitution, is, to a good approximation,
equal to » + 1/,AEq, where v = wygfl — wu®H = wey,H
— wcy,~Hrand AE, is the energy difference between the
antibonding orbitals in the (H,, CH;) quasi-group.
(The w-values follow Mulliken’s notation.'’) The
question of magnitude, or, indeed, even the sign of the
quantity, » 4+ /,AE,, cannot be answered by presently
available methods, mainly because of »; that a regular
change in the quasi-group «’'s is to be expected over the
alkyl series is, however, usefully recognized.

(b) Employing the quasi-group wave functions
and again assuming free rotation, the order Scu, >

(14) This procedure should be compared to that of N. Muller and R. 8.
Mulliken, J. Am. Chem. Soc., 80, 3489 (1958), where charge leakage was
estimated for the ethyl ion in similar one- and two-dimensional computa-
tions. The same amount of leakage was then assumed in correcting the one-
dimensional calculations for the isopropyl and {-butyl ions.

(13) Part of the reluctance among organic chemists to adopt this aspect of
the over-all HCJ picture in even the most qualitative terms may be traced
to the seeming overemphasis on the C-H bond effect for which many com-
putations have been made. A related explanation may be found in E.
Berliner, Teirahedron, 8, 202 (1959).

(16) Y. 1'Haya, J. Chem. Phys.. 28, 1165 (1955)

(17) R.S. Mulliken, J. chim. phys., 46, 197, 675 (1949)
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TaBLE I
RESULTS OF Two-DIMENSIONAL WHELAND~-MULLIKEN AND SELF-CONSISTENT CALCULATIONS ON A p-ALKYLBENZENIUM loN*®
ag, = —0.38°, ax,y = —0.38°°
——_———— Self-consistent——————
First iteration Sas free Ses = 0.18
Charges on, bond orders between, w-sites® 1(1,2) 0.9329 0.9780 0.9284 0.9537 0.9497 0.9736
2(2,3) 1.0418 1960 1.0092  .2816 1.0144 2124
3(3,4) 0.7525  .5934 0.7746  .5672 0.7746 . 5805
4(4,5) 1.0036  .7504 9361 7716 19334 7642
3(5,6) 0.7467 3480 8019 3138 L7956 .3170
6(6,11) 1.0264 .8614 .9903 L8877 9889 . 8853
9(9,10) 1.0443 9994 1.0161 9999 1.0187 9999
10 0.9557 0.9839 0.9813
11 0.7458 0.8216 0.8162
Energies of the doubly occupied delocalized 1.58336 1.69552 1.69426
m-MO’s (units of 8°) 1.43464 1.56133 1.50856
1.37196° 1.43319¢ 1.41778¢
1.08234 1.19758 1.23126
0.80128 0.99092 0.99517
Total delocalization energy 12.54717 13.75706 13.69405
Total D.E. for parent aromatic 11.38658 11. 50086 11.48862
AEgeloc. 1.16089 2.25620 2.20543
AEje10c. (benzene — benzenium ion) 1.14861 2.13878
AAEdeloe. 0.01198 0.11742 0.06665
Total delocalization energies (no «,S Ton 13.68134 13.635081
coupling) Parent aromatic 11.49383 11.48494
AAEqgeloc. ().04873¢ 0.02709
@ Atoms numbered as in Fig. 1. * Carbons bearing quasi-groups always assigned « = —0.0758°; 72,5 = 71,10 = 71,250 = 0.5. Here

and henceforth, a = «°® 4 k3° will be given as o« = kB8° with the understanding that «°, the Coulomb integral for sp2-C, is arbitrarily

scaled to zero.

¢ All tables give Chirgwin~Coulson bond orders and charge densities; cf. ref. 8.

¢ 7.-MO, over sites 9 and 10. ¢ Dif-

ference between this and comparable value of ref. 8 (0.046518°) due to slightly different method of quasi-m-bond order adjustient.

SC(HZCHa)y SC[H(CHa)Z] > SC(CHS)S is found. For the
normal bond distances, Scu, and Sccn,), are computed
to be 0.629 and 0.386, or in the ratio 1.00:0.93. Since
differences of this magnitude should contribute only as
second-order effects, all Squasi values for the alkyls were
taken to have the methyl value, 0.629, considerably
simplifying the computations.!®

iii.—Self-consistent computations on the energies of
the lower lying electronic states for the alkylbenzenes
were made possible by amending the ground state pro-
gram with an automatic aufbau subroutine. The de-
sired energy level occupation scheme is provided to the
computer in terms of how many electrons (0, 1, or 2)
are to be placed in each level taken in the order most
highly bonding to most highly antibonding. This fill-
ing procedure is carried out after each iterated secular
equation solution and prior to the parameter adjust-
ment sequences. In the event of degeneracies (<107
8°), the electrons designated for the degenerate levels
are equally divided among the levels, (This procedure
is to be conceptually distinguished from the general
practice of transferring an electron from one level to
another, usually bonding to wirfual anti-bonding, both
of which correspond to eigenlevels of the ground state.)

4. Particular Model Results and Interpretation

Tables I-III present some typical results obtained
from the calculations. In Table I, the self-consistent
charge densities and bond orders for an alkylbenzenium
ion may be contrasted with the Wheland-Mulliken

(18) The MO eigenfunctions and values for the X2V quasi-group, tetra-
hedrally disposed with respect to the central carbon, are, assuming 8 propor-
tional to S, exp = ax + [4 — Bxx/(1 — Sxx)), and ean, = ax + {Pa +
Bxx — 48xySxy F (62 + 88:xy + Pa[28xx + A + Sxx)))/2}/2P
where A = ax — ayand P = 1 4+ Sxx — 2S%2xy. B and AB specify the
bonding and antibonding fuctions, respectively. The corresponding wave
functions are Yauy = (ex1 — ox2)/[2(1 — Sxv)]¥/2 and ¥ay, = [ney F
(px1 + ex2))/(n? + 2 — 4nSxy + 2Sxx)1/2, leading to S(CX:Y), =
2 cos 8[nScy + Scxlsin8/(n? 4+ 2 — 4nSxy + 2Sxx)!¥? and S(CX2Y1)) =
V2 sin 6 Sex/ (1 — Sxx)!/2. The XCX and XCVY angles are 8, »n, the
normalization constant, depends complexly upon the 8 and S parameters
chosen.

TagBLE 11

CALCULATED SELF-CONSISTENT PROPERTIES OF THE GROUND AND
FIRST EXCITED STATES OF AN ALKYL-SUBSTITUTED BENZENE,

ax,y = —0.38°¢
Ground state Excited state®
Charges on, bond 1(1,2) 0.9733 0.9852 0.9870 0.9597
orders between, 2(2,3) 1.0209 1693 9964 2482
T-sites 3(3,4) 0.9997 6568 1.0098 .3254
4(4,5) 1.0012 .6687 1.0068 8316
5(5,6) 1.0003 6655 0.9965 .3529
6 1.0010 1.0000
9(9,10) 1.0218 0.9999 1.0020 1.0000
10 0.9782 0.9980
Energies of the de- 1.47283(2) 1.47706(2)
localized m-MO'’s 1.39845(2)¢ 1.40817(2)¢
occupation num- 1.20496(2) 1.29499(2)
ber 0.80163(2) 0.80030(2)
0.77644(2) 0.77393(1)
—1.29447(0) —1.30350(1)
Total delocalization
energy 11.48862 9.43147
AE, AEpenzene, AAE
Self-consistent 2.05715 2.13431 0.07716
First iteration 2.07014 2.13107 06093
S.C. virtual orbitals 2.07091 2.13431 06340
@ Footnotes a to d of Table I apply; Sz held at 0.16. ¢ Re-

straint of geometry to that of ground state inakes these bond
orders nouself-consistent with respect to bond lengths.

(first iteration) results. More charge is seen to be
transferred from the alkyl group to the quasi-w-group
formed by protonation, and considerable smoothing of
the ring charges also occurs upon making the calcula-
tion self-consistent. Also, the relative stabilization
energy for reaction, .e., that attributable to the presence
of the alkyl group, is dramatically enhanced by this
procedure. Coupling the « and S elements does very
little in the neutral aromatic, a not surprising result in
light of the minor effects of alkyl substitution on the
resonarnce energies of these molecules. For the ions the
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1 1 1 1 T T
. +
(xY)C-Ar-H L= [ y)c-ar-Hy]

2- DIMENSIONS
7E -
(5 -
st §

10%-(8+AAE)/B°
{- DIMENSION

aH2= -.3 =5

L L | ( L I

0 0.30 o 0.75
-a xzv/ﬁ'

Fig. 1.—One- and two-dimensional model AAE vs. quasi-m-
group Coulomb integral values for the alkylbenzene protonation
reactions.

coupling effect is considerably larger, reflecting the im-
portance of charge leakage from one dimension of the
alkyl group to the other and thence to the ring.
Another refinement of the model was considered.
Some results bearing on this are to be found in the last
column of Table I. Two sources of uncertainty are
involved in adjustment of the overlap integral for the
bond between the ring and substituent alkyl group.
The first is whether the linear adjustment of S with
bond order (p) employed for the ring bonds is applicable
(i.e., S = 0.195p 4+ 0.080) % or for that matter whether a
linear relationship is valid at all. The second arises
from the well known tendency of Hiickel and related
MO theories to overemphasize bonding, as measured by
bond order, between atoms which are ‘‘single-bonded”
in their principal resonance structure (¢f. p»s in buta-
diene).!® Presently lacking means to resolve these un-
certainties, the extreme cases where S.;, structures I
and II, are held at (.16 have been examined. The
latter value is based upon the known bond length in the
neutral aromatics and should represent a minimum in
bonding and therefore also in stabilization in the ions
(i.e., the nonself-consistent S;; should preclude the full
measure of direct HCJ). The results of Table I indicate
this to be so. Of greater general importance is the ob-
servation that the AAE values over the entire range of
quasi-group coulomb integrals run parallel for S,; al-
lowed free variation, compared to S;; held constant at
0.16 (Fig. 1). The ratio, in this order, is 1.7575 =
0.0035. The value of u, eq. 2, as yet unspecified, may
now incorporate this ratio allowing effective inter-
changeability between models. The implication of in-
cluding these refinements (the second dimension and
variation of S with p) on former conclusions reached
for the imethylbenzene basicity series® should not be
overlooked. Values of u ranging between (.9 to 1.6,
necessary to bring the three sets of experimental data
into line with each other, and with theory, may now be

(19) An interesting discussion of this and closely related subjects is to be
found in N. Ham, Rev. Pure Appl. Chem., 11, 159 (1961).
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TasLE 111
RESULTS oF ONE- AND TWO-DIMENSIONAL SELF-CONSISTENT
CALCULATIONS ON A REPRESENTATIVE [SOPROPYL-TYPE
CarsoNIUM lon ForMaTION REACTION?

Structure IV: o = —0.38°, s = —0.5678°, a6 = a0 = —0.38°
One dimension Two dimensions
Charge deficiencies 1(1,2) 0.1847 0.8857 0.1586 0.9005
on,’” bond orders 2(2,3) 0235 4477 L0097 4967
between, w-sites 3(3,4) o086 .5176 4938 5545
4(4,5) L0170 8448 — L0097  .8890
5 .2663 2314
6 o 0576
10 S 0585
Energies of the de- 1.71782(2) 1.90418(1)°
localized m-MO'’s, 1.46717(2) 1.89029(1)¢
occupation num- 0.42911(0) 1.68767(2)
ber 1.48083(2)
1.44219(1)°
1.35492(1)¢
0.36746(0)
Total delocaliza-
tion energy 6.36998(4) 12 .92838(8)
Total localization
energy 5.32537 10.93190
Resonance energy 1.04461 1.99668
Resonance energy
of parent olefin,
e.g., 1-butene’ 0.01327 0.03656
AE 1.03134 1.96012
AE(ethylene —
ethyl ion)® 0.79243 1.88724
AAE 023891 0.07288

¢ Atoms numbered as in structures IV-VI. Total charges
and bond orders computed for two-dimensional case by summing
over these structures. ® Units of —e ¢ 7y, 9wy °Im-
plies am.cx.yy = —0.38° an, = am, = —0.5678°; this isa
sample, not necessarily a final, choice of parameters; see text.

derived solely from the HCJ models in various degrees
of refinement. Theoretical evaluation of the effects
of induction are thereby rendered more uncertain than
was previously suggested.?

Turning from reactivities for the moment, Taft and
Lewis* were able to extend their correlations to the dif-
ferential effects of alkyl groups on the ultraviolet spec-
tra of substituted benzenes. Specifically, the data of
Matsen, ef al.,?* on the frequencies of the O-O transi-
tions were found to exhibit a clear-cut Baker-Nathan
order. Theoretical investigation was carried out em-
ploying the modified ground state program previously
described; a typical result is found in Table I1.?? In

(20) S. Ehrenson, J. Am. Chem. Soc., 84, 2681 (1962). A recent paper by
R. L. Flurry, Jr., and P. G. Lykos, tbid., 88, 1033 (1963), provides an inter-
esting comparison. They employed a modified Pariser-Parr-Pople model
for induction and found a least squares value of 0.69 for p would correlate
the methylbenzene basicity data of Mackor, et al. [Trans. Faraday Soc., b4,
186 (1958)], quite satisfactorily.

(21) F. A. Matsen, W. W. Robertson, and R. L.. Chuoke, Chem. Rev., 41,
273 (1947). The Baker-Nathan order is found both in the vapor and solu-
tion phases. These results should be contrasted with those obtained for
alkyl-substituted nitrobenzenes; c¢f. Shubert, ef al., J. Am. Chem. Soc., 79,
930 (1957), where the spectral shifts in the vapor phase follow the inductive
order. As Taft and l.ewis have pointed out in ref. 4, however, in the latter
studies the spectral bands were not resolved in terms of the Q-0 frequencies.
Substantial inductive effects may be operative in the nitrobenzene transi-
tions reported.

(22) Amplification of several of the details of these calculations is neces-
sary. Since the transitions are vertical Franck-Condon transitions, the
geometry of the excited and ground states mmust be the same. This is
accomplished by by-passing the bond-order-overlap adjustment after
starting with the $.C. ground state geometry. No distinction between
singlet and triplet states {s made, nor is the level splitting due to degeneracy
in henzene considered. The familiar weighted mean state approximation??
is employved under which the transitious of interest for henzene are, {Xo)?-
X}t = (X3)2(X==1)3(X=2) and correspondingly for the alkylhenzenes
X)X ) 2N )2 (K2 2( K3 = (X)X a ) 2X0) X)X (X},

(23) Cf. C. C. J Roothaan and R. S. Mulliken. J. Chem. Phys. 16, 118
(1948).



March 5, 1964

{(X,Y)C-Ar-H |
FIRST 7-7¥ 0-0 TRANSITION

-10%- AAE /B0

400 1Bu iPr Et Me
1l 1 1
0 030 0.75
- ax,y /B’

Fig. 2 —Computed transition energies for the alkyl-substitu-
ted benzenes, referenced to benzene, as a function of quasi-r-
group Coulomb integral.

accordance with intuition, w-electronic charge is seen to
be released from the alkyl group to the ring (>0.01
electron), thereby stabilizing the excited state and
lowering the O-O transition energy relative to that of
benzene. Of further interest, and beyond qualitative
expectations, the release is predicted to occur most
strongly to the ring atom bearing the alkyl group and
somewhat more weakly to the o-positions. The small
transition dipole predicted is in agreement with the
relatively small extinction coefficients noted for these
transitions; from ref. 21, emax <200. Comparing the
AAE results, the two-state model energy is 209, greater
than that of the first iteration or virtual orbital models.
Considering the charge differences between states, this
rather unimportant difference might have been ex-
pected; the w-technique results were computed, how-
ever, to preserve the consistency of approach toward all
phenomena examined.

Table III presents several details on the third of these
phenomena, z.e., on an alkyl carbonium ion presumed
to represent the transition state structure of an olefin
undergoing protonation. The energy and charge re-
distribution effects accompanying the inclusion of the
second w-dimension are the most striking feature of
these results. As was noted for the aromatic ion, -
charge leakage is accompanied by increased stabiliza-
tion of the ion, relative to its parent. Unlike the aro-
matic case, however, the AAE value is decreased under
this refinement. This may be attributed directly to
stabilization of the ethy! ion. The latter gains most
from electron leakage; in the one-dimensional model
the formal positive charge could be spread over only
two w-sites. (Contrast to the reference benzenium
ion!) As for the charges, details of the interdimension
leakage are essentially summarized by the deficiencies
noted in the wy-quasi-atom sites 6 and 10. Some of this
charge goes directly to relieve the deficiency on the
central atom 3: a good bit more goes indirectly to the
same purpose by increasing the bond orders 2-3 and
3_4.24

(24) Examination of the charges on the terminal quasi-atoms suggests at
first glance that most of the leakage occurs to these positions. 1t should be
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Fig. 3.—One- and two-dimensional model AAE uvs. quasi-r-
group Coulomb integral values for the propylene-type molecule
protonation reactions.

5. Theory, Addition Rules, and the Baker-Nathan
Effect

General results bearing directly on the Baker—Nathan
effect are now considered. In Fig. 1, the variation of
AAE for alkylbenzenium ion formation with Coulomb
integral of the alkyl quasi-group is shown. It is ap-
parent from these results that the greater the electro-
positivity of this group, the more favorable is the proton-
ation reaction predicted to be. Therefore, if the Baker—
Nathan order is to be followed, we must conclude ame
< apt < aipr < appue.  Upon examination of Fig.
2, the same conclusion is demanded if the decreased
experimental red shift in passing from toluene to f-
butylbenzene is recognized. The variations in extine-
tion coefficient observed by Matsen?®' for the series
are likewise in agreement with this conclusion. These
are especially useful results in that the electronic re-
arrangements involved in these transitions are felt to be
essentially conjugative? and uncomplicated by the
possibility of appreciable inductive effects, which may
complicate reactivities. Figure 3, representing the
energetics of Markownikoff olefin protonation, like-
wise requires this ordering of Coulomb integrals if we
are to accept a Baker—-Nathan order for these reactions.
The results are clearly consistent. The question arises
whether they agree with chemical intuition otherwise
obtained as to the effects, individual and total, of the
alkyl groups as substituents.

Perhaps the most immediate query concerns ration-
alization of the inductive order, which is the reverse of
the HCJ order and seemingly in disagreement with the
Coulomb order presented above. If only quasi-n-
effects of the alkyl groups are to be considered, the op-
posed HCJ and inductive effects would be difficult to
rationalize on the basis of the present models. That a

recognized, however, that these sites are themselves involved in construction
of sites 6 and 10, suggesting such a conclusion to be unwarranted

(25) Cf. J. R. Platt, J. Chem. Phys., 19, 101 (1951); 1. Goodman and H.
Shull, $bid., 37, 1388 (1957).
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quasi-g-bond necessarily accompanies the formulation
of quasi-7-bonds from the formally tetrahedral CX,Y
group must, however, not be overlooked. And it is to
this g-bond that the bulk of inductive effects must be
attributed. If, now, the possibility of differing orders
of electropositivities for the quasi-¢- and =-bonds over
the alkyl group series is allowed, the inductive and HC]J
orders are easily rationalized. That such a difference
may exist is a corollary to Mulliken’s intramolecular
two-way charge transfer theory,® and is in harmony
with the variable orbital exponent results of refined
SCF theory for electrons in trbitals with the same prin-
cipal quantum number.?

Some semiquantitative arguments may be advanced
to show that these bond properties may very well vary
in the proposed manner. Muller and Mulliken® have
shown that a rough measure of the electronegativity of
quasi-7- and g-groups may be had from their respective
ionization potentials, the latter being computed from
the appropriate bonding and antibonding character of
the quasi-MO'’s (see also section 3 iia). For simplifica-
tion the (H,) and (CHj;), groups are examined.

(ar)u « In=nu = Iy. = Ban (1 = Sun) (3)

and

(ar)icry: * lemy=cH, = Ions. £ Bemcens (1 F Scrgens)  (6)
-2

Now, if Ispien, < 1y, as seems likely,® and Suy = —2
ev., Sun =~ 0.25,Y then |Bcucu,/ (1 + Scucn,); would
have to be greater than 1.6 e.v. to make the CH;-
CH; quasi-o-group more electronegative than the cor-
responding H-H o¢-group. Considering the CH;-CHs,
distance in the ¢-butyl group, for example, (>2.6 A.)
and the necessary twist to align bonds (~71°), this
value would seem unreasonable.

Opposing inductive and HC]J orders appearing con-
sistent with the MO model, at least as far as it now
seems possible to argue, the question of scaling the
alkyl group parameters arises. If amu, 1s —0.38°
relative to sp2-carbon, acuy, must be less than —0.38°,
with the other alkyl parameters, following previous
arguments, intermediate between these values. Some
more precise estimates are available upon examina-
tion of the Taft equation results. For a large number
of reactivities correlated by the latter, a C-H to C-C
bond resonance effect ratio, hu/Ac, essentially constant
at a value of 1.3, is found. Since, in Taft’s notation,
R = nyhuy + nchc = log k?/k° — I, the various R
ratios and, therefore, hy/hc are directly equatable to
the AAE’s.  For methyl and {-butyl

3ku/3hc = hu/hc = AAE(Me)/AAE(:-Bu) = 1.3

With agy, equal to —0.38°, acny, values of —0.088°,
—0.028°, and —0.048° are derived from the one- and
two-dimensional alkylbenzenium ion aud ultraviolet
transition results, respectively. These are satisfactorily
consistent results, in harmony with foregoing argu-
ments relating « to the ionization potentials of constit-
uent atoms or groups. (1Viz., Icu,cu, should be from
this result approximately equal to Isp.c or ~11 ewv.
I B/(1—S) = 1-15 ev,, then I e, = 12-125 ev,,
or ~2 ev. higher than the ionization potential for

(26) R. S. Mulliken, Teirahedron, 8, 253 (1959).

(27) M. J. S. Dewar, ref. 2a, pp. 35-40, argues a closely related point,
{.e., how can aH;, being less than zero in the HCJ model, account for methyls’
donor ability by induction. Overlooking the quasi-e-bond, he concludes the
HCJ model is responsible for the apparent anomaly.

(28) N. Muller and R. S, Mulliken, J. Am. Chem. Soc., 76, 4770 (1954).

(29) Isp2cHz < 10 e.v. Distortion of the isoelectronic radical ion NHs*
from its planar ground state to a pyramidal structure (110°) should require
less than 0.4 e.v. according to J. Higuchi, J. Chem. Phys., 28, 2197 (1955);
24, 535 (1956). Assuming the same energy difference for CHg, planar to
tetrahedral, more than 4 ev. difference would have to exist for CHs* to
have I'g < IspiCHa
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the planar methylradical; Suu/(1 — Suu) = 2.7e.v.)

Comparison with the aliphatic ion results, Fig. 3,
is now pertinent. With accnu,, equal to —0.058°,
an average of the previously obtained values, AAE(Me)-
/AALE(t-Bu) equals 1.24 and 1.30 for the one- and two-
dimensional calculations. Again internal consistency
is found; interestingly, here the empirical results would
not have led one to expect it. Taft and Kreevoy??
found larger ratios for the few olefin addition reactions
which have been studied. For acetal and ketal hy-
drolyses and substituted ethylene and carbonyl func-
tion hydrogenations, iu/%c values on the order of 2
were found. However, it should be noted that these
cases do not conform as well to the prototype reaction
as the aromatics do to theirs, and that a much smaller
amount of data is awvailable. Further, concern over
the use of enthalpies in the H, addition correlations,
and over the method of separation of inductive effects
in these systems,®! make these high ratios suspect.

From the results obtained here, which are essentially
independent of the degree of refinement of the model
and totally independent of choice of values for u and 8°,
the suggestion is made that Au/Ac is constant for all
reactions where HCJ may be expected to play an im-
portant role. The value of 1.3 is empirically and semi-
theoretically acceptable; the w-Coulomb integrals for
Me, Et, i-Pr, and {-Bu are therefore taken to be —0.30),
—0.22, —0.14, and —0.058°, respectively.

An interesting absolute energy comparison is easily
obtained from Fig. 2. The bathochromic shift of
toluene relative to f-butylbenzene is ~ 210 cm.~! or
0.026 e.v. and is well correlated by the R terins alone
in the Taft equation.* The corresponding theoretical
difference is —0.0168°, or 0.042 e.v., in good agreement
with experiment. A p-value of 0.62 applies; values
less than unity are generally required for fitting =-
electron theory results to spectra, a trend which is not
changed by imposition of the w-technique or the two-
state model.

Table IV presents complete results from the olefin-
protonation calculations and raises several further
points of interest. Most striking are the energetics
predicted for the anti-Markownikoff additions. As-
suming protonation of the propylene-type olefins in
the substituted position results in conventional #-
propyl-type carbonium ions, a correct Markownikoff
order is obtained (z.e., protonation takes place preferen-
tially at the position of minimum alkyl substitution).
Similarly, the Saytzefl-Wagner rule is also confirmed,
in that in the 2-butene-type reactions, the proton
preferentially adds to the carbon bearing the least
electropositive alkyl, z.e., {-butyl.

That the rates of formation for the n-propyl-type ions
are predicted to be slower than for the reference ethyl
ion 1s, however, a less satisfactory result in terms of
general chemical intuition. Invoking HC]J as the only
driving force for these reactions, and assuming only
conventional carbonium ion transition states, one may
easily show that such a result is demanded. The
group (Hs, CX,Y) is less w-electropositive than (Hs)
and must therefore stabilize the #n-propyl ions, which
are for the purposes of the HCJ model merely o-

(30) R. W. Taft, Jr,, and M. M, Kreevoy, J. Am. Chem. Soc., 78, 4011
(1957); 77, 5590 (1955).

(31) R. W. Taft, Jr., private communication. Part of the prohlem may
lie in the relation of X as substituent when bonded directly to the olefinic
system compared to when a methylene group is interposed. A related point
regarding definition of substituent and standard in previous theoretical
works deserves mention. There, quasi-groups formed by protonation of the
methylbenzenes were erroneously considered as legitimate !.f e. substituents.
The correct Ag/hc ratio was fortuitously obtained from these groups even
though the electropositivity of (H:, CHa) was then assumed to be greater
than that of (Hs)!
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TABLE IV

SELF-CONSISTENT 7-ELECTRON ENERGIES FOR PROPYLENE,
2-BUTENE, AND [SOBUTYLENE-TYPE OLEFIN PROTONATION

ReacTIONS®
Propylene-type® (X,Y)CHC=CH,
———————— 102 X AAR—————
—Isopropyl ion— — n-Propyl ion®-
aXyy 1 Dim. 2 Dim. 1 Dim. 2 Dim. Cyclic?4
0 21.61 11.15 —3.75 —4.96 ...
-0.15 24.38 13.35 —3.77 —5.06 22.83°
- .30 27.27 15.64 —3.92 —5.22 24.06
- .567 32.81 19.93 —4.68 —5.45 25.80
2-Butene-type,° (XQY)CHC1=C21HC(X2Y)
~——————Protonation position—
1 2 — 1 — 2~
aXsY aXyY 1 Dim. 2 Dim. 1 Dim. 2 Dim.
0 0 1813 7.34
—0.567 30.18 16.47
—0.15 0 1816 7.11 21.50 10.08
’ —~0.567 30.20 16.23 20.66 9.39
— 30 0 18.00 6.95 24.50 12.11
' —~0.567 30.05 16.09 23.66 11.62
— 367 — .567 29.34 15.98
Isobutvlene-type,” C(X,Y)C(X,Y)C=CH;
aX,y = —0.38° —~———=0.158°—
ax,y 1 Dim. 2 Dim. 1 Dim. 2 Dim.
0 41.36 31.95 38.86 30.10
-0.15 43.26 32.76 41.12 31.96
- .30 45.32 34 .66 43.26 32.76
- .367 49.29 38.87 47.40 37.08
s Referencesto the ethylenereaction; AE(ldim.) = 0.69615(2
dim.) = 1.73591. agm; = am = —0.30. Allenergies and Coulomb
integrals in units of B°. bamgexey = —0.15 ¢ a@exyy =

1/(—0.15 + —0.3) = —0.225. < Represents maximum stabili-
zation through choice of symmetric cyclopropanium ion struc-
ture (see text). Computations are l-dimensional. ¢ Extrap-
olated from the other two values given. 7 All protonations are
Markownikoff.

modified ethyl ions, less than the reference ethyl ion is
stabilized by the (Hs) group.

Several ways of rationalizing this apparent anomaly
merit discussion. The first and probably weakest is
that chemical intuition is incorrect. There seem to
have been no experimental results published where
anti-Markownikoff products were detected in the
proven absence of other addition mechanisms, ¢.e.,
radical additions.?? Little may be concluded, however,
from this lack of information; even if the energetics
were the same as for ethylene, the rate would still be
107 that for isopropyl ion formation (from Table IV
with @« = —0.38° and 8° = —60 keal.).

If chemical intuition is correct, important effects of
induction, formally ignored in the present models,
must be considered. The inductive order as previously
noted is in the correct direction to reverse the HC]J-
imposed order. It should be noted at the same time
that a massive inductive effect must be postulated, if
the results of Table IV are accepted as reasonable
estimates of HCJ. Again, employing the dual sub-
stituent linear free energy equation, with ¢* values for
methyl and ethyl relative to hydrogen as standard,
a p* ~—40 (1 dim.) or ~—350 (2 dim.) is necessary to
bring the #-propyl ion formation rate up to that for the
ethyl ion. To have the n-propyl rate intermediate be-
tween the ethyl and isopropyl ion rates requires a p*
~—200. These magnitudes are much too great, even
if HC]J is overestimated by a factor of two, as the ultra-
violet spectra correlation tends to suggest. On the
other hand, the p* necessary to put the propylene and
1-butene results of Table IV on Taft's scale is ~—15,

(32) M. S. Kharasch and co-workers, J. Am. Chem. Soc., 86, 1782 (1934),
and other papers, claim exclusive Markownikoff addition of halogen acids
to various olefins when radical reactions are suppressed.
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(~—8 employing the above-mentioned HCJ factor),
assuming no inductive effect. Whatever the latter
effect contributes would decrease the magnitude of
p*.%* We may conclude, then, that while induction
should play some part in the ordering of the reactivities
considered, its neglect is not likely to be solely respon-
sible for the anti-Markownikoff results obtained.
Another and most intriguing way the z-propyl ion
can be stabilized is through a cyclic or nonclassical
carbonium ion structure in the transition state. In

+
(X,Y)=C_ o H (XoY)=Cee M
H-C—C W= C=(
H H o’
wr pas

the symmetry limit and with X,V being Hj;, this struec-
ture represents protonated cyclopropane, a close rela-
tive of the previously examined benzenium ion. Much
attention has been paid to this and similar structures
in an attempt to rationalize various carboniun ion
reactions in the vapor as well as solution phases.?*
Considerable controversy surrounds the question of
their importance; the existence of at least one such ion
seems to have been demonstrated, however.%

Carrying out one-dimensional calculations with the
(Hs) and (Hj;) groups permitted to hyperconjugate,
the results in the last column of the first section of
Table IV were obtained. Because of the relative crude-
ness of these computations (e.g., the symmetrical struc-
ture was used, aromatic bond order, charge density
adjustments were made, and no consideration was
given to ring strain), no quantitative or even semi-
quantitative conclusions are possible. Nevertheless,
it seems quite plausible, from these results, that such
structures may appreciably stabilize 8-alkyl substituted
carbonium 1ions, relative to those not so substituted,
where three or more carbon ring structures are not
possible.

Several other results on the olefin-alkyl ion systems
deserve mention. The AAE variation with « is very
nearly linear, Fig. 3, as contrasted with the noticeable
upward concavity for the aromatic series, Fig. 1. The
reason for this is not apparent; perhaps it is due to the
essential intra-ion uniformity, a factor which so compli-
cated the formulation of models for these entities.

The formation of the n-propyl-type ions from pro-
pylenes and isopropyl-type ions from the 2-butenes
involves localization of quasi-w-electrons when the
groups (H,, CX,Y) are formed. The AAE differences
over the various (X,Y) groups, Table IV, are then
simply reflections of the differences in the energies of
the parent olefins. And, finally, in the isobutylene
reactions to form ¢-butyl-type ions, approximate addi-
tivity of HC]J effects upon multiple substitution is
found. In general, a slight leveling is noted in the one-
dimensional results while a slight enhancement is
found using the two-dimensional model. Either result
thereby agrees with the linear free energy correlation
conclusions for multiple substitutions.

6. Conclusions

From the results reported herein and previously by
the author,®® it appears that hyperconjugation may
play an important or even dominant role in the rates

(33) Large negative p's have been reported for electrophilic aromatic
reactions, ¢.g., —12 for the bromination {Br2) of henzenes. (f P. B. De
la Mare, J. Chem. Suc., 4450 (1950). Taft and Kreevoy?® have found p*
= —3.6 in acetal and ketal hydrolyses.

(34) Cf. P. N. Rylander and 8. Myerson, J. Am. Chem. Soc., T8, 5779
(1956); P. S. Skell and 1. Starer, bid., 84, 3962 (1962); P. D. Bartlett,
E. R. Webster, C. E. Dills, and H. G. Richey, Jr., Ann., 628, 217 (1959).

(33) P. von R. Schleyer, D. C. Kleinfelter, and H. G. Richey, Jr., J. Am
Chem. Soc.. 85, 479 (1963).
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of, or positions of equilibrium for, some carbonium ion-
forming reactions. HC]J models of various degrees of
refinement all indicate this effect to be important, at
least for the reactions where isovalent hyperconjuga-
tion may be invoked. From prototype protonation
reactions considered, empirical reactivity rules (i.e.,
Baker-Nathan, Markownikoff, and Saytzeff-Wagner)
and the results of linear free energy equation correla-
tions are found to be fairly well represented by theory.
Consistency is also noted for the theoretical explana-
tion of the ultraviolet red shifts accompanying alkyla-
tions of benzene. Operational distinctions between
the one- and two-dimensional HCJ models, with or
without various refinements, are not possible from the
work reported here; it is gratifying in a sense that the
general conclusions forthcoming are independent of the
“goodness’’ of the model.
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These results are generally consistent with the assign-
ment of greater w-electropositivity to the methyl (H;)
than to the ¢{-butyl (CH;)s quasi-w-group. It does not
seem unlikely, at the same time, that this order is dif-
ferent for the quasi-o-groups, which, it is felt, operate
quantum chemically in terms of induction. The pos-
sibility that such inductive effects are also important
in stabilizing carbonium ions is suggested from the ap-
parent anomalous ordering of the #n-alkyl »s. ethyl ions
by the HCJ models. That cyclic or nonclassical
structures may also influence the energetics of such
ion-producing reactions should also, it appears, be
seriously considered.
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Carbanions. VII.

Cleavage of 2,2-Dimethylpropyl-, 2,2,2-Triphenylethyl-,

and 3,3,3-Triphenylpropyltrimethylammonium Iodides by Sodium in Liquid Ammonia’

By ERLING GROVENSTEIN, JR., AND LyNN CarLoway ROGERS

RECEIVED SEPTEMBER 3, 1963

The cleavage of 2,2-dimethylpropyltrimethylammonium, 2,2,2-triphenylethyltrimethylammonium, and
3,3,3-triphenylpropyltrimethylammonium iodides with sodium in liquid ammonia at —33° gives statistically
corrected ratios of products, 3(RH)/(CHy), for cleavage of the large alkyl group »s. methyl of 0.0125 %+ 0.0020,
10,000 == 2000, and 92 = 16, respectively. These results are accounted for on the basis of cleavage of groups
as carbanions, with electronic rather than steric factors being of dominant importance in determining the ease
of cleavage of groups. While the product from cleavage of the 2,2-dimethyvlpropyl group was simply 2,2-di-
methylpropane, that from cleavage of 2,2,2-triphenylethyl was mostly 1,1,1-triphenylethane accompanied by
some 1,1,2-triphenylethane and diphenylmethane. The 1,1,2-triphenylethane is believed to be formed by
rearrangement of the 2,2,2-triphenylethyl carbanion. It was shown that diphenylmethane (along with toluene)
could result from cleavage of 1,1,2-triphenylethane. Reaction of 2,2,2-triphenylethy! chloride with sodium in
liquid ammonia gave similar products to those obtained {rom 2,2,2-triphenylethyltrimethylammonium iodide
except that appreciable triphenylethylene was also formed. Reaction of 2,2,2-triphenvlethyltrimethylam-
monium iodide with molten sodiuin in boiling dioxane gave very different ratios of products from those produced
in liquid aminonia. It was demonstrated that at the boiling point of dioxane, 2,2,2-triphenylethyltrimethyl-
ammonium iodide is decomposed partially to methyl iodide and N,N-dimethyl-2,2,2-triphenylethylamine.
Reaction of 2,2,2-triphenylethyltrimethylammonium iodide with sodium or potassium amide gave, under ap-
propriate conditions, an excellent vield of N,N-dimethyl-3,3,3-triphenylpropylamine and a little triphenyl-
ethylene. The foriner seems to be formed by a Stevens rearrangement and the latter by an «-elimination
with rearrangement. Cleavage of the 3,3,3-triphenylpropyl group from 3,3,3-triphenylpropyltrimethylam-
monium iodide by sodium in liquid ammonia gave much 1,1,1-triphenylpropane accompanied by equimolar

amounts of ethylene and triphenylmiethane.

The first product appears to result from protonation of the 3,3,3-

triphenylpropyl carbanion and the latter products from a fission reaction of this carbanion.

On the basis of studies of the cleavage of tetraalkyl-
ammonium halides by sodium in dioxane?* and in liquid
ammonia,’ it was concluded that methyl and higher
primary alkyl groups (Et, #-Pr, #-Bu) probably cleave
from nitrogen as carbanions while secondary and ter-
tiary alkyl groups predominantly cleave as free radi-
cals. While the relative rates of cleavage are primarily
due to the destabilizing or stabilizing effect of «-alkyl
groups, respectively, upon incipient carbanions or
radicals in the transition state for cleavage, calculations
indicate that in some cases steric acceleration may be of
importance. The present work was undertaken in
order to study further electronic and steric effects in
cleavage of primary alkyl groups. Toward this end,
2,2-dimethylpropyl-, 2,2,2-triphenylethyl-, and 3,3,3-
triphenylpropyltrimethylammonium iodides have been
cleaved by sodium in liquid ammonia.

Reaction of 2,2-Dimethylpropyltrimethylammonium
Iodide with Sodium in Ammonia.~—This quaternary

(1) Presented in part at the Symposium on Carbanions, 144th National
Meeting of the American Chemical .Society, Los Angeles, Calif,, April 2,
1963, For ntore complete experimental details see the M.S. thesis of L. C.
Rogers, Georgia Institute of Technology, September, 1962,

{2) (a) E. Grovenstein, Jr., E. P. Blanchard, Jr., 1>. A, Gordon, and R
W. Stevenson, J. Awm, Chem. Soc., 81, 4842 (1959); (b) E. Grovenstein,
Jr., and R. W. Stevenson, bid.. 81, 4850 (1959)

ammonium salt was completely soluble in the liquid
ammonia solutions used. The results from reaction
with sodium in liquid ammonia are recorded in Table I.
Only methane and neopentane were found in the
gaseous hydrocarbons produced in these reactions.
Identification of products was based on retention times
in vapor phase chromatographic analysis. Under the
conditions employed, methane and neopentane could
be readily distinguished from 2-methylbutane, 1,1-di-
methylcyclopropane, n-pentane, and 2-methyl-2-butene.
3-Elimination, which has always previously®® been a
side reaction in cleavage of n-alkyl groups from quater-
nary nitrogen under similar conditions, is impossible in
the present case because of absence of B-hydrogen
atoms. The absence of detectable amounts of 1,1-
dimethylcyclopropane and 2-methyl-2-butene demon-
strates in the present cleavage that reductive fission of
alkyl groups takes place more readily than «-elimina-
tion which would be expected to give rise to such prod-
ucts.?

The ratio of neopentane to methane from cleavage
of 2,2-dimethylpropyltriunethylammonium iodide, after
multiplication by a statistical factor of three to correct

(3) L. Friedman and J. G. Berger, sbid., 82, 5758 (1960); 88, 492, 500
(1961); P. S. Skell and A, P. Krapcho, ibid., 88, 754 (1961)



