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Concerning Negligible Aqueous Solvent Effects on
Proton Transfer Equilibria of Aryl Carbocations!

Sir:
Utilizing pulsed ion cyclotron resonance spectroscopy,>

accurate determinations of equilibrium constants, K(g), for
reaction 1 in the gas phase have become available.? Com-

NH,* + :B == HB' + :NH; (1)

parison- with corresponding equilibrium constants in aque-
ous solution K(.q), provides a quantitative evaluation of the
medium effect of water on the proton transfer equilibrium
(1), i.e., K(g)/K(aq). For simple alkyl and aryl substituted
amines, medium effects 5-17 powers of ten are found.}#
These very large medium effects for proton transfer be-
tween neutral molecules are primarily associated with dif-
ferential cation solvation.3* With careful balance achieved
in cation solvation,* the medium effects of water (and of
acetonitrile)*® may be reduced to less than one power of
ten.

We wish to report the observation of extremely large me-
dium effects of water (K(g)/K(aq) = 102%) for reaction 1
with carbon base precursors of aryl carbocations. Such ions
as a class are apparently poorly solvated (the hydration en-
ergy may be estimated“ at about 50 keal) due to the ab-
sence of exposed atomic sites with appreciable positive
charge. The very extensive delocalization of the cationic
charge throughout such relatively large cations has been
thought to assure this condition and in particular to main-
tain the poor proton donating ability of C-H bonds.* This
picture of cation solvation® has been associated with the
basis for the Deno-Long-Boyd (DLB) Hy acidity function
for carbon bases.5f

The standard free energies for reaction 1 in the gas
phase, 6R AG®;(g), have been obtained by the method re-
ported previously using standards developed in prior
work.® The results are listed in Table I together with the
corresponding aqueous standard free energies, dr AG®;i(aq).
The values of 6r AG°iaq) are based upon measurements in
acids ranging from dilute aqueous to about 90% (wt)
H,SO,. The latter have been extrapolated to the former
condition by use of the DLB Hj function.” It will be noted
that there is a nearly constant difference (A) of ~35 + 1|
keal (i.e., K(g)/Kaq) = 10%%) between the corresponding
free energy changes. Although pyridinium ions in general
give very much smaller solvent effects for reaction 1, a spe-
cial one, 2,6-di-tert-pyridinium,® is found to give the same
solvent effect as for the aryl carbocations. Since it is expect-
ed that the rert-butyl groups will completely hinder aque-
ous hydrogen-bonding to the N: and the NH* groups, this
conjugate acid-base pair meet the same criteria for poor
solvation of the acid-base pair as for the aryl carboca-
tions.3¢

The following points may be singled out for specific com-
ment.

(I) A plot of the —8rAG®g vs. corresponding
—8RAG%(5q) values from Table I is linear with approxi-
mately unit slope and intercept, A = 35 kcal. Thus, for

C(;HSCHMe* + Rc - RCI'I+ + CGHSCH:CHZ (2)
(R, = carbon base)

reaction 2, a range of structural effects of ~23 keal is ac-
companied by essentially no solvent effect (Ka(g)/K2(aq) o
1). Although dr AG®;(.q) values are unavailable for nonaryl
and less stable aryl carbocations, we believe it is unlikely
that this striking result applies to them (cf. point 5 below).

(2) The DLB acidity function has been confirmed by our
measurements in the absence of solvent as a valid measure
of intrinsic effects of molecular structure on protonation of
carbon bases leading to aryl carbocations. In view of the
large medium effects observed?:10 for proton transfer equi-
libria with other classes of bases, B, this result appears lim-
ited to the DLB acidity function.

(3) The present results are analogous to the findings of
Chandhuri, Jagur-Grodzinski, and Swarc!! that the free
energies of formation of free aryl carboanion radicals by re-
duction of polynuclear aromatic hydrocarbons are essential-
ly the same in the gas phase and in solutions of tetrahydro-
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Table I, ArylCarbocations: Gas Phase and Aqueous Basicities, Relative to NH,

Carbon base Aryl carbocation —8RAG j(g)? —8RAG j(ag)® AC
Styrene CH,CHMe* -2.0
a-Methylstyrene C,H,CMe,* 3.4 ~—31¢b ~34
Hexamethylbenzene Me,C HMe** 4.5 —30.7¢% 35.2
1,1-Diphenylethylene (C,H,),CMe* 7.9 —26.8¢% 34.7
Azulene l.@) 21.2 —14.9%—f 36.1

H H

2,6-Di-tert-butylpyridine Opn 26.4d —7.74%b 34.1

a Standard free energy change for reaction 1 in the gas phase, kcal mol™, 298°K. b Standard free energy change for reaction 1 in aqueous
solution, obtained from pK values of cited references and pK = 9,24 for NH,*. ¢ A = —8 R AG () + 6RAGj(aq) = 1.36 10g(K (g)/K (aq))- ¢ We
are indebted to Professor D. H. Aue for communicating to us their similar unpublished result.

furan. Here again charge delocalization is so extensive in
the aryl carboanion radicals as to effectively eliminate hy-
droge:n E'Jonding or other “chemical” solvation at specific
atomic sites.

(4) The introduction of heteroatoms in the aryl carboca-
tion-conjugate base pair may frequently lead to deviant be-
havior. Thus, for example, 1,3,5-trimethoxybenzene differs
by ~4 kcal from the behavior in Table I (—8r AG (g =
15.8; —0RAG®j(aqy = —23.2;%" A'= 39 keal). This deviation
may be attributed to hydrogen bonding between the acidic
medium and the methoxy groups of the base. A figure of
~1 kcal/OCHj for the standard free energy change for
such an interaction appears reasonable.!2 Since such hydro-
gen bonding will be strongly reduced in the trimethoxyben-
zenium ion, the heteroatom effect in this example is associ-
ated principally with the free base. With an OH substitu-
ent, for example, hydrogen-bonding theory anticipates a de-
viation (in the opposite direction) caused primarily by hy-
drogen bonding in the cationic state.!> As noted above, the
behavior of 2,6-di-ters-butylpyridine in Table I represents
very special rather than general behavior for a heteroatomic
system 8¢

(5) The aryl carbocations of Table I involve a variety of
structures. The common behavior suggests a cationic heat
of solution in water of ~50 kcal as a rough estimate for lim-
iting physical ion-dipole and ion-induced dipole solvation of
the generally accessible univalent cations which do not in-
volve specific cation-molecule “chemical” bending, Specif-
ic bonding interactions leading to heats of hydration ex-
ceeding this value include H bonding of water molecules
with acidic protons of the cation’® and Lewis acid-base
bonding,!%e.g.,

\/
HZO---(II---OHZ“

Thus, solvation energies (as indicated by activity coefficient
behavior) for stable aryl carbocations, tetra-s-butylammo-
nium and tetraphenylphosphonium ions are very similar but
are distinctly smaller than for H bonding cations, e.g., anil-
inium ions and hydrated K+ and Ag* ions.5' Both the ion-
ization of HONO,!3 to NO,* and HONO!% to NO* have
been shown by Deno to approximately follow the Hgr acidi-
ty function based upon hydration of triarylcarbonium ions
indicators.!” The large triarylmethyl cations and the small
NO* and NO,* cations have only one apparent common
structural feature dictating the suggested similar but poor
solvation, i.e., no acidic protons. The behavior of NO* (in
particular) is illuminating in suggesting that large cationic
solvation energy may depend upon more subtle consider-
ations than the presence of exposed charge localized at such

relatively small atomic centers as those of oxygen and nitro-
gen,

(6) While the 10%5 medium effects of water reported here
are extremely large for proton transfer equilibria between
neutral bases, even larger solvent effects may be anticipated
if more highly solvating cations replace NH4* in reaction 1
and water is replaced by more basic solvating solvents,
Thus, for example, it may be crudely estimated from avail-
able data that the medium effect of water is ~1033 for the
proton transfer equilibrium

H,0* + azulene == azulenium ion + H,O
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The Lowest Singlet State of Planar
Trimethylenemethane

Sir:
Two calculations!:2 have appeared that predict for singlet
trimethylenemethane a large (>1 eV) barrier to the rota-

tion of the nonconjugated methylene group from the ortho-
gonal (1) to the planar (2) geometry. In contrast, in a re-

H H H H

H H H H
2

1

cent theoretical study Yarkony and Schaefer? found a much
smaller (2.8 kcal/mol) barrier to rotation in the lowest sin-
glet, provided that the symmetry of the wave function for
the planar geometry was allowed to relax from Dip to Cy,.
The latter result is in much better accord with the experi-
mental observation that racemization competes with rear-
rangement in chiral methylenecyclopropanes.*3 This com-
munication shows that the Yarkony-Schaefer result is, in-
deed, correct and can be readily understood on the basis of
previously published work.®

In fully delocalized D3, trimethylenemethane, it is im-
possible to find a combination of degenerate molecular or-
bitals that do not both have amplitude on at least one com-
mon atom. In the lowest singlet state, where the two elec-
trons in these orbitals have opposite spin, the Pauli exclu-
sion principle does not prohibit the simultaneous occupancy
of an AO common to both MO’s. Therefore, the wave func-
tion for this state contains ionic terms, corresponding to the
simultaneous occupancy of the same AO by the two elec-
trons in the degenerate MO’s. These terms are of high ener-
gy, because of the large value for the one-center electron re-
pulsion integral. If, however, one methylene group in the
molecule is twisted, as in 1, so that the wave function be-
comes that for an allyl radical plus an electron essentially
localized in a p orbital, then the two nonbonding orbitals
have no atoms in common, and the high energy ionic terms,
present in the wave function for the fully delocalized sin-
glet, are absent. The resulting decrease in the electron re-
pulsion energy has been calculated to be greater than 2 eV.%
Although this decrease in two-electron energy is achieved
only at the expense of raising the one-electron energy from
24/38 to 2+/23, the former effect is larger in magnitude
than the latter, and it has been used?® to explain the large
barrier calculated!-2 for conversion of orthogonal 1 to fully
delocalized singlet trimethylenemethane.

It is crucial to note, however, that it is not the geometry
(i.e., the spatial relationship between the orbitals) of 1 that
lowers its energy relative to that of the fully delocalized pla-
nar singlet, but rather the fact that the nonbonding MO’s of
1 have no atoms in common, Provided that the wave func-
tion in the planar geometry (2) is essentially the same as
that in the orthogonal one (1), namely that of allyl plus an
electron localized in a p orbital, the energy of 2 will be ap-
proximately the same as that of 1. Since the wave function
for allyl plus p has only Cj, symmetry, its utilization in 2
necessitates a reduction in the symmetry demanded of the
wave function for 2 from the D3, symmetry of fully delocal-
ized trimethylenemethane. This explains the large drop in
energy, calculated by Yarkony and Schaefer,® when the
symmetry required of the singlet wave function for 2 is re-
laxed from D3j to Cy,. Indeed, comparison of the MO’s for
singlet 2, with D3, and Ca, symmetry required of the total
wave function, reveals the expected change from the MO’s
of fully delocalized trimethylenemethane to essentially
those of allyl plus p.”8

The failure of previous calculations!-? to predict correctly
the energy required to convert 1 to 2 arises from their fail-
ure to arrive at the correct wave function for planar singlet
trimethylenemethane. Calculations that employ the half-
electron! or Nesbet? method for dealing with open-shell sys-
tems lead to the same set of MO’s for singlet as for triplet
states. However, in planar trimethylenemethane the proper
MO’s for the two states are quite different. The triplet does,
indeed, utilize the familiar set of trimethylenemethane
MO’s that gives a fully delocalized D3, wave function,?
since the two electrons in the nonbonding MO’s have the
same spin and so are kept from simultaneously appearing in
the same AO. Because no such exclusion prohibition exists
for these two electrons in the singlet, the fully delocalized
D3y, wave function contains high energy ionic terms, and the
optimum MO’s for the planar singlet are essentially those
of allyl plus a p orbital.® Although the pitfalls in computing
wave functions for open-shell atoms with SCF methods that
lead to the same orbitals for triplets and singlets have been
noted previously,!® the case of the lowest singlet state of
planar trimethylenemethane provides a striking example of
the spurious results that can be obtained in calculating
wave functions for open-shell molecules.
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