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The Proton Affinities of Toluene 

Sir: 

There are, at least count, four likely alternatives for the 
structure of protonated toluene. In addition to those geome
tries in which the proton has associated itself with the ring 
carbons ortho, meta, or para to the methyl, there is the pos
sibility of protonation directly at the site to which the alkyl 
group is affixed to the ring. Protonation in the center of a 
carbon-carbon bond or directly above the aromatic ring 
seems unlikely in light of previous investigations.2 In super
acid media, toluene appears to protonate preferentially para 
to the methyl.3 At temperatures below —97 0 C, the N M R 
data are consistent with this being the only form present; as 
the temperature is raised the chemical shifts for the ring 
protons coalesce into a single line, indicative of rapid equili
bration among the possible ions. The activation energy of 
such a process, presumably proton rather than methyl mi
gration,4 has been estimated by the temperature depen
dence of the 13C spectrum to be 10 ± 1 kcal/mol. 

In this communication, we apply experimental pulsed ion 
cyclotron resonance (ICR) spectroscopy5 and ab initio mo
lecular orbital theory6 in an attempt to assign which of 
these four (most likely) structures is closest to the true 
ground state geometry of protonated toluene in the gas 

phase, and, in addition, to provide estimates of the relative 
stabilities of the remaining (unobserved) positional isomers. 
Assuming, as we shall demonstrate, that methyl substituent 
effects are approximately additive, such a tabulation should 
enable us to calculate the proton affinities of more highly 
alkylated benzenes. The ICR experiment alone, of course, 
provides no indication whatsoever as to the geometrical 
structure of an ion under investigation. Only its mass is 
subject to characterization. Furthermore it is not even pos
sible to ascertain whether the spectrum observed in an ICR 
spectrometer is due to a single ion or to an equilibrium col
lection of two or more positional isomers. In actual practice, 
if the relative energies of such isomers are separated by 
more than a few kilocalories per mole, only the most stable 
ion will be present after several hundred milliseconds in a 
large enough concentration to be detectable. 

We shall start by assuming the following ordering of sta
bilities for the four isomers of ring protonated toluene. This 
is as suggested by quantitative ab initio molecular orbital 
calculations at the minimal basis STO-3G level. Actual the-

Me Me Me M 

oretical values for the four toluene proton affinities (relative 
to that in benzene) as well as the single experimental ener
gy10 (assumed to correspond to protonation para to the 
methyl) are presented in Table I. Using theoretical values 
for all four toluene affinities, and assuming that the effects 
of methyl substituents on the protonation energy of benzene 
are additive, it is possible to assign least energy structures 
to the protonated xylenes.12 The same set of structures are 

Me Me Me 

also predicted by direct calculation (Table I) although for 
para xylene the sole alternative form appears to be of ap
proximately equal stability. It should be emphasized that 

the numerical values of the xylene proton affinities arrived 
at by the simple additivity relationship.are nearly identical 
with those obtained by direct calculation. 

Relative proton affinities for the isomeric xylenes have 
also been determined by ICR spectroscopy and are also pre
sented in Table I. Again assuming additivity of methyl sub
stituent effects, these data enable us to arrive at approxi
mate experimental values for the energies of protonation of 
toluene, ortho, meta, and ipso to the alkyl group. Thus, sub
tracting the relative proton affinity of toluene from that of 
w-xylene leads to an experimental estimate of 6.0 kcal/mol 
for the effect of an ortho methyl substituent on the proton 
affinity of benzene. Such a value is in reasonable agreement 
with the calculated relative affinity of 6.5 kcal/mol. Corre
spondingly, the difference in proton affinities between o-
xylene and toluene (2.4 kcal/mol) is a measure of the far 
smaller energetic effect of a methyl group meta to the site 
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Table I. Proton Affinities of Toluene, the Xylenes, Mesitylene, 
and Hexamethylbenzene, Relative to the Proton Affinity of Benzene 

Molecule 

Toluene 

o-Xylene 
m-Xylene 
p-Xylene 

Mesitylene 
Hexamethyl

benzene 

Position 

of pro
tonation 

1 
2 
3 
4 
4 
4 
1 
2 

-2 
1 

Exptl (kcal/moiy* 

AG" 

6.1 
8.9 

12.5 

{8.2} 
16.6 
23.2 

Aff 

« 1 . 2 ) * 
(6.0T 
(2.4)d 
7.2 
9.6 

13.2 
8.4 
8.4 

17.0(19.2)/ 
22.8 (24.3)'/ 

STO-3G 

(kcal/mol)a 

AE 

0.3 
6.5 
2.0 
8.5 

10.4(10.5)« 
14.9 (15.0)« 

8.5 (8.8)« 
8.5 (8.5)« 

19.5 (21.5)« 
. . . (25.8)« 

a AG°, AH°, or AE for the reaction. 

(Me), (Me), 

AH° is obtained from AG° by correcting for changes in the ratio of 
rotational symmetry numbers of the base and its conjugate acid. 
* The upper bound of 1.2 kcal/mol is obtained as a difference in the 
relative proton affinities of p-xylene (assuming ipso protonation) and 
toluene. c Obtained as a difference of the relative proton affinities of 
m-xylene and toluene, d Obtained as a difference of the relative pro
ton affinities of o-xylene and toluene. « Values arrived at by as
suming additivity of theoretical toluene proton affinities. /Values 
arrived at by assuming additivity of "experimental" toluene proton 
affinities and the theoretical value of 0.3 kcal/mol for an ipso 
methyl substituent. 

of protonation. Again agreement with the theoretically de
termined affinity (2.0 kcal/mol) is good. 

In superacid media p-xylene appears to protonate exclu
sively at the 2 position, rather than at the site of attachment 
of one of the methyl groups.13 In fact, except for hexa
methylbenzene in which there is no alternative, in no case 
has ipso protonation of a polymethylated benzene been es
tablished. In the extreme this includes pentamethylbenzene, 
where ipso protonation, encouraged by a statistical factor of 
two over protonation at the one unalkylated site, would re
sult in the loss of the effect of but a single meta methyl sub-

CH3 CH3 CH3 

CH3 CH3 

stituent. Protonation at the site of a methyl group to the ar
omatic ring has, however, been established in such systems 
as 

H CH3 

X^ '^ x 

CH 

X = F, Cl, Br 

where the alternative is attachment to a halogen substituted 
center. As mentioned previously, the STO-3G calculations 
suggest that protonation of p-xylene may occur with ap
proximately equal facility on any of the six ring positions. 
Thus, it is not immediately apparent whether we should 
represent the enhancement of the proton affinity of p-xy-
lene relative to benzene as due to the stabilizing effects of 
combined ortho and meta, or of ipso and para methyl sub-
stituents. In the former instance, the observed relative p-
xylene proton affinity (8.4 kcal/mol) agrees precisely with, 
what would be expected by addition of our previously deter
mined 0- and w-toluene affinities (6.0 and 2.4 kcal/mol, re

spectively). On the other hand, ipso protonation would lead 
to an assignment of 1.2 kcal/mol (obtained by differencing 
the relative para xylene and toluene proton affinities) for 
the stabilization to the ion resulting from a methyl group 
attached directly to the reaction site. Such a value appears 
to be somewhat too large in view of the theoretical estimate 
of 0.3 kcal/mol for the stabilization imparted by an ipso 
methyl group. Lacking direct experimental evidence as to 
the site of protonation in /^-xylene, the best we can do at as
signing the relative ipso proton affinity of toluene is to set 
the value at less than or equal to 1.2 kcal/mol. 

The determination of the equilibrium isotope effect for 
the proton transfer reaction involving p-xylene and p-xy-

\ene-a-d(, may be of use as an indicator of the site on which 
protonation actually occurs. Thus, once the magnitudes of 
the isotope effects on the proton transfer reactions involving 
toluene and 0- and w-xylene have been established, it 
should be possible to spot any anomalies due to ipso proton
ation.'4 

Finally we have tabulated relative proton affinities for 
mesitylene and hexamethylbenzene both directly measured 
and calculated (mesitylene only), and as obtained by addi
tion of the appropriate experimental and theoretical toluene 
affinities. It can be seen that the assumption we have made 
regarding the additivity of substituent effects holds reason
ably well even in the extreme case of hexamethylbenzene. 
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Organic Reactions at High Pressure. 
Cycloadditions with Furans1 

Sir: 

The 7-oxabicyclo[2.2,l]heptyl system has been employed 
in synthetic2 and mechanistic3 organic chemistry as well as 
applied chemistry.4 The most straightforward approach to 
the construction of the 7-oxabicyclo[2.2.1]hept-5-ene 
framework (1) takes advantage of the Diels-Alder reaction 
between furan and a suitable dienophile,5 Unfortunately, 
due to the aromatic character of furan6 and the strain of the 
bicyclo[2.2.1]heptane system,7 the cycloadducts are rather 
sensitive thermally toward reversal to starting materials. 
Consequently, only with the use of very reactive dienophiles 
(such as maleic anhydride and dimethyl acetylenedicarbox-
ylate) can respectable yields of product be attained. In this 
communication we report the successful utilization of mo-

noactivated dienophiles when the reactions are conducted at 
~15 000 atm pressure8 (15 kbar) and room temperature 
( e q l ) . 

O + (D 

R1 = H or CH3 

R2 = H or CH3 

R3 = H, CH3, or CO2R 
Y = CN, CO2R, CHO, or COCH3 

We have previously described the results of our investiga
tion of cycloadditions of enamines and dienamines which 
demonstrated the advantages of 8-20 kbar pressure, partic
ularly in those cases where the application of heat to pro
mote a sluggish reaction caused the destruction of the reac-
tants.9 Prior studies10"12 indicated that cycloadditions be
tween furans and ethylenes activated by only one electron 
withdrawing substituent take place slowly and with poor to 
mediocre yields when carried out at ambient pressure. We 
have reexamined several of these reactions at 15 kbar pres
sure and found that, except in those instances where both 
steric and electronic effects operate to retard reactivity, 
good yields of cycloadducts are realized. Our results are 
summarized in Table I. 

Inspection of the data in Table I reveals that satisfactory 
yields (about 55%) of [4 4- 2] adducts were obtained after 
only 4 h with acrylic dienophiles and furan (entries 1-4); in 
each instance approximately 1:1 ratios of exo/endo isomers 
were produced. Compared to thermally induced processes, 
the implimentation of these extremely high pressures pro
vides substantial improvement for the conversion of reac-
tants to products. Thus, it was reported that 5 weeks are re
quired to obtain a 39% yield of 2-cyano-7-oxabicyclo-
[2.2.1]hept-5-ene from furan and acrylonitrile.10 Likewise, 
the cycloadduct from furan and methyl acrylate is produced 
in less than 20% yield after a month or more." And in the 
cases of acrolein or methyl vinyl ketone and furan, only ring 

Table I. Products" Obtained from Ultrahigh Pressure Cycloadditions6 

Entry R1 R2 R3 Hours % yield''-'' 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
CH3 

CH 3 

CH3 

CH 3 

H 
H 
H 
H 
H 
H 
H 
H 
CH3 

CH3 

H 
H 
H 
H 
H 
H 

H 
H 
H 
H 
CH3 

CH3 

CH3 

CH3 

H 
H 
C O 2 C H / 
CO2C2H5 

H 
H 
H 
H 

CN 
CO 2CH 3 

CHO 
COCH 3 

CN 
CO 2CH 3 

CHO 
COCH 3 

CO 2CH 3 

CHO 
CO 2CH 3 

CO 2C 2H 5 

CN 
CO 2CH 3 

CHO 
COCH3 

4 
4 
4 
4 

14 
14 
8 
8 
8 

'8 
8 
8 
4 
4 
4 
4 

55 
62 
53 
48 
O 
6 

24 
20 
8 
le 

94* 
92* 
65 
66 
42 
36 

" See formula 1 for structure of product. Unless indicated otherwise, all products were composed of approximately 1:1 ratios of exo/endo 
isomers. * AU reactions were carried out at 15 kbar and room temp; the concentrations of the reactants were nominally 3 IVf in methylene 
chloride. ' Yields are based on distilled materials unless indicated otherwise. Reaction conditions have not been optimized; in addition to 
product, only starting materials were present at the conclusion of the reaction. d Satisfactory analytical and spectral data were obtained for 
each product. e A substantial amount of polymeric material was also produced. / In this case R3 is cis to Y in dienophile (eq 1). s Crude 
yield; NMR spectrum indicated material to be of very high purity. Product reversed to starting materials during attempted distillation. See 
text for stereochemistry of adduct. 
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