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Abstract: Stabilization in even-electron carbocations, R+, as measured by the heterolytic bond dissociation energy, D(R+-H"), 
depends primarily on the size of the ion. For classes of ions having common structural features, e.g., primary, secondary, 
and tertiary alkyl ions and allylic, allenic, and aromatic carbonium ions, Z)(R+-H") is a linear function of the logarithm of 
the number of atoms in R+. Ions which do not obey these simple relationships (e.g., the 2-norbornyl cation) possess special 
structural features. No overall relationship appears to exist between stabilization effects in ions and in the corresponding free 
radical. 

In earlier work we have shown that the heats of formation of 
gaseous molecular positive ions in homologous series decrease 
systematically with increasing size of the ion, and can be repro
duced, generally to within 1-2 kcal mol"1, by using a very simple 
formula.1 Appropriate correction terms were derived to allow 
for chain branching and double-bond position, similar to those 
used in additivity schemes for the heats of formation of neutral 
molecules.2 In a second paper3 consideration was given to ionic 
series resulting from multiple substitution by characteristic groups 
CH3, OH, and OCH3 on charge-bearing atoms. For these ions 
good straight-line relationships between A//f(ion) and the loga
rithm of the number of atoms (i.e., size) were found. The slopes 
of the lines for multiple substitution of each substituent were 
approximately constant, provided that the substitution was at a 
C atom on which the positive charge may be formally located, 
that is, at a double-bonded C atom or "starred" C atom in a 
delocalized ;r system. As seems reasonable, substitution of CH3 

groups3 or OH groups4 on C atoms remote from double bonds, 
or on "unstarred" C atoms in w systems, causes little or no change 
in stabilization, the change in heat of formation now being es
sentially the same for the ion and the neutral. That is, these 
substitutions have no effect on the ionization energy of the radical 
or molecule. 

The effect of group substitution on the stabilization energy of 
hydrocarbon free radicals is usually expressed in terms of the 
decrease in homolytic bond dissociation energy, Z)(R-H), with 
respect to the reference value Z)(CH3-H). By analogy, the most 
useful way of quantifying the stabilization energy for ions is by 
the decrease in the heterolytic bond dissociation energy or hydride 
ion affinity, Z)(R+-H"). The gas-phase stabilization energy Es 

for an ion R+ is then given by Z)(CH3
+-H") - Z)(R+-H"). The 

effect of group substitution on Zs8 has been briefly investigated 
by a number of authors3"8 from gas-phase heats of formation. A 
related body of data comes from the very extensive kinetic studies 
of solvolytic reactions in the liquid phase, which has provided most 
of our present knowledge of the overall effects of substituent groups 
in lowering the energy of an incipient carbonium ion center by 
charge delocalization. However, it is not possible to relate these 
results quantitatively to the gas-phase data because of solvation 
and steric effects on the reaction rates. Because of their freedom 
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Table I. Homolytic and Heterolytic Bond Dissociation Energies 
(kcal mol"1) 

Z)(R+-
radical R Z)(R-H) ref AZZf(R+) ref H")°* 

0AZZf(RH) from ref 38 or by additivity, ref 2. 4AZZf(H") = 34.7 
kcal mol"1. 

from these complicating factors, gas-phase data simplify the task 
of separating out the purely enthalpic effects of substitution. The 
relationship between the liquid-phase and gas-phase data has been 
recently discussed by Saluja and Kebarle9 with respect to the 
stability of the 2-norbornyl ion. 

It is clear from the gas-phase data so far available that structural 
changes bring about changes in stabilization energy which are 
much greater in ions than in free radicals.3"8 In the present work 
we have collected and expanded the range of available gas-phase 
data on Zi8 and have sought again for useful generalizations relating 
ion structures and enthalpies. 

Experimental Section 
Ionic heats of formation reported here are selected values from the 

recent literature, either from appearance energy (AE) or proton affinity 
(PA) data. Where modern values are not available, we have obtained 

(9) Saluja, P. P. S.; Kebarle, P. J. Am. Chem. Soc. 1979, 101, 1084. 
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Figure 1. Heterolytic bond strengths in alkanes yielding primary, sec
ondary, and tertiary alkyl cations as a function of log (number of atoms 
in the ion). 

^^w^w™ 

LOG [NO. OF ATOMS] 

Figure 2. Heterolytic bond strengths in olefines and acetylenes as a 
function of log (number of atoms in the ion): (1) [cyclohexenyl]"1"-; (2) 
[methylcyclopfintenyl]+. 

heats of formation from appearance energies measured by impact of an 
energy-resolved electron beam. The electrostatic energy selector, quad-
rupole mass spectrometer, and associated equipment have been de
scribed.10'58 For those ions which rearrange to more stable isomers during 
the dissociative ionization process, appearance energies of fragment ions 
may be misleading. For such ions, particularly for [C4H5J

+ and [C5H7]* 
ions, we have preferred to obtain ionic heats of formation by direct 
ionization of the free radicals, together with the known or estimated heats 
of formation of the neutral radicals. The radicals were produced by 
thermolysis of the corresponding nitrites, RCH2ONO, at ~300 0C in a 
tubular quartz furnace.10,11 

Results and Discussion 
Before considering structural effects on Z)(R+-H"), it should 

be pointed out that we can find no systematic relationship between 
substituent effects on homolytic and on heterolytic bond disso
ciation energies (except for the not very useful observation that 
the latter are roughly 2-3 times the former). The data in Table 
I illustrate the absence of a useful relationship; for example, a 
variety of group substitutions in the formyl radical causes no 
change in Z)(R-H), whereas Z)(R+-H-) ranges over 45 kcal mol"1. 
Other series based on methyl substitution in CH3, CH2OH, and 
CH2NH2 are included in the table. Although for these four series 
Z)(R-H) and Z)(R+-H") are internally roughly proportional to 

(10) Maeda, K.; Semeluk, G. P.; Lossing, F. P. Int. J. Mass Spectrom. Ion 
Phys. 1968, /, 395. 

(11) Lossing, F. P.; de Sousa, J. B. J. Am. Chem. Soc. 1959, 81, 281. 
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Figure 3. Heterolytic bond strengths in hydrocarbons which yield aro
matic ions as a function of log (number of atoms in the ion). 

Table II. Thermochemical Values for Alkyl Ions (kcal mol"1) 

structure AH1(R
+) ref Z)(R+-H")0 
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14 
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0AHf(RH) from ref 38. AHf(C9H20) 
tivity (ref 2). *See text. 

-57.2 kcal mol"1 by addi-

one another, the proportionality constant for the substitution effect 
is different for each series. It is clear, therefore, that stabilization 
in ions is based upon a quite different mechanism than that in 
neutrals. In view of the strong effect of size on ionic heats of 
formation, mentioned above, the effect of size may also be a 
controlling one in series having a common structural feature. It 
is evident from Figures 1-3 that this is indeed so. 

Alkyl Ions. From Table II and Figure 1 it can be seen that 
Z)(R+-H") for alkanes yielding primary, secondary, and tertiary 
ions have characteristic non-overlapping ranges of values and that 
for each series Z)(R+-H") decreases exponentially with the total 
number of atoms, that is, size. It should be noted that AZZf(R

+) 
values for primary C3 and higher primary ions are not obtained 
from appearance energies because of rapid rearrangement during 
the dissociation process to yield secondary ions. The AZZf(R+) 
values reported are therefore those obtained from the ionization 
energies of the free radicals. Theoretical calculations show that 
these primary alkyl ions do not have a stable minimum on the 
potential energy hypersurface.12 Consequently these AZZf(R+) 
values cannot be adiabatic values. Nevertheless, the trend in 
Z)(R+-H") with size is clear, although the correct slope may for 
this reason be significantly larger. Thus size continues to be an 
important parameter in stabilization, even for relatively large ions. 

(12) Radom, L.; Pople, J. A.; Buss, V.; Schleyer, P. v. R. J. Am. Chem. 
Soc. 1972, 94, 311. 
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Obviously the charge must be distributed over the whole ion, and 
it is not localized in the formal charge site and its immediate 
neighbours as in a formally "classical" structure. There is an effect 
of derealization beyond that of closest neighbor hyperconjugation. 

Secondary and tertiary ions show a similar but larger decrease 
in Z)(R+-H") with increasing size. It is interesting to note that 
cyclic secondary ions have Z)(R+-H") values consistent with acyclic 
ions; although the ionic heats of formation of the former are 
considerably higher, the difference in AZZf(R+) is offset by higher 
values for AZ/f(RH). 

Of particular interest is the Z)(R+-H") value for the nominally 
secondary 2-norbornyl ion. There are several values for A/Zf[2-
norbornyl]+ in the literature. For the reaction 

Table III. Thermochemical Values for Olefinic and Acetylenic Ions 
(kcal mol"1) 

r-Bu+ + isobutane + 

Solomon and Field13 found AZZ to be -5 kcal mol"1, corresponding 
to AZZf[2-norbornyl]+ = 184.5 kcal mol"1 (based on AZ7f[r-Bu]+ 

= 166 kcal mol"1).14 Saluja and Kebarle9 measured for AZZ for 
the reaction 

/-Bu+ + \ I ^ — - isobutene + 

to be -4.3 kcal mol"1. With use of AZ/f[J-Bu]+ = 166 kcal mol"1 

and the most recent value15 for AZZf(norbornene) = 21.8 kcal mol, 
this result gives AZ7f [2-norbornyl]+ = 187.8 kcal mol"1, in fair 
agreement with the result of Solomon and Field. We have 
measured the appearance energies for [C7Hii]+ ions from 2-
norbornyl bromide and iodide to be 9.62 and 8.90 eV, respectively, 
giving AZZf[C7HnI

+ = 182.7 and 182.8 kcal mol"1.16 In view of 
the good agreement between these two values there seems to be 
no doubt that this AE result of 183 kcal mol"1 is significantly lower 
than the (average) 186 kcal mol"1 from ion-molecule reactions. 
We suggest that the AE result corresponds to a [C7Hn]+ ion which 
has rearranged to a more stable isomer (possibly a tertiary or 
allylic ion) during the dissociative ionization process. It has been 
suggested that this rearrangement does not occur under the gentler 
conditions9 of the ion-molecule reaction. We have therefore used 
the 186 kcal mol"1 value for our estimate of Z)(R+-H") for 2-
norbornyl cation. In view of the long controversy17 over the 
configuration of this ion, it is interesting to see that its Z)(R+-H") 
value agrees with recent results that in the gas phase the 2-nor
bornyl cation has a stability that is closer to that of a tertiary ion 
than a secondary ion. It lies 10 kcal mol"1 below the value it would 
have as a secondary ion, in good agreement with the recent 
calculation by Schleyer et al.18 which gave the "hypothetical 
classical-non-classical energy difference" for 2-norbornyl ion to 
be 15 kcal mol"1. The identity of the postulated more stable isomer 
of [C7H11]"

1" formed in the dissociative ionization processes in 
norbornyl bromide and iodide is currently under investigation in 
this laboratory. 

In Figure 2 the Z)(R+-H") values from Table III for olefinic 
and acetylenic ions are plotted against the logarithm of the number 
of atoms. As mentioned above, some of the AZZf(R+) values for 
these were derived from the ionization energy of the radicals rather 

(13) Solomon, J. J.; Field, F. H. J. Am. Chem. Soc. 1976, 98, 1567. 
(ATZfC-Bu+) corrected to 166 kcal mol-1, ref 14.) 

(14) Traeger, J. C; McLoughlin, R. G. J. Am. Chem. Soc. 1981, 103, 
3647. 

(15) Steele, W. Y. Chem. Thermodynam. 1978, 10, 919. 
(16) Compounds used in this study were the exo halides. From additivity,2 

A//f(2-norbornyl bromide) = -12.4 kcal mol-1; A/Zf{2-norbornyl iodide) = 
+3.1 kcal mol"1. This calculation corresponds to the more stable forms, i.e., 
without correction for endo interaction. 

(17) For a recent review see a collection of four papers: Grob, A. C. Ace. 
Chem. Res. 1983, 16, 426. Brown, H. C. Ibid, 1983,16, 432. Olah, G. A.; 
Prakash, G. K. S.; Saunders, M. Ibid. 1983,16, 440. Walling, C. Ibid. 1983, 
16, 448. 

(18) Raghavachari, K.; Haddon, R. C; Schleyer, P. v. R.; Schaefer, H. 
F. J. Am. Chem. Soc. 1983, 105, 5915. 
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than from appearance energies because of rearrangements during 
dissociative ionization. A rearrangement following ionization of 
a radical has, of course, no effect on the measured IE. In Figure 
2, solid circles represent ions which possess allylic ir systems which 
extend over the whole carbon skeleton, that is, the size of the 
delocalization system corresponds to the ionic size. For these ions, 
a good straight-line relationship is found. Surprisingly, substituted 
allylic ions, 

[ C - C - C l + 

and substituted propargyl or allenyl ions, 

(CS^C^C)+ 

have the same ionic stabilization within the experimental error 
(±2 kcal mol"1). A number of ions, shown as hollow or partially 
filled circles, are those in which the IT system does not extend over 
the whole carbon skeleton. These are allylic ions which have been 
substituted on "unstarred" C atoms, and consequently the effective 
charge-delocalizing system is smaller than the ionic size. The 
points therefore are displaced to the right of the line. Furthest 
of all above the line is the antiaromatic [C5H5]"

1" cyclopentadienyl 
ion.19 

The doubly allylic [C5H7]"
1" pentadienyl ion has 10 kcal mol"1 

more stabilization energy than a singly allylic ion of the same size. 
At the same level of stabilization is the isomeric cyclopentenyl 
ion, whose unusual stability has been pointed out earlier. 19b,2° This 
equality cannot arise from experimental confusion between the 
two isomers, because the ionic heats of formation differ by 18 kcal 
mol"1. 

In Figure 3 a good straight line is obtained for three members 
of the family of ions containing (4« + 2) ir electrons, i.e., aromatic 
ions as described by Huckel's rule.21,22 These are the cyclo-

(19) (a) Breslow, R.; Hoffman, J. M. / . Am. Chem. Soc. 1972, 94, 2110. 
(b) Lossing, F. P.; Traeger, J. C. J. Am. Chem. Soc. 1975, 97, 1579. 

(20) Wolkoff, P.; Holmes, J. L.; Lossing, F. P. Can. J. Chem. 1980, 58, 
251. 
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propenyl, methylcyclopropenyl, and cycloheptatrienyl ions. The 
heat of formation for the methyl cyclopropenyl ion was obtained 
from the appearance energy for H loss from 1-butyne, AE = 10.85 
eV, giving A # f [ C 4 H 5 ] + = 237 kcal mor 1 . This fragment ion is 
clearly not [ H C = C C + H C H 3 ] , for which the heat of formation 
is 257 kcal m o r 1 (Table I I I ) . In common with the behavior of 
other propargyl derivatives23 a rearrangement to give the sub
stituted cyclopropenyl isomer, which is 20 kcal mol"1 more stable, 
has occurred. Values estimated in two ways58,68 for dimethyl- and 

(21) Huckel, E. Z. Phys. 1931, 70, 204. 
(22) Streitwieser, A. "Molecular Orbital Theory for Organic Chemists"; 

John Wiley and Sons: New York, 1961. 
(23) Holmes, J. L.; Lossing, F. P. Can. J. Chem. 1979, 57, 249. 
(24) McMillen, D. F.; Golden, D. M. Annu. Rev. Phys. Chem. 1982, 33, 

493. 
(25) Rosenstock, H. M.; Draxl, K.; Steiner, B. W.; Herron, J. T. J. Phys. 

Chem. Ref. Data, Suppl 1 1977, 6. 
(26) Castelhano, A. L.; Marriott, P. R.; Griller, D. J. Am. Chem. Soc. 

1981,103, 4262. Castelhano, A. L.; Griller, D. J. Am. Chem. Soc. 1982,104, 
3655. 

(27) Houle, F. A.; Beauchamp, J. L. J. Am. Chem. Soc. 1979, 101, 4067; 
1978, 100, 3290. 

(28) Lossing, F. P. Can. J. Chem. 1972, 50, 3973. 
(29) Traeger, J. C. Int. J. Mass Spectrom. Ion Proc, in press. 
(30) Holmes, J. L.; Lossing, F. P. Int. J. Mass. Spectrom. Ion Proc. 1984, 

58, 113. 
(31) Dannacher, J.; Rosenstock, H. M.; Buff, R.; Parr, A. C; Stockbauer, 

R. L.; Bombach, R.; Stadelman, J.-P. Chem. Phys. 1983, 75, 23. (Recalcu
lated to 298 K, 267 kcal mol"1.) 

(32) From IE(benzyl) = 7.20 eV (Houle, F. A.; Beauchamp, J. L. / . Am. 
Chem. Soc. 1978, 100, 3290) and Afff(benzyl) = 48 kcal mol"1 (ref 24). 

(33) Guyon, P. M.; Chupka, W. A.; Berkowitz, J. Chem. Phys. 1976, 64, 
1419. 

(34) Mean of recent determinations. Traeger, J. C; McLoughlin, R. G.; 
Nicholson, A. J. C. J. Am. Chem. Soc. 1982, 104, 5318. 

(35) McLoughlin, R. G.; Traeger, J. C. Org. Mass Spectrom. 1979, 14, 
434. 

(36) Holmes, J. L.; Lossing, F. P., unpublished work. 
(37) Using AE(CH2CN+) from CH3CN = 14.01 eV, (Dibeler, V. H.; 

Liston, S. K. J. Chem. Phys. 1968, 48, 4765) and AZJf(CH3CN) = 15.4 kcal 
mol-1 from ref 38. 

(38) Pedley, J. B.; Rylance, J. Sussex-NPL Computer Analysed Thermo-
chemical Data: Organic and Organometallic Compounds. University of 
Sussex 1977 

(39) Griller, D.; Lossing, F. P. J. Am. Chem. Soc. 1981, 103, 1586. 
Burkey, T. J.; Castelhano, A. L.; Griller, D.; Lossing, F. P. J. Am. Chem. Soc. 
1983, 705,4701. 

(40) Hiraoka, K.; Kebarle, P. J. Am. Chem. Soc. 1977, 99, 366. 
(41) From AE = 10.66 eV for CH3 loss from propargyl methyl ether. 
(42) Average of 93 kcal mol-1 (ref 24) and 91 kcal mol (ref 30). 
(43) Lossing, F. P. J. Am. Chem. Soc. 1977, 99, 7526. 
(44) Aue, D. H.; Davidson, W. R.; Bowers, M. T. J. Am. Chem. Soc. 1976, 

98, 6700. Aue, D. H.; Bowers, M. T. In "Gas Phase Ion Chemistry", Bowers, 
M. T., Ed.; Academic Press: New York, 1979; Vol. 2, Chapter 9. 

(45) Traeger, J. C. Org. Mass. Spectrom. 1981, 16, 193. 
(46) Steiner, B.; Giese, C. F.; Inghram, M. G. J. Chem. Phys. 1961, 34, 

189. 
(47) Sergeev, Yu. L.; Akopyan, M. E.; Vilesov, F. I.; Chizhov, Yu. V. 

Khim. Vys. Energ. 1973, 7, 418; High Energy Chem. (Engl. Transl.) 1973, 
7, 369. 

(48) Solomon, J. J.; Field, F. H. J. Am. Chem. Soc. 1975, 97, 2625. 
(AfTf(J-Bu+) corrected to 166 kcal mor1, ref 14.) 

(49) AE for n-propyl loss from 4,4-dimethyloctane = 10.20 eV. 
(50) AE for methyl loss from 4,4-dimethylheptane = 10.16 eV. 
(51) AE for methyl loss from 4,4-dimethyloctane = 10.10 eV. 
(52) Dibeler, V. H.; Walker, J. A.; McCulloh, K. E. J. Chem. Phys. 1973, 

59, 2264. 
(53) AE for I loss from 2-iodopropene = 10.30 eV; Afff(2-iodopropene) 

= 19.4 kcal mol-1 by additivity and using Q-(C)(I) = 23.3 kcal mol"1. 
(54) AE for CH3 loss from isoprene = 11.44 eV; AE for CH3 loss from 

1,4-pentadiene = 11.04 eV. 
(55) Ionization energy of radical = 7.95 eV; A7Tf(radical) = 69 kcal mol"1 

(ref 24). 
(56) Ionization energy of radical = 7.97 eV; A//f(radical) = 73 kcal mol-1 

(ref 24). 
(57) AE for H loss from 1-butyne = 10.85. See text. 
(58) Lossing, F. P.; Traeger, J. C. Int. J. Mass. Spectrom. Ion Phys. 1976, 

79,9. 

trimethylcyclopropenyl ions are identical and are shown in Figure 
3 as dotted circles. Their agreement with the experimental line 
is excellent. 

Conclusion 
In this report we have shown that Z)(R+-H") used as a direct 

measure of ion stabilization in a wide range of carbocations can 
be simply related to ion size, in that D ( R + - H " ) is proportional 
to the logarithm of the number of atoms in the ion. 
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