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Communications to the Editor 

Relative Stabilities of Carbonium Ions in the Gas Phase 
and Solution. A Comparison of Cyclic and Acyclic 
Alkylcarbonium Ions, Acyl Cations, and Cyclic Halonium 
Ions 

Sir: 

A thorough and fundamental understanding of chemical 
transformations in solution demands an assessment of sol
vent effects on ion stabilities. Ionic heats of solvation can be 
determined by combining gas phase and solution data in ap
propriate thermochemical cycles. Such studies have been 
carried out for protonation of amines in aqueous solu
tion,1"3 protonation of amines and phosphines in fluorosul-
furic acid (HSO3F),4 - 6 and deprotonation of alcohols in di
methyl sulfoxide.5'7 

Recently we described ion cyclotron resonance tech
niques8-10 which permit determination of carbonium ion 
stabilities by examining the preferred direction and equilib
rium in reaction 1, where the relative binding energy of the 
reference base X - to two carbonium ions (Lewis acids) is 

R1X 4- R2
+ ^=* [R1XK2

+] =?=*= R1
+ + R2X (1) 

RX —»• R+ + X -; AW1 = ZXR+-X") (2) 

determined. Carbonium ion stabilities can thus be assessed 
by comparing their R-X heterolytic bond dissociation ener
gies as defined by eq 2 (A// , == bromide affinity when X -

= B r - ) . We wish to report preliminary data for the relative 
stabilities, using the reference base B r - , of a series of ions 
R+ , including cyclic and acyclic alkylcarbonium ions, acyl 
cations, and cyclic bromonium ions. These data are of par
ticular interest since heats of ionization in fluorosulfuric 
acid are available for several of the bromides.11-13 Com
bined with these data our results yield interesting insights 
into the effect of solvation on relative carbonium ion stabili
ties. 

Experiments were performed as previously described for 
the reference base F - . 1 0 Data for two systems of interest 
are shown in Figure 1. In a mixture of 1,2-dibromoethane 
and 1,4-dibromobutane, reaction 3 is observed to proceed 
entirely to the right (Figure la ) . In reaction 4, 1-adamantyl 

Br+ 

/ \ + Br(CH,)4Br Br(CH2)2Br + 
Br+ 

O (3) 

bromide is observed to transfer B r - to CHaCFhCO + (Fig
ure lb). For a series of carbonium ions R+ , similar experi-

Table I. Estimated Relative Enthalpies of Solution of R+ in HSO3F" 

R+ 
AHf 
(g) (S) 

AH.".« 
(R+ + Br-) (R+) 

CH1CO+ 

Br+ 

IS 

CHjCH2CO+ 

B r + 

(CHj)3C+ 

153.3 ± 1 

169.9 ± 7 

141.3 ± 3 

159.2±1 

148.7 ± 1 

146.8 ± 2 

137.5 

:136.0 

138.5 ± 2 

134.6 

- 2 9 . 8 ± 3 

+1.0 

- 2 8 . 0 ± 5 

- 3 . 3 ± 0 . 5 

-14.5 ± 2 

- 8 . 4 ± 0 . 9 

- 1 4 . 3 ± 0 . 2 

— 13.8 ± 1.9 

- 1 3 " 

- 1 3 . 4 ± 0 . 9 

-190.1 ± 3 

-178.6 ± 8 

-177.6 ± 6 

-172.2 ± 1 

-170.5 ± 2 

-165.8 ± 2 

>-166 .3 / 

> —162.5 

-160.3 ± 3 

> —159.8 

- 2 0 

- 8 

- 7 

- 2 

0 

5 

>4 

>8 

10" 

>11 

0 All data in kcal/mol at 298 K.b Gas phase bromide affinities D (R+-Br-) were determined by combining experimental results for bromide 
transfer reactions with calculated values for reference compounds; corrections were made for entropy terms arising from symmetry numbers, 
ring closure, and mixing (see text).c Heats of ionization for RBr in HSO3F are from ref 11-13, 22, 23. d Heats of solvation for R+ 4- Br- in 
HSO3F were calculated via a thermochemical cycle similar to that described in ref 1. • Heats of vaporization used in the cycle are from J. D. 
Cox and G. Pilcher, "Thermochemistry of Organic and Organometallic Compounds," Academic Press, New York, N. Y., 1970, or were esti
mated from boiling point data.' The heat of sublimation of adamantyl bromide (a solid at room temperature) used in the cycle was estimated 
using data from P. v. R. Schleyer, J. E. Williams, and K. R. Blanchard, J. Amer. Chem. Soc, 92, 2377 (1970), as described in A. Bondi, 
J. Chem. Eng. Data, 8, 371 (1963).« Heats of solvation of R+ relative to that of (CH3)3C

+. * See footnote 23. 
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r^> 
+ CH3CH2CO+ —-*• CH3CH2COBr + 

P=^ 
ments indicate the following order for relative free energies 
of RBr heterolytic bond cleavage:14 

Br+ Br+ 

CH3
+ (217.7) > C2H5

+ (181.9) > / \ > <^ "> > 

Br+ 

(CH3)2CH+(162.9) > / \ > x - \ / (160.7) > 

Br+ Br+ 

c-C5H9
+(158.6) > CH3CO+(153.3) > / \ =* / \ ^ 

C6H5CH2
+(143.8) > (CH3)JC+(HSJ) > CH3CH2CO+(141.3) > 

rT^i Br+ 

(136.7) > 

t 

Br+ 

P=d 
and 

Br+ Br+
 Br+ 

CH3CH2CO+(141.3) > S Y — S \ — f V - , 

Estimates of bromide affinities, Z)(R+-Br -), from available 
thermochemical data are given in parentheses in kilocalo-
ries per mole.15"20 The enthalpies of bromide transfer can 
be estimated from the relative free energies by making the 
appropriate corrections for entropy changes. It is expected 
that with the exception of symmetry number changes, AS 
will be small for processes such as reaction 4 but cannot be 
ignored in processes such as reaction 3 where entropies of 
cyclization are large. Estimates of this effect indicate that 
the bromide affinities for the three-, four-, and five-mem-
bered ring bromonium ions would respectively decrease by 
2.9, 3.6, and 4.3 kcal/mol relative to the alkyl carbonium 
ions and acyl cations in the above series.21 

Determination of heats of ionization in HSO3F at —60° 
yield the following heterolytic bond energies in solution (in 
kcal/mol)"-13'22'23 

Br+ Br+ Br+ 

/ \ (+LO) > / \ (-3.29) > / \ (-8.39) > 

(-13) > 

Br+ 

( ^ r - (-13.8) > 

Br+ 

(-13.3) > (-13.4) > 

(-14.3) > (CH3)JC
+X-14.5) > 

Br+ 

(-229) > CH3CH2CO+(-28.0) > CH3CO+(-29.8) 

200 300 
Time (msec) 

500 

100 
**A^<Vl/rW^us1' 

400 
Time (msec) 

Figure 1. Variation of ion abundance with time in two mixtures of bro
mides. Relative carbonium ion stabilities in the gas phase with respect 
to Br- are determined from the direction of Br- transfer: (a) 6:1 mix
ture of 1,4-dibromobutane and 1,2-dibromoethane at a total pressure 
of 2 X 1O-6 Torr, tetramethylene bromonium ion is more stable than 
ethylene bromonium ion (reaction 3); (b) 1:1 mixture of adamantyl 
bromide and propionyl bromide at a total pressure of 2 X 1O-6 Torr, 
adamantyl cation is more stable than propionyl cation (reaction 4). 
Buildup of the displayed species during the first 50 msec is due in part 
to reaction by fragment ions (not shown) following the initial 10 msec, 
16 eV electron beam pulse. 

Using bromide affinities as a measure of carbonium ion 
stability, the following conclusions emerge from analysis 
and comparison of these data. 

(1) Although solvent has an appreciable effect in atten
uating the observed range, the relative bromide affinities of 
cyclic bromonium ions are the same in the gas phase and in 
solution. Stability increases with increasing ring size and, in 
the three-membered rings, methyl substitution. 

(2) Relative to acyclic alkyl carbonium ions and acyl 
cations, cyclic bromonium ions are significantly more stable 
in the gas phase than in solution. Cyclic bromonium ions 
can be regarded as internally solvated carbonium ions in the 
gas phase. 

(3) While of comparable stability in solution, the 1-ada
mantyl carbonium ion is significantly more stable than the 
tert- butyl carbonium ion in the gas phase, possibly by as 
much as 11 kcal/mol. This indicates that the strain energy 
due to the nonplanarity of the carbonium ion center24 in the 
1-adamantyl carbonion ion relative to the tert- butyl carbo-
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nium ion is smaller than the stabilization afforded by the 
interaction of the charge with the polarizable hydrocarbon 
framework. Again, the ion is internally solvated in the gas 
phase. 

(4) The above results permit semiquantitative estimates 
of relative enthalpies of solvation for carbonium ions in 
HSO3F. Relevant data for several ions are summarized in 
Table I. 
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Stereospecificity in Triplet State Photorearrangements. 
The Oxa-di-x-methane Photorearrangement.1 

Mechanistic Studies in Photochemistry2 

Sir: 

Photorearrangements of /3,7-unsaturated ketones have 
been characterized as either 1,3-acyl migrations or oxa-di-
ir-methane rearrangements.3 A number of studies have 
shown that the former occurs by an excited singlet T2S + a2s 

migration (or its equivalent).4 The oxa-di-w-methane rear
rangement has also been established as an excited state trip
let reaction.5 However, the stereochemical consequences of 
this reaction have not been fully characterized. Several 
studies have appeared which purport to determine the ste
reochemical results but the conclusions are contradictory, in 
one case suggesting a W2S + a2s pathway6 while other re
ports suggest a ^2a + ff2a rearrangement.7 These studies 
have been carried out on /^-unsatura ted ketones in which 
secondary factors (e.g., steric hindrance) may exert a sig
nificant or perhaps controlling influence on the course of 
the rearrangement. 

In order to minimize secondary factors and to assure the 
occurrence of an oxa-di-ir-methane rearrangement, we have 
constructed the model system, 2-(l-cyclopentenyl)-2-meth-
ylcyclopentanone ( la) and its derivatives,8 in order to test 
the stereochemical consequences at carbon-2 (C-2).9 The 
photorearrangements of 1 under direct or acetone-sensitized 
conditions are unexceptional and isolated product yields are 
very good,10 permitting a thorough mechanistic investiga
tion. 

CH2CO2H 

la, R = CH3 [ J \ I 
b, R = CH2CO2H 
c, R = CH2CO2CH3

 l 

AR = CH2CO2C2H5 

The keto acid lb was resolved as the cinchonidine salt 
into its optical antipodes, and the configurations of the de
rived carboxylic acids were assigned as (S)-Ib ({a]2sD 
+ 139°) and (R)-Ib ([a]28D - 1 3 8 ° ) by correlation of the 
Cotton effects of their CD spectra with the modified octant 
rule for /3,7-unsaturated ketones11 and the application of 
the octant rule for the Cotton effect of the saturated deriva
tive (2), the carbon-carbon double bond reduction product 
of (R)-Ib (Table I). Greater than 90% optical purities of 
the individual enantiomers were demonstrated by use of the 
chiral shift reagent, rm(3-heptafluoropropylhydroxy-
methylene-d-camphorato)europium(III)12 with the derived 
methyl esters (Ic) . 

Examination of the direct irradiation product of each of 
the enantiomeric acids confirmed that a stereospecific 1,3-
acyl migration occurred consistent with a 1,3-sigmatropic 
(JJs + ff2s) mechanism.4 The optical purities of the products 
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