
J .  Am. Chem. SOC. 1988, 110, 699-706 699 

Vicinal Elimination from 2-Fluoroisopropyl Cation in the Gas 
Phase 

Dion A. Stams, Kamalesh K. Johri, and Thomas Hellman Morton* 

Contribution from the Department of Chemistry, University of California, 
Riverside, California 92521. Received May 14, 1987 

Abstract: An electron bombardment flow (EBFlow) reactor has been used to assay C3HS+ isomer distributions from different 
sources. Quenching the ions by fluoride abstraction followed by 19F NMR of recovered neutral C3HSF permits analysis of 
the ratio of CH3C=CH2+ to allyl cation. Electron impact on 1-bromopropene yields predominantly allyl cation, in agreement 
with a previously reported mass spectrometric measurement. Ionization of isobutene yields an 80:20 mixture of CH3C=CH2+ 
and allyl cation. Electron impact on terr-butyl fluoride yields only CH3C=CH2+. The difference between the two latter results 
means that ionized isobutene is not an intermediate in production of C3H5+ from tert-butyl fluoride. Therefore, the major 
fragment of tert-butyl fluoride, (CH3)$2EC (l), must be undergoing vicinal elimination of hydrogen fluoride to yield C3HS+. 
Theoretical calculations provide evidence that this does not take place via an isolated, electronically excited state of 1. Ab 
initio calculations on the ground-state C3H6F+ potential energy surface reveal six stable isomers of 1,38, all of which have 
stable, isoelectronic C3H60 analogues. Two of these, 7 and 8 (isoelectronic to allyl alcohol and acetone enol, respectively), 
correspond to ion-molecule complexes of C3HS+ and hydrogen fluoride. More extensive calculations on 8 illustrate the difference 
between an ion-molecule complex and a hydrogen-bonded complex. Other isomers of 1, CH3CHFCH2+ (2) and CH3CH+CH2F 
(ll),  do not have stable, isoelectronic C3H60 analogues. Neither are they stable C 3 H 6 P  isomers. Ab initio calculations show 
that 2 undergoes barrier-free rearrangement to CH3CH2CHF+ (3), while 11 represents one of the resonance structures of 
2-methylfluoriranium, 4. Ab initio results show good agreement with empirical estimates for AH: of 3, of methylvinylfluoronium 
(5), and of methyl-2-propenylfluoronium (9) .  These lead to a calculated heat of formation of 8 that is 19 kcal/mol higher 
than that of 1. Ion 1 corresponds to the global energy minimum, and its two lowest energy isomers are calculated to be 3 
and fluoretanium (6) .  Together the experimental and theoretical results show that 1 undergoes a 1,3-hydrogen shift to 8 en 
route to elimination in preference to rearrangement to 6.  

Neutral products of gas-phase ion-molecule reactions reveal 
structural features of the reactants. In the mass spectrometer a 
given m/z value often corresponds to a mixture of isomeric ions 
that can be difficult to analyze by measuring ion masses, but which 
can be probed by quenching the ions via bimolecular fluoride 
abstraction in an Electron Bombardment Flow (EBFlow) reac- 
tor.'-3 We report here experimental results for reactions that 
yield C3H5+ ions. One of these reactions, expulsion of hydrogen 
fluoride from 2-fluoroisopropyl cation, 1, yields only a single C3HS+ 
isomer, CH3C=CH2+.* A simple l,2-hydride shift could, in 
principle, have led to the 2-fluoropropyl cation, 2, which would, 
in turn, have easily expelled hydrogen fluoride to yield allyl cation, 
as reaction 1 depicts, but this does not take place. 

CH&FCH3 + CH3CHFCHi  e ( 1 )  
1 2 

The absence of reaction 1 strikes us as remarkable, since 1,2- 
hydride shifts are facile rearrangement pathways in cations and 
since allyl cation is reported to be 3-5 kcal/mol more stable than 
CH3C=CH2+.4 Reaction 2 takes place, instead, as the exper- 
imental results presented below demonstrate. Since the ther- 
modynamic barrier to reaction 2 is AH = 26 kcal/mol, the barrier 
to reaction 1 must also be substantial. This is consistent with 
predictions by Frenking and Schwarz, who have discussed the 
surprisingly high activation barriers to 1 ,2-hydride shift in cations 
that are stabilized by adjacent lone pairs.s On the basis of 
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semiempirical molecular orbital calculations, they have enunciated 
the principle that the barrier becomes greater as (a) the reactant 
LUMO is raised and becomes more delocalized or (b) the product 
LUMO is lowered and becomes more localized. Application of 
this principle predicts a barrier of appropriately high magnitude 
for the isomerization of 1. 

Background 
We have previously reported that 1 does not scramble hydrogens 

between its two methyl groupse2 This means that 1 expels hy- 
drogen fluoride in preference to rearrangement to other isomers 
besides 2. A list of plausible C3H6F+ isomers can easily be drawn 
up by considering isoelectronic C3H60 structures, but the validity 
of such a list has not previously been explored. We have therefore 
examined minima on the C3H6F+ potential energy surface using 
empirical and ab initio methods. We find that molecular orbital 
calculations confirm the simple picture based upon isoelectronic 
series. 

CH3EFCH3 - CH36=CH2 + HF ( 2 )  

1 

230' -65' 

Ion 1 is isoelectronic with acetone and is a stable species that 
has been observed by NMR in solution.' Isoelectronic analogies 
would suggest that stable isomers of 1 should include 3 (iso- 
electronic with propionaldehyde), 4 (isoelectronic with propylene 
oxide), 5 (isoelectronic with methyl vinyl ether), 6 (isoelectronic 
with oxetane), 7 (isoelectric with allyl alcohol), and 8 (isoelectronic 
with acetone enol). Since 2 corresponds to a zwitterion rather 

(5) Frenking, G.; Schwarz, H. 2. Naturforsch., Teil B 1981, 36, 797-801. 
(6) (a) Williamson, A. D.; Beauchamp, J. L. J. Am. Chem. Soc. 1975,97, 

5714-5718. (b) Williamson, A. D.; LeBreton, P. R.; Beauchamp, J. L., Ibid. 
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than a stable C3H60 structure, it might not be a stable ion 
structure. As reported here, ab initio calculations substantiate 
this. 

A quantitative formulation for isoelectronic series has been 
presented by Jolly and co-workers as the equivalent cores ap- 
pro~imat ion .~  Peremptory assessment of stabilities of some of 
the structural isomers of 1 can be made empirically on the basis 
of this approximation, which equates A H  for reaction 3 when X 

RIXR2+ + (CH3)*0 - (CH3)2X+ + R 1 0 R 2  (3) 

is a fluorine to the value of AH when X is an oxygen with a 1s 
vacancy (measurable by ESCA). The analogous equivalent cores 
estimate for AHfo of 1 is based upon the ESCA of acetonelo and 
uses CH3CH0 and CH3CHF+ in reaction 3 in place of dimethyl 
ether and dimethylfluoronium. This estimate lies within the 
reported error of the experimental measurements6 The major 
source of uncertainty in estimates based on reaction 3 is the AHf' 
value used for dimethylfluoronium, (CH3)2F+, 145 f 2.5 kcal/ 
mol." Equivalent core heats of formation of 1-fluoro-1-propyl 
cation (3), the epifluoronium ion 4, and methylvinylfluoronium 
(5 )  are shown below. Since the ESCA of oxetane, allyl alcohol, 
and acetone enol have not been reported, there is no basis for 
estimating empirical heats of formation for fluoretanium (6 ) ,  7, 
and 8. Our survey omits the conjugate acids of fluorocyclopropane 
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/Fi + 
C H 3CH 2 CHF' CH~CH-CHZ CH3FCH=CH2 

3 4 5 
AH,'(%) 158 <174 173 

RF+ 
I 

CH2-F CH2=CCH3 
/""Z CH2=CH \ 

C H2 F+ 

\ /  CH2 'H' 8, R = H 
6 7 9, R = CH3 

and the 1-fluoropropenes that would be isoelectronic to cyclo- 
propanol and the 1-propen-1-01s. 

Theoretical investigations of portions of the C3H6F+ energy 
surface have been previously reported at the semiempiri~al~*'~ and 
ab initio 1e~els. l~ Ion 1 is the only isomer that has been studied 
using split-valence basis sets.'* We present here a survey of 
potential energy minima with three questions in mind. (1) Can 
stable C3H6F+ structures be predicted on the basis of their C3H60 
isoelectronic analogues? ( 2 )  Are bond-length distortions quali- 
tatively predicted by consideration of participating resonance 
structures? (3) Does a potential minimum exist along the reaction 
coordinate for reaction 2? The answer to all of these is affirmative. 
Ab initio results presented here provide a further explanation as 
to why reaction 1 is not observed: 2 is not a stable energy min- 
imum, nor can it be viewed as making a major resonance con- 
tribution to its valence isomer 4. 

Distortions of C3H6F+ structures relative to their C3H60 
analogues are to be expected. Symmetrically substituted fluo- 
ronium ions such as 6 prefer to have two C-F bonds of equal 
length. As the two bond strengths, measured as Do (the bond 
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dissociation energy at  0 K) or De (the quantum mechanical well 
depth), become unequal with unsymmetrical substitution, the 
stronger bond becomes shorter and the weaker bond longer. The 
relative contributions of CH3CHFCH2+ (2) and CH3CH+CH2F 
(11) in a resonance hybrid will be reflected by the disparity 
between the two C-F bond lengths of 4. 

Heterolytic resonance hybrids can be viewed as making more 
important contributions to ground-state electronic structures of 
closed-shell ions than of most closed-shell neutrals. Consider 
propylene oxide (10) and its dissociative resonance structures 
1Oa-d. Homolytic structures (e.g., singlet diradicals 10a and lob) 
will be much lower in energy than the heterolytic structures 1Oc 
and lod, and there should not be a great energetic difference (C3 

0' 0' 
I P- CH3CHCH2. f C H 3 d H 2  - 
10a lob 

10 

CHjLHCH; - CHBCHCHZ 

1oc 10d 

0- 0- 
+ I  

kcal/mol, the difference in AHfo of between n-propyl and isopropyl 
radicalsI5) between 10a and lob. The participation of heterolytic 
structures is greater for 10 than for acyclic ethers (hence the 
greater electrophilicity of epoxides) but ought not to have as much 
weight as the diradicals. 

For an epifluoronium ion the relative contributions will be 
different. Homolytic structures will be higher in energy than 
heterolytic ones, since the adiabatic ionization potentials (IP's) 
of alkyl radicals with 12 carbons are C8.5 eV,IS while the IP's 

F'+ F'+ 

CH3LHkH2 - CHakHLH2 - 4 - 
4a 4b 

F F 
I I 

CH3CHCH; - C H ~ E H C H Z  

2 11 

of alkyl fluorides (where reported) are 29.5 eV.4 The difference 
between the two lowest energy dissociative structures will also be 
greater than between two homolytic structures. The difference 
between 2 and 11 should be comparable to the difference in heats 
of formation between n-propyl and isopropyl cations, >30 
kcal/mol. 

This description is rooted in valence bond theory, and it makes 
the following prediction regarding molecular orbital calculations. 
Restricted Hartree-Fock calculations, which emphasize the 
heterolytic contributions, ought to provide a satisfactory description 
of ions like 4, where chemical intuition suggests their importance. 

Bond-length distortions in some of the C3H6F+ isomers turn 
out to be quite large. Reasons for this can be gauged by con- 
sidering CH3FHf. Contrast the heat of formation of hydrogen 
fluoride plus methyl cationk to fl~oromethane'~ plus a proton. 
The F-H heterolytic bond dissociation energy (Le., the proton 
affinity of fluoromethane) is more than 110 kcal/mol greater than 
the F-C bond dissociation energy (Le., the methyl cation affinity 
of hydrogen fluoride). As a consequence molecular orbital cal- 
culations predict the C-F bond of CH3FH+ to be unusually long 
and weak.I6 The general bond loosening in CH3FH+ is attested 
by the published ab initio vibrational frequencies," which cor- 
respond to a zero-point energy that is nearly the same (within 10 
cm-I) as that of fluoromethane, even though CH3FH+ has 12 
vibrations to fluoromethane's 9. This provides additional insight 
into the intermediacy of 8 in reaction 2. If the bond weakening 
and the disparity between bond strengths in 8 are great enough, 

(15) Schultz, J. C.; Houle, F. A.; Beauchamp, J. L. J .  Am. Chem. SOC. 

(16) Nobes, R. H.; Radom, L. Chem. Phys. 1983, 74,  163-169. 
(17) DeFrees, D. J.;  McLean, A. D. J .  Chem. Phys. 1985, 82, 333-341. 

1984, 106, 3917-3927. 
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Table I. Energies (Based on 3-21G Optimized Geometries) in Atomic Units for C3H6F+ Isomers" 
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AH for isomerization 
re1 energies (au) (kcal /mol) C-F bond 

lengths (A) 3-21G//3-21G 6-31G//3-21G 3-21G//3-21G 6-31G//3-21G 

1 1.290 0 0 0 0 
3 1.287 0.02884 0.03343 19.2 22.1 
4 1.458, 1.903 0.04978 0.04383 31.6 27.9 
5 1.524 (sp 2), 1.554 (sp 3) 0.04523 0.05380 28.4 33.8 
6 1.589, 1.589 0.02846 0.03675 20.2 25.4 
1 6  1.737 0.05556 0.05318 
8 1.928 0.04466 0.03701 25.6 20.8 
H F  + CH3C=CH2+ OD 0.07497 0.05091 41.6 26.5 
H F +  OD 0.05156 0.02519 29.4 12.9 

'Calculated bond lengths are in A; relative 0 K enthalpies (in kcal/mol) based on zero-pint energies from 3-21G normal modes calculations after 
scaling of vibrational frequencies by a factor of 0.9. bConstrained to C, symmetry. Normal modes analysis gives a negative force constant. 

the F-C bond will be sufficiently extended in the equilibrium 
geometry for 8 to correspond to a product-like energy minimum 
along the reaction coordinate for expulsion of hydrogen fluoride. 

Experimental Section 
The EBFlow apparatus, operating techniques, and N M R  analyses of 

neutral products have been previously described.*s3 In the present ex- 
periments neat 2-methyl-2-fluoropropane-d9 or a mixture of 2 X 1@ torr 
of reactant (1-bromopropene or isobutene) with 2 X lo4 torr of 2- 
methyl-2-fluoropropane-d9 was bombarded with 70-eV electrons. The 
recovered reaction mixture was analyzed by 282-MHz I9F NMR. 

2-Methyl-2-fluoroprop.ne-d9 2-methyl-2-propanol-d,,, (Aldrich) was 
converted to the corresponding fluoride by reaction with (diethyl- 
amino)sulfur trifluoride (Carbolab);2 19F N M R  bF -131.4 (Jm = 3.2 Hz). 

Molecular orbital calculations were performed using M O P A C , ~ ~  GAUS- 
SIAN 8 0 , ~ ~  and the INDO-PSDCI programZo as  modified by Boldridgezl on 
a VAX 11/785 a t  UCR and GAUSSIAN 8~~ on the Cray X-MP/48 at the 
San Diego Supercomputing Center. In computation of excited electronic 
states of 1 by PSDCI, INDO repulsion integrals were used, and the u 
electron mobility constant was set to a value (0.95) such that the singlet 
energy of acetone was calculated to have its experimental value of 88 
kcal/mol. Ab initio normal modes were computed using analytic second 
derivatives. Full MP2 treatments were performed in the MP2/6-31+G** 
calculations; core orbital contributions were not included in other 
Mailer-Plesset calculations. 

Results 
EBFlow Experiments. When 1-bromopropene (cktrans = 3:l; 

reaction 4) or isobutene (reaction 5 )  is bombarded in the EBFlow 
with 70-eV electrons in the presence of (CD3)3CF, NMR analysis 
of the products shows the indicated ratios of 2-fluoropropene to 
allyl fluoride. Both of these products have 19F resonances that 
are well separated from those of the perdeuterated products from 
fragmentation of (CD3)3CF that result from reaction 6. No 

70 cV ( C W F F  

CHz=CFCH3/CHZ=CHCHzF = 0.25 (4) 
CH3CH=CHBr - C3HS+ - 

70 cV (CDi)FF 
(CH3)2C=CH2 - C3H-j" - 

CHZ=CFCH3/CHz=CHCH2F = 4 ( 5 )  

12-70 eV C D M F  
(CD3)3CF (CD3)2CF+ & CD3C=CD2+ - 

(CD3)ZCFz & CD~CFECDZ (6) 

(18) Stewart, J. T. P. MOPAC (QCPE455), QCPE Bull. 1983, 3, 43. 
(19) Binkley, J. S.; Whiteside, R. A,; Krishnan, R.; Seeger, R.; DeFrees, 

D. J.; Schlegel, H. B.; Topiol, S.; Kahn, L. R.; Pople, J. A. GAUSSIAN EO 
(QCPE 406) Quantum Chemistry Exchange Program, Indiana University, 
Bloomington, IN. 

(20) (a) Birge, R. R.; Hubbard, L. M. J .  Am. Chem. Soc. 1980, 102, 
2195-2205. (b) Birge, R. R.; Bennett, J. A.; Hubbard, L. M.; Fang, H. L.; 
Pierce, B. M.; Kliger, D. S.; Leroi, G. E. Ibid. 1982, 104, 2519-2525. 

(21) Boldridge, D. W.; Scott, G. W., J.  Chem. Phys. 1986,84,6790-6798. 
(22).Binkley, J. S.; Frisch, M. J.; DeFrees, D. J.; Raghavachari, K.; 

Whiteside, R. A.; Schlegel, H. B.; Ruder, E. M.; Pople, J. A. GAUSSIAN 82, 
Department of Chemistry, Carnegie-Mellon University, Pittsburgh, PA. 

1-fluoropropene is observed among the neutral products of reaction 
4, which argues against the intermediacy of vinylic radicals in 
formation of the recovered fluoroalkenes. As has been previously 
shown, 2-fluoropropene results from fluoride abstraction by 
CH3C==CHz+, while allyl fluoride is the product from allyl cation? 
The ratio observed from reaction 4 does not differ greatly from 
the reported ratio of CH3C=CHz+ to allyl cation (0.37) from 
electron impact on 1 -bromopropene determined by a collisionally 
activated decomposition (CAD) Although CH3C==CH2+ 
has been reported to undergo some structural isomerization under 
CAD ~ n d i t i o n s , 2 ~  it does not isomerize detectably to allyl cation 
in the EBFlow.* 

Molecular Orbital Calculations. Semiempirical computations 
were performed as a prelude to ab initio calculations. Frenking 
and Schwarz have proposed a relationship between the barrier 
height for 1,2-hydrogen shift and a reactivity index cy, for the 
reactant ion, defined below, where ELUMO is the eigenvalue for the 
lowest unoccupied molecular orbital and cir is the pth atomic 
orbital coefficient on the positive charge-bearing carbon (which 
bears the subscript i).5 

cy, = - C 
II 

Our MNDO calculations give a LUMO energy for 1 of -8.26 
eV and a value of cy, of 6.50, from which Frenking and Schwarz's 
approximately linear relationship predicts an activation barrier 
of 28 kcal/mol for 1 - 2 (33 kcal/mol if only the two points for 
3 - 11 and 11 - 3 are extrapolated). Since the isoelectronic 
analogy and the ab initio calculations described below predict that 
2 is not a stable structure, further ramifications of  this MNDO 
approach were not pursued. 

Ion 1 is produced by electron impact ionization of tert-butyl 
fluoride, as illustrated in reaction 6. The possibility therefore exists 
that isolated, electronically excited states are responsible for the 
decomposition of this ion. We have explored whether 1 might 
have such a low-lying excited state by performing semiempirical 
INDO-PSDCI calculations20 as modified by Boldridge.21 These 
predict that the first excited singlet state of 1 ought to lie 113 
kcal/mol above the ground state.25 Electronically excited states 
of C 3 H 6 P  should thus have appearance potentials > 15 eV. Since 
the product of reaction 2 is experimentally detected by FTMS 
at much lower ionizing energies, isolated states can be omitted 
from further consideration. Our ab initio calculations have been 

(23) Bowers, M. T.; Shuying, L.; Kemper, P.; Stradling, R.; Webb, H.; 
Aue, D. H.; Gilbert, J. R.; Jennings, K. R. J. Am. Chem. SOC. 1980, 102, 
4830-4832. 

(24) My, N. K.; Schilling, M.; Schwarz, H. Org. Mass Spectrom. 1987, 

(25) Ab initio calculations of excited-state energies (based upon wave 
functions that are linear combinations of all singly substituted determinants 
from a GAUSSIAN 82 calculation) have been performed at Carnegie-Mellon 
University and give triplet and singlet energies for (CH3)$2F+ of 123.4 and 
140.1 kcal/mol, respectively (as compared to 79.6 and 103.2 kcal/mol cal- 
culated for acetone), using the STO-3G basis set. Split-valence (3-21G and 
4-31G) basis sets give even higher values for excited-state energies. (Fores- 
man, J. B.; Birge, R. R.; Pople, J. A., unpublished results, 1987). 

22, 113-114; 1987, 22, 254-258. 
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confined to a search for ground-state potential energy minima. 
Restricted Hartree-Fock calculations were performed on the 

C3HsF+ isomers 1-8 with geometries optimized at the 3-21G level. 
Regardless of which starting geometry was chosen for 2 (con- 
formations 2a-c), no stable minimum was achieved for the 2- 
fluoro- 1 -propyl cation. Conformations 2a and 2b underwent 

F F F 

Stams et al. 

2a 2b 2c 

1,2-methyl shift in the course of a BERNY o p t i m i z a t i ~ n ~ ~ ~ ~ ~  to 
give 3 as a stable minimum. Conformation 2c underwent fluorine 
bridging to give 4 as a stable minimum. 

The optimized geometry for 4 is not symmetrically bridged. 
The CH-CH2-F bond angle is 78O, but, as given in Table I, the 
two C-F bond distances differ greatly. The structure is best 
described as a hybrid between a symmetrically bridged epi- 
fluoronium ion and 11. Mulliken population analysis at  3-21G 
gives an overlap population for the methylene C-F bond that is 
nine times greater than for the methine C-F bond. Since both 
carbon-carbon bonds are short (1.46 and 1.48 8, for the meth- 
yl-methine and methylene-methine bond lengths, respectively) 
and have, to two significant figures, the same populations, 4 must 
have very little of the character of 2. 

As Table I summarizes, 1 is the global energy minimum, with 
total energies of -215.05391 au (3-21G//3-21G) and -216.158 80 
au (6-31G//3-21G). The optimized conformation has no sym- 
metry elements, although it approaches C2 symmetry. Its energy 
lies 0.000 15 au below the energy that we calculate for the con- 
former with C, symmetry, which had previously been reported 
as the minimum energy geometry.14 The conjugate base, 2- 
fluoropropene, has calculated energies of -214.750 00 au (3- 
21G//3-21G) and -215.857 35 au (6-31G//3-21G). Normal 
mode calculations lead to a proton affinity (3-21G//3-21G) for 
2-fluoropropene of 185 kcal/mol for protonation on the methylene 
carbon and 160 kcal/mol for protonation on fluorine. When 
compared with the proton affinity of propene (1 84 kcal/mol) that 
we calculate that 3-21G//3-21G, this agrees with a previously 
reported 3-21G//3-21G estimate that assessed the proton affinity 
of 2-fluoropropene to be only slightly greater than that of prop- 
ene.14 The 6-3 lG//3-21G proton affinities of 2-fluoropropene 
are 184 (on CHI) and 159 kcal/mol (on F). 

The isomers 3-8 all correspond to minima on the potential 
energy surface. Relative to 1, isomers 3 and 5 have, at 6- 
31G//3-21G, calculated heats of formation that are within ex- 
perimental error of the empirical estimates based on the method 
of equivalent cores. The ESCA of propylene oxide has not been 
reported, but we can take an equivalent cores estimate based on 
the O,, ionization potential of oxirane as an upper bound for the 
heat of formation of 4. The calculated heat of formation lies below 
this empirical upper bound. 

Isomer 7 has a stable C-F bond if constrained to its extended 
conformation with the F-H bond and the three carbons coplanar. 
As can be inferred from Table I, 7 with this symmetry (C,) is not 
thermodynamically stable with respect to free allyl cation and 
hydrogen fluoride. If the C-F bond is allowed to rotate out of 
the plane, 3-21G calculations predict that 7 undergoes heterolysis 
to yield an ion-molecule complex of allyl cation and hydrogen 
fluoride that is bound by 0.02319 au. 

The calculated AH for reaction 2 at 6-31G//3-21G is in good 
agreement with experiment. However, the calculated overall AH 
for reaction 1 is too low. This is due to the fact that ab initio 
methods calculate too large an energy difference between 
CH3C=CH2+ and allyl cation.28 The problem does not appear 

(26) Schlegel, H .  B. J .  Chem. Phys. 1982, 77, 3676-3681. 
(27) Hehre, W. J.;  Radom, L.; Schleyer, P. v. R.; Pople, J.  A. Ab Initio 

Molecular Orbital Theory; Wiley: New York, 1986. 

Table 11. Relative Energies of CH$=CH2' vs Allyl Cation for 
Various ab Initio Methods" 

E(CHIC= 
method A E ~  method AE CH*+) 

6-31G** 0.025 68 MP3/6-31G** 0.02091 -1  16.58937 
6-31+G** 0.02665 MP4(SDTQ)/ 0.021 39 -1 16.609 52 

6-311G** 0.02504 MP2/6-311G** 0.02004 -116,59094 
MP2/ 0.022 52 MP3/6-311G** 0.018 56 -1 16.62251 

MP2/ 0.022 57' MP4(SDTQ)/ 0.02966 -1 16.633 70 

6-31G** 

6-31G** 

6-31G** 6-311G** 
Geometries optimized at HF/6-3 1G** unless otherwise noted. 

*The energies calculated for CH3C=CH2* corresponding to the left- 
hand column are given in Table 111. 'Geometry optimized at 6-31G* 
(from ref 28). 

to arise from insufficient basis sets, since geometry optimization 
of CH3C=CH2+ at a higher Hartree-Fock level does not change 
the structure significantly beyond the one reported at  the 6-3 lG* 
level.*' Relative to CH3C=CHz+, ab initio calculations on allyl 
cation at all levels give energies that appear to be too low, as Table 
I1 summarizes. Although inclusion of electron correlation narrows 
the gap between the two isomeric C3H5+ ions, the gap begins to 
widen a t  the highest Maller-Plesset levels and the difference 
between them corresponds to A H  > 9 kcal/mol, based on vi- 
brational frequencies computed at  6-31G**. For this reason we 
do not infer that the apparent instability of planar 7 or its bond 
lengths necessarily represent accurate predictions. 

As Table I shows, the C-F bond in 8 is unusually long. There 
are other peculiar features of this ion. The calculated AHf' for 
8 at 6-31G//3-21G is nearly as great as that of the dissociated 
products, and its structure makes 8 appear as though it corresponds 
to an intermediate along the reaction coordinate for expulsion of 
H F  from 1. We have therefore examined calculations with larger 
basis sets in order to study these properties further. Three ap- 
proaches can be used to estimate the stability of 8 from the 
calculations: the energy of 8 relative to 1, the isodesmic2' reaction 
7, and the calculated energy change for expulsion of HF. 

The level of calculation was chosen by considering results for 
simple fluoronium ions, for which there is already a body of 
published l i t e r a t ~ r e . ~ ~  Our results are summarized in Table 111. 
Del Bene has suggested that MP2/6-31+G** calculations are 
suitable for examining proton affinities and weakly bound com- 
p l e~es ,~ ]  and we examined geometry optimization up to that level. 
Symmetry constraints were not imposed upon the optimization 
(except where noted in Table I11 as a cost-saving measure at  the 
MP2/6-31+G** level). 

In choosing which calculation is to be preferred, we make 
comparison with known reactions. The ab  initio calculations at  
all of the levels in Table I11 underestimate the methyl cation 
affinity of fluoromethane, for which the experimental value is 59 
kcal/mol." The inclusion of electron correlation (MP2) sub- 
stantially improves the agreement between experiment and theory. 
The MP2/6-31G** calculation gives the highest value for DJC- 
F), 56 kcal/mol. 

At all of the levels in Table 111 the Hartree-Fock calculations 
overestimate the proton affinity of fluoromethane (estimated using 
published 6-31G* ab initio vibrational frequencies"). The MP2 
calculations come closer to the experimental value. The MP2/ 
6-3 1 +G** calculations underestimate the proton affinity, while 
the MP2/6-31G** calculation gives the value (1 52 kcal/mol) that 
is closest to the reported experimental value. Likewise, the 
calculation at this level gives the best value for the methyl cation 

(28) Raghavachari, K.; Whiteside, R. A,; Pople, J.  A,; Schleyer, P. v. R. 
J. Am. Chem. SOC. 1981, 103, 5649-5657. 

(29) Wierschke, S. G.; Chandrasekhar, J.; Jorgensen, W. L. J .  Am. Chem. 
SOC. 1985, 107, 1496-1500. 

(30) (a) Jorgensen, W. L.; Coumoyer, M. E. J .  Am. Chem. SOC. 1978,100, 
5278-5285. (b) Del Bene, J.; Frisch, M .  J.; Raghavchari, K.; Pople, J .  A. J .  
Phys. Chem. 1982, 86, 1529-1535. 

( 3 1 )  (a) Del Bene, J.  E. J .  Comput. Chem. 1985, 6, 296-301. (b) Del 
Bene, J. E. J .  Chem. Phys. 1987, 86, 2110-2113. 
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Table III. Ab Initio Results Used for Computation of Bond Strengths of Fluoronium Ions 
H F  H,F+ CHIF CHqFHt  CHIt  (CHI),F+ CH,C=CH,t 8 

bond length (A) 
bond angle (deg) 
HF/6-31G** energy 
HF/6-31+G** energy 
HF/6-311G** energy 
MP2/6-31G**' energy 
MP2/6-31+GZ* energy 

bond length (A) 
bond angle (deg) 
HF/6-31+G** energy 

molecular symmetry 
bond length (A) 
bond angle (deg) 
MP2/6-31+G** energv 

0.901 

-100.01 169 
-100.02430 
-100.04688 
-100.19412 
-100.21733 

0.902 

-100.0243 1 

c-" 
0.969 

- 100.2 1 8 1 1 

HF/6-31G** Geometry 
0.944 (CF) 1.365 (CF) 1.690 1.080 (CF) 1.521 
115.8 (FCH) 109.2 (HFC) 122.4 120.0 (CFC) 124.6 
-100.21 51 8 -1 39.03974 -1 39.2901 3 -39.23630 -1 78.341 55 
-100.21672 -139.04906 -139.29387 -39.23668 -178.34484 
-100.24404 -139.07820 -139.32617 -39.24366 -178.3821 1 
-100.40111 -139.35956 -139.60254 -39.34657 -178.79517 
-100.40745 -139.38396 -139.61799 -39.35172 -178.81586 

HF/6-31+G** Geometry 
0.945 (CF) 1.372 (CF) 1.751 1.080 (CF) 1.528 
116.3 (FCH) 108.5 (HFC) 126.1 120.0 (CFC) 125.8 
-100.21673 -139.04914 -139.2941 1 -39.23671 -178.34489 

MP2/6-3 1 +G** Geometry 
c, C3" c, C3" c, 
0.969 (CF) 1.403 (CF) 1.627 1.084 (CF) 1.533 
113.4 (FCH) 108.2 (HFC) 117.4 120.0 (CFC) 119.5 
-100.40859 -139.38493 -139.61966 -39.35176 -178.81660 

(C=C) 1.266 (HF) 0.097 
(CCC) 182.0 (CCC) 174.7 
-1 16.17640 -216.2065 1 
-116.17711 -216.21668 
-116.19607 -216.26085 
-116.55814 -216.77266 

(C-C) 1.267 (HF) 0.908 
(CCC) 182.0 (CCC) 175.7 
-116.17711 -216.21694 

a Core orbitals not included. 

affinity of hydrogen fluoride, 37.2 kcal/mol (which is within 
experimental error of the empirical value). Since the calculations 
at  the MP2/6-31G**//HF/6-31G** level give the energies that 
replicate experimental values best of all, there seems little jus- 
tification for performing geometry optimization for fluoronium 
ions beyond the 6-31G** level. 

We have therefore used the 6-31G** basis set (split valence 
augmented with p orbitals on hydrogen and d orbitals on other 
atoms) to optimize geometries of selected larger ions. Three 
conformers of 1 were optimized: la, subject to the constraint of 
two planes of symmetry; lb ,  subject to the constraint of only one 

F+ F+ F+ 

H A :  *'I, H\" H "flH \" """ 
H H  H H H fi 
la ,  c," lb.CS 1c. c2 

€6-31G**//6-31G** -216 255 70 au -216 256 81 au -216 257 09 au 

mirror plane; and IC, subject to the constraint of a twofold rotation 
axis through the C-F bond. Conformer IC has the lowest energy 
of the symmetric structures. The C-F bond length for all of these 
is 1.25 A, distinctly shorter than that for the 3-21G geometry. 
We find that isopropyl cation also adopts C2 symmetry when 
optimized without imposed symmetry constraints, both at 3-21G 
and at  6-31G**. 

The accuracy of isodesmic estimates based on geometries op- 
timized a t  6-31G** can be assessed for homologue 9. From the 
ESCA of 2-methoxypropene, IP(OI,) = 538.84 f 0.03 eV,32 and 
its heat of formation,33 we arrive a t  an equivalent cores estimate 
AHf' = 162 kcal/mol for 9. Empirically, AH for reaction 7 is 

RF* 
I 

CHz=CCH3 + CH4 -CH3CH=CHz -t CHsFR' (7) 
9. R : CH3 

energy (au) 
B-~G**N~-~ IG**  -255  236 5.3 -40 201 70 -117081 61 
MP2/6-31G** -255 955 18 -40364 62 -117503 37 

8 kcal/mol when R = CH3, while the ab  initio calculation gives 
a value of 9.5 kcal/mol, and with post-SCF corrections (MP2) 
a value of 13.3 kcal/mol. Here the Hartree-Fock calculation gives 
a value within experimental error of the empirical value,34 and 
inclusion of electron correlation overestimates the stability of 9. 
TO verify the greater accuracy of the Hartree-Fock calculation 

(32) Siggel, M. R.; Carroll, T. X.; Thomas, T. D., unpublished results, 

(33) Guthrie, J. P.; Cullimore, P. A. Con. J .  Chem. 1979, 57, 240-248. 
(34) Both the empirical and ab initio calculations use dimethylfluoronium 

as a reference, and the remaining experimental error in the empirical estimate 
corresponds to a standard error of 1.4 kcal/mol. 

1986. 

I 
I 

'C ' B  
i"'l 

8 C + r +  FL-H 

I 

'p d-2 
I 

minor axis 
of CHzCCH3 

F i e  1. Optimized geometry computed for 8 at 6-31G**. C-C-C bond 
angle 0 < 180' designates that the out-of-plane hydrogens are closer to 
the terminal methylene than the in-plane hydrogen. Angles 6 and 9 are 
defined in the text. 

we compare calculated values for De of the sp2 C-F bond of 9 with 
the empirical heterolytic bond dissociation energy, 12 kcal/mol. 
The Hartree-Fock value is 12.8 kcal/mol and, with MP2, 23.5 
kcal/mol. 

Based on calibration with 9, the 6-31G** Hartree-Fock cal- 
culations are taken to be most likely to be accurate in estimating 
the heat of formation of 8. The isodesmic calculation (reaction 
7 where R = H) gives AHf0(8) = 158 kcal/mol. In order to assess 
the variation of this estimate, the isodesmic calculation was 
performed a t  MP2 and at  HF/6-311G**, yielding values of 
A H f O ( 8 )  = 161 and 160 kcal/mol (based on 6-311G**//6-31G** 
energies for methane and propene of -40.209 01 and - 1 17.103 42 
au) . 

From Table I it can be seen that the ab  initio energy change 
for dissociating 8 to CH3C=CH2+ and hydrogen fluoride cor- 
responds to De = 8.7 kcal/mol at  6-31G//3-21G, from which Do 
is calculated to be 5.7 kcal/mol. For the geometry optimized at  
6-31G**, the energies correspond to De = 11.6 kcal/mol at  
HF/6-31G**, 9.6 at  HF/6-31+G**, 11.2 at  HF/6-311G**, and 
12.8 at  MP2/6-31G**. Table I11 summarizes the data. 

At 6-31G** 8 exhibits an sp2 carbon-fluorine bond length r 
= 2.52 A, as drawn in Figure 1, which is longer than that at  
3-21G//3-21G. The fluorine and carbons are coplanar (Q = Oo) 
and the HFC bond angle is virtually straight, 4 > 178O. Inclusion 
of additional diffuse functions in the basis set for optimization 
(6-31+G**) leads to additional elongation of the C-F bond to 
r = 2.62 A. The energy at  6-31+G**//6-31+G** is only 0.17 
kcal/mol lower than that at  6-31+G**//6-31G**, corresponding 
to a force constant <0.03 mdyn/A for C-F stretching. The C-F 
bond length in 8 stands in contrast to the lengths of the C-F bonds 
in 9, calculated to be 1.49 A (sp3 C-F) and 1.59 A (sp2 C-F) at 
6-31G**, which are comparable to the C-F bond lengths com- 
puted for dimethyl fluoronium. The C-C-C bond angle of 8, 6 
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V l b r a t i o n a i  W a v e f u n c t i o n  f o r  L e v e l  

I 
-120.00 0.00 120.00 240. 00 

R o t a t i o n a l  Angle  u, ( D e g r e e s )  

Figure 2. Rigid rotation of the C3Hs+ moiety of 8 about its minor axis 
treated as a hindered internal rotor. Potential function is a trigonometric 
fit of 6-31G** energies calculated at q = 0, 90, and 180': V (in 
kcal/mol) = 3.620 - 0.944 cos 9 - 2.676 cos 2 q .  Vibrational levels were 
computed using a basis set of 75 trigonometric functions by the method 
of Lewis, J.  D.; Malloy, T.  B.; Chao, T. H.; Laane, J. J .  Mol. Struct. 
1972, 12, 427-449 (computer program written by Professor D. F. Bo- 
cian). The vibrational wave function for the asterisked level is drawn at 
the top of the figure. 

= 175O, is nearly as close to linear as for free CH3C=CH2+, 8 
= 182". Mulliken population analysis at 6-31G**//6-31G1* 
shows a total overlap population for the C-F bond in 8 equal to 
0.004, as contrasted with a value of 0.074 for the sp2 C-F bond 
in 9. It is hard to avoid the suspicion that covalent character is 
largely absent from the C-F bond in 8 and that it is held together 
by electrostatic (ion-dipole) forces. Since the 6-31G** calculations 
(both at the Hartree-Fock level and with MP2) seem to ouer- 
estimate the stability of 9, we believe that the apparent lack of 
covalency in 8 is not a mere artifact of the basis set. 

A classical electrostatic calculation of the attractive potential 
between CH3C=CH2+ and H F  in the 6-31G** optimized geom- 
etry gives a dissociation energy comparable to the ab initio value. 
Using the 6-31G** positive charge distribution of free CH3C= 
CH2+ (distorted to the geometry it enjoys in 8) and treating H F  
as a point dipole (with its 6-31G** dipole moment, 2.34 D) give 
a potential energy of AU = 12 kcal/mol for separation of ion and 
dipole. 

The calculated barrier at  6-31G** for rigid rotation of the 
CH3C=CH2+ portion of 8 around its minor axis by angle 9 
(leaving the hydrogen fluoride portion fixed) is 0.01003 au 
(0.007 93 au at MP2) at 9 = 90°. The ease of rotation further 
substantiates the notion that the C-F bond does not possess much 
covalent character. Treatment of this motion as a hindered in- 
ternal rotor is summarized by Figure 2. 

Discussion 
The experimental results for 1-bromopropene (reaction 4) 

calibrate the EBFlow method for measuring the C3H5+ isomer 
distribution from electron impact. Not only is there good 
agreement with an independent experimental mea~urement:~ but 

Table IV. Comparison of Empirical C-X and H-X Heterolytic (HET) 
and Homolytic (HOM) Bond Dissociation Energies 
(in kcal/mol) of (CH3)JH,+ Ions' 

[(CH3)3- 
CH]H+ (CH3)INH' (CH3)20H+ CH,FH+ 
x = c  X = N  x = o  X = F  

HET HOM HET HOM HET HOM HET HOM 
H-X 163 93 225 92 192 107 150 125 

C-X 66 92 122 86 84 108 36 178 
bond 

bond 
A 21 6 23 89 - ~. 

Neonb (CH&SH+ CH3CIH+ 
CHIOH,+ X = Ne x = s  x = c1 - -  

HET HOM HET HOM HET HOM HET HOM 
H-X 182 119 48 231 201 88 168 114 

bond 

bond 
A 52 15 -3 52 

C-X 67 132 33 303 100 91 62 129 

"The C-X heterolytic bond dissociation energy is equated to the methyl 
cation affinity of (CH,),,XH,, and the H-X heterolytic bond dissociation 
energy is equated to the proton affinity of (CH3)JHml.8r The difference 
between the weaker H-X value and the weaker C-X value is represented as 
A. bHeterolytic bond dissociation energies taken as the proton affinity and 
methyl cation affinity of atomic neon. The latter was estimated by the 
method of equivalent cores from the reported ESCA of hydrogen fluoride 
and fluoromethane. 

there is also no evidence of contamination by alternative pathways. 
If, for instance, direct substitution of bromine by fluorine (either 
via fluorine atoms or F+) had taken place, then 1-fluoropropene 
would have been detected. As this is not seen in the I9F NMR 
of the product mixture, these reactions can be ruled out. For the 
same reason we also rule out the production of C3H5F from 
1 -propenyl radicals. 

Reactions 4 and 5 stand in contrast to the formation of 
CH3C=CH2+ as the sole C3H5+ isomer from 70-eV electron 
impact on tert-butyl fluoride, which has been inferred from re- 
covery of 2-fluoropropene with no allyl fluoride in previously 
reported EBFlow experiments,2 and which is confirmed by our 
observation of the deuterated analogues from reaction 6. Frag- 
mentation of tert-butyl fluoride to CH3C=CH2+ requires two 
steps, methyl loss and hydrogen fluoride expulsion. There are two 
possible sequences in which these steps might occur, as reaction 
8 depicts. If hydrogen fluoride expulsion were to come first, then 

b l'-CH, a (CH,),CF'+T(CH~)~C=CH~'' - 
CH3C=CH2+ + CH3' (8) 

isobutene molecular ion would be an intermediate, as in reaction 
8b. But since ionization of isobutene affords a mixture of C3H5+ 
isomers (reaction 5 ) ,  we infer that isobutene molecular ion cannot 
be an obligatory intermediate. We conclude that reaction 8a 
followed by reaction 2 must represent the predominant route to 
CH3C=CH2+ cation. 

The object of our theoretical calculations has been to consider 
the isomers accessible by rearrangement of 1. As a prelude to 
discussing the ab initio results, let us review what chemical intuition 
might predict in terms of resonance structures. A covalent bond 
in an onium ion, RY+, can be dissociated in two ways: hetero- 
lytically, to yield R+ and Y, or homoljtically, to yield R' and Y". 
An unsymmetrically substituted onium ion therefore has four 
options for dissociating two different bonds, as represented by 
reaction 9. For electrically uncharged molecules bond homolysis 

heterolytic 
CH; + XH dissociate 

CH3' + XH" 
CH3-X--H+ 

I 
dissociate I X-H 

homolyt ic l  

CH3X'* -k H' CH3X + H+ (9) 
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almost always has a lower thermodynamic barrier than bond 
heterolysis. But ions may favor dissociation one way or the other, 
depending upon the nature of their heteroatoms. In some cases 
an unsymmetrically substituted ion may favor homolytic disso- 
ciation of one bond and heterolytic dissociation of another. Em- 
pirical values for H-X and C-X bond dissociation energies for 
a series of onium ions are summarized in Table IV. The difference 
between the weaker X-H and the weaker X-C values is sym- 
bolized as A. Experimental values from which the bond strengths 
can be measured are not available for X = boron, but a difference 
in the heterolytic bond dissociation energies of 79 kcal/mol can 
be deduced from an isodesmic ca l c~ la t ion ,~~  which leads to a value 
of A = 6 kcal/mol when the ionization potentials of atomic hy- 
drogen and trimethylborane are taken into account. Comparison 
of the values of A for the conjugate acids of dimethyl ether and 
of methanol shows that A can be as greatly affected by the extent 
of substitution of >two-coordinate onium ions as by the identity 
of the heteroatom X. Where experimental values are available, 
second-row elements exhibit smaller values of A than do their 
first-row counterparts. As can be seen from Table, IV, the mo- 
nosubstituted fluoronium ion exhibits by far the largest value of 
A. Based on this survey we expect that unsymmetrically sub- 
stituted fluoronium ions will manifest the greatest degree of bond 
distortion that is to be observed. The extension of the C-F bond 
of fluoromethane upon protonation (and the fact that its magnitude 
is greater than the extension of the C-0 bond of methanol upon 
protonation) has been remarked in previous theoretical studies.I3 

Since the value of A is so large for fluoronium ions, a large 
distortion of 8 relative to isoelectronic analogues is expected. 
Previous calculations have shown extremely long C-F bonds (>2.5 
A) in F-protonated alkyl  fluoride^.'^ With regard to reaction 2, 
a potential energy minimum corresponding to 8 is expected along 
the reaction coordinate. On the reactant side, transfer of hydrogen 
from carbon to fluorine in 1 is a 1,34gmatropic shift, for which 
a high potential energy barrier may be expected to exist.36 On 
the product side, hydrogen fluoride will experience attraction 
toward any positive ion. Therefore 8 can be viewed as a local 
minimum between two maxima: on the one hand, the transition 
state for 1,3-shift and, on the other hand, infinite separation 
between ion and dipole. 

The results of our Hartree-Fock calculations for symmetrically 
substituted fluoronium ions (H2F+, dimethylfluoronium, or 6) 
predict equal bond lengths to fluorine, even though this was not 
imposed as a constraint of geometry optimization. An unsym- 
metrically substituted fluoronium ion can be anticipated to have 
unequal bond lengths. For CH3FH+ the ab initio calculations 
give bond strengths that vary with the level of the calculation, 
but which correspond to D, in the range 150-160 kcal/mol for 
F-H and D, in the range 20-40 kcal/mol for F-C. At the 
MP2/6-3 lG**//HF/6-31G** level the difference between these 
De)s, 116 kcal/mol, is in good agreement with the experimental 
difference in heterolytic bond dissociation energies. As expected, 
the ab  initio F-H bond length (0.922 A at HF/6-31G**; 0.953 
A at MP2/6-31+G**) is shorter than the bond length in H2F+, 
while the F-C bond length is much longer than in dimethyl- 
fluoronium. 

The variation of structure of simple fluronium ions with cal- 
culational method is instructive. Dimethylfluoronium and H2F+ 
are ions for which heterolytic dissociative resonance structures 
for the bonds to fluorine should be much lower in energy than 
homolytic ones. When electron correlation effects are included 
(MP2/6-31+G** geometry vs. HF/6-31+G** geometry) the 
bonds to fluorine elongate. For the F-H bond of protonated 
methyl fluoride, the homolytic resonance structure corresponds 
to a lower energy than does the heterolytic one. Accordingly the 

(35) Heat of formation of dimethylborane estimated from the isodesmic 
reaction Me,B + H2 - Me2BH + CHI using 3-21G//3-21G energies from: 
(a) Carmichael, I. J. Phys. Chem. 1986, 90, 2057-2060. (b) Budzelaar, P. 
H. M.; Kos, A. J.; Clark, T.; Schleyer, P. v. R. Organometallics 1985, 4 ,  

(36) (a) Hvistendahl, G.; Williams, D. H. J .  Am. Chem. SOC. 1975, 97, 
3097-3101. (b) Williams, D. H. Acc. Chem. Res. 1977, IO, 280-286. 

429-437. 
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F-H bond exhibits greater elongation as a result of including 
electron correlation than does H 2 P ,  while the C-F bond contracts 
substantially. This same trend has been reported using smaller 
basis sets, although the optimized bond distances are somewhat 
shorter (C-F = 1.602 A at MP2/6-31G* and 1.682 A at HF/ 
6-31G*).I6 In terms of a valence bond picture, the addition of 
diffuse functions to the basis set for MP2 gives poorer agreement 
with experimental bond strengths because it appears to lead to 
excessive weighting of homolytic resonance structures. As noted 
in the Results, the MP2/6-31G** calculations give the best es- 
timates of the methyl cation affinity and proton affinity of 
fluoromethane, as well as the best estimate of the methyl cation 
affinity of hydrogen fluoride. 

The calculated heterolytic bond strengths of 8 are Do = 159 
kcal/mol for F-H and <13 kcal/mol for F-C. Because there is 
a tradeoff between the strengths of the two bonds to fluorine, 
weakening of one will strengthen the other. To judge from the 
results for 9, the homolytic resonance structures for the sp3 C-F 
bond are too heavily weighted at  the MP2 level, which weakens 
that bond and leads to a substantial overestimate of the sp2 C-F 
bond strength. 

With 6-31G** optimized geometries (which give a good match 
to the empirical bond strength of 9) ,  the calculated F-H bond 
length for 8 is only 0.006 A longer than calculated for free hy- 
drogen fluoride, while the F-C bond length is greatly elongated, 
at least 1 A greater than that of dimethylfluoronium. If 8 is viewed 
as a fluoride shared between CH3C=CH2+ and a proton, the 
virtually all of the covalency is directed toward the proton. 

The three different methods of gauging the stability of 8 at 
6-31G** are not in perfect agreement with one another. The 
isodesmic calculation (reaction 6, R = H )  gives AHf'@) = 158 
kcal/mol. The calculated dissociation into CH3C=CH2+ and 
hydrogen fluoride gives AHfo(8) = 156 kcal/mol (based on vi- 
brational frequencies computed at  3-21G). These two values are 
close, but the calculated isomerization energy of 1 gives a much 
higher estimate, AHf0(8) = 169 kcal/mol. This brings to mind 
the systematic overestimation of the gap between CH3C=CH2+ 
and allyl cation, and we therefore feel justified in casting out the 
discrepant value. 

The discrepancy between experiment and the values summa- 
rized in Table I1 constitutes a systematic error, which limits the 
confidence that can be placed in ab initio calculations. Pople has 
recently presented a series of computations that show that a 
nonclassical structure, bridged protonated acetylene, is a CzH3+ 
isomer of lower energy than the classical vinyl cation.37 A barrier 
is calculated to exist between these isomers, and it is conceivable 
that calculations on the C3H5+ homologue err not because allyl 
cation is too low but because classical CH3C=CH2+ is too high. 
If bridged protonated allene or bridged protonated propyne rep- 
resents a deeper minimum, the energy difference between classical 
and nonclassical C3H5+ structures is greater than the difference 
between classical and nonclassical vinyl cation. Comparison 
between the calculational methods that are common to Table I1 
and Pople's survey suggests that the classical-nonclassical energy 
difference for CH3C=CH2+ would have to be at least 1.5 kcal/mol 
more than that for C2H3' in order to bring the CH3C=CH2+-allyl 
energy gap into line with experiment. 

Calculations at all levels portray 8 as a bound species in which 
CH3C=CH2+ is a major contributing resonance structure. We 
interpret the ab  initio results for 8 as exhibiting a stable elec- 
trostatic bond.38 Calculated properties of 8 exemplify an im- 
portant feature of ionic bonding in the gas phase, namely, a low 
barrier to internal rotation perpendicular to a bond axis. As 
previously noted,39 this degree of freedom distinguishes ion- 
molecule complexes from more conventional hydrogen-bonded 
complexes. The barrier height for 360' rotation about angle \k 

(37) Pople, J. A. Chem. Phys. Let?. 1987, 137, 10-12. 
(38) Although analogous local minima were reported in calculations on 

other closed-shell, gaseous cations several years ago (for example, Fois, E.; 
Gamba, A,; Suffritti, G. B.; Simonetta, M.; Szele, I.; Zollinger, H. J .  Phys. 
Cbem. 1982,86,3722-3728), their significance was not remarked at the time. 

(39) Morton, T. H. Tetrahedron 1982, 38, 3195-3243. 
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is comparable to the energy of a vibrational transition, but is lower 
than the ion-dipole bond energy. Intermediacy of analogous 
ion-molecule complexes has been demonstrated experimentally 
for a variety of unimolecular ion  decomposition^,^^*^ and 8 rep- 
resents a potential energy minimum that conforms to the de- 
scription of these intermediates. 

The virtual lack of directed valence in the C-F bond of 8 is 
best illustrated by the potental energy curve for rigid rotation of 
the CH3C=CH2+ moiety by angle 9 in Figure 2. The central 
carbon is nearly linear (sp'.Oo4 hybridized) with its vacant p orbital 
pointed toward the fluorine along the H F  bond axis. As the vacant 
orbital is rotated out-of-plane by angle 9, CT overlap with fluorine 
decreases and x overlap increases until there is only x overlap with 
a fluorine lone pair at  9 = 90'. Energies at  90, 180, and 270' 
represent upper bounds for the values at  these extrema since the 
structure has not been allowed to relax. Vibrational wave functions 
for the lowest levels are localized in one well or the other. Vi- 
brational wave functions for the highest bound levels are delo- 
calized. The wave function for the asterisked level in Figure 2 
(which is 6.0 kcal/mol above the zero point of the lower well) is 
completely delocalized with nonzero amplitude at  3 = 90°, sig- 
nifying that in classical terms the ion and molecule orbit about 
one another while remaining electrostatically bound. 

In Figure 2 the angular coordinate 9 corresponds to a bending 
coordinate in the lowest vibrational levels. This transforms into 
hindered internal rotation perpendicular to the C-F bond axis at 
the highest bound levels!' It is not uncommon for high amplitude 
bending motions to correspond to internal rotation that abolishes 
directed valence, yet leaves the molecular fragments bound to one 
another (the thermal isomerization of methyl isocyanide is a good 
example). It is characteristic of ion-molecule complexes, however, 
that the barrier to this type of internal rotation is not only lower 
than the thermodynamic dissociation barrier for the molecular 
fragments but also that its magnitude is not substantially greater 
than one vibrational quantum of stretch or bend elsewhere in the 
molecule. If vibrational excitation in the organic or the HF moiety 
randomizes throughout the molecule, the energy is enough to set 
the two fragments into orbit about one another. Other calculations 
have described stable ion-molecule complexes.42 Our results for 
8 depicts a closed-shell case that does not possess any hydro- 
gen-bonded isomers. 

The two lowest energy isomers of 1 are 1-fluoro-1-propyl cation 
(3) and fluoretanium ( 6 ) .  Experimentally we know that fluore- 
tanium is not accessible from 1, for the hydrogens would scramble 
if the interconversion 1 @ 6 took place. Our previously published 
studies of neutral products derived from CD3CFCH3+ (l-d3) have 
shown that hydrogens do not exchange between the two ends, 
neither in stable ions nor in those that expel hydrogen fluoride. 
For instance, when the different deuterated analogues from de- 
composition of ld3  are quenched by fluoride abstraction, the 

(40) (a) Longevialle, P.; Botter, R. In?. J .  Mass Spectrom. Ion Phys. 1983, 
47, 179-182. (b) McAdoo, D. J.; Hudson, C. E. Org. MassSpectrom. 1986, 

(41) Redman, E. W.; Stams, D. A,; Morton, T. H. in Progress in Mass 
New York, 1986; pp 

(42) (a) Postma, R.; Ruttink, P. J. A.; Terlouw, J. K.; Holmes, J. L. J. 
Chem. Soc., Chem. Commun. 1986,683-68s. (b) Bouchoux, G.; Hoppilliard, 
Y. In?. J. Mass Spectrom. Ion Phys. 1987,75, 1-14. (c) Baer, T.; Shao, J.-D.; 
Morrow, J. C. Paper presented at the 3Sth Annual Conference on Mass 
Spectrometry and Allied Topics (ASMS), Denver, CO, 28 May 1987. 

21, 779-780. 

Spectrometry -1985; Todd, J. F. J., Ed.; Wiley: 
1177-1 178. 
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recovered neutral products have 19F N M R  spectra that are well 
resolved from one another. The splitting pattern of recovered 
CH2=CFCD3 is distinctive, and no CDH=CFCD2H can be 
detected.2 Therefore the barrier separating 6 from 1 must be 
higher than the vicinal elimination barrier. 

Interconversion of 1 with 3 cannot be excluded, for that reaction 
would not lead to hydrogen scrambling. The barrier to 1,2-hy- 
drogen shift in 1 (estimated by the method of Frenking and 
Schwarzs) is not that much higher than the thermodynamic barrier 
from vicinal elimination. But our ab initio calculations show that 
the conformation that would result from hydrogen shift, 2b, 
proceeds without any further barrier to yield 3 via methyl shift. 
Reaction 2 does not take place because the intermediate cation, 
2, is diverted by further rearrangement to an ion that cannot 
readily undergo elimination. 

The ab initio calculations show that epifluoronium ion 4 is 
accessible from 3 via 2. The interconversion of 1 and 4 need not 
lead to hydrogen scrambling, so it cannot be ruled out on the basis 
of the experiments that have been performed to date. Ion 4 has 
much more the character of resonance structure 11 than it does 
of 2. Structure 2 would have one short C-C bond and one long 
C-C bond, while 11 should have two C-C bonds of approximately 
equal length. The C-C bond lengths of 4 are within 0.02 A of 
one another. 

By rules of orbital symmetry, thermal 1,3-elimination from 11 
would have to proceed antarafacially to yield allyl cation. The 
geometry required for the antarafacial transition state is greatly 
distorted from the geometry of 4. These arguments account for 
the failure to observe allyl cation from decomposition of 1. Ions 
5 and 7 could plausibly decompose to allyl cation, but they are 
high-energy isomers that would require unprecedented rear- 
rangements to be accessible from 1. 

Conclusions 
EBFlow experiments demonstrate that CH3C=CH2+ from 

electron impact on tert-butyl fluoride is formed via vicinal elim- 
ination of hydrogen fluoride from ion 1. Among the C&F+ 
isomers surveyed, ab initio calculations show that there is a stable 
minimum for each one that corresponds to a stable isoelectronic 
C3H60 isomer. Structures 2 and 11, which correspond to C3H60 
zwitterions, are not stable; the former undergoes barrier-free 
isomerization and the latter is a contributing resonance structure 
of ion 4. Ion 8 is an ion-molecule complex that corresponds to 
a product-like energy minimum along the reaction coordinate for 
vicinal elimination. Experimental consequences of calculational 
predictions are under active investigation. 
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