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Experimental evidence is presented that the 1-cyclobutenyl ( 5 )  and cyclopropylidenemethyl cations (6) are 
stable species in the gas phase, whereas the isomeric homopropargyl ion (7) does not exist in a potential-energy 
well. The small kinetic energy release associated with Br. loss from ionized C4H5Br precursors indicates that 
simple bond cleavages of the C-Br bonds in the cation radicals from both 1-bromocyclobutene (1) and cyclo- 
propylidenemethyl bromide (2) take place. The dissociation of ionized 2, however, is partially accompanied by 
an exothermic isomerization leading to the more stable isomer 5.  Bra loss from ionized homopropargyl bromide 
3 is assisted by neighboring-group participation of the triple bond; exothermic isomerization of the incipient 
homopropargyl ion 7 to 5 occurs. In addition to the direct isomerization, 7 - 5 ,  evidence is presented for the 
existence of an alternative pathway, 7 - 6 - 5 .  

Introduction 

Many intrinsic properties of ions can be examined ad- 
vantageously in the absence of solvent, i.e., in the gas 
phase. For example, collisional-activation (CA) mass 
spectrometry can reveal the number of isomeric structures 
of an ion capable of existing in significant minima on the 
potential-energy ~ u r f a c e . ~  Complementary information 
may be obtained from the kinetic-energy release, T,  ob- 
served to accompany unimolecular dissociation of a met- 
astable ion of i n t e r e ~ t . ~ , ~ ~ ~ ~  The shape of these metastable 
peaks affords a “direct picture” of what happens when 
dissociation take place. As has been shown for several 
systems, when a (R-X)+ ion loses X (X = Br, CO, CH20, 
or H20)  to form a carbocation R’, exothermic isomeriza- 
tion of the incipient cation is indicated by an increase in 
the kinetic-energy release which accompanies dissocia- 
t i ~ n . ~ , ~  This increase in kinetic-energy release, which can 
be conveniently measured for metastable ion decomposi- 
tions occurring in one of the field-free regions of a dou- 
ble-focusing mass spectrometer, arises because part of the 
potential energy, liberated upon exothermic isomerization 
of the incipient cation, is partitioned into the bond which 
is finally broken in the dissociation step. Such data are 
not accessible from solution experiments because collisions 
between reactact, product, and solvent molecules lead to 
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rapid absorption of any kinetic energy released upon 
unimolecular dissociation into the various vibrational 
modes of the system. In this paper we report results of 
gas-phase experiments on dissociative ionization of isom- 
eric C4H5Br compounds, Le., 1-bromocyclobutene (l), cy- 
clopropylidenemethyl bromide (2), and the corresponding 
homopropargyl derivative (3). 

H C s C C H z C H z B r  R~~ w=2 2 3 
1 

Whereas the existence of vinyl cations as intermediates 
in solvolytic reactions is now established,6 related exper- 
imental data on gaseous vinyl cations are much more lim- 
ited.4b*7 An understanding of the stabilities and properties 
of this class of carbenium ions can also be obtained by 
means of molecular-orbital theory, and a large number of 
substituted vinyl cations have already been investigated 
computationally.s Among the cyclic vinyl cations (41, the 

(CH2) / 7 C H  I / +  fl+ >C=E-k . I C . = C . ~ H Z ~ H ~  

L c  4 5 6 7 

highly strained 1-cyclobutenyl cation ( 5 )  is of particular 
interest. Hanack demonstrated that 5 was a common 
intermediate in the solvolysis of the trifluoromethane- 
sulfonate derivatives of 1 and 3 (S03CF3 substituted for 
Br) and also of 2.6b,e,9a-c The surprisingly high solvolysis 
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rate of 1, SOBCFB substituted for Br or S03C,Fg (in com- 
parison with that of cyclopentenyl or of cyclohexenyl 
triflate), was accounted for by an unusual stability of 5,9d 
attributed to a bridged, nonclassical structure. The ob- 
servation that 2 solvolyzes much faster than secondary 
vinyl bromides, such as (CH3)2C=C(Br)CH3, was attrib- 
uted to an extraordinary cyclopropylcarbinyl-type stability 
of the resulting cation 6.6b,e,10 In a recent theoretical study, 
Schleyer and co-workers" found that 5 and 6 are indeed 
both unusually stabilized nonclassical vinyl cations; the 
former was indicated to be approximately 8 kcal mol-' 
more stable than the latter. For the homopropargyl ion 
7 no minimum could be detected on the potential-energy 
surface. The calculations suggest that 7 should rearrange 
spontaneously to either 5 (more likely) or 6. Both 5 and 
6 were indicated to be minima on the potential-energy 
surface. 

To  our knowledge no gas-phase experiments on these 
isomeric C4H5+ ions have been described in literature.I2 
In this paper we present experimental evidence for the 
existence of the 1-cyclobutenyl ( 5 )  and the cyclo- 
propylidenemethyl (6) cations as stable species in the gas 
phase. In addition. it is shown that Br. loss from ionized 
3 is accompanied by spontaneous rearrangements: 7 - 
5 and 7 - 6 - 5. We could find no evidence for the 
existence of a stable homopropargyl ion (7) in the gas 
phase. 

The very close agreement between our experimentally 
derived conclusions and those obtained computationally'l 
is even more noteworthy since both studies were carried 
out completely independently and without any knowledge 
of the final results 
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Table I. Kinetic-Energy Release, T, for Br. LOSS 
from Ionized 1. 2. and 3" 

Experimental Section 
1-Bromocyclobutane (1) was synthesized by a literature pro- 

cedure; Le., Brl addition to cy~lobutene '~ was followed by HBr 
e1iminati0n.l~ Cyclopropylidenemethyl bromide (2) was obtained 
by HBr elimination from l-bromo-l-(bromomethyl)cyclopropane,15 
and the homopropargyl bromide (3) by the convenient two-step 
procedure: 3-butyn-1-01 - 3-butyn-1-yl tosylate - 3.16 All 
compounds were purified by preparative gas chromatography and 
characterized by NMR spectroscopy. The collisional-activation 
(CA)3 spectra were obtained by using a ZAB-2F double-focusing 
mass spectrometer, in which ions pass through the magnetic field 
before entering the electric field. The collision cell was differ- 
entially pumped and situated in front of the energy-resolving slit. 
Samples were introduced via the heated gas inlet system and 
subjected to an accelerating voltage of 8 kV, with a nominal 
electron-beam energy of 70 e\' and a source temperature of ap- 
proximately :SO O C .  The magnetic and electric fields were ad- 
justed to transmit C4H5+ ions ( m / t  53); helium was then intro- 
duced into the collision cell via a variable leak until the pre- 
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precursor T, kcal mol" 

I 

0.06 (3.48)b 

2 

0.77 (1.75)b P c = L - - L " v - >  

3 
a The kinetic energy release data were derived from the 

metastable eak width a t  half-height by using Beynon's 
equation.17a Composite peak; the estimated values in 
parentheses refer to the broader component of the peak. 

cursor-ion abundance decreased to one-third of its original value 
due to scattering and decomposition. CA spectra were then 
obtained by scanning the electrostatic sector potential, recorded 
on an XY recorder, and normalized to the sum of the fragments. 
Only peak heights were measured and the abundances were not 
corrected for reduced multiplier response. The CA spectra (Table 
11) are mean values from at least five independent measurements. 
The reproducibility was *3 to *lo%, depending on the abundance 
of the precursors. The unimolecular decomposition of metastable 
ions was recorded, using the same technique (MIKES) without 
adding collision gas." The kinetic energy release measurements 
for 79Br loss from ionized 1,2 ,  and 3 were obtained by using the 
same instrument and the same technique (unimolecular decom- 
position of M+. occurring in the field-free region between the 
magnetic and electric fields). The kinetic energy release data 
(Table I) are mean values from at  least three scans. The energy 
resolution (E /  LE) of the instrument was approximately 2500; 
corrections were applied for the widths of the main beams 

Results and Discussion 

Values, T,  of the kinetic-energy release that accompanies 
Br. loss from each of the three isomers of C4H5Br+ (1-3) 
are given in Table I. 

Loss of Br. from ionized 1-bromocyclobutene (1) and 
from cyclopropylidenemethyl bromide (2) is characterized 
by extremely small kinetic-energy release (0.08 and 0.06 
kcal mol-', respectively). In accordance with theory and 
the current interpretation of T v a l ~ e s , ~ ~ ~ ~ ~ ~ ~ ~  this is clear 
evidence that the gaseous [M - Br]+ ions formed from 1+. 
and from 2+. undergo simple C-Br bond cleavage, occur- 
ring without rearrangement of the incipient C4H5+ cations. 
The ions derived from 1 and 2 thus may be represented 
by structures 5 and 6. On the other hand, the kinetic- 
energy release associated with Br. loss from ionized ho- 
mopropargyl bromide (3) is substantially larger (0.77 kcal 
mol-'). This clearly indicates that the dissociative ioni- 
zation of 3 is accompanied by exothermic isomerization 
of the incipient homopropargyl ion (7) to a more stable 
carbocation. The fact that Bra elimination from ionized 
3 (and also from 2) gives rise to composite metastable 
peaks (Figure 1) can be taken as experimental evidence 
that the isomerization of 7 occurs via at least two different 
reaction pathways.ls Furthermore, the broader component 
of the composite metastable peak for Br. loss from ionized 

(17) For pertinent literature concerning the MIKES technique (Mass 
Analyzed Ion Kinetic Energy Spectroscopy) see: (a) Beynon, J. H.; Cooks, 
R. G.; Amy, J. W.; Baitinger, W. E.; Ridley, T. Y. Anal. Chem. 1973, 45, 
1023A (b) Schlunegger, U. P. Angeu'. Chem., Int. Ed. Engl. 1975,14,679: 
(cj Beynon, J. H.; Cooks, R. G. "Mass Spectrometry, International Review 
of Science"; Maccoll, A., Ed.; Butterworths: London, 1975; p 159; (d)  
Cooks, R. G.; Beynon, J. H.; Caprioli, R. M.: Lester, G. R. "Metastable 
Ions"; Elsevier: Amsterdam, 1973. 
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Table 11. Collisional Activation Spectra of C,H,+ Ions 
Formed from Isomeric C,H,Br Precursors 1, 2, and 3 

Figure 1. Metastable eaks (ZAB-2F mass spectrometer, second 
field-free region) for h r  loss from the molecular ions of (a) 
1-bromocyclobutene (l), (b) cyclopropylidenemethyl bromide (2), 
and (c) homopropargyl bromide (3). The peaks were recorded 
by using the MIKES technique described in the experimental 
section and in ref 17. The composite nature of the metastable 
peaks for loss of 79Br from ionized 2 and 3 is indicated by arrows. 

2 indicates that  the incipient cyclopropylidenemethyl 
cation (6) undergoes an exothermic isomerization to a more 
stable C4H5+ cation. The ion so formed is likely be the 
1-cyclobutenyl cation, because Br. elimination from 1 is 
not associated with any line broadening. Although the 
kinetic energy release data reveal that the incipient C4H5+ 
cations from homopropargyl bromide (3) (and, in part, 
those from 2) isomerize, these experiments do not give 
direct information regarding the structure of the C4H5+ 
isomer formed after rearrangement. This problem, how- 
ever, may be resolved by using collisional-activation (CA) 
~pectroscopy.~ Relevant CA data of C4H5+ ions formed 
from 1-3 are given in Table 11. 

The CA data for the C4H5+ ions are essentially identical 
for 1 and 3 and are broadly similar for 2. Due to excess 
energies, partial interconversion of the isomeric C4H5+ ions 
probably occurs before and/or after collision. Neverthe- 
less, some significant differences are observed, especially 
in the relative abundances of the fragments m / z  39 and 
27. m/z 39 is produced formally from C4H5+ by CH2 loss, 
and m/z 27 via C:!H2 elimination. The relative abundances 
of both signals are enhanced for those C4H5+ isomers de- 
rived from l (and 3), indicating that these ions do not 
interconvert completely with the isomeric C4H5+ cations 
from 2. Thus, we conclude that at  least two distinct C4H5+ 
structures can exist as stable species in the gas phase. 
Despite the lack of detailed energetic data, collision-in- 
duced loss of CH2 as well as C2H3+ formation from 5 may 
occur as indicated in 5a. In particular, the enhanced loss 
of CH2 may be a consequence of the proposed bridged 
~ t r u c t u r e ~ ~ ~ ~ ~ ~ ~  of the 1-cyclobutenyl cation (5a). 

u 

+ CA CzH3 -- 
C y  H p  LOSS 

m/z 27 

5a 

Conclusions 

The combination of the T value and the CA data allows 
the following conclusions (summarized in Scheme I) to be 
made. (1) Br. loss from ionized 1-cyclobutenyl bromide 
(1) is a simple C--Br bond cleavage process, leading to the 
1-cyclobutenyl cation 5. This interpretation is substan- 
tiated by the extremely small kinetic-energy release asso- 
ciated with Br. loss and the distinct CA spectrum. The 
latter exhibits some diagnostically useful fragmentation 
processes. There is no experimental evidence for an exo- 

95, 1732; (b) Beynon, J. H.; Bertrand, M.; Cooks, R. G. Ibid. 1973, 95, 
1739; (c) Holmes, J. L.; Benoit, F. M. In "Mass Spectrometry, MTP 
International Review of Science"; Maccoll, A,, Ed.; Butterworths: Lon- 
don, 1973; (d) Holmes J. L.; Yinen, D.; Rye, R. T. B. Org. Mass Spectrom. 
1977, 22, 254; (e) Vijfhuizen, P. C.; Terlouw, J. I,. Ibzd. 1976, 2 1 ,  888; (f) 
see also ref 7d and 1"d. 

C,H: from precursor fragment ions, 
m/za 1'. 2+. 3+. 

52 
51  
50 
49 
39 
38 
37 
36  
21 
26 

20 
26 
18 

3.4 
3.1 
2.4 
1.9 
0.6 

2.5 
22 

24 
31 
22 

3.9 
1.5 
2.5 
2.0 
0.7 
10 

2.4 

2 1  
21 
17  

3.8 
3.0 
2.6 
2.0 
0.8 

2.7 
20 

a The relative abundances are normalized to a total of 
100 units over the m/z range 26-52. 

Scheme I. Br. Loss from Ionized 1, 2, and 3n 

- m* br - Br' En+ 

7.. / 

FC- H 

5 

a For experimental evidence for the isomerization of the 
incipient cations 2a (which isomerizes partially) and 3a 
(complete isomerization), see text. 

thermic isomerization of 5 to a more stable cation. ( 2 )  BP 
loss from ionized cyclopropylidenemethyl bromide (2) is 
also indicated to be a direct cleavage reaction leading to 
a different stable C4H5+ isomer, i.e., the  cyclo- 
propylidenemethyl cation (6). However, the composite 
metastable peak associated with Br. elimination from 2+. 
suggests that at  least part of the incipient C4H5+ ions from 
2+. must undergo exothermic isomerization to a more 
stable product. This cation is indicated to be 5. Thus, the 
computationally predicted stability order" (5 more stable 
than 6) is experimentally verified. The solvolysis results 
lead to the same conclusions.& (3) The large kinetic-energy 
release associated with Br. loss from 3+. provides clear 
evidence that the incipient homopropargyl ion 7 is not a 
stable species in the gas phase. The shape of the meta- 
stable peak (composite peak) points to two separate 
isomerization pathways; these likely lead to 5 and to 6. 
The nearly identical CA data of the [M - Br]+ ions derived 
from 1+. and from 3+-, however, suggest that the ions have 
structure 5 exclusively under these conditions. Thus, the 
excess energy of the [M - Br]+ ion from 3+. either is suf- 
ficient to overcome the barrier 6 - 5, or isomerization of 
6 occurs after collisional activation. 
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Ab initio and MIND0/3 calculations were employed to explore the geometries and energies of unusual vinyl 
cations. In agreement with experiment, both the cyclopropylidenemethyl (8) and the cyclobutenyl (4) cations 
were found to be highly stabilized species. The former benefits from effective hyperconjugation involving the 
cyclopropyl ring while the latter is indicated to be a nonclassical ion with C3 bridging almost equidistantly between 
C1 and C p .  This 1-cyclobutenyl cation (4) is found to be significantly more stable than 8. This difference is very 
much reduced in the methyl-substituted isomers 10 and 11. The homopropargyl ion (9), not a minimum on the 
potential energy surface, should rearrange directly to the much more stable 4. 

Extensive studies of vinyl cations over the last decade 
have established their intermediacy in solvolytic reactiom2 
The relative stabilities of vinyl cations are usually deduced 
from solvolysis rates, but ground-state and solvation effects 
may complicate the interpretations.2 Related experimental 
data in the gas phase are limited,3a-c although some new 
measurements were reported recently by Aue and Bow- 

A more detailed understanding of the stabilities and 
the structures of this relatively new class of carbenium ions 
can be obtained computationally; a large number of sub- 
stituted vinyl cations have already been inve~t iga ted .~  

Cyclic vinyl cations (1) are of special interest. a-Sub- 
stituted vinyl  cation^,^,^ as well as the CZu classical form 
of the parent vinyl cation, H2C=CH+,5 are indicated to 
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Mellon; (f) Erlangen-Nurnberg. 
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(4) (a) Apeloig, Y.; Schleyer, P. v. R.: Pople, J. A. J .  Org. Chem. 1977, 
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Schleyer, P. v. R. Ibid. 1973, 95, 6531. 

(5) (a) Weber, J.; McLean, A. D. J .  Am. Chem. SOC. 1976, 98, 875; J .  
Chem. Phys. 1976,64,4159. (b) Zarawski, B.; Ahlrichs, R.; Kutzelnigg, 
W. Chem. Phys. Lett. 1973,21, 302. (c) Hariharan, P. C.; Lathan, W. A,: 
Pople, J. A. Ibid. 1972, 14, 385. (d) Lathan, W. A,; Hehre, W. J.; Pople, 
J. A. J .  Am. Chem. Soc. 1971, 93, 808. (e) Pople, J. A. Int .  J .  Mass .  
Spectrosc. Ion Phg,s. 1975, 19. 89. 

moTf r l +  
1 2 3 4 

OTf = trifluoromethanesul fonate 

prefer linear over bent structures. As the ring size of cyclic 
vinyl cations (1) is reduced, increased bending away from 
linearity at the carbocation site should result in decreasing 
stability. MIND0/3  calculations of cyclic vinyl cations 
(1) confirm these qualitative expectations.6 

Indeed, Hanack, Schleyer, Stang, and their co-workers 
have found the ease of formation of cyclic vinyl cations (1) 
to decrease with decreasing ring Thus, the relative 
solvolysis rates (in 50% ethanol) of cyclononenyl (2, n = 
71, cyclooctenyl (2, n = 6), cycloheptenyl (2, n = 5 ) ,  and 
cyclohexenyl (2, n = 4) triflates are 1.9 X 106:3.7 X 104:3.5 
X 103:L7 The solvolysis rates of larger cyclic systems such 
as cyclododecenyl (2, n = 101, cycloundecenyl (2, n = 9), 
and cyclodecenyl (2, n = 8) triflates are all similar and are 
2-7 times slower than that of cyclononenyl triflate (2, n 
= 7).7a Cyclopentenyl triflate (2, n = 3) solvolyzes even 
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