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The ring opening of cyclobutene to produce 1,3-butadiene 
serves as the classic example of the application of principles 
of orbital symmetry control to electrocyclic reactions.1 It is now 
well established that the transformation occurs in a conrotatory 
manner for the thermal process. The activation energy for the 
ring opening of the neutral cyclobutene has been determined 
to be 33 kcal/mol, which is approximately 15 kcal/mol lower 
than a ','some nonallowed pathway." 2 This latter quantity can 
be assigned as the energy advantage for the allowed process. 

In this paper, we report a study of the 1,3-butadiene and the 
cyclobutene radical cations designed to establish whether the 
cyclobutene ion isomerizes to 1,3-butadiene and to estimate 
the activation energy required for the process. Obviously, these 
are the first pieces of information that are needed to test the 
applicability of various selection rules to the chemistry of 
isolated radical ions in the gas phase. 

Mass spectrometric techniques are the methods of choice 
for investigating gas-phase ions, and we have chosen ion cy
clotron resonance spectrometry for this study. The strategy is 
to develop highly specific reactions of the various C4H6 radical 
cations which can be employed as structural probes. 

Various authors have considered the applicability of orbital 
symmetry rules for reactions of open-shell systems (radical 
cations) in a mass spectrometer source.3"8 However, it is not 
clear what the effect of removal of one electron should be on 
orbital symmetry considerations. In fact, recent studies of 
various substituted cyclobutene radical cations are indicative 
of contradictory experimental results. Similarities found in 
ionic fragmentations for the isomeric cyclobutenedicarboxylic 
acids and the corresponding muconic acids have been inter
preted to indicate electrocyclic interconversions via electron
ically excited states (a photochemical analogy).8 The quantities 
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of kinetic energy released in the decompositions of isomeric 
1,2,3,4-tetramethylcyclobutenes have been compared to the 
3,4-dimethyl-2,4-hexadienes, and a similar conclusion was 
reached.9 However, the results of a study of the dimethyl esters 
of cyclobutenedicarboxylic acids and the corresponding ring-
opened 1,3-butadienes show that no correlation exists between 
the behavior of the radical cations and the photochemical or 
thermal reactivities of the neutral molecules.10 That is, the 
cyclobutene ions refrain from ring opening, and the 1,3-bu
tadienes do not ring close even when the ions are-sufficiently 
excited to decompose. 

In a recent study, Werner and Baer11 have investigated the 
unimolecular decompositions of energy-selected C4H6 ions 
from 1,3-butadiene, cyclobutene, and other isomers using the 
elegant technique of photoelectron-photoion coincidence 
spectroscopy. They conclude that all the isomeric C4H6 ions 
rearrange to a common structure prior to dissociation. Because 
these data were taken at energies above the dissociation limit 
for [G(He]+*, they tell us nothing about isomerization at low 
internal energies, nor do they provide an answer to the question 
we have posed concerning the specific ring opening of the cy
clobutene ion to give 1,3-butadiene. 

Results and Discussion 
To answer the question we have raised, it is necessary to 

compare the physical or chemical properties of ionized cyclo
butene and 1,3-butadiene. As a strategy, we have chosen to 
determine the chemical reactivities of the various isomeric 
C4H6 radical cations which are prepared by direct ionization 
of 1,3-butadiene and cyclobutene. In addition, [04Hg]+- will 
be generated from 1,2-butadiene, 1-butyne, and 2-butyne. 
Using the technique of ion cyclotron resonance spectrometry 
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(ICR) to investigate low kinetic energy (approximately ther
mal) ion-molecule reactions, we have conducted a search for 
reactions of the stable (nondecomposing) C4H6 ions which will 
discriminate on the basis of ion structure. If the cyclobutene 
ion readily undergoes an electrocyclic ring opening, we would 
expect its bimolecular ion chemistry to match that of 1,3-
butadiene. Moreover, if the chemistry of the other isomeric 
C4H6 ions from 1,2-butadiene, 1 -butyne, and 2-butyne is dif
ferent than that of the ionized 1,3-butadiene, a highly specific 
connection between ionized cyclobutene and 1,3-butadiene can 
be established. 

The following sections contain a survey of the chemistry 
observed for the various C4H6 radical cations. No attempt will 
be made in this paper to explain the mechanisms of the reac
tions discovered nor will absolute rate constants be reported. 
Rather, the objective, as stated above, is to determine whether 
the biomolecular chemistry of the cyclobutene ion matches that 
of 1,3-butadiene, and in this way to establish a link between 
these two radical cations. 

1. Reactions with Methyl Vinyl Ether. Based on work by 
Nibbering and Jennings,12 who have found that 1,3-butadiene 
ion reacts with methyl vinyl ether to give an intermediate which 
undergoes loss of CH3OH, we have chosen this molecule as our 
first candidate reagent neutral. Mixing 1,3-butadiene and 
methyl vinyl ether in the cell of the ICR leads to production 
of m/e 80 (presumably CgHs+) in accord with the report of 
Nibbering and Jennings: 

C4H6
+- + CH3OCH=CH2 

- [C 7 H 1 2 O + - ]* - C 6 H 8
+ - + CH4O (1) 

Pulsed double resonance experiments confirm that [C6Hg]+-
is produced competitively from [C4H6]

+- (eq 1) and from the 
molecular ion of methyl vinyl ether reacting with neutral bu
tadiene. 

Similarly, ionized cyclobutene reacts with methyl vinyl ether 
to produce m/e 80 (C6Hg+-). In order to make a quantitative 
comparison of the reactivities of these two C4H6 ions, the rel
ative rate constants for disappearance of C4H6

+- were mea
sured by plotting the logarithm of the normalized intensity of 
C4H6 vs. the partial pressure of methyl vinyl ether. In this way, 
the ratio of k^ (cyclobutene) to kd (butadiene) was determined 
to be 0.85. 

Mixtures of each of the remaining three isomeric C4H6 
sources and methyl vinyl ether also were admitted to the cell, 
but no reaction with methyl vinyl ether could be detected. The 
upper limit for the rate constant for reaction with the ether is 
0.02-0.04 that of 1,3-butadiene at 11 eV of ionizing energy. 
Increasing the ionizing energy to 20 eV has no effect. In ad
dition, ionized 3-methylcyclopropene does not react with 
methyl vinyl ether,12 and this may be interpreted to exclude 
isomerization of this stable ion to the 1,3-butadiene or cyclo
butene structures. 

2. Reactions with Furan. We have previously reported that 
ionized furan reacts with neutral 1,3-butadiene 

C4H4O+- + C4H6 

— [C8Hi0O+-] — C7H7O+ + -CH3 (2) 

but the 1,3-butadiene ion is inert with neutral furan.13 Ionized 
cyclobutene is found to be unreactive with neutral furan, nor 
does the reaction shown by eq 2 occur with neutral cyclobutene. 
As an aside, we note that the furan radical cation can be used 
to differentiate between neutral 1,3-butadiene and cyclobu
tene. 

Unlike the ions produced in the direct ionization of 1,3-
butadiene and cyclobutene, the C4H6 radical cations from 
1,2-butadiene, 1-butyne, and 2-butyne react readily with 
neutral furan to produce m/e 107 and 93 (eq 3). The reactivity 
of the various ions is, to a first approximation, independent of 

Table I. Isotopic Distribution for Methyl Loss for the Reaction of 
[C4H6]+-and C2D4 

source 
of 

[C4H6]+-

1,3-butadiene 
cyclobutene 
calcd" 

-CH 3 

27 
26 
17 

-CH2D 

44 
45 
50 

-CHD 2 

26 
26 
30 

-CD 3 

3 
3 
3 

a Based on complete statistical H/D isomerization. 

the precursor C4H6 neutral; i.e., production of m/e 107 ac
counts for approximately 80% of the two pathways. 

[C4HJ+. +C4H4O 

I r-~ C7H7O
+-F-CH3 

[C8H10O
+-]* ( (m/e 107) (3) 

V — m/e 93 +C2H5(CHO) 

Although no connective link between ionized 1,3-butadiene 
and cyclobutene can be established based on these data, the 
results do show that 1,2-butadiene, 1-butyne, and 2-butyne 
produce C4H6 ions which are separate and distinct from those 
of 1,3-butadiene and cyclobutene in terms of their bimolecular 
reaction properties. 

3. Reactions with Ethene and Ethene-</4. Because the reac
tion of 1,3-butadiene and ethene is the simplest candidate for 
a [4 + 2] cycloaddition, we have investigated the ion chemistry 
in great detail. In another paper,13 we have reported that ion
ized 1,3-butadiene reacts with ethene according to the equa
tion 

C4H6
+- + C2H4 -* [C6H10

+-] * - C5H7
+ + CH3 (4) 

Substitution of cyclobutene for 1,3-butadiene gives the same 
chemistry, whereas the other three acyclic sources produce an 
inert [C4H6

+-] according to eq 4. 
The loss of methyl from the collision complex in eq 4 occurs 

with extensive H/D isomerizations when C2D4 is used in lieu 
of unlabeled ethene. In Table I, we compare the label distri
bution for methyl loss starting with ionized 1,3-butadiene and 
with cyclobutene. It can be seen clearly that not only does the 
ion chemistry coincide, but the mechanistic details for methyl 
loss are identical. Nearly statistical patterns are found, but 
both [C4H6]+• sources show a slight preference for CH3 loss. 
These data suggest that the C6H]0

+- intermediate possesses 
an identical structure independent of the source of the reacting 
ion. A likely explanation for this is that the structures of the 
reactant ions are the same. 

4. Reactions with Propene and Propene-d6. The C4H6 rad
ical cations from 1,3-butadiene and cyclobutene react with 
propene according to the equation 

C4H6
+- + C3H6 - [C 7HJ 2+.]* — C6H9

+ + CH3 (5) 

The relative rate constants for production of C6H9
+ are 1.0:0.9 

for fc(l,3-butadiene):/c(cyclobutene) over a range of ionizing 
energies (10-17 eV). The [C4H6]+- from 1,3-butadiene is 
somewhat more reactive presumably because of its lower in
ternal energy content.14 Under ICR conditions, very little 
collisional stabilization is possible; therefore, at minimum, the 
difference in the heats of formation of the cyclobutene ion 
(AHf = 255 kcal/mol) and the 1,3-butadiene ion (AHf = 236 
kcal/mol) will be present as excess internal energy (approxi
mately 19 kcal/mol) in the ring-opened cyclobutene ion. 

A more detailed comparison can be obtained by examining 
the isotopic distribution for methyl loss when C3D6 is em
ployed. These data are contained in Table II. 
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Table II. Isotopic Distribution for Methyl Loss of the Reaction of 
[04Hj]+- and Propene-d6 

source 
of 

[C4H6]+-

1,3-butadiene 
cyclobutene 
calcd" 

-CH 3 

20 
21 
09 

-CH2D 

24 
23 
41 

-CHD2 

16 
16 
41 

-CD 3 

40 
40 
09 

0 Based on statistical H/D isomerization. 

As was found for the reaction with deuterated ethene (Table 
I), the patterns for methyl loss are identical independent of 
whether 1,3-butadiene or cyclobutene serves as the source for 
[C4H6]+-. Moreover, the loss of methyl is preceded by con
siderable, but incomplete, H / D isomerization. Unlike the 
ethene reaction, definite preference for expulsion of CH 3 and 
CD3 is found. These results are in accord with 13C labeling of 
1,3-butadiene, which shows that the carbon in the departing 
methyl originates from both reactants in the approximate ratio 
of 1:1.15 

Employing 1,2-butadiene, 1-butyne, and 2-butyne as sources 
for [C4H6]+-, we obtain significantly different results. No loss 
of methyl, as denoted in eq 5, can be detected. Again, the data 
establish the identical nature of ionized cyclobutene and 
1,3-butadiene and their distinct properties with respect to other 
[C4H6]+- isomers. The maximum rate constants for reaction 
5 for ionized 1,2-butadiene and the isomeric butynes are 0.05 
of that for 1,3-butadiene. 

5. Reactions with Isomeric Butenes. Both ionized 1,3-buta
diene and cyclobutene react identically with the four isomeric 
butenes in a highly specific manner which is a function of the 
structure of the neutral butene. In fact, the C4H6 ion is a useful 
reagent to distinguish various butene isomers because of the 
different branching ratios found for the reaction (eq 6). The 
results are compiled in Table III. 

/—•*• C7H1, + • CH3 

[ C 4 H J + ' + C 4 H 8 - * [C8H14
+ .]* ( . C6H10

+-+ C2H4 

W C 6H 9
++'C 2H 5 

(6) 

These observations are in sharp contrast to those for the 
three other acyclic sources of [C4H6]+-. Although it is difficult 
to make quantitative comparisons because of the interfering 
reactions of C4Hg+« and neutral C4H6, nevertheless semi
quantitative conclusions can be reached based on product in
tensities and double-resonance experiments. 

First, both 1,2-butadiene and 2-butyne yield a [C4H6]+-
which reacts with all of the butenes to give methyl loss only (no 
C2H4 or C2H5 loss can be detected). Second, 1-butyne ion 
reacts with 1-butene and the 2-butenes to give a collision 
complex which undergoes methyl and ethyl loss but no disso
ciation to give [C6H io]+- (C2H4 loss). A slight preference for 
C2H5 loss was found. With isobutene, dissociation of the col
lision complex by expulsion of CH 3 and C2H5 occurs, but the 
CH3 loss is favored. 

With the butenes, we see some selectivity exhibited by the 
C4H6 ions from 1,2-butadiene, 1-butyne, and 2-butyne. But 
the chemistry of these ions is significantly different than that 
of ionized 1,3-butadiene and cyclobutene. The latter sources 
give C4H6 ions which are nearly identical in terms of chemical 
reactivity with the neutral isomeric butenes (see Table III). 

6. Reactions with Isomeric Pentenes. As a final comparison, 
we will report briefly on the chemistry of isomeric C4H6 radical 
cations and various pentenes. In a previous paper,16 we have 
pointed out that the 1,3-butadiene ion reacts with 1-pentene, 
3-methyl-1-butene, 2-methyl-1-butene, and cis- and trans-

Table III. Reactive Product Abundance in the Reactions of 
[C4H6]

+- with Isomeric Butenes (12 eV Ionizing Energy) 

rel intensity of 
C 7 H n

+ C6H10+ C6H9+ 
neutral 1° 2a 1 2 1 2 

1-butene 6 5 14 12 80 83 
m-2-butene 55 56 12 13 33 31 
trans-2-bulene 62 62 7 8 31 30 
isobutene 55 54 20 18 25 28 

" 1 refers to 1,3-butadiene; 2 refers to cyclobutene. 

2-pentene to produce five ion-molecule products (CsHi3+, 
C 7 H] 2

+ - , C7Hi i+ , C6Hi0
+-, and C 6 H 9

+ ) . Based on the spec
ificity of these reactions, we have suggested that 1,3-butadiene 
ion may be a useful analytical reagent for isomeric olefins. We 
now report that ionized cyclobutene reacts in a nearly identical 
fashion with the 1- and 2-pentenes. 

Ionization of 2-butyne, however, produces an entirely dif
ferent [C4H6]+-. The ions react with 1-pentene to give only two 
products (CgH)3

+ and C6H]O+-) and with the 2-pentenes to 
give one ionic product (CgHi3

+) . The [C4H6]+- from 1,2-
butadiene does not react with any of the isomeric pentenes to 
produce the five products discussed above. Three ionic prod
ucts, CgHi3

+ , C7H] i+ , and C6H9
+ , are found in approximately 

the same ratios for the reaction of ionized 1-butyne with 1-
pentene or the 2-pentenes. 

Again we see nearly identical chemical reactivities for 
1,3-butadiene and cyclobutene ions which contrast sharply with 
the other sources of C4H6

+ . It appears that, based on the dif
ferent chemistry exhibited by ionized 1,2-butadiene, 1-butyne, 
and 2-butyne, the corresponding stable ions possess unique 
structures. 

7. Ion Chemistry of 1,3-Dienes and Monoolefins. In the 
preceding sections, we have surveyed a large number of ion-
molecule reactions which are postulated to be characteristic 
of 1,3-butadiene ion and have shown that ionized cyclobutene 
reacts identically in terms of product ion distributions and 
slightly more slowly in terms of rate. This latter fact can be 
ascribed to an internal energy effect.15 Direct ionization of 
1,2-butadiene, 1-butyne, 2-butyne, and 3-methylcyclopropene 
produces C4H6 radical cations which exhibit entirely different 
chemical properties. However, these [C4H6] +"• sources cannot 
undergo a smooth electrocyclic ring opening as can cyclobu
tene. 

To establish firmly that the chemistry of ionized cyclobutene 
is characteristic of a 1,3-diene ion, we compared its reactivity 
with that of the m-2-butene ion and the cyclopentene ion. The 
latter sources were chosen as models for simple olefin ions. As 
was pointed out in the first section, 1,3-butadiene reacts with 
methyl vinyl ether via a collision complex which undergoes loss 
OfCH3OH (eq 1). Ionized ds-2-butene and cyclopentene do 
not react with methyl vinyl ether to produce a collision complex 
which undergoes loss of CH4O.17 Therefore, we feel assured 
that the chemistry discussed above is indeed that of 1,3-diene 
ion and not of a cyclic olefin. 

The stability of the cyclobutene ion compared to 1,3-buta
diene is in accord with the hypothesis that it is the cyclobutene 
ion which undergoes the ring opening rather than the reverse 
ring closing of 1,3-butadiene ion. The latter process is endo-
thermic by 19 kcal/mol [A//f(cyclobutene ion) - AH{(1,3-
butadiene ion)]; therefore, the minimum activation energy for 
ring closure is 19 kcal/mol. 

8. Estimate of the Activation Energy for Electrocyclic Ring 
Opening of the Cyclobutene Ion. Based on the above chemical 
data, we estimate that the nondecomposing cyclobutene ion 
has isomerized to 1,3-butadiene in the time frame available 
in a drift cell of the ion cyclotron resonance spectrometer. For 
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our experiments, the time required for [C4H6]+- to reach the 
center of the analyzer is approximately 2 ms. Accordingly, a 
conservative estimate of the half-life for the cyclobutene ion 
is 0.5 ms, which means that in a period of 2 ms greater than 
90% of the ions will isomerize to 1,3-butadiene. Therefore, the 
minimum rate constant for ring opening is 1 X 103 s -1. 

Because the ionized cyclobutene exhibits the characteristic 
chemistry of the 1,3-butadiene at ionizing energies as low as 
0.6 eV above threshold, we conclude that ions possessing in
ternal excitation as low as 0.3 eV on the average will ring open 
with a rate constant of 1 X 103 s~l. The value of 0.6 eV was 
obtained by assigning the threshold as the electron voltage at 
which the intensity of m/e 54 from cyclobutene had dropped 
to 0.1% of the intensity observed at 25 eV. To establish that the 
chemistry displayed by ionized cyclobutene at 0.6 eV above 
threshold is that of the 1,3-butadiene ion, we have obtained the 
rate constants for disappearance of [C4H6]+ from cyclobutene 
and 1,3-butadiene. Even at this ionizing energy [C4H6]+- from 
cyclobutene reacts with methyl vinyl ether at a rate 0.80 that 
of the 1,3-butadiene ion to produce m/e 80 (C6H8

+-). 
From these reasonable assumptions, we estimate the acti

vation energy for ring opening to be less than 0.3 eV or 7 
kcal/mol. According to the quasi-equilibrium theory of uni-
molecular decompositions,18 the activation energy for a re
action that is observed to occur must be less than the internal 
energy content of the ion. On that basis the estimate of less than 
7 kcal/mol is made. 

Conclusion 

By investigating the bimolecular reaction chemistry of 
ionized 1,3-butadiene and cyclobutene, we have demonstrated 
that these ions display identical chemical properties. Their 
characteristics are significantly different than those of 
[C4H6J

+- produced in the direct ionization of 1,2-butadiene, 
1-butyne, and 2-butyne. These results strongly support the 
conclusion that the cyclobutene ion rapidly undergoes an 
electrocyclic ring opening to produce 1,3-butadiene. By all 
criteria available with our experimental approach, the ring 
opening is essentially complete within 2 ms for cyclobutene ions 
which possess less than a few tenths of an electron volt of in
ternal excitation. These data allow us to estimate that the 
minimum activation energy for the electrocyclic ring opening 
is less than 7 kcal/mol. 

In view of the well-established concept in mass spectrometry 
that simple cleavage reactions proceed with little or no acti
vation energy, it may be argued that the proposed low-energy 
ring opening of cyclobutene is not surprising. However, the 
distinctive spectra of cis- and trans-dimethyl esters of cyclo-
butenedicarboxylic acids10 compared to the corresponding 
1,3-butadienes show that these compounds do not interconvert 
even as higher energy decomposing ions. Moreover, we have 
demonstrated that stable C3H6 radical cations from cyclo
propane largely retain their cyclic structure for millisecond 
time periods.19 Photoionization of cyclopropane at 0.7 eV 
above the ionization potential is required to produce a small 
population (approximately 15%) of ring-opened structures even 
though the ring opening for the ground-state cyclic ion is 
exothermic by 10 kcal/mol.20 Increasing the ionizing energy 
to approximately 1.7 eV above threshold shifts the composition 
to nearly 50% ring-opened structures.20 For cyclobutene ion
ization, we believe that the ring opening is essentially complete 
at less than 0.6 eV above threshold. 

Based on these observations, we draw the tentative conclu
sion that there does exist an energy advantage for the elec
trocyclic reaction of ionized cyclobutene. For neutral cyclo
butene, the activation energy of 33 kcal/mol has been esti
mated to be 15 kcal/mol less than a nonallowed ring opening. 
Removal of one bonding electron, presumably from a it mo
lecular orbital, leads to an even larger reduction in the acti

vation energy. The rapid ring opening precludes study of the 
properties of the cyclobutene radical cation using available 
techniques. An interesting question remains, and that is, what 
is the mode of ring opening of the cyclobutene ion? If the re
action of the radical cation is similar to that of the neutral, a 
conrotatory process is anticipated. Studies of substituted cy-
clobutenes are in progress in an attempt to generate the nec
essary data. 

Experimental Section 
All measurements were made using a Varian ICR-9 spectrometer 

equipped with a dual inlet. A flat drift cell was employed, and the 
spectra were taken in the field modulation mode with a marginal os
cillator frequency of 153 kHz. The source and analyzer drift fields 
were 0.20 V/cm, the trapping voltage was 0.5 V, and the emission 
current was kept below 0.2 /uA. A typical experiment involved ad
mitting the degassed source of [C4H6]

+- to the cell to a pressure of 
2-5 X 10-6 Torr. The reactant neutral was admitted via the second 
inlet, and relative rate measurements were made by varying the partial 
pressure of this neutral. Confirmation of reaction pathways was 
achieved by pulsed double resonance at an oscillator level of ap
proximately 0.04 V/cm. 

The samples of 1,2-butadiene, 1-butyne, and 2-butyne were ob
tained from Chemical Samples Co. The sample purity was checked 
by mass spectrometry, and they were used without further purification. 
The cyclobutene was prepared according to the method of Bacha and 
Kochi.21 The reaction was carried out as follows: 0.017 g of 
Cu(OAc)2-H2O (0.535 mmol), 0.110 g of pyridine (1.39 mmol), and 
2.75 g (2.8 mmol) of cyclobutenecarboxylic acid (Chemical Samples 
Co.) were added to 15 mL of benzene in a three-neck 50-mL round-
bottom flask equipped with a screw condenser and magnetic stirring 
bar. The mixture was stirred for approximately 1 h. To the resulting 
solution were added 4.50 g of 97% Pb(OAc)4 (9.86 mmol) and an 
additional 25 mL of benzene. The mixture was stirred for an additional 
2 h. The condenser was then connected via Tygon tubing to a cold trap 
and cooled to -78 0C (acetone/dry ice). A light stream of dry nitrogen 
was passed through the reaction vessel at a rate of 2-3 mL/min, and 
the outgassing was continued while the reaction mixture was refluxed 
for 2 h. The cold trap was then removed and degassed at liquid ni
trogen temperature. The cyclobutene was then vacuum distilled from 
the cold trap at -78 0C into an evacuated (approximately 10-4 Torr) 
gas manifold. The volume of gas collected was measured by an oil 
manometer in order to give an estimate of the percent yield (in this 
case approximately 75%). The cyclobutene was then condensed into 
gas sample tubes and was analyzed by mass spectrometry and 1H 
NMR. The proton chemical shifts of 8 2.54 and 6.00 are in good 
agreement with the literature values of 8 2.54 and 5.97.22 

All other materials were obtained from commercial sources and 
their purity was checked by mass spectrometry. They were used 
without additional purification. 
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In the previous paper,2a we have shown that the cyclobu
tene radical cation smoothly undergoes an electrocyclic ring 
opening to produce exclusively the 1,3-butadiene radical cation. 
An estimate of the activation energy for this process is less than 
7 kcal/mol. In this report, we examine highly activated 1,3-
butadiene radical cations, which undergo loss of a methyl 
radical. The techniques of field ionization kinetics (FIK)2b and 
mass-analyzed ion kinetic energy spectrometry (MIKES)3 are 
employed to observe rapidly decomposing C4H6 ions in the 
time span of 10~9-10-11 s (FIK) and the more slowly frag
menting ions in the 10~5-10_6-s range (MIKES). Results are 
obtained for both deuterated and carbon-13 labeled 1,3-bu
tadiene. 

By making use of isotopically labeled 1,3-butadiene, we hope 
to gain information about the mechanisms of hydrogen atom 
randomization and carbon skeletal isomerizations. An un
derstanding of the mechanisms will permit us to describe 
schematically the potential energy surface for various C4H6 
radical cations. At this stage, we know that there is a low-
energy requirement for the electrocyclic ring opening of the 
cyclobutene ion.2a But in addition to specific details concerning 
C4H6 radical cations, this study is directed at the broader 
question of isomerization vs. direct dissociation in highly ac
tivated chemical species, a subject of interest in the areas of 
unimolecular kinetics and mass spectrometry. 

The decomposition reactions of C4H6 radical cations have 
been studied by other workers. The earlier work by Vestal4 was 
interpreted in terms of complete equilibration of the [C^H^]+-
isomers prior to the dissociation to C3H3+ and -CH3. More 
recently, Werner and Baer5 have characterized the decom
posing C4H6 ions from a variety of sources using the elegant 
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"Fundamental Processes in Radiation Chemistry," P. Ausloos, Ed., Inter-
science, New York, 1968. 

(19) M. L. Gross, J. Am. Chem. Soc, 94, 3744 (1972); M. L. Gross and F. W. 
McLafferty, ibid, 93, 1267 (1971). 

(20) L. W. Sieck, R. Gordon, Jr., and P. Ausloos, J. Am. Chem. Soc, 94, 7157 
(1972). 

(21) J. D. Bacha and J. K. Kochl, Tetrahedron, 24, 2215 (1968). 
(22) K. B. Wiberg and B. J. Nist, J. Am. Chem. Soc, 83, 1226 (1961). 

the data, the energy dependence of the unimolecular rate 
constant can be assessed and compared with theory.6 Werner 
and Baer5 have calculated a k (E) curve for the methyl loss 
using RRKM theory, and they find that the calculated results 
are in disagreement with the experimental rate constant vs. 
energy curve. Specifically, the observed rate constants for loss 
of methyl from 1,3-butadiene, 1,2-butadiene, 1-butyne, 2-
butyne, and cyclobutene are nearly equal for the same internal 
energy content, but the observed values are a factor of 10 or 
more greater than the RRKM calculated values. The inde
pendence of rate constant as a function of the neutral precursor 
was interpreted to indicate that the fragmenting ions had 
sampled a common potential energy surface; i.e., they had 
isomerized to a common structure or mixture of structures. 
However, from the lack of agreement between the calculated 
and experimental rate constants, it was suggested that statis
tical partitioning of energy was not complete. 

Chesnavich and Bowers7 have taken issue with this point 
based on their RRKM and phase-space calculations of this 
reaction. By modifying the Werner and Baer model5 of the 
decomposition mechanism to include a rate-determining 
isomerization to the 3-methylcyclopropene structure, which 
has an energy below the dissociation limit, they have been able 
to match the experimental results. However, there is no ex
perimental evidence to confirm that 3-methylcyclopropene or 
other three-membered ring intermediates exist on the potential 
surface for decomposing 1,3-butadiene. 

In view of lack of experimental results, we deemed it urgent 
to study the methyl loss from ionized 1,3-butadiene over a wide 
time range in order to provide a foundation for future theo
retical studies. 

Results 
1. Field-Ionization Studies. In Figure 1, we present the field 
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Abstract: The decomposition of ionized 1,3-butadiene to give C3H3+ and -CH3 has been studied over the time interval of ap
proximately 10 - ' ] -10-5 s using the complementary techniques of field ionization kinetics (FIK) and mass-analyzed ion kinet
ic energy spectroscopy (MIKES). By employing both carbon-13 and deuterium labeled 1,3-butadiene, it has been established 
that (1) hydrogen atom randomization takes place very rapidly and is complete by approximately 10 - ' ' s, (2) carbon atom ran
domization occurs at a slower rate which is competitive with the decomposition reaction. The hydrogen atom randomization 
is postulated to take place by isomerization to other acyclic C4H6 ions without change in the carbon skeleton. The near lack 
of carbon atom interchange at short times (10-9-10- ' ' s) is explained by invoking a high-energy formation of a methylcyclo-
propene which occurs as a rate-determining step. For more slowly decomposing (metastable) C4H6 ions, the ring-opening reac
tion of this intermediate to re-form the 1,3-butadiene cation becomes more competitive with dissociation, and this explains the 
nearly complete carbon atom randomization at longer times. 
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