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Both CH3CH2C(=+OH)CH2 and CH3CHC(=+OH)CH3 isomerize to the 2-butanone ion and then lose methyl 
or ethyl in the mass spectrometer. More translational energy is released in the loss of methyl from 
CH3CH2C(=+OH)CH2 than from CH3CHC(=+OH)CH3, while the energies released in the losses of ethyl are 
in the opposite order. The opposite order of the energies released is attributed to nonrandomization of energy 
in the 2-butanone ion formed from at least one of its enol isomers. The nonrandom energy distribution would 
have to be created in the first of the two steps in the rearrangement to the 2-butanone ion, and so may survive 
a second isomerization. 

The assumption that energy becomes randomly dis- 
tributed intramolecularly prior to chemical reactions has 
been widely applied.'t2 In a recent review, Oref and Ra- 
binovitch' concluded that reactive polyatomic molecules 
behave ergodically a t  times exceeding s, and that 
mode-specific excitation has failed to reveal any substan- 
tiated exceptions at  longer times. There may be a critical 
energy below which energy wi l l  not become randomized,3+' 
and computational evidence that energy can remain 
localized to a fraction of the total isoenergetic states of a 
molecule even at higher energies has been presented! One 
experimental test for energy randomization is to determine 
whether the reactions of the same chemical species vary 
with the method of preparation in ways that cannot be 
attributed to differing amounta of energy in the readant.6J 
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Scheme I 

CH2H*C--c1+ + *CH, 

Rabinovitch and co-workers have observed nonrandom- 
ization of energy in reactions of symmetric, chemically 
activated species only at  times not greatly exceeding 
s.1f'39 Isotopic labeling has demonstrated that the sym- 
metric 2-propanone ion loses methyl from opposite sides 
at  unequal rates'"J1 and with unequal translational energy 
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TABLE I: 
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Translational Energy Releases and the  Intensities for Metastable Decompositions of C,H,O'* Ions" 

energy release, meV 

ion source -CH, - C A  

CH,CH,C(=~H)CH,  3-heptanone 23.6 f 0.2 (11) 23.2 i 0.2 (10) 
CH,CH,C(= QH)CH, 3-hexanone 22.5 i 0.4 ( 4 )  23.0 i 0.9 ( 3 )  
CH,CH,C(=OH)CH, 3-undecanone 23.7 I 0.5 ( 4 )  22.6 ?r 0.4 ( 3 )  
C H , C H , C ( = ~ H ) C H ,  1-e thylcyclobutanol 23.8 I 0.3 ( 3 )  24.8 f. 0.3 (3) 
CH , CH, C( =$H CH, 1-e thylcyclopentanol 24.3 ?r 1.0 (3)  24.1 I 0.5 (3) 
CH,CHC(=OH)CH, 3-methyl-2-heptanone 17.7 * 0.3 (11) 25.8 ?r 0.6 ( 1 2 )  

26.4 i 0.4 (3) CH,CHC(=QH)CH, 3-methyl-2,4-pentanedione 19.8 i 0.4 ( 2 )  
CH,CHC(= OHICH, 1,3,5-trimethylcyclopentanol 18.1 .t 1.2 ( 4 )  25.6 t 1.0 ( 5 )  

a Error limits are standard deviations, the numbers in parentheses are the numbers of meas rements. Averages of the 
values for  each process for thq ions  from the different sources were as follows: CH,CH,C(=&H)CH,: -CH,, 23.6 meV; 
-C,H,, 23.5 meV;  CH,CHC(=OH)CH,: -CH,, 18 .5  meV; -C,H,, 25.9 meV. 

Scheme I1 
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released2 when those ions are chemically activated on one 
side by transfer of a hydrogen atom from the oxygen to 
a carbon (Scheme I). These results have been inter- 
preted"l3 as evidence that energy is not randomized in 
the time between the formation and the decomposition of 
the keto structure. As with the reactions studied by Ra- 
binovitch and co-~orkers,8~~ the decompositions of Scheme 
I occur very rapidly (calculated 0.5 X 10-l2 s)12 following 
the formation of the chemically activated species. 
C,Hl,O+. ions with the oxygen on the middle carbon de- 
compose symmetrically and therefore apparently behave 
ergodi~ally.'~J~ We here compare the translational energy 
releases accompanying the losses of methyl and ethyl from 
chemically activated 2-butanone ions obtained by isom- 
erization from the two enol isomers (Scheme I1).l6-la 
Differences in energy releases observed are attributed to 
some energy remaining localized in the decompositions of 
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Flgure 1. Metastable peaks representing losses of (A) methyl and (B) 
ethy! from CH,CH2C(=+OH)CH2 from 3-heptanone, dashed lines, and 
CH,CHC(=+OH)CH, from &methyiQheptanone, solid lines. Figures 
are traces of original data, which were signal averages of 5-25 scans. 
Abscissa scale is electric sector voltage. 

2-butanone ions chemically activated according to Scheme 
11. 

Results 
Table I gives the translational energies (T) associated 

with the metastable decompositions of both enol isomers 
of the 2-butanone ion, each ion being obtained from several 
precursors. Translational energy releases in the decom- 
positions of CH3CH2C(=+OH)CH2 were nearly equal, 
while those for losses of methyl from CH3CHC(=+OH)CH3 
were an average of 7.4 meV lower than those for loss of 
ethyl from that ion. The translational energy released in 
the loss of methyl from CH3CH2C(=+OH)CH2 exceeded 
that for the corresponding process from CH3CHC- 
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for a Gaussian distribution is 1.8. 

Discussion 
The greater energy release accompanying the loss of 

methyl and the a n g e r  energy release in %e ethyl loas from 
CH3CHzC(=+OH)CH2 relative to CH3CHC(=+OH)CH3 
cannot be consistent with energy randomization in both 
ions if all of the values are for decompositions via 2-bu- 
tanone ions in their ground electronic state. Formation 
of higher energy 2-butanone ions from CH3CH2C- 
(=+OH)CHz than from CH3CHC(=+OH)CH3 could cause 
the enhanced energy release in the loss of methyl from the 
former ion. However, this should also result in there being 
more energy on the ethyl side of the ion if energy were 
randomized, leading to enhanced energy release in the 
associated ethyl losses, contrary to what was observed. The 
similar energy releases in collision-induced dissociations 
of 1-0-dl and 50% greater energy release in the loss of 
ethyl than methyl from 2-0-dl demonstrates that parallel 
energy release patterns are present at higher ion internal 
energies than those involved in metastable decompositions. 
This provides evidence that the difference in the energy 
released in the unimolecular reactions is not simply a 
function of the amounts of energy in the ions. The much 
greater energy release in the loss of ethyl than methyl from 
the 2-butanone ion upon collision indicates that this may 
be the "normal" pattern for energetic 2-butanone ions. 

The results are not strongly influenced by fragmenta- 
tions in addition to those in Scheme I1 (see Results). 
Isolated electronic states are thought to seldom play a role 
in mass spectral fragmentations. If such a state were in- 
fluencing our observations, it would have to survive at least 
one isomerization, which seems unlikely. The first excited 
state of the 2-butanone ion detected by photoelectron 
spectroscopy is a t  857 f 4 kJ  Lifshitz and co- 
workers place the highest energy transition state along the 
pathway between 1 and 4 at 816 f 4 kJ mol-l,l9 while we 
have placed it at about 790 f 13 kJ moF1.l3 Thus the first 
electronically excited state of the 2-butanone ion is prob- 
ably too high for it to be influencing our observations. 

It has been stated that observation of a given metastable 
transition with a variety of peak shapes would be strong 
evidence for nonrandomization of energy.21 Since neither 
additional reactions nor a high activation energy associated 
with an isomerization prior to decomposition appear able 
to account for the opposite order of the energies released 
in the two decompositions of metastable CH3CH2C- 
(=+OH)CH2 and CH3CHC(=+OH)CH3, we attribute 
those differences to nonrandomization of internal energy 
in ut least one of those ions, probably to retention of 
energy in the methyl formed by 1 - 3. Lifshitz and co- 
w o r k e r ~ ~ ~  have recently concluded that a component of the 
translational energy release associated with the metastable 
loss of ethyl from 1 formed from 1-ethylcyclobutanol is 
larger than statistically predicted. Energy localization 
might be more likely in an asymmetric ion, where the 
components of the normal vibrational modes on opposite 
sides of the ion differ, than in a symmetric one, where such 
motions are identical. 

If energy localization following 1 - 3 is the cause of the 
different patterns of energy release reported here, that 
localization would have to persist through 3 e 2 as well 
the ketonization reaction, since 3 and 2 appear to inter- 
convert a number of times following 1 - 3.18 Lifshitz and 
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Scheme I11 
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CH3C--'O+ +O~CCHDCD,H CH,DCEOt 'O=CCH,CD,H 

+ t t + 
CHDCD2H '(343 *CH2CD,H *CH$ 

(=+OH)CH3 by about 5 meV; differences for the associ- 
ated ethyl losses averaged 2.4 meV in the opposite direc- 
tion. Figure 1 compares actual peaks for the metastable 
decompositions of the two enol isomers of C4H80+-. 

CH3CHzC(=+OH)CH2 would be formed from 3-hepta- 
none with ita hydroxyl hydrogen oriented away from the 
ethyl, while CH3CHC(=+OH)CH3 formed from 3- 
methyl-2-heptanone would have the opposite orientation. 
Therefore, decompositions of C4H5D30+* generated from 
5-methyl-d3-4-octanone were examined to determine the 
effects of the orientation of the hydroxyl hydrogen on 
translational energy release (Scheme 111). The results 
attributed to 1-4,4,4-d3 were as follows: -C2H3D2, 26.5 
meV; -CH2D, 24.0 meV; and for 3-4,4,4-d3: -CzHzD3,27.1 
meV; 4 H 3 ,  19.3 meV. These patterns are similar to those 
for the corresponding unlabeled ions in Table I, indicating 
that the orientation of the hydroxyl hydrogen is not the 
cause of the differing patterns of energy release. 

TlI2 values in MeV for collision-induced dissociations 
were for CH3CHzC(=+OD)CHz: -CH3, 42 f 1; -C2H4D, 
40 f 1; for CH3CHC(=+OD)CH3: -CH3, 41 f 2.0; -C2H4D, 
60 f 2. Deuterium labeled ions were used to eliminate the 
possibility of contributions from 1 - 4, even though the 
direct reactions of 1 - 4 and 3 - 4 do not occur in met- 
astable ions.ls T1lz values for the CA decompositions of 
ionized 2-butanone were as follows: -CH3, 13.8 f 0.5; 

About 7% CH+2HCH=:OH is formed in the methyl 
loss from CH3CHzC(=+OH)CH2,18 In order to determine 
the effect of this on T1l2 for methyl loss, a synthetic peak 
was generated consisting of 20% of the peak for methyl 
loss from CH3CHCH2CH=+OH (an ion in which CH2= 
CHCH=+OH is formed in 35% of ita methyl losses),18 
which has a T1,, of 27.0 meV and 80% of the peak for 
methyl loss from CH3CHC(=+OH)CH3 generated from 
3-methyl-2-heptanone. This raised TIl2 from 17.7 meV for 
CH3CHC(=+OH)CH3 to 18.7 meV. Therefore the dif- 
ferent T1I2 values for the methyl losses examined here 
cannot be due to the minor formation of CH,=CHCH= 
+OH. 
AU of the widths at 10% height of the metastable peaks 

were 1.8-1.9 times the widths at half-height, while the ratio 

-CzHS, 37.2 f 1.2. 
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co-workers have calculated an RRKM rate coefficient of 
4 X lo@ s for the decomposition of the metastable 2-bu- 
tanone ion formed by isomerization from l.'@ Therefore, 
more than lo-'" s probably elapses between 1 - 3 and 
subsequent ketonization and decomposition. Thus energy 
appears to be localized for much longer than 10-l2 s in at 
least one of the ions examined, and apparently through 
a rearrangement of the intermediate ion. 

Experimental Section 
All resulta are for decompositions that occurred between 

the magnet (second sector) and second electric sector of 
a Kratos MS-50 TA mass spectrometer.22 Peaks were 
recorded by scanning the second electric sector voltage. 
Data were taken at  70-eV electron energy, 8OOO-V accel- 
erating potential, a source temperature of 200 OC, and an 
electric sector resolution of 1/ 1600. Collision-induced 
dissociations were caused by introducing helium into a 
collision cell in the third field-free region until the pre- 
c m r  signal intensity was reduced by 50%. Translational 
energy releases were calculated according to standard 
methods.23 Corrections for the width of the normal beam 
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were made by the procedure of Baldwin et alaz4 The 
sources of most of the compounds are given elsewhere.16-'8 
3-Undecanone was prepared by the addition of octyl- 
magnesium bromide to propanal followed by chromic acid 
oxidation. 3-Methyl-2,4-pentanedione was synthesized 
according to published procedures.26 1,2,5-Trimethyl- 
cyclopentanol was prepared by addition of methyl mag- 
nesium iodide to 2,5-dimethylcyclopentanone. 5- 
Methyl-d3-4-octanone was prepared by the addition of 
CD3MgI to 1-butanal, preparation of the bromide by ad- 
dition of triphenyl phosphine/CBr,, preparation of the 
Grignard, reaction with 1-butanal, followed by Jones ox- 
idation of the resulting alcohol. 
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