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Mechanism of the Double McLafferty Rearrangement 

Sir: 

The electron impact induced double McLafferty re
arrangement of aliphatic ketones might a priori proceed 
through three distinct pathways: (1) ketonization of 
the intermediate enol ion a, followed by hydrogen trans
fer to the carbonyl oxygen (eq 2); (2) hydrogen transfer 
to the enolic oxygen atom (eq 3); (3) hydrogen transfer 
to the carbon-carbon double bond (eq 4). Ion cyclo-
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tron resonance studies have demonstrated that those 
ions with lifetimes of ca. 1O-3 sec which undergo ion-
molecule reactions are formed through the third path
way (eq 4).1 Similarly, metastable ion studies have 
demonstrated that those ions fragmenting with rate 
constants of ca. 1O-6 sec -1 are formed via the same 
pathway.2 However, the fragment ions observed in a 
conventional mass spectrum are formed in less than 
10~9 sec, and thus are energetically distinct from the 
population of ions observed using either metastable or 
icr techniques. In light of recent examples of varia
tions in mechanism, ion structure, and relative rates 
with ion lifetime and energy,2'3 and the increasing use of 
metastable and icr techniques to elucidate ion struc
ture,4 it is particularly important that the mechanisms 
and structures determined through these techniques be 
confirmed for the ions observed in the conventional 
mass spectrum. An earlier investigation has demon
strated that the double McLafferty rearrangement does 
not proceed via ketonization of the intermediate enol 
ion (eq 2) among these high energy-short lifetime ions.5 

The results of an attempt to differentiate between the 
two remaining possibilities are described below. 

It has been observed that the mass spectrum of 1-
methylcyclobutanol (I) exhibits a very intense peak at 
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mje 58, corresponding to the elimination of ethylene 
(eq 5).6 Deuterium labeling experiments, metastable 
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studies, and icr studies have demonstrated that the mje 
58 ion has the enol structure b . 1 2 ' 6 A logical extension 
of this observation requires the preparation of 1-butyl -
cyclobutanol (II);7-9 electron impact induced elimina
tion of ethylene produces ion a, which possesses a set 
of 7 hydrogens suitably disposed to participate in the 
double McLafferty rearrangement (eq 6). In fact, in
tense peaks are observed at mje 100 and 58, shifting to 
mje 102 and 59 in the 3',3'-d2 compound III (eq 7).8'10 
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Conversely, the M — 28 ion d of l-methyl-2-propyl-
cyclobutanol (IV)8'11 cannot undergo the double 
McLafferty rearrangement; deuterium labeling experi
ments indicate, in fact, that no such rearrangement oc
curs. Instead, an interesting 7-cleavage reaction gener
ates the mje 71 ion e (eq 8).12 The prediction that an 
identical process should be observed in the mass spec
trum of 3-propyl-2-hexanone (V)13 was readily con
firmed (eq 9). These observations, then, demonstrate 
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that the two isomeric m/e 100 ions a and d undergo 
distinctly different fragmentations, and that these frag-
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mentations occur more rapidly than interconversion of 
the two ions. It should therefore be possible to utilize 
these reactions to differentiate between the two possible 
mechanisms of the double McLafferty rearrangement (c/. 
Scheme I). 

Elimination of ethylene from l-hexyl-2-propylcyclo-
butanol (VI)8'14 forms the enol ion f. Elimination of 
ethylene from l-(4'-heptyl)cyclobutanol (VII)815 gen
erates the enol ion g. If the second step of the double 
McLafferty rearrangement proceeds with hydrogen 
transfer to the enolic oxygen, fragmentation of ions f 
and g generates an identical ion h, m/e 100. To the 
extent that the double McLafferty rearrangement oc
curs via this pathway, the m/e 100 ions should fragment 
identically. The alternative mechanism, hydrogen 
transfer to the carbon-carbon double bond, generates 
two isomeric m/e 100 ions, a and d. As has already 
been demonstrated, a fragments to give m/e 58 (eq 6), 
and d fragments to give m/e 71 (eq 8). In fact, it is the 
latter fragmentations which are observed. An intense 
peak is observed at m/e 71 (C4H7O by high resolution) 
in the mass spectrum of l-(4'-heptyl)cyclobutanol, while 
the m/e 58 peak is of negligible intensity (71/58 = 8.5). 
Conversely, the m/e 58 peak predominates in the mass 
spectrum of l-hexyl-2-propylcyclobutanol (71/58 = 
0.7).16 It can therefore be concluded that the pre
dominant mechanism of the double McLafferty rear
rangement among the high energy-short lived ions ob
served in the conventional mass spectrum involves 
transfer of hydrogen to the carbon-carbon double bond. 
The apparent invariance of mechanism among these 
ions, those observed in the icr spectrometer, and those 
fragmenting in the metastable regions lends credence 
to the validity of these latter techniques as probes into 
the behavior of ions fragmenting in the source region 
of the mass spectrometer. In addition, these observa
tions demonstrate that cyclobutanols have wide utility 
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Scheme I 

HO. 

to exclude these processes from consideration, the labeled alcohol VII 
was prepared; the number quoted here represents the ratio of the sum 
o the intensities of m/e 71, 72, and 73 to the intensity of m/e 60 in the 
mass spectrum of this compound. 

h,m/e58 

in the study of mechanistic and structural problems re
lating to enolic ions. 
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Experimental Evidence for Statistical Randomization 
of Hydrogen Atoms in the Ethyl Cation1 

Sir: 

Recently there has been considerable interest in the 
problem of hydrogen migration in the ethyl cation.2 

Theoretical calculations have led to the conclusion 
that the bridged structure represents the transition 
state (activated complex) involved in the 1,2 hydride 
shift.2o,d Although several calculations have shown 
the bridged structure to be nearly 10 kcal/mol less 
stable than the classical ion,2ce some recent improved 
theoretical treatments 2f'g suggest that the energy of 
the bridged configuration is slightly less than that of 
the classical ion. Assuming the latter, the energy 
barrier for H atom migration in CH3CH2

+ may be 
quite low and one would expect complete statistical 
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