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—0.9 kcal/mol (cyclohexene) and
(cyclopentene).

From the synthetic point of view the present obser-
vations have two consequences. Firstly, there is noted
here the minor effect previously observed in the addition
of maleic ester to cyclohexene,? that a change in tem-
perature may lead to a change in isomer composition in
a particular photoannelation. Secondly, as reported
here for the case of cyclopentene and cyclohexene, the
preference for an addition to one of two substrates may
be modified with a change in temperature. This may
lead, in future studies to possible selectivity in addition
to polyfunctional substrates.

—2.1 keal/mol
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Application of Ion Cyclotron Resonance to the Structure
Elucidation of the C;H;O- + Ion Formed in the Double
McLafferty Rearrangement’?

Sir:

The mass spectrum of a dialkyl ketone containing one
or more y-hydrogen atoms in each alkyl group usually
exhibits an intense peak corresponding to the consecu-
tive rearrangement of two y-hydrogen atoms accom-
panied by S cleavage, a process generally known as the
“double McLafferty rearrangement.”® The second
step of the decomposition can be envisaged as occurring
in two ways: hydrogen transfer could proceed either to
the enolic oxygen (b — ¢), or to the enolic double bond
(b — d).* A number of methods have been utilized in
an effort to determine the structure of the double Mc-
Lafferty ion. On the basis of metastable ion character-
istics,> McLafferty and Pike have concluded that “a
substantial part of the C;H¢O-* ions from 4- and 5-
alkanones must not correspond to” structure d.** Fur-
thermore, MO calculations have been presented which
suggest that the transition state for transfer to the enolic
oxygen is of lower energy than the transition state for
the alternative process.” On the other hand, ion cy-
clotron resonance (icr) experiments® have tended to sup-
port the alternative structure d.
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The theory, instrumentation, and applications of icr
spectroscopy have already been described in consider-
able detail.® Icr single-resonance spectra are similar to
ordinary mass spectra, except that ion-molecule reac-
tions are readily observed. Consider the reaction
AH* 4 B— A 4 BH*. By using pulsed double-reson-
ance and phase-sensitive detection, the signal from BH*
can be monitored while an irradiating radiofrequency
field is swept through a range of frequencies. When the
irradiating frequency equals the natural cyclotron fre-
quency of AH*, the translational energy of AH* in-
creases, Because reaction rate constants are generally
energy dependent, the population of BH* changes, and
this change produces a peak in the double-resonance
spectrum. Thus, if the irradiating frequency is swept
through the cyclotron frequencies of all ions, it is pos-
sible to determine the genesis of the product ion.

In a previous paper,” seven ion-molecule reactions
capable of distinguishing between the keto and enol
forms of the McLafferty ion were described; in every
case, the double McLafferty ion and the independently
generated enol ion (d) reacted identically. Since there
is no precedent for ions of different structure exhibiting
identical reactivity, it was concluded tentatively that the
correct structure is d rather than ¢. Therefore, further
investigation of the double McLafferty ion was under-
taken, and icr was again the technique chosen for use.

It has been established that secondary hydrogens
participate in the single McLafferty rearrangement ten
to twenty times as readily as primary ones.® It has also
been demonstrated that only hydrogens directly bonded
to oxygen are transferred from the single and double
McLafferty ions to neutral ketones.,” Thus, the possi-
bility of generating and detecting a specifically labeled
double McLafferty ion exists, For example, 4-nona-
none-1,1,1-d; (I) could produce either ¢’ or d’. The
latter has only protium bonded to oxygen, and thus
can donate only protium to neutral 4-nonanone. On
the other hand, ion ¢’ has both protium and deuterium
bonded to oxygen and would be expected to transfer
both to 4-nonanone. Observation of the mass 147
(M + 2) ion with irradiation through the appropriate
mass range (Figure 1a) indicates almost no contribution
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from mass 59, demonstrating the virtual absence of
deuterium transfer (eq 2). In contrast, the pulsed
double-resonance spectrum of the mass 146 (M + 1) ion
shows an appreciable contribution from mass 59, indi-
cating that protium transfer, corresponding to eq 1,
does occur (see Figure 1b).1¢ That this result is not due
to a large isotope effect discriminating against deuterium
transfer is demonstrated by the pulsed double-resonance
spectrum of the M 4 1 and M + 2ions of 4-nonanone-
7,7-d; (I1); here, observation of the mass 146 (M + 2)
ion with irradiation through the low mass region indi-
cates appreciable contribution from mass 59, while the
double-resonance spectrum of the mass 145 (M + 1) ion

.(10) The origins of the other double resonance signals present in
Figure 1a and 1b will be discussed in a future publication.
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shows almost no contribution from mass 59, demon-
strating that deuterium transfer (eq 3) is highly favored
over protium transfer (eq 4). Thus, at least a substan-
tial portion of the double McLafferty ion must, in fact,
correspond to structure d. Results completely consis-
tent with this conclusion were obtained using several
different neutral ketones as proton acceptors and with
ionizing voltages varying between 70 and 15 eV.
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Figure 1. The pulsed double-resonance spectra of the M -+ 2 and
M + 1 ions of 4-nonanone-1,1,1-d; (I). The species of mass
147 (146) is observed with wi/2r = 145 kcps, while frequency we
is swept through the mass range 40 to 100. The change in intensity
of the mass 147 (146) signal is plotted as a function of the mass
corresponding to wa. Both spectra were recorded on a Varian
V-5900 spectrometer at 2 X 107¢ torr, 0.1-V irradiating voltage, and
20-eV ionizing voltage.

Since MO calculations suggesting that ion ¢ is the
initial product of the double McLafferty rearrangement
have been presented,® the possibility that ion d is pro-
duced from the isomerization of ¢ must be considered.
If the symmetrical ion ¢’ isomerizes, it must produce
nearly equal amounts of d’ and d’’ (eq 5); such a mixture
must donate protium and deuterium to neutral ketone
to a nearly equal extent. The results described earlier
do not correspond to such behavior. Thus ion d must
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be a direct product of the double McLafferty rearrange-
ment and is not produced in significant amounts by the
isomerization of c.
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