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quent trapping with various reagents. Thus far there
have been no literature reports of experiments of this
nature. However, it can be said that synthetic proce-
dures are now at hand to make such studies immi-
nent. Our own work has progressed to the point
where pentalene complexes can be obtained in
30% yields, making 200-300-mg quantities readily
available, and attention is now directed to such in-
vestigations. It should be appreciated, however, that
with these complexes the pentalenes comprise a rela-
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tively small fraction of the total weight of complex,
so that progress in this direction is perhaps likely to
be slow.

We are indebted to our coworkers named in the references and
to Drs. Judith Howard and Peter Woodward who, under the aus-
pices of a Science Research Council Grant, have carried out sev-
eral X-ray crystallographic studies crucial to the research. We
also acknowledge the help of Professor R. Bau in determining the
molecular structure of 14.
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Field ionization (FI) is the removal of an electron
from an organic molecule in the gas phase through
interaction with a very strong field (109-101° V/m).
The radical cations are produced with sufficient vi-
brational energy to undergo a rich variety of compet-
ing unimolecular chemical reactions.?:3 The reac-
tions are rapid, often occurring in times comparable
to periods of molecular vibrations, and complex
molecular rearrangements occur in times as short as
picoseconds. Such unimolecular gas-phase reactions
of radical cations are intimately and inextricably
linked with mass spectrometry. Regrettably the close
association has sometimes resulted in the intrinsic
chemistry of these reactions being overlooked in the
face of the analyst’s pragmatic views that the reac-
tions are merely the means of producing a mass
spectrum. The characteristically fast rates of the
reactions, so essential to the effectiveness of mass
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spectrometry as an analytical technique,* pose prob-
lems when the object is to elucidate the kinetics.
Electron-impact (EI) mass spectrometry affords an
integrated view of all reaction occurring within a few
microseconds of ionization but, of course, precludes
the possibility of obtaining kinetic data on reactions
taking place in less than microseconds.5-¢ Sequential
rearrangements each occurring in picoseconds appear
bewilderingly complex when viewed after microse-
conds, so that it becomes impossible even to identify

(1) The experimental work described was performed at the Space Sci-
ences Laboratory, University of California, Berkeley, in collaboration with
Dr. A. M. Falick.

(2) (a) F. M. Field and J. L. Franklin, “Electron Impact Phenomena
and the Properties of Gaseous Ions,” Academic Press, New York, N.Y,,
1957; (b) J. H. Beynon, “Mass Spectrometry and Its Applications to Or-
ganic Chemistry,” Elsevier, Amsterdam, 1960; (c) H. Budzikiewicz, C. Dje-
rassi, and D. H. Williams, “Mass Spectrometry of Organic Compounds,”
Holden-Day, San Francisco, Calif., 1967; (d) F. W. McLafferty in ““Topics
in Organic Mass Spectrometry.” A. L. Burlingame, Ed., Wiley-Inter-
science, New York, N.Y., 1970.

(3) (a) P. Bommer and K. Biemann, Annu. Rev. Phys. Chem., 16, 481
(1965); (b) I. Howe in “Mass Spectrometry.” Volume 2, D. H. Williams,
Senior Reporter, The Chemical Society, London, 1973; (¢} F. P. Boer, T.
W. Shannon, and F. W. McLafferty, J. Amer. Chem. Soc., 90, 7239 (1968).

(4) The mass spectrum displays those product ions formed within the
ionizing chamber before the ions are extracted into the ion gun. In an elec-
tron-impact (EI) mass spectrometer, ions typically reside within the ioniz-
ing chamber for microseconds. Due to the very fast rates, the reaction sys-
tems initiated by ionization typically proceed almost to completion well
within such times. The mass spectrum is thus approximately independent
of the precise time the ions reside within the ionizing chamber. It is impor-
tant that this be so, since residence times within the source do vary from
instrument to instrument. A strong dependence of the mass spectral com-
position on residence time could mean that the mass spectrum of a given
compound would not be a standard reproducible characteristic.

(5) Using specialized EI mass spectrometric techniques, C. Ottinger and
his colleagues [Z. Naturforsch. A, 22, 20 (1967)] and V. L. Tal’roze and his
colleagues [Kinet. Katal., 8, 1 (1967)] have been able to measure lifetimes in
the nanosecond time frame.

(6) Ion cyclotron resonance provides data at times of the order of milli-
seconds. See, for example, J. D. Baldeschwieler, Science, 159, 263 (1963).



Vol. 7, 1974

Razor Blade at
High Positive
Potential (8-10kV) Ionization Region

al Apex

Decomposition

Region for Reaction T
Times from 10'%sec] /4mm
to 108 sec

Reactant Ions'
Trajectory

% )

Cathode at
Earth Potential

Ion Lens and —
Mass Spectrometer
to Identify
Reaction Products
and to Measure
their Kinetic Energy
Distributions

Figure 1. The reaction vessel.

the individual processes. This is particularly true
with regard to rearrangements effecting isotopic ran-
domization (vide infra). The field ionization kinetics
(FIK) technique? yields the necessary information to
identify qualitatively the nature of the competing
reactions in the picosecond time frame and in addi-
tion allows the course of each reaction to be followed
down into the microsecond time frame.® Reaction
rates and phenomenological rate constants are acces-
sible over seven orders of magnitude of time from
10-12 gec to 105 sec.9-13

The Field Ionization Kinetics (FIK) Technique

The strong fields necessary for FI are realized at
the surfaces of highly curved electrodes raised to
high positive potentials with respect to a proximate
cathodel416 (Figure 1). In these experiments the
highly curved electrodes are commercial razor
blades.18.17 Ionization occurs only in a very small re-
gion of the order of 100 A in depth at the blade edge.
The radical cations so formed are referred to as mo-
lecular ions and are the activated molecules whose
reactions are to be studied. The assemblies of molec-
ular ions formed by FI possess distributions of inter-
nal energy E. A typical distribution might have its
mean in the region of tenths of an electron volt (in
the region of kilocalories) and extend over several

(7) H.D.Beckey, Z. Naturforsch. A, 16, 505 (1961); 21, 1920 (1966).

(8) P. J. Derrick, A. M. Falick, and A. L. Burlingame, 20th Annual Con-
ference on Mass Spectrometry and Allied Topics, Dallas, Tex., June 1972,
Paper No. H-4.

(9) H. D. Beckey, H. Hey, K. Levsen, and G. Tenschert, Int. J. Mass
Spectrom. Ion Phys., 2, 101 (1969).

(10) H. D. Beckey and K. Levsen, Int. J. Mass Spectrom. Ion Phys., 7,
341 (1971).

(11) G. Tenschert and H. D. Beckey. Int. J. Mass Spectrom. Ion Phys.,
7,97 (1971).

(12) P. J. Derrick and A. J. B. Robertson, Proc. Roy. Soc., London, Ser.
A, 324, 491 (1971).

(13) A. M. Falick, P. J. Derrick, and A. L. Burlingame, Int. J. Mass
Spectrom. Ion Phys., 12, 101 (1973).

(14) The process was postulated from theory by J. R. Oppenheimer
some 20 years before it was demonstrated experimentally by E. W. Miiller:
J. R. Oppenheimer, Phys. Rev., 31, 66 (1928); E. W. Muller, Z. Phys., 136,
131 (1951).

(15) R. Gomer, “Field Emission and Field Ionization,” Harvard Univer-
sity Press, Cambridge, Mass., 1961,

(18) H. D. Beckey, “Field Ionization Mass Spectrometry,” Pergamon
Press, Elmsford, N.Y ., 1971.

(1) A.J.B.Robertson and B. W. Viney, J. Chem. Soc. A, 1843 (1966).
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electron volts (tens of kilocalories).11.18 The exact
form of the distribution is not reliably known for any
molecule. The degree of reaction induced by FI is often
comparable to that induced by 10-12-eV electrons in
El techniques.

Following FI, the molecular ions are accelerated
away from the blade toward the cathode by the elec-
tric field (Figure 1). Consider a molecular ion which
decomposes in the potential gradient between the
blade and the cathode. The kinetic energy (eV) of
the ionic product on reaching ground potential can
be expressed as12.13

&V o= eV, + THVy = V) M

Vi and V4 are the potentials at the blade and at the
position where decomposition occurs, respectively; M
and m are the masses of singly charged molecular
and product ion, respectively; and ¢ is the charge of
an electron. Expression 1 relates the kinetic energy
eV to the potential V; at the position where decom-
position occurs. The flight time of the molecular ion
from the blade to the potential V5 can be calculat-
ed,13.19.20 gnd can be considered to be the lifetime of
the molecular ion prior to decomposition, i.e., the
reaction time. In reality the product ions possess a
distribution of kinetic energy, arising from a distri-
bution of reaction times, which is measured with a
mass spectrometer.

Experimental results take the form of curves of
product ion current I,(¢t) against kinetic energy,
which are transformed according to the principles
outlined above to curves of product ion current I,(¢)
against reaction time t. The product ion current
I,(t) is related to the rate of reaction dl,,/dt by the
expression®-11.13,16

dI, _ L)
a T At @

and to a phenomenological rate constant k(t) by the
expression®-11.13,16

I(t)
AT (D) 3

At is a small interval within which the product ions
contributing to the measured product ion current
I,(t) at time t are formed;13.16 At is dependent on
the molecular and product ion masses and on the
reaction time ¢t. Iy(¢t) is the ion current of undecom-
posed molecular ions at time t. The phenomenologi-
cal rate constant k(t) is an experimental quantity
describing the real situation in which the assembly
of reactants possesses a distribution of internal ener-
gy P(E). In contrast, the microscopic rate constant
kR(E) is a theoretical quantity describing the ideal
situation in which reactants possess a discrete
amount of internal energy, E (vide infra). The proce-
dure outlined above yields reaction times up to 10-8
sec. In the present experiments the optimum time
resolution is typically a few X 10-11 sec; resolutions
of a few picoseconds have, however, been achieved
with blade emitters.1?2 Kinetic data at 10-6 sec and
10-5 sec are obtained from measurement of metasta-

(18) R. P. Morgan and P. J. Derrick, Int. J. Mass Spectrom. Ion Phys.,
to be published.

(19) D.F. Brailsford, Brit.J. Appl. Phys., 3, 196 (1970).

(20) J.-P. Pfeifer, A. M. Falick, and A. L. Burlingame, Int. J. Mass
Spectrom. Ion Phys., 11, 345 (1973).

k() =



330 Derrick and Burlingame

00

CyHr
80‘—/3 7
60
40 -

/C3H5+'

20 4

Relative Ion Currents

T T T T T
2 3 4 5 <] 7

Time (sec x 107%°)

Figure 2. The formation of the products Cz3H;*™ and CsHg-* from
the 2-methylpropane radical cation C4Hiq-+ as a function of
time.

]

ble transitions in the first and second field-free re-
gions of the mass spectrometer.3

Dependence of Reactivity upon Time

The most remarkable general observation resulting
from FIK experiments is the enormous dependence
of the nature of reaction upon time. A molecular ion
typically undergoes different reactions in different
time frames. Consider the behavior of 2-methylpro-
pane.?! The radical cation formed by FI reacts to
form CsH-;* and CsHe-*. The formation of CsHs* is
seen as a simple bond cleavage to give the stable sec-
propyl ion.21-23 Deuterium labeling?! indicates that
the formation of CsHg-t occurs vie 1,3 hydrogen
shifts. The activation energy for formation of CsH,*
is probably higher than that for formation of Cs3Hg™
by at least a few tenths of an electron volt (~10
kcal/mol).2¢ Figure 2 shows the curves of the prod-
uct ion currents CsH;* and C3zHg-™ against time.
The ion currents are related to the rates of reaction
by expression 2, Since At at any particular time will
be approximately the same for both reactions,13 the
ratio of the ion currents CsH;+ and C3Hg-*+ at any
particular time represents the ratio of the rates of
reaction at that time. At times of the order of 10-11
sec, the rate of formation of C3H7* increases relative
to the rate of formation of CzHg-+ as time de-
creases.?5 The formation of CsHg-* predominates at
times of the order of 10-10 sec. We assume?26 that in-
ternal energy is randomized within 10-12 sec. The
most energetic molecular ions must react at the
shortest times and hence the FIK results (Figure 2)
tell us that the most energetic ions react to form
CsH7*+ (Figure 2); less energetic ions react at the
longer times to form C3Hg-*.

The results are consistent with the statistical theo-
ry of unimolecular reactions, which in mass spec-
trometry is known as the quasi-equilibrium theory

(21) P. J. Derrick, A. M. Falick, and ‘A. L. Burlingame, submitted to JJ.
Chem. Soc., Perkin Trans. 2.

(22) D.P. Stevenson,J. Chem. Phys., 19, 17 (1951).

(23) (a) P. C. Hariharan, L. Radom, J. Pople, and P. v. R. Schleyer, JJ.
Amer. Chem. Soc., 96, 599 (1974), and references therein; (b) S.-L. Chang
and J. L. Franklin, ibid., 94, 6347 (1972).

(24) (a) J. L. Franklin, J. G. Dillard, H. M. Rosenstock, J. T. Herron, K.
Draxl, and F. H. Field, “Ionization Potentials, Appearance Potentials and
Heats of Formation of Gaseous Positive Ions,”” NSRDS-NBS 26, U. 8. Gov-
ernment Printing Office, Washington, D. C., 1969; (b) F. P. Lossing and G.
P. Semeluk, Can. J. Chem., 48, 955 (1970); (c) F. P. Lossing, ibid., 50, 3973
(1972).

(25) The rate of formation of CsHz~ at times <2 X 10-11 sec is probably
enhanced by interaction with the external electric field. Reaction at times
>2 X 10-1% gec is unaffected by external fields. For a discussion see H. D.
Beckey, Z. Naturforsch. A, 19, 71 (1964),

(26) For a discussion see W. Forst, “Theory of Unimolecular Reactions,”
Academic Press, New York and London, 1973.
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(QET).27.28 The theory provides expression 4 for the

oGXE — E,)
"N @)

dependence of microscopic rate constdnt 2(E) on in-
ternal energy E. G*(E — Ey) is the total number of
quantum states of the transition state in the energy
interval between E and the activation energy FEo;
N(E) is the density of states of the reactant at ener-
gy E; and ¢ is a symmetry number. The relative
values of the rate constants k(E) for CzH;* and
CsHg:+ depend on the values of G*(E — Eg) in the
expressions for the two reactions, since the denomi-
nator will be identical for either reaction.

For the purposes of our qualitative discussion, we
will view G*(E — Ey) as depending on the magni-
tude of the energy interval E — Ey and on the aver-
age density of states within that interval. The energy
interval for the formation of C3He-t will be greater
than that for the formation of CsH;* by an amount
equal to the difference in their activation energies,
Eo(C3H7*) ~ Eo(CsHg-1). The density of states will,
however, be greater for the formation of CzH:™.
Consideration of rotations shows this to be the
case.26 The direct bond cleavage to form C3zH;* need
not restrict the internal rotations of the methyls; the
transition state may even gain additional rotations,
i.e., may be “loose” in the sense of Gorin.2? Forma-
tion of CsHg:* through a 1,3 shift would restrict two
internal rotations in the transition state.

The simple model gives a clear physical picture. FI
produces molecular ions with a distribution of inter-
nal energies, and this distribution changes in time.
The most energetic species undergo a simple cleav-
age. This reaction has a higher energy of activation
than the other, but it is still the favored path be-
cause of the higher density of states associated with
it. Once the most energetic species have reacted by
the cleavage mechanism, the remaining molecular
ions contain only enough energy to react by the 1,3-
shift mechanism. This reaction is slower because the
shift restricts the number of accessible states.

k(E) =

Cyclic Transition States

FIK results3® for processes 5 and 6 effecting loss of
water from hexanol via five- and six-membered cy-
clic transition states are shown in Figure 3. The re-
sults are presented in the form of phenomenological
rate constants k(t). We base our discussion on ex-

*OH -

D I?--—OH o+
/\/}L\) - /\/y\/ -

D

HDO + CH.D* (5

/\T/\// —»F/I){IE)H.+_*

HDO + C5H11D'+ (6)

(27) R.A.Marcus,J. Chem. Phys., 20, 359 (1952).

(28) H. M. Rosenstock, M. B. Wallenstein, A. L. Wahrhaftig, and G.
Eyring, Proc. Nat. Acad. Sci. U. S., 38, 667 (1952).

(29) (a) E. Gorin, Acta Physicochim. USSR, 9, 691 (1938); (h) O. K.
Rice, J. Phys. Chem., 65, 1588 (1961).

(30) P. J. Derrick, A. M. Falick, and A. L. Burlingame, J. Amer. Chem.
Soc., 95, 437 (1973).
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Figure 3. Phenomenological rate constants k(t) as a function of
time for the reactions effecting loss of water from the hexanol
radical cation via five-membered and via six-membered cyclic
transition states.

5

pression 4 from the statistical theory of unimolecular
reactions. It can be assumed3© that the kinetic data
reflect the kinetics of the deuterium transfer. At the
longest times (10~ 8 sec) the process via the six-mem-
bered transition state is predominant. As time de-
creases, the rate of the process via the five-mem-
bered transition state increases relative to that of the
process via the six-membered. It follows3® according
to our previous argument (vide supra) that the six-
membered transition state poses a lower energy bar-
rier than the five-membered state. This is consistent
with the prevalence of six-membered transition
states throughout chemistry, both in the liquid and
in the gas phase. The success of the process via the
five-membered transition state at short times implies
a higher density of states. This could be rationalized
on the basis that formation of the six membered re-
stricts four internal rotations, whereas formation of
the five membered restricts only three. Alternatively,
we could say that the five-membered transition state
18 the more “disordered,” since one less carbon atom
is confined within the ring.

FIK results for the two distinct reactions of alde-
hyde molecular ions involving v-hydrogen transfer
and 8 cleavage31-33 were unexpected and intriguing.
Figure 4 shows the results presented3! as rates of
reaction for hexanal-4,4-d>. At times of a few X
10-11 gec the rate of formation of CoaHsDO-* exceeds
the rate of formation of C4H7D-* by almost an order
of magnitude. At times of the order of 10~10 sec,
however, the formation of C4H;D.* is the faster
reaction. The trend for the formation of C4H-D-* to
be faster at longer times is supported by measure-
ments of metastable transitions (corresponding to
reaction at 109 sec). The transition CgH1oD201T —
C:H:D-+ + CoH3DO is at least two orders of magni-

H

[2{] D — cHDO* + CHD &)
+'O D

H H
T — e —
+0 +0D

| CHDO + CHD*' (8

(31) P. J. Derrick, A. M. Falick, and A. L. Burlingame, J. Amer. Chem.
Soc., 96, 615 (1974).

(32) (a) R. J. Leidtke and C. Djerassi, J. Amer. Chem. Soc., 91, 6814
(1969); (b) S. Meyerson, C. Fenselau, J. L. Young, W. R. Landis, E. Selke,
and L. C. Leitch, Org. Mass Spectrom., 3, 689 (1970).

(33) P.Brown and C. Fenselau, Org. Mass Spectrom., 7, 305 (1973).
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Figure 4. The rates of formation of CoHsDO.t and CsH;D.*
from the hexanal radical cation CgHioD20-* as a function of
time.

tude more intense than CgH10D20+ — CoH3zDO.+ +
C4H:D (which cannot be detected at all). We hy-
pothesize that the results can be explained on the
basis of mechanisms 7 and 8. The formation of
CoH3DO-* at times of the order of 1011 sec would
be a concerted process, whereas the formation of
C4H7D-* at times of the order of 10~1° sec and long-
er would be a stepwise process involving an interme-
diate.

A theoretical treatment3c¢ does suggest that the
transition state in a stepwise process (such as in
eq 8) has a lower energy than that in a concerted
process (such as in eq 7). This would explain the
predominant formation of C4H;D.* at long times.
According to our previous arguments, the dominant
formation of CoH3zDO.* at short times implies a
higher density of states in the transition state. This
could be achieved by treating the restricted internal
rotations as low frequency torsional vibrations in the
concerted case, but as higher frequency out-of-phase
ring vibrations in the stepwise process. That is to
say, the concerted transition state is the “looser,”
because of the rupturing 8 bond. Assuming our ex-
planations to be valid, the answer to the persistent
and contentious question of whether vy-hydrogen
transfers and 8 cleavages are stepwise or concerted
would be “it depends on the time frame considered”
—which is intuitively reasonable.

Hydrogen-Deuterium Rearrangements

It is a well-established fact that an isotopic label,
for example deuterium, introduced into a molecule
at a specific position may not remain in that position
upon ionization.? Such apparently random rear-
rangements could indicate, as was pointed out by
Stevenson and Wagner34 over 20 years ago, that the
species formed by gas-phase ionization are so highly
energized that the fundamental concept of directed
valence is no longer reliable. The success during the
past decade in rationalizing the behavior of gaseous
ions in conventional chemical terms2? is good evi-
dence that this is not the case, at least at low ener-
gies. However, to establish irrefutably the essentially
conventional chemical nature of gas-phase ionic pro-
cesses demands that isotopic rearrangements be ex-
plicable as isomerization in the usual chemical sense.
This had proven to be difficult using the convention-
al EI techniques.2 We feel we have been able to ad-

(34) D.P. Stevenson and C. D. Wagner, J. Chem. Phys., 19, 11 (1951),
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Figure 5. Relative rates of formation of C3H3zDy+, C3HyD+, and
CzHs* as a function of time following FI of 2-methylpropene-7, I-
da.
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Figure 6. The formation of C4HgDO.* and CsH1,0-* as a func-
tion of time following FI of 7-methyl-4-octanone-7-d1.

vance the problem using the FIK technique.

Consider 2-methylpropene. The major reaction at
times of 10-11 to 10-5 sec following ionization is loss
of a methyl radical.35 FI of the deuterated species,
2-methylpropene-1,1-dz [(CHs)2C=CD>], induces loss
not only of CHs. but also CHzD- and CHDa- (eq 9).

CHD," + CH,
(CH,),C==CD,* —é CHD* + CHD 9
> CH,Y + CHD,

Evidently there has been rearrangement prior to
fragmentation. It is such rearrangement which has
been referred to as hydrogen-deuterium (H-D) “ran-
domization.” FIK results35 for the various processes
are shown in Figure 5. Relative rates of reaction are
plotted as functions of time. We suggest that the de-
pendence on time of the relative rates of reaction re-
flects the progress of rearrangement within the reac-
tant species prior to fragmentation. Careful consider-
ation35 of the curves (Figure 5) leads to the conclu-
sion that rearrangement and fragmentation proceed
as in Scheme I. The rejative rates over the time in-
terval from 1 X 10-10 sec to 7 X 10-19 sec are stead-
ily approaching the values predicted assuming a sta-
tistical mixture of the four 2-methylpropene isomers
in Scheme I. The metastable intensities for the three
reactions (at 10-6 sec) are in the statistical ratio.
The maximum in the C3Hs™ curve at 7 X 10-11 sec
can be associated with a transient high proportion of
the isomer b in the isomeric mixture.3® The rear-
rangement in 2-methylpropene is thus attributed to
rapid 1,3 allylic hydrogen shifts.

FIK studies of partially deuterated but-1-ene3¢
and cyclohexened? yield similar results. The frag-

(35) P. J. Derrick and A. L. Burlingame, J. Amer. Chem. Soc., 96, 4909
(1974).

(36) P. J. Derrick, A. M. Falick, and A. L. Burlingame, Advan. Mass
Spectrom., 6, 877 (1974).
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Scheme §: 2-Methylpropene-1,1-da
CH, T

Dgc-:< — CDH," + CH,
) CH,
a
i cH, "
s — CH* + CD,H
D,HC 4
CH, ~— CDH," + CHy
b
CH, T*

: " — CDH’ + CDH;
DHC C”_DH’+ :
pH, | — GDH" + CH;

DH.C -</ — (.DH,* + CDH
CDH,

d.

mentation reactions monitored were the loss of a
methyl radical with but-1-ene and the retro-Diels-
Alder elimination of ethylene with cyclohexene. We
find the same dependence on time for the rates of
formation of different isotopic isomers. The H and D
loss as methyl radical or ethylene is random at long
times (108 sec), but the fragmentations become in-
creasingly specific as shorter times (1031 sec) are
considered. The H-D rearrangement processes are
again identified as very rapid 1,3 allylic hydrogen
(deuterium) shifts, although in the but-l-ene case
other reactions are involved as well.36 These 1,3 al-
lylic hydrogen shifts may be further examples of
symmetry-forbidden 1,3 sigmatropic reactions.38
Consider now aliphatic ketones. With straight-
chain ketones there is a small amount of apparently
random H-D rearrangement prior to fragmentation
at times of the order of microseconds following ion-
ization;3? it is unlikely that isotopic rearrangement
occurs at shorter times.3? H-D rearrangement in the
a-branched and «-deuterio-labeled 3-methyl-2-hep-
tanone-1,7,1,3-d4 shows the same characteristics as
that in the straight-chain ketones.4® H-D rearrange-
ment in the v-branched and <y-deuterio-labeled 7-
methyl-4-octanone-7-d1, however, differs drastical-
ly.%® Consider the FIK results in Figure 6. The ion
currents are related to rates of reaction by expression
2; the ratio of the ion currents at any particular time
t represents the relative rates of reaction at that
time. The species CsHoDG-* is the expected product
of the McLafferty rearrangement (v-deuterium
transfer and 8 cleavage). H-D rearrangement so as
to replace D by H at the v position prior to the
McLafferty rearrangement produces CsHio-~. The

(37) P.J. Derrick, A. M, Falick, and A. L. Burlingame, J. Amer. Chem.
Soc., 94, 68794 (1972).

(38) J. A.Benson, Accounts Chem. Res., 5, 406 (1972).

(39) P. J. Derrick, A. M. Falick, S. Lewis, and A. L. Burlingame, Org.
Muss Spectrom., 7, 887 (1973).

(40) P. J. Derrick, A. M. Falick, A. L. Burlingame, and C. Djerassi, JJ.
Amer. Chem. Soc., 96, 1054 (1974).
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apparently random H-D rearrangement is thus able
to compete successfully with the McLafferty rear-
rangement, even at times less than 1010 sec.

To explain these kinetic results we propose the fol-
lowing mechanism#!

D

A*ﬁwr

CH, DO
ﬂ cleavage
/\Bif /\/“\jL
+’OH y -H transfer +'O H
D.
and £ cleavage
C HIOO (10)

We are concerned primarily with reaction at times of
10-10 sec and longer, at which times we consider the
McLafferty rearrangement to be stepwise (¢f. hexa-
nal). The crucial question is: does the species formed
by the initial v-D transfer undergo hydrogen shifts in

(41) G.Eadon and C. Djerassi,J. Amer. Chem. Soc., 92, 3084 (1970).
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the hydrocarbon chain or does it undergo 3 cleavage?
We argue that the tertiary radical formed by ~
transfer in a vy-branched molecule is significantly
more stable than the secondary radical formed with
a straight-chain or «-branched molecule, and that
the increased stability will favor hydrogen shifts over
B cleavage.#® Thus branching at the v position en-
ables H-D rearrangement to compete more effective-
ly with McLafferty rearrangement. Support for the
proposed mechanism (eq 10) can be derived from the
relative rates of MecLafferty rearrangement in
straight-chain and v-branched ketones 40

The point we wish to make is that the apparently
random H-D rearrangements in aliphatic alkenes
and ketones are explicable in terms of perfectly con-
ventional chemical reactions. We suggest that this is
generally true for aliphatic species.*2 The only prob-
able exceptions are alkane ions.2? Hydrogen and
deuterium atoms in aliphatic ions containing unsat-
uration or functional groups arrive at a degree of iso-
topic randomization by a series of highly specific hy-
drogen (deuterium) shifts.
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During the 1960’s a profusion of experimental pro-
ton nmr data, in conjuction with excellent theoretical
work, allowed very satisfactory correlation of molecu-
lar structure with proton-proton spin-spin coupling
constants.! This correlation has given the organic
chemist a powerful tool for structure elucidation of
even very complex molecules. Proton nmr work was
so fruitful because of three inherent features: (1) the
ubiquitousness of the proton in organic molecules,
giving the nmr spectroscopist an almost unlimited
number of systems to explore; (2) the high natural
abundance of the 1H isotope (99.98%), whose spin of
% gives sharp signals, allowing precise measurements
of high-resolution spectra; (3) the high sensitivity of
the 'H nucleus, and hence the large nmr signals.
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Carbon-Proton Couplings. It would seem desir-
able to extend structural correlations to carbon-pro-
ton couplings, since carbon exists in all organic com-
pounds, by definition. However, the common isotope
of carbon—!2C, whose nuclear spin is 0—is nmr inac-
tive, and carbon-proton couplings are not a signifi-
cant feature in routine proton nmr spectra. Actually,
the nmr inactivity of carbon-12 has been a blessing
during the extensive proton-proton investigations of
the past 15 years, because it removed the complica-
tion of carbon-proton couplings. Now that our un-
derstanding of proton-proton couplings is fairly com-
plete, however, the attractiveness of additional nmr
methods involving carbon increases. The isotope of
carbon that is nmr active (13C, with a nuclear spin of
15) exists in nature to the extent of 1.1%. Hence, if
one chooses a system wherein the main proton signals
do not mask the much weaker signals arising from
the carbon—proton couplings, one may obtain accu-
rate measurements for these couplings. In practice,
only large carbon-proton splittings may be observed,

(1) 8. Sternhell, Quart. Rev., Chem. Soc., 23, 236 (1969).



