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Free Energies of Hydrolysis.—In Table IV are sum-
marized the values of AF° and AF,u 1 °’, the standard
free energies of hydrolysis to free acetic acid and to
acetate ion at pH 7.0, respectively, calculated from the
results of this work and from related equilibria. The
values of AF° refer to a standard state of 1 M reactants
and products as the nonionized species, except for
acetyl phosphate, which refers to the dianions of
acetyl phosphate and inorganic phosphate. The
vaues of AF, 7 ©' refer to a standard state of 1 M con-
centrations of the sum of all ionic species of the re-
actants and products at pH 7.0, except for hydrogen
ion. The activity of pure water is taken as 1.0. The
values for acetic acid derivatives are based on the
thermodynamic pK, for acetic acid of 4.76; the values
based on a pK,’ of 4.63 = 0.02 at ionic strength 0.2 to
1.0%% are 180 cal./mole more negative. The calcula-
tions for ester hydrolysis, with the exception of acetyl-
choline, are based upon data which were extrapolated
to zero ionic strength. The results for acetylcholine
and for the acetyl-transfer reactions are not extrapo-
lated to zero ionic strength, but these equilibria would
not be expected to show a large dependence upon
ionic strength, because increasing salt concentration
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should have a similar effect on the activity coeffi cients
of the reactants and products. The values of — 9490
and —4460 cal./mole for the free energies of hydro lysis
of acetylimidazole and the thiol ester group of N,S-
diacetyl-8-mercaptoethylamine may be compared to
the values of —7280 and —910 cal./mole, respectively,
for the heats of hydrolysis of the same compounds
in water.3! The greater part of the difference between
the AF° and AH values reflects the fact that the stand-
ard state for water is taken as 1.0, rather than 55.5
M, this convention contributes —2400 cal./mole to
the AF® values.

It has been suggested that phosphorylimidazoles
and possibly acylimidazoles may be involved in bio-
logical oxidative phosphorylation.’? The rates and
equilibria for acyl-transfer reactions involving acetyl-
imidazole and phenolates reported here may conceivably
be pertinent to the uncoupling or inhibitory action of
acidic phenols on oxidative phosphorylation.??

(31) I, Wadso, Acta Chem. Scand., 18, 479, 487 (1962).

(32) P. D. Boyer, D. E. Hultquist, J. B. Peter, G. Kreil, R. A. Mitchell,
M. DeLuca, J. W. Hinkson, L. G. Butler, and R. W. Moyer, Federation Proc.,
22, 1080 (1963).

(33) V. H. Parker, Biochem. J., 69, 306 (1958); H. C. Hemker, Biochim.
Biophys. Acta, 63, 46 (1962).

[CONTRIBUTION FROM THE SCHOOL OF CHEMISTRY OF THE UNIVERSITY OF MINNESOTA, MINNEAPOLIS 14, MINNESOTA]
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The rearrangement of cyclobutylmethyl Grignard and dialkylmagnesium reagents to 1-pent-4-enylorgano-

magnesium compounds was studied kinetically.

The solvent dependence and the effects of a-methyl and a-
deuterium substitution are most readily interpreted on the basis of a synchronous four-center process.

tribution of a w-complex structure to the transition-state resonance hybrid is proposed.

In a previous communication, we have reported ring-
cleavage reactions of the cyclobutylmethylorgano-
metallic derivations of sodium, lithium, and mag-
nesium.® These cleavages, and the analogous very
facile ring opening of the corresponding cyclopropyl-

— 7

—— CH.M

M=Na, Li, MgX

methylorganometallics,* undoubtedly derive their driv-
ing force from the relief of ring strain. The analogous
acyclic organometallic cleavage should be endothermic
by approximately 20 kcal. Some recently reported
cleavages of acyclic organopotassium and organo-
sodium compounds are apparently observed owing to

(1) Acknowledgment is made to the donors of the Petroleum Research
Fund, administered by the American Chemical Society, for support of this
research.

(2) (a) Based in part upon a thesis submitted by J. A. Davidson in partial
fulfillment of the requirements for the M.S. degree; (b) American Chemical
Society Petroleum Research Fund Fellow, summer, 1963.

(3) E. A. Hill, H. G. Richey, Jr., and T. C. Rees, J. Org. Chem., 38, 2161
(1963).

(4) (a) M. S. Silver, P. R. Shafer, J. E. Nordlander, C. Ruchardt, and
J. D. Roberts, J. Am. Chem. Soc., 83, 2646 (1960); (b) P. T. Lansbury,
thid., 85, 1886 (1963); (c¢) H. G. Richey, Jr., and E. A. Hill, J. Org. Chem.,
29, 421 (1964).
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vaporization of volatile products or metallation and
polymerization of the olefin formed.?

In the present paper, we report a kinetic study of
the ring cleavages of the cyclobutylmethylorgano-
magnesium compounds. This study was undertaken
for the purpose of distinguishing between several al-
ternative mechanisms which have been suggested for
these rearrangements.?

Results

The rearrangement of cyclobutylmethylmagnesium
chloride to 1-pent-4-enylmagnesium chloride in tetra-
hydrofuran was studied kinetically at 61.5°. The
corresponding dialkylmagnesium was also studied.

(5) (a) R. A. Finnegan, Chem. Ind. (London), 895 (1962). (b) R. A.
Finnegan, Telrahedron Letiers, 1303 (1962). (c) The Wittig and Stevens
rearrangements, as well as several other recently reported reactions, may
involve cleavages of heteroatom-substituted organometallics or organometal-
lics in which a resonance-stabilized carbanion may be the cleavage product.®

(6) (a) G. Kobrick, Angew. Chem. Intern. Ed. Engl., 1, 382 (1962), and
references therein; (b) P. T. Lansbury and V. A. Pattison, J. Am. Chem. Soc.,
84, 4295 (1962);, J. Org. Chem., 2T, 1933 (1962); (c) E. Grovenstein, Jr.,
and G. Wentworth, J, Am. Chem. Soc., 85, 3305 (1963); (d) P. K. Freeman,
D. E. George, and V. N. M. Rao, J. Org. Chem., 28, 3234 (1963).
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TaABLE 1
RATE CONSTANTS FOR CYCLOBUTYLMETHYL (GRIGNARD AND
D1aLkYLMAGNESIUM RinG CLEAVAGES, 61.5°,
TETRAHYDROFURAN"

No. of
points

Concen-

Run tration? k X 10%, sec. ™! Added reagents

A.  Cyclobutylinethylmagnesium cliloride

1 0.114 6 3.16 = 0.12
) 4 35T+ .14
3 .97 7 4.24 = .19
4 1.14 4 4.54 + .04
5 1.14 6 4.36 = .06
6 1.14 3 4.38 £ .04
7 1.27 3 435+ .14
8 0.8 6 8.33 + .33 2.4 M C,HMgCl
9 57 6 2.8 + .03 0.25 M MgCl
10 .8 5 331+ .3¢ .01 MHO
11 .8 5 338 + .11 .1 M CsH,0H
12 .6 5 3.30 £ .08 .075 M H.O
13 43 4 6.35 & .19 47 M (CiH,),N°
14 1.1° 5 3.98 + 04
15 1.1%¢ 7 3.8 + 97
16 1.43%¢ 5 3.65 = .24
17 2.56%° 4 T4 x .7
18 2.80% 5 5.78 = .14
19 4.18%¢ 5 11.2 = .5
20 0.66%° 6 32.6 =2.7 CHOCH.CH.OCH;’
21 0.53%¢¢ 9 4.85 + 0.26
22 1.14°7 7 5.06 = .16
23 1.9%¢7 5 4.76 = .20
24 1.0%%4 8  4.153+ .29
B. Di(cyclobutylmethyl)magnesium
25 0.11 7 4.71 £ 0.12
26 1.1 5 5.13%+ .35
27 1.1 5 5.39+ .11
28 0.85 6 524+ .12 0.01 M H,0
20 7 6 6.62 = .21 379 (CHs)uN
30 .9 7 892 + .70 609 (CH;)sN
31 5 8 10.67 = .12 53U CeHe
32 1.14 7 8.90 = .25 50Uy isooctane
33 0.44 8 31.5 £+ 3.9 60% 1,2-diinethoxyethane
34 0.44 10 17.69 =1.2 60% 1,2-dimethioxyethane
2 Water content of solvent 2.8 X 10~3% 17, ampoule kinetic

technique and sublimed magnesium unless otlierwise specified.
b Concentration of alkyvl groups (determined as total base).
¢ White precipitate present. ¢ Water content of solvent 5 X
103 to 1 X 10-% M. ¢ Pot kinetic technique 11sed. / Solvent
replaced by 1,2-dimethoxyethane. ¢ "Grignard grade” mag-
nesium. * "Grignard grade’’ magnesium fused under hydrogen.

The reaction was followed by hydrolysis of the organo-
metallic and analysis of the product for methylcyclo-
butane and l-pentene. It was found that on long
heating the rearrangement proceeds at least 99.89%
to completion, so an infinity point of 1009, rearrange-
ment was assumed for the kinetic calculations. The
n.m.r. spectrum of the initial Grignard solution had a
doublet absorption at 111,39 7 which is in the region
characteristic of hydrogens « to a magnesium.* On
partial rearrangement, a new triplet at 10.70 r and
vinyl group absorption appeared. These spectra are
consistent with the proposed structures of the original
and rearranged Grignard reagents, and make improb-
able any alternative structures for the rearrangement
product (such as an allylic or vinyl organometallic).
Rearrangements were followed 30 to 909 to com-
pletion. The kinetics were found to be first order in
unrearranged Grignard (or unrearranged alkyl group)
within a run. The observed rate constants are listed
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in Table I. Uncertainties are 709 confidence limits.”
The several runs included with only 3 or 4 points are
from control ampoules for various preparations of the
reagents. These were included because of their close
adherence to first-order kinetics, and their agreement
with other runs.

The rate of reaction was affected by the purity of the
magnesium used in preparing the Grignard. A reagent
prepared from ordinary “Grignard reagent” grade
magnesium rearranged about 259, faster than compar-
able reagents made from very high purity sublimed
magnesium (compare run 22 with runs 14-16). Among
other impurities, the less pure magnesium probably
contained about 20 times as much iron and 100 times
as much manganese as the sublimed magnesium. In
one run in which the “Grignard reagent’ grade magne-
sium was fused in a stream of hydrogen before being
transferred to the reaction flask, the rate was closer
to that obtained with sublimed magnesium (compare
run 24 with runs 14-16).

The rate of rearrangement is nearly independent of
total Grignard reagent concentration up to over 1 M.
Over a tenfold concentration change from 0.114 to 1.14
M, the reaction rate changes by a factor of only 1.35.
However, further increase to 3 or 4 1/ (see runs 8 and
19) increases the rate two- and threefold. This increase
occurs when the Grignard present is all cyclobutyl-
methylmagnesium chloride and its rearrangement prod-
uct, or if it contains largely another alkyl group (run §,
with added butylmagnesium chloride). Addition of
magnesium chloride decreased the reaction rate.

The rate of reaction was also affected by small
amounts of water in the solvent. Thus, a water con-
tent of 6 to 11 X 107% M decreased the rate of about
80-909, of the value in the driest solvents used (about
3 X 107% M water). Addition of enough water to
hydrolyze 259 of the Grignard, or addition of phenol
instead of water, had about the same effect as an
amount of water sufficient to hydrolyze only about 39,
of the organometallic (runs 10-12).

In an attempt to study the effect of solvent, tri-
ethylamine was added to run 14, and the solvent was
replaced by 1,2-dimethoxyethane in run 2. In both
instances a white precipitate formed, and the rate of
rearrangement increased.

To avoid difficulties from precipitation, the rear-
rangement of di(cyclobutylmethyl)magnesium was
studied. As with the Grignard reagent, the rate of
rearrangement was nearly independent of concentra-
tion up to at least 1 /. The rate of rearrangement was
faster than that of the Grignard reagent at equal
“alkyl group” concentration by about 259, and ap-
peared to be less sensitive to low solvent water concen-
trations (run 28). Dilution of the solvent with tri-
ethylamine, benzene, isooctane, or 1,2-dimethoxyethane
gave clear solutions, and increased the rate of reaction.
In all cases except with added dimethoxyethane,
tetrahydrofuran appeared to be present in the volatile
fraction produced on hydrolysis of the organomag-
nesium. This probably indicates its importance in the
role of solvating the magnesium.

The effect of a-substitution was investigated by
rearrangement of the Grignard reagent from «-cyclo-

(7) F. S. Acton, "'Analysis of Straight-Line Data,”” John Wiley and Sons,
1nc., New York, N. Y., 1959, pp. 23 and 24.
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butylethyl chloride. The rate constant for rearrange-
ment at a concentration of 0.5 M was (5.47 £+ 0.16) X
10—¢ sec~!. This value is about 409, greater than
the rate constant for the unsubstituted compound at
the same concentration.

a-Cyclobutylethyl chloride was prepared by reaction
of the corresponding alcohol with thionyl chloride and
tri-n-butylamine under conditions which give no rear-
rangement with cyclobutylmethyl chloride itself.
However, the reaction product was found by vapor
phase chromatography to be a mixture of several
chlorides, probably including the two isomers of 2-
methyleyclopentyl chloride and 1-methylcyclopentyl
chloride in addition to the desired chloride® The
major peak in the chromatogram (529;) contained
mostly the desired product. Preparative chroma-
tography was not used for a kinetics sample, since con-
siderable decomposition occurred on the column even
under mild conditions. It was found, however, that
hydrolysis of the Grignard reagent produced a con-
siderably simplified mixture of hydrocarbons. About
959, of the monomeric hydrocarbon product consisted
of ethylcyclobutane and methyleyclopentane in a
ratio of 44:56. The remaining 39, of the product
originated during Grignard formation, probably by dis-
proportionation from the tertiary chloride. Since it
was found previously that the rate of rearrangement
of cyclobutylmethylmagnesium chloride is independent
of concentration at low concentration, the rearrange-
ment was studied with Grignard prepared from the
mixed chloride. It was shown by examination of
solvent pumped from the Grignard before hydrolysis
that competing solvent cleavage did not complicate
the situation. The internal consistency of the kinetics
confirms the suitability of the treatment used for the
data.

The hydrocarbon derived from the rearranged
Grignard reagent was an almost equal mixture of
trans- and cis-2-hexenes. The composition was con-
stant from the beginning of the reaction through 5.6
half-lives.

The secondary a-deuterium isotope effect on the re-
action was studied by rearranging an equimolar mix-
ture of Grignard reagents from cyclobutylmethyl
chloride and  «,a-ds-cyclobutylmethyl chlorides.
Samples were examined after 9.4 and 70.29 rearrange-
ment. The isolated hydrocarbons were analyzed for
the ratio (mass 70)/(mass 72) by mass spectroscopy.
From the mass ratio and the extent of reaction, the
isotope effect ku/kp was evaluated. A value of 1.02 =
0.02 was obtained, taking the probable errors in the
analysis into consideration.

The «,a-d>-cyclobutylmethyl chloride was prepared
by reduction of methyl cyclobutanecarboxylate with
lithium aluminum deuteride (prepared # situ), followed
by conversion of the alcohol to chloride with thionyl
chloride-tributylamine. Dideuterated methylcyclobu-
tane and 1-pentene were obtained by hydrolysis of the
deuterated Grignard reagent. The n.m.r. spectra
were consistent with essentially complete a-deuteration
in the chloride and alcohol, with dideuteration of the
methyl group of the methylcyclobutane, and with
complete deuteration of the terminal methylene group

(8) C. F. Wilcox, Jr., and M. E. Mesirov, J. Am. Chem. Soc., 84, 2757
(1962), have estimated a driving force of 4.3 kcal. owing to participation in
the solvolysis of a-cyclobutylethyl tosylate.
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of 1-pentene. Mass spectra of the methylcyclobutane
and the 1-pentene both had 70/72 ratios of about ().01.
Infrared spectra of these compounds were changed
markedly by deuteration. The most readily inter-
preted features in all the spectra were a doublet due to
symmetric ~and  asymmetric  carbon-deuterium
stretching modes. This appears to be a useful group
frequency for structural studies.®

Discussion

Three distinctly different types of mechanism seem
reasonable for the ring-cleavage reactions of cyclo-
butylmethylorganometallics and for related reactions.
The organometallic may ionize to a carbanion, which
then rearranges. Such a mechanism seems most
probable for the most polar organometallics, such as
the alkylsodiums, and is supported by an apparent
increase in reactivity with polarity of the carbon-
metal bond.*1® Alternatively, dissociation may occur
to a univalent magnesium species and a free radical,
which undergoes rearrangement before recombination.
The participation of free radicalsin Grignard reactions,
particularly in the presence of extraneous mietal salts,
has received considerable attention,'' and analogies
for the radical ring cleavage or its reversal are plenti-
ful.'? In this case, rearrangement and recombination
would probably have to occur in a solvent cage, since
little reaction with solvent to yield hydrocarbon was
observed during the course of a kinetic run. Finally,
a concerted cyclic process might be proposed, in which
changes in carbon-carbon bonding occur simultaneously
with transfer of the magnesium from one carbon atom
to another. These mechanistic possibilities are repre-
sented in Scheme I. It is to be understood in all
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cases that solvent is coordinated to the magnesium.
The most striking feature of the kinetic results re-
ported in this paper is the insensitivity of the rate to
solvent and structural variations. Rearrangement of
the dialkylmagnesium was studied in pure tetrahydro-

(9) (a) W. T. King and B. Crawford, Jr., J. Mol. Spectry., 8, 58 (1962},
(b) 1-Pentene obtained from reaction of the deuterated chloride with sodinm
contained a third C~D stretching band owing to an additional atom of
deuterium in the methyl group.

(10) G. E. Coates, “Organometallic Compounds,"”
Inc., New York, N. Y., 1960, pp. 1, 2, 43.

(11) M. S. Kharasch and O. Reinmuth, "Grignard Reactions of Non-
metallic Substances,” Prentice~Hall, Inc., New York, N, V., 1954, pp. 116-
137.

(12) R. C. Lamb, P. W. Ayers, and M. K. Toney, J. Am. Chem. Soc.. 85,
3483 (1963); E. Renk, P. R. Shafer, W. H. Graham, R. H. Mazur, and J. D.
Roberts, tbid., 83, 1987 (1961); work reported by L. H. Slaugh, k. D.
Mullineaus, and J. H. Raley, ibid., 86, 3180 (1963), may be interpreted as
intramolecular addition and cleavage of free radicals.

John Wiley and Sons,
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furan (with a trace of dioxane remaining from precipi-
tation of the magnesium chloride) and in mixtures of
tetrahydrofuran diluted with isooctane, benzene, tri-
ethylamine, and 1,2-dimethoxyethane. In the mix-
tures containing 509 isooctane, 35%, benzene, and 609,
triethylamine, the reaction rates were very similar, and
exceeded that in pure tetrahydrofuran by factors of
1.7 to 2.1. In each of these mixtures, the dielectric
constant of the medium should be lower than in tetra-
hydrofuran solution.!* The dependence upon solvent
polarity is consistent with a mechanism in which the
transition state is somewhat less polar than the re-
actants, but would be difficult to explain in terms of a
mechanism which involves ionization of the organo-
metallic. It is tempting to draw attention to the
similarity in estimated dielectric constants for the
three mixtures (—4.5). However, in all of these
solutions, the dialkylmagnesium concentration is fairly
high, and the dielectric constant of all solutions cer-
tainly exceeds that estimated for the solvents alone.'*
The effect of triethylamine appears to be mainly an
effect on medium polarity, since a solution with only
379% of amine reacts at an intermediate rate. The
vapor phase chromatogram of the volatiles, pumped
from the magnesium salts after hydrolysis contained
a peak corresponding to tetrahydrofuran, suggesting
that even with added amine, some tetrahvydrofuran
was coordinated with the magnesium.

Dimethoxyethane has a more marked rate-acceler-
ating effect, despite the fact that its dielectric con-
stant (6.8)'? is nearly as high as that of tetrahydrofuran.
It seems likely that the strong tendency of dimethoxy-
ethane for solvating cations is important here, 516
leading to a general weakening of the carbon-metal
bond, and perhaps even to a significant change in the
nature of the transition state. These runs showed
less reproducibility than most of the other data, with
occasionally widely deviating points.

The o-deuterium isotope effect was found to be
1.02 + 0.02. In numerous studies, isotope effects, in
reactions where a bond to tetrahedral carbon is broken,
have been found to be remarkably constant at about

ku'kp = 1.10 to 1.20 per deuterium, regardless of
" j
L—X — ¢ + X
g A

whether the carbon atom is left as a cationic, anionic,
or radical center, or whether the C--X bond is broken in
a dissociation or abstraction step.'™ The small ob-
served isotope effect in the reaction suggests that the
rate-determining step is not a simple breaking of the
carbori—magnesium bond, as it would be if the first

(13) For dielectric constants of the pure svlvents, see F. E. Critchfield,
J. A, Gibson, and J. L. Hall. J. Am. Chem. Soc., 76, 6041 (1933); A. A.
Maryott and E. R. Smith, " Table of Dielectric Constants of Pure Liquids,’
National Bureau of Standards, Washington, D. C., Circular No. 514, 1951;
A. Weissberger. E. 8. Proskaner, J. A. Riddick, and E. E. Toops, Jr., "Or-
ganic Sulvents. Interscience Publishers, Inc., New York, N. V., 1855,

(14} R. K. Dessy and R. M. Jones, J. Org. Chem., 24, 1685 (1958); R. E.
Dessy. thid.. 28, 2260 {1960

(15 G. Wittig and E. Stahnecker, Au1., 605, 69 {1937).

i16! H. Zook and T. Russo, J. Am. Chem. Soc., 82, 1258 (1960); H. E.
Zaugg, thid., 88, 837 (1961).

i17) fal 8. Seltzer. thid., 83, 2625 (19611, (b) A. Streitwieser, Jr., R. H.
Jagow, R, C. Fahey, and S. Suzuki, ibid., 80, 2326 (1958); (c) A. Streit-
wieser. Jr., and D. E. V'an Sickle, ibid.. 84, 254 (1962); (d) A. A. Zavitsas
and S. Seltzer, Abstracts, 146th National Meeting of the American Chemical
Society, Denver. Colo.. Jan., 1964, p. 4C. (e} S. Seltzer, ibid,, p. 4C.
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steps of either the free radical or the carbanion mech-
anism were rate-determining. On the basis of ex-
planations advanced for these secondary isotope
effects,"® it appears that a reaction whose rate-de-
termining step follows a pre-equilibrium dissociation
should have a similar isotope effect.™ 1In that case, the
carbanion or radical mechanisms with the second step
rate-determining are also unlikely.

The weak electron-releasing inductive effect of deu-
terium might also be taken into account.”™ A
simple o*-p treatment, assuming o¢* for ~-CH,D as
—(1.0027,'® the fall-off factor per carbon atom as 2.8,
and a p-value of +4.0, would predict a maximum
value of ku/kp = 1.14 for the inductive effect in the
carbanion mechanism. An inverse effect of about
.97 might be estimated for loss of all of the 209 partial
ionic character® of the C-Mg bond. Neither of
these figures will help much in explaining the small
observed isotope effect.

Two reservations might be noted in the interpreta-
tion of the small isotope effect. First, there are a few
reported instances of small or even inverse a-deuterium
isotope effects.?’ Second, the usual model for second-
ary oa-deuterium isotope effects considers the con-
version of an sp® carbon atom to sp?, and examples of
the normal effect are mostly of this type (particularly
if free radicals are considered planar). In the present
case, however, a carbanion intermediate might main-
tain a nonplanar sp? configuration.

The rearrangement of a-cyclobutylethylmagnesium
chloride provides information about the effect of -
alkyl substitution on the rearrangement rate. The
observed small rate increase (relative 2 = 1.53) is inter-
preted as inconsistent with either free-radical or anionic
processes, but compatible with a concerted cyeclic
mechanism. Either a free-radical or ionic cleavage
of the carbon-magnesiuimm bond should be a fairly
endothermic process, and so the transition state for
such a step might be expected to have considerably
more radical or ionic character, respectively, than the
original carbon-magnesium bond.>? In that case, the
added «-methyl substituent should be expected to
stabilize strongly a free radical or destabilize a carb-
anion intermediate relative to the reactant states,
and produce an accordingly large rate increase or
decrease, respectively. If the radical or carbanion
forms reversibly and rearranges in the rate-determining
step, the substituent effect should still be sizable,
and in the same direction. In a cyclic process, the
small rate increase is understood if some of the partial
negative charge caused by the polar carbon-magnesiuin
bond?® is distributed onto a second carbon atom in the
transition state.*?

(18) The usual explanations consider the effect due mainly to decreasein a
vibrational frequency as a bending mode of a tetrahedral carbon-hydrogen
bond converted to an out-of-plane bending frequency of trigonal carbon.' TP

(19) A. Streitwieser, Jr., and H. S. Klein, J. Am. Chem. Soc., 88, 2739
{1963).

(20) G. Fraenkel, D. G. Adams, and J. Willlams, Teirahniron Leilers, 167
(1963).

(21) (a) M. M. Kreevoy and B. M. Eisen, J. Org. Chein., 28, 2104 (1963}
‘b) M. M. Kreevoy and L. T. Ditsch, J. Am. Chem. Soc., 82, 6127 (1960,
{e) R, E. Weston and 8. Seltzer, J. Phys. Chem., 68, 2192 {1862). Inverse
isotope effects have also been noticed in bimolecular nucleophilic displace-
ments on carbon, but these are not relevant to the present case. since they
also involve an attacking nucleophile.

(22) G. 8. Hammond, J. Am. Chem. Soc., TT, 334 (1935).

(23} Preliminary work by R. A. Doughty (M.$. Thesis, University of
Minnesota, 1963} is also in agreement with the cyclic mechanism. The
primary hydrolysis product after rearrangement of the (Grignard reagent
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An observation in the a-cyclobutylethylmagnesium
chloride reaction which appears to be significant is the
production of almost equal amounts of cis- and trans-
2-hexene. The cis content of the mixture is con-
siderably greater than expected on the basis of the
approximately 1:3 equilibrium ratio of ¢is:trans.?*

An-attractive explanation for the relative abundance
of cis-2-hexene in the product is that the transition-
state resonance hybrid contains a significant con-
tribution from a metal-olefin w-complex structure.
The known preference of w-complexes for cis- over

X X
Mg _CHR Mg CH,
CH, CH CH, “CH

ar /

trans-olefins would then stabilize the isomeric transition
state leading to the c¢is-double bond in the product or-
ganomagnesium compound.? A w-complex might
possibly be an intermediate following the rate-determin-
ing transition state. Somewhat analogous r-complexes
have been suggested as intermediates in polymerizations
of olefins by complex organometallic catalysts.® The
present ring cleavage is an intramolecular analog to the
reverse of the addition step in such polymerizations.
A w-complex contribution to the transition state would
also be in accord with the small a-deuterium isotope
effect. Kreevoy and Eisen®® have found a small
inverse effect of hydrogens « to the mercury in the
deoxymercuration of 2-phenyl-2-methoxyethylmer-
curic iodide, which proceeds through a mercury-
olefin complex.

Small amounts of water in the solvent were found to
produce a slight decrease in the Grignard rearrange-
ment rate. This does not appear to be a general in-
hibiting effect due to the basic magnesium salts which
would be formed by reaction of water with the Grignard,
since essentially the same rate was found whether the
added water was sufficient to hydrolyze 3 or 259, of
the reagent. Added phenol had an identical effect.
The most likely explanation appears to be that a part
of the rearrangement in the driest solvents involves
trace impurities in the magnesium, which are effec-
tively inactivated by a small amount of water. The
slightly faster rate found when ordinary “‘Grignard
reagent’’ grade magnesium was used 1s consistent with
this interpretation. When water was added to the
dialkylmagnesium solution, some precipitation oc-
curred, but there was no change in rate. Perhaps
the catalytic impurity is removed during precipitation
of the magnesium chloride.

A definite dependence of the first-order rate con-
stant upon total Grignard reagent concentration was
from 2-methyleyclobutylmethyl chloride is 3-methyl-1-pentene. This olefin
arises by kinetically controlled cleavage of the Grignard in the direction lead-
ing to a primary rather than a secondary organometallic.

(24) J. E. Kilpatrick, E. J. Prosen, K. S. Pitzer, and F. D. Rossini, J.
Res. Nail. Bur. Std., 36, 559 (1946).

(25) (a) H. J. L.ucas, R. S. Moore, and D. Pressman, J. Am. Chem. Soc.,
65, 227 (1943); (b) M. M. Kreevoy, L. L. Schaleger, and J. C. Ware, Trauns,
Faraday Soc., 68, 2433 (1962), have found that the transition states for
oxymercuration of c¢is- and {rans-2-butene are of nearly equal energy.

The transition states are considered to resemble the olefin~mercuric salt =-
complex.

(26) W. L. Carrick, in "'Unsolved Problems in Polymer Science,”’ National
Academy of Sciences, National Research Couneil, Publication 993 (1962);
W. Cooper in "Progress in High Polymers,” Vol. 1, J. C. Robb and F. W.
Peaker, Ed., Academic Press, Inc., New York N. Y., 1961, pp. 287~306.
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found. Between 0.1 and 1.1 M/ the rate increased by
a factor of about 1.35, but the increase is more marked
at higher concentrations. A maximum rate nearly
three times that in 1 M solution was observed with a
sirupy solution of about 4 M concentration.

Ashby and Becker” have found that the ethyl
Grignard reagent is monomeric in tetrahydrofuran,
but dimeric in ether. Diethylmagnesium appears to
be partially dimerized in tetrahydrofuran.® It is
possible that the rate increase at higher concentration
is then caused by some reaction proceeding through
a small amount of more rapidly rearranging dimer (or
more highly associated species). In that case, the
pseudo-first-order rate constant might be represented
by

ky = k1 + k:]total Grignard]

A reasonably good, though perhaps fortuitous, fit to
such a relation is found for the lower concentration
runs in dry tetrahydrofuran. There i1s too much
scatter in other runs, possibly owing to variable water
content, to test this correlation further. Another
explanation, which might also require a term in total
Grignard, is the catalysis of part of the reaction by a
trace metallic impurity. Alternatively, the concentra-
tion dependence might be caused by a ‘'medium effect,”
possibly associated with the availability of solvent
molecules for coordination with the magnesium.
Judging from results presented by Dessy and co-
workers on the dielectric constant of Grignard solu-
tions,!* the medium must undergo a very great change
through the concentration range covered in the kinetics,
and some medium effect should at least be superim-
posed upon any other effects. It seems that the con-
centration effect is small with the dialkylmagnesium.

The observed difference in rate between the Gri-
gnard reagent and the dialkylmagnesium is not unex-
pected in light of previous studies of reaction rates of
organomagnesium compounds.?®* Excess magnesium
chloride further decreased the rearrangement rate.
At the present time, we find it difficult to attach any
important mechanistic or structural significance to
these results. It has been shown that Grignard
reagent solutions have a higher dielectric constant
than dialkylmagnesium solutions of similar concentra-
tion, and that addition of magnesium halide to the
Grignard reagent further increases the dielectric
constant.!* Thus, the rate changes observed might be
caused by a simple dielectric constant effect, and
are in the direction expected on the basis of the solvent
effect.

Experimental®

Cyctobutylmethyl chloride was prepared as described previ-
ously.3 Most samples used were at least 99.9% pure by v.p.c.,
although there was 110 detectable difference in kinetics when some
low-boiling impurities (<1¢7) were present. The n.m.r. spec-

(27) E. C. Ashby and W. E. Becker, J. Am. Chem. Soc., 88, 118 (1963).

(28) S. J. Storfer and E. 1. Becker, J. Org. Chem., 27, 1868 (1962).

(29) See, for instance, H. O. House and D. D. Traficante, J. Org. Chem.,
28, 355 (1963); J. H, Wotiz, C. A. Hollingsworth, and R. E. Dessy, ibid.,
21, 1063 (1956).

(30) Infrared spectra were taken on a Perkin~Elmer 421 or Beckman 1IR3
spectrometer. Nuclear magnetic resonance spectra were run by Dr. W. B.
Schwabacker on a Varian Model HR 60 spectrometer with super-stabilizer
at 56.4 Mc. Mass spectra were run by A. Swanson on a Consolidated
Electrodynamics Corp. Model 21.402 spectrometer. Microanalyses were
performed by Mrs. O. Hammerston of the University of Minnesota. Boiling
points are uncorrected.
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truin had a doublet at 6.53 7 correspouding to the methylene hy-
drogens « to thie chlorine. The lack of appropriate absorption
showed the absence in quantities greater than 1¢7 of cyclopentyl
chloride or olefinic unsaturation. A Grignard reagent prepared
in tetrahydrofuran and hydrolyzed yielded mainly methyleyclo-
butane, along with about 3% of 1-pentene. The liydrocarbons
were identified by comparison of the infrared spectra of samples
trapped froin the v.p.c. with publislied spectra.® There were
also sonie very small peaks (about 0.2 ) corresponding in re-
tention tine to cyclopentene and either methylenecyclobutane or
cyclopentane. Heating the Grignard reagent solution for ex-
tended periods of time increased the l-pentene at the expense of
the methylcyclobutane. When the Grignard solution was re-
fluxed for a total of about 80 hr., followed by remnoval of volatile
materials under vacuum before liydrolysis, the methylcyclobutae
peak comprised about 0.2¢7 of the total hydrocarbon.

The n.ni.r. spectrum of a sample of Grignard reagent in tetra-
hydrofuran had a doublet at 10.39 r (J = 8.5 c.p.s.). Solvent
masked most of the rest of the spectrim. After heating for sev-
eral hours at 60°, a new triplet centered at 10.70 r appeared, along
with new multiplet absorption in the vinyl region at 4.7 to 5.5 7.

Cyclobutylmethanol-a,a-d,.—Methyl cvclobutanecarboxylate
{b.p. 132.5-133.5°) was prepared by Fischer esterification of the
acid.

Aluminum bromide (29.8 g. 0.11 mole of somewhat yellow
material) was added in portions with stirring under a stream of
nitrogen to 100 ml. ot anhydrous etlier. This solution was then
dropped into 4.0 g. (0.44 mole) of Lithiun deuteride (97¢;) in 25
ml. of ether over a period of 2 hr., and refluxed for 3 lir. more.
Then 25 g. (0.22 mole) of methyl cyvclobutanecarboxylate in addi-
tional ether wasadded dropwise. Product work-up in the custom-
ary manner with dilute sulfuric acid aud distillation through a
6-in. wire spiral column produced a total of 13.75 g. (717{) boiling
from 137-141°. A center fraction (b.p. 139.5-141°) was shown
by v.p.c. to contain 49 of the starting ester. Cwclopentarnol
was absent (<19 by v.p.c.). The infrared spectrum showed a
doublet owing to carbon-deuteriuin stretching at 2180 and 2080
cm. 1, and also had several differences from the undeuterated
material in the fingerprint region.

Cyclobutylmethyl chloride-a,a-d, was prepared in 68 yicld by
the procedure used for undeuterated material. A center fraction
boiling at 109.5-110° was shown by v.p.c. to contain about 1% of
methyl cyclobutanecarboxylate, and very small traces of lower-
boiling inipurities. The infrared spectrum contained the carbon--
deuterium stretching doublet at 2230 and 2150 cin. 1. The n.ut.r.
doublet at 6.53 7, characteristic of the a-protous iu cyclobutyl-
nietityl chloride, was absent. A maximmum of 1¢7 of cyclopentyl
chloride was present, as estimated from v.p.c of the Grignard
hydrolysis product. which coutained a small peak witl tlie same
retention tinie as cyclopentane and niethylenecyclobutane. -

The mass spectrum of methyleyclobutane obtaiued by hydroly-
sis of the Grignard reagent showed less than 3¢¢ of material not
doubly deuterated. The deuterated methyleyclobutane had an
n.ut.r. multiplet ceutered at about 8.99 7, corresponding approxi-
mately to the nietliyl doublet inn undenterated methyleyclobutane.
The nmltiplet had eiglit equally spaced peaks, approximately iu
the ratio 1:2:3:3:3:3:2:1. Such a spectriun is consistent with the
structure of methyleyclobutane-a,a-ds, if the geminal H-D
coupling constant is about 2.0 ¢.p.s. and the vicinal H-H coupling
constant is about 6.0 c.p.s. The latter is similar to tle splitting
of the donblet in unideuterated methyleyclobutane. Tlie infrared
spectrum has a C~D stretching doublet at 2150 and 2215 cm. 7L,
The n.ut.r. spectrum of deuterated I-pentente froni the rearranged
Griguard has only tlie nonterniinal olefinic absorption of the
vinyl group, wliich appears as a complex multiplet. In the in-
frared, the C-D stretching absorption contes at 2225 and 2310
cni. T,

Methyl cyclobutyl ketone was prepared Dby tlie addition of an
ethereal solution of methyllithinnm (from 134.5 g., 0.95 mole, of
netliyl iodide and 13.3 g. 1.92 nioles, of lithium wire) to cyclo-
Dutattecarboxylic acid (39.5 g., 0.395 mole)} in ether. Decomr-
position with water and distillation yielded 3.0 g., b.p. 130-133°%;
15.4 g., b.p. I33~137°; 1it.32 L.p. 137.° The iufrared spectrum
(smear) showed a carbonyl streteliing band at 1715 cn. 71, as well
as a very weak liydroxyl band at 3450 ciu. =%,

a-Cyclobutylethanol was prepared by lithinni alumininm hydride
rednetion of methyl cyclobutyl ketone.  The product was worked

i313 Infrared Spectral Data, American Petrolenm Institute, Research
Project 4.
i32) R. Jacquier and H. Christol, Buwll. soc. chim. Franer, 600 (10571
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up under nonacidic conditions, and distilled at 139-141°, 1it.32
144°.

a-Cyclobutylethyl Chloride.—Thionyl chloride (18.5 g., 0.155
mole) was added over 1 hr. to a mixture of a-cyclobutyletlianol
(15.5g.,0.153 mole} and tri-z-butylamine (28.6 g., 0.135 1110le) in
100 1ivl. of anhydrous ether maintained at 0°. The reaction mix-
ture was allowed to stir and warin to roomn teniperature over a
pericd of 2 hr. Then the ether was removed under reduced pres-
sure, and the temperature was raised over a period of 2 lir. to
110°, while evacuated at 15 mm. through a Dry Ice trap. Tlie
liquid in the trap was redistilled at atmospheric pressure, b.p.
122-127.5°.

Anal. Caled. for CeH;Cl: C, 60.75; H, 9.35.
61.07; H, 9.56.

A Grignard reagent was prepared in ether from a small portion
of thie product, and hydrolyzed by pouring into a mixture of ice~
water and isooctane. The monoueric hydrocarbon prodiuct wis
found by v.p.c. (Apiezon J) to cousist to the extent of 95 of a
pair of partly overlappiug peaks. These were isolated by pre-
parative cliromatography, aud identified as ethiyleyelobutane amd
metliyleyelopentane by determination of tlieir infrared® and n.m.r.
spectra. From the kinetic experiments (vide infra) the ratio of
ethvleyclobutaue to methyleyelopenitane was sliown to be 44536,
The remainder of the product (5C7) was eluted after tlie m1jor
peaks, and appears to be a mixture, althougl it was 1ot resolved
by v.p.c. Infrared and u.ni.r. spectra gave evideince for botl
terminal methiylene and trisubstituted double bouds. In auotlier
Grignard reagent prepared in tetrahydrofuran, all volatile 1mnate-
rials were puniped i11to a cold trap before liydrolysis of the reagent.
The hydrolyzed reagent contained ouly the ethyleyelobutae and
ntethyleyclopentane, along with traces of rearraugement prodnct
(vide infra); all of the hydrocarbon mixture of longer retention
tinte distilled off before lhivdrolysis. Wlient tlie solution was
heated for several hours before liydrolysis, tlie ethiyleyclobutane
peak decreased in size, and was replaced by a pair of partly re-
solved peaks of sliorter retention time. Tliese were separated
preparatively, and sliowu to consist of frans- and cis-2-lhexene, in
order of increasing retentiou time. Ideutification was by com-
parison of the infrared spectra of the separated couponents with
published spectra.3! The two hexene isonters were fornted in
very tearly equal amounts, and tlie ratio did 1ot change appreci-
ably during the course of the rearrangement,

Vapor phase cliromatography of the cliloride sliowed tlie pres-
ence of at least four components. There was obviously some e-
cotutposition out the colummn, and recliromatograply of a fraction
which had been trapped out had appreciable material with re-
tention time appropriate for Cg hydrocarbous. The largest peak
appeared by its n.ut.r. spectruin to be mainly a-cyclobutyletlhyl
chloride (doublet at 8.61, quintet at 6.08, broad multiplet at
about 8.1 73, probably contaminated witl oue of the isomers of
2-methyleyclopentyl cliloride.

Magnesium 11sed for most of the kinetic work was liigh purity
sublimed maguesium.?  Sonite “Grignard’’ grade 1agnesium
(Fisher Scientific, lot 794064 ) wliich was also used was found by a
qualitative ewission spectrographic analyses® to contain about
0.19 of maunganese aud about 0.017¢ of irou. It one rum, a
sample of “*Griguard reagent’’ magnesium was fused in a Pyrex
tube under a stream of hydrogen. Souie dark sublinnite was
noted ou tlhie tube, Tlie maguesiuin was trausferred to the reac-
tion flask without exposure to air.

Tetrahydrofuran ( Baker, White Label) was retluxed over potas-
st hydroxide for several liours and distilled. Then it was re-
distilled from lithium aluminum hydride under a slow tlow of
helinin in an all-fused apparatus shortly before use. Tlie water
content was 2.8 X 1073 3 or less (by Karl Fisclier titration],
For some of tlie work solvent coutaining 5.5 X 10=3to I.1 X 10~2
M water was prepared by passage tlhirougl molecular sieves ( Linde
1A iustead of the final distillation. Tlie table of kinetics results
indicates the solvent used for various runs.

Dioxane was purified by reflux over sodium, distillation, pass-
age thirongh an alumina column, and distillation from lithimm
ahiminmm hiyvdride in a streaimn of helium imnlediately Defore mse.
It liadd abonut 5.5 X 1073 3/ water.

1,2-Dimetlioxyethaie was passed tlirouglt an aluniina column
and distilled from lithium aluninum hydride in a stream of lie-
linnu.

Found: C,

7331 We are indebted to Dr. R. 8. Busk of the Dow Metal I'rixdacts Cn
for a gift of magnesium which was used for this wark,

{34) We wish to express appreciation to Dr. W. Iirickson of Minneapolis-
Honeywell Regulator Co. finr this analysis.
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Triethylamine was dried over molecular sieves.

Benzene (thiophene-free reagent) was distilled from lithium
aluininum hydride. Spectrograde isooctane was used without
further treatment.

Preparation of Grignard Reagents.—Grignard reagents were
prepared in a specially constructed flask sealed to a reflux con-
denser. A small side-tube to provide access to the flask was
sealed with a glass stopper and a Teflon sleeve fitting which was
capable of holding a vacuum of 100 u. The flask could be at-
tached to a cold trap by ground glass connections at the top of
the condenser.

The flask, containing an excess of magnesium, was flamed out
under vacuum and filled with helium. The chloride was added in
tetrahydrofuran, and refluxed under a small positive pressure

of helium, In most cases, a small amount of ethyl chloride or
methyl iodide was added to help initiate the reaction. More
solvent was usually added after the reaction had started. Reflux

was continued for about 0.5 hr. Grignard reagents so obtained
were clear, and colorless to pale yvellow. In most cases, it was
found that a small amouut of rearrangement had occurred during
formation of tlie reageut. This was usually about 3 to 8% when
the concentration was below 2 M, but much higher degrees of
rearrangement were fouud in more concentrated solutions.

After the reaction solution had cooled, the solvent and any
volatile materials were pumnped into a trap, leaving behind the
Grignard reagent as a viscous oil which often crystallized. The
desired amount of fresh solvent was added under a flow of helium.
The solution was then trausferred by syringe to ampoules for stor-
age, or was used directly for kinetics. It was found that the
Grignard reagent could be stored for several weeks in a freezer
without appreciable rearrangement or decomposition. In all
transfers, a helium atmosphere was maintained. Dialkylinagne-
sium®% solutions were prepared by addition of a 109 molar excess
of dioxane to a Grignard solution in an ampoule. The tube was
then sealed, shaken for at least 20 hr., and centrifuged to produce
a clear solution. It was shown by titration that chloride precip-
itation was virtually complete.

Kinetics.—Sinall samples of the solution to be studied were
sealed in ampoules which were fitted with an extended male ground
glass joint. These were immersed for the desired time in a bath
maintained at 61.5 &= 0.1°. The ampoules were broken open in a
““dry bag’’ filled with nitrogen or helium, and then attached by
means of the ground glass joint to an adapter with a stopcock,
which could be connected to a vacuum line. All volatile mate-
rials were pumped into a spiral cold trap. (The pumping proce-
dure was highly effective, since 1-hexene added to several of the
ampotules was not detected in the Grignard hydrolysis product.)
Helium was admitted to the system at atmospheric pressure.
The solid or oily liquid remaining in the tube was then hydrolyzed
by addition of alcohol. Butanol was used for work with the cyclo-
butylmethyl organomagnesium compounds because it did not in-
terfere with the hydrocarbon analysis. Methanol was used for
the a-cyclobutvlethyl reagent. The alcohol-hydrocarbon mix-
ture was then quantitatively distilled from the magnesium salts
into another spiral cold trap, and analyzed by v.p.c. In the case
of the a-cyclobutylethyl reagent, a small amount of isooctane
was added, and the solution was extracted three times with ice-
water to remove tetrahydrofuran and methanol. A control ex-
periment showed that identical results were obtained when a
Grignard solution was hydrolyzed by the usual technique, by addi-
tion of tlie solution directly to butanol, and by addition to a mix-
ture of water and n-heptarne.

In several runs, a pot technique was utilized. The reagent
solution was transferred to a helium-swept flask, with a long neck
capped by a glass stopper with Teflon sleeve. The neck had a
side-arm attaclied to a helium line which served to maintain a
positive pressure of helium in the pot, and to sweep the neck of
the flask whenever a sample was being removed. Samples were
transferred by syringe to an ampoule, and worked up as before.

(35) C. Noller and W, White, J. Am. Chem. Soc., 69, 1354 (1937).
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Loss of solvent from the pot limited the reaction times which could
be studied in this manner.

Vapor phase chromatographic analysis for methylcyclobutane
and l-pentene was carried out with a 3/ in. X 20 ft. column of
309 SE 30 methyl silicone gum rubber on 40-60 mesh Chromo-
sorb P at 120°. Peak heights were measured. Calibration with
pure samples showed linearity of peak height with sample weight,
and gave the factor for correction of both hydrocarbons to the
same concentration scale.

Products from «a-cyclobutylethylmagnesium chloride were
chromatographed on a 0.5 in. X 10 ft. column of 17¢; Apiezon ]
on 60-80 mesh Chromosorb P at 90°; frans- and cis-2-hexene were
eluted first as a pair of overlapping peaks, followed in order by a
partially resolved pair caused by ethylcyclobutane aud methyl-
cyclopentane, Tracings were weighed to determine relative
quantities in the two fractions. From the last ampoule, methyl-
cyclopentane was found to comprise 56 of the total product.
(At this point, about 29, of the rearranging Grignard was esti-
mated to remain, by assuming that the methylcyclopentane curve
was similar to the curve for the pure hydrocarbon. The estiinate
is consistent with predictions from the finally obtained rate cou-
stant.) Then, 569, of the total hydrocarbon was subtracted
from the ethylcyclobutane-methylcyclopentane peak to obtain a
value for unrearranged Grignard.

The concentrations of unchanged reactant and product within a
run are proportional to the fractions of total hydrocarbon derived
from the reactant and product, respectively. Therefore, a plot of
log (methylcyclobutane/(inethylcyclobutane + 1-pentene)) wvs.
time should be linear if the reaction is first order i1 unrearrauged
alkyl groups. This was found to be the case. Rate coustants
were calculated from the integrated first-order rate equation, us-
ing unweighted linear least-squares analysis.”  Coufidence
limits are 709, limits derived from Student’s distribution, with n
— 2 degrees of freedom, where n = number of points. Calcula-
tion were performed on a Control Data 1604 computer by M. F.
Cheng of the University of Minnesota Numerical Analysis Center.

a-Deuterium Isotope Effects.—A Grignard reagent was pre-
pared under usual conditions for kinetic samples using 0.999 g.
(9.56 mmoles) of cyclobutylmethyl chloride and 1.000 g. (9.39
mmoles) of its dideuterated analog, with 0.4887 g. (0.00203 g.-
atom) of sublimed magnesium. A portion was inunediately hy-
drolyzed, and found to be 9.49 rearranged. The remainer was
sealed in a glass ampoule, and heated at 61.5° for 64 hr. It was
found on hydrolysis to have rearranged to the extent of 70.29.
The methylcyclobutane and 1l-pentene from each fraction were
isolatedand analyzed by mass spectroscopy at low ionizing voltage
for mass 70 and 72. Results are:

Mass 70/mass 72

Rearrangement, Methyleyelo-
Sample Yo butane 1-Pentene
1 9.4 1.019 0.987
2 70.2 0.984 1.008

Results are probably accurate to about 19, and are not corrected
for the mass 70 peak in the deuterated hydrocarbon or the mass
72 peak in the undeuterated material.

Using the extent of reaction and the isotopic compositions of the
samples, the isotope effect for reaction between a pair of sauples
may be calculated from

i

log (a1 /a5")
ko log (/")

aMis the fraction of undeuterated naterial which isnot rearranged,
aP is the fraction of deuterated material which is not rearranged,
and the subscripts 1 and 2 refer to initial aud final samples. In
this manuer, ky/kp is found to be 1.018. An additional source of
error arising from traces of tetrahydrofuran collected with the
hydrocarbons was shown to be no greater than 1¢ in the isotope
ratios.



