closed and 5 opened, pumped at about 1 mm. for a
few minutes. Stopcock 1 is then turned to admit 2
p.s.i.g. of oxygen and the flask is warmed until the
solution melts, is recooled, and re-evacuated. This
process is carried out twice, then stopcock 5 is closed
and the reactor is warmed to room temperature while
maintaining 2 p.s.i.g. of oxygen pressure. Stopcocks
2, 3, and 4 are opened, the manifold is evacuated and
then filled with oxygen, and stopcock 5 is opened.
The buret L is filled and the recorder adjusted to near
1009 and started. The apparatus is then lowered so
that the reactor sits in the bath over a rotating magnet.
By adjusting the valve F the mercury is brought as
close as possible to J without actual contact. With
stopcocks 2, 3, 4, and 5 open, the vacuum line is dis-
connected and stopcock 1 is opened briefly to the
atmosphere or to some desired pressure for the reaction,
and then closed. Stopcock 3 is then closed and the
Thermocap turned to ‘“high.” The mercury in D
will now show the reactor gases expanding slightly,
or the recorder will show any uncatalyzed autoxida-
tion. Usually no volume change occurred. After
sufficient warm-up time the ball joint cap is adjusted
so that the catalyst tube falls into the solution. The
rapid stirring by the 3/-in. magnetic bar!® quickly

(19) See ref. 6b for stirrer description.

brings about catalyst dissolution, and the recorder
shows an immediate beginning of an accurate zero-
order plot. The buret is read and the volume and time
are marked on the recorder chart at the proper point.
This is repeated when the buret is nearly empty. Valve
Vs is opened to allow the buret to fill quickly and re-
cording is continued until sufficient data are obtained.
We usually excite the transducer with 12 v. d.c. (an
automobile battery can be used), which produces
about 25 mv. from a 50-ml. buret filled with mercury.
The transducer tends to produce a current even when
the buret reads empty, and a negative zero adjust on
the recorder is required. If the recorder is not so
equipped, a small bucking voltage can be put in re-
verse series with the transducer by using a 1.5-v.
battery and two resistors of about 1000 ohms and 1-2
ohms.

Using the technique described, as many as six cu-
mene autoxidation runs can be carried out in 8 hr.
The results are in very good agreement with published
rates of cumene autoxidation.®
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Deuterium exchange experiments with alkyl allyl ethers,
using potassium t-butoxide in refluxing t-butyl alcohol-
d for 10 days, have shown that isomerization to alkyl
cis-propenyl ethers occurs with incorporation of a deu-
terium atom in the methyl position of the propenyl group
as the major process. Approximately 309, of the
product does not contain deuterium. Alkyl cis-pro-
penyl ethers, under the same conditions, undergo very
little if any exchange. At higher temperatures, 175°
for 24 hr., the cis-propenyl isomer undergoes exchange
at the methyl position of the propenyl group. These re-
sults are interpreted in terms of a common allyl anionic
intermediate which protonates more rapidly to produce
the more stable isomer, i.e., alkyl cis-propenyl ethers.

Introduction

The role of carbanionic intermediates in base-cata-
lyzed reactions of allylic systems is an area of
high current interest. Reaction systems which
have been investigated employing deuterium exchange
techniques include vinylacetic acid,' cyclohexenyl-
nitriles,? cyclohexenones,? unsaturated sulfoxides,* in-

(1) D. J. G. Ives and H. N, Rydon, J. Chem. Soc., 1735 (1935).
(2) C.K. Ingold, E. de Salas, and C. L. Wilson, ibid., 1328 (1936).
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dene,’ and aliphatic olefins.®? Also studies have been
conducted utilizing optically active compounds in con-
junction with deuterium exchange.®' Ingold® orig-
inally proposed that those systems involving relatively
stable ionic intermediates isomerized through the for-
mation of a common allylic anion while with less acidic
compounds a concerted transition state was realized.
Cram’s® very recent work with methylenazomethine
equilibria demonstrates that the operation of concerted
processes in these reactions has not been established.
In several cases™$ intramolecular hydrogen transfer
has been demonstrated.

(3) J. Warkentin and L. K. M. Lam, Can. J. Chem., 42, 1676 (1964).

(4) D. E. O’Connor and C. D. Broaddus, J. Am. Chem. Soc., 86,
2267 (1964).

(5) G. Bergson, Acta Chem. Scand., 17, 2691 (1963).

(6) S. Bank, C. A. Rowe, and A. Schriesheim, J. Am. Chem. Soc., 85,
2115 (1963).

(7) (a) For studies with dienes see R. B. Bates, R. H. Carnighan, and
C. E. Staples, ibid., 85, 3032 (1963). (b) Exchange with cycloheptatriene
has also been reported: W. von E. Doering and P. P. Gaspar, ibid., 85,
3043 (1963).

(8) (a) D. J. Cram and R. T. Uyeda, ibid., 84, 4358 (1962); (b) D. J.
Cram and R. T. Uyeda, ibid., 86, 5466 (1964); (c) D.J. Cram and R. D.
Guthrie, ibid., 87, 397 (1965).

9) C. K. Ingold and C. L. Wilson, J. Chem. Soc., 1493 (1933); 93
(1934).

(10) S. K. Hsii, C. K. Ingold, and C. L. Wilson, ibid., 1778 (1935).
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Reports'!12 on base-catalyzed reactions in the allyl
propenyl ether system (eq. 1) show that the allyl ether
(1) is isomerized selectively to cis-propenyl ether (2).

H H H
R—OCH2~C=CH2 —_— R—OC=C—CH3 (1)
1 2

It was further demonstrated that the cis and trans
isomers do not equilibrate under the reaction conditions
used. It was the purpose of this study to examine deu-
terium exchange in this system in which formation of
both cis and trans isomers is not a complicating factor.

Results

Treatment of dodecyl allyl ether with potassium #-
butoxide in refluxing #-butyl alcohol-d for 10 days re-
sulted in isomerization to dodecyl cis-propenyl ether
with the incorporation of one deuterium atom in the
methyl group of the propenyl substituent (eq. 2) as the
major process. This statement is based on infrared,
n.m.r., and mass spectral data. The infrared spectrum

t-BuOD

H
C1:H2;OCH,—C=CH; + KO-z-Bu —

3

HH
CrHyOC=C—CH.D (2)
4

of dodecyl allyl ether shows a weak absorption at 6.05
and strong absorptions at 10.05 and 10.85 u indicative
of the terminal vinyl group, while the product has
strong absorptions at 6.0 and 8.05 u, consistent with a
vinyl ether. A very weak absorption at 4.6 u could in-
dicate carbon-deuterium bonding.

The n.m.r. spectrum of dodecyl allyl ether (3) shows
complex multiplets in the vinyl proton region centered
at 7 4.2 and at 4.85, a doublet centered at 6.12 which
has further fine splitting characteristics, a triplet cen-
tered at 6.68, an intense absorption at 8.72, and a trip-
let at 9.1. The relative areas by integration in the
order given are very close to the theoretical (1:2:2:2:
20:3) and the assignments are therefore the siagle vinyl
hydrogen, the two terminal vinyl hydrogens, the two
hydrogens allylic to the double bond and adjacent to
the oxygen atom, the methylene group adjacent to
oxygen, the chain methylene hydrogens, and the ter-
minal methyl group, respectively. The n.m.r. spectrum
of dodecyl cis-propenyl ether obtained by the method of
Prosser'! (see Experimental) shows a doublet (J =
6 c.p.s.) which is further split into two quartets (J =
2 c.p.s.) centered at 7 4.2, a quintuplet centered at 5.78
(/ = 6.c.p.s.), a triplet centered at 6.35, a doublet (J =
6 c.p.s.) which is further split into two doublets (J =
2 c.p.s.) centered at 8.5, an intense absorption at 8.72,
and an absorption at 9.1. The relative areas (the inte-
gration curve did not separate the absorptions at 8.5
and 8.72) in the order given are very close to the theo-
retical 1:1:2:23:3. The assignments are therefore the
vinyl hydrogen adjacent to oxygen, the vinyl hydrogen
adjacent to methyl, the methylene hydrogens adjacent
to oxygen, the allylic methyl group, the chain methyl-
ene hydrogens, and the terminal methyl group.

The n.m.r. spectrum of the material obtained after
refluxing dodecyl ailyl ether in #-butyl alcohol-d for 10
days is similar to dodecyl cis-propenyl ether with some

(11) T.J. Prosser,J. Am. Chem. Soc., 83, 1701 (1961).

(12) C. C. Price and W. J. Snyder, ibid., 83, 1773 (1961); J. Org.
Chem., 27, 4639 (1962); Tetrahedron Letters, No. 2, 69 (1962).
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significant differences. Thus, the absorption centered
at 7 4.2 is composed of a doublet (/ = 6 c.p.s.) which is
further split into two triplets. The alteration in the ab-
sorption centered at 7 5.78 is instructive. Although the
original quintuplet is still visible, a broadened quartet,
of greater intensity, appears between the components
of the quintuplet consistent with a minor portion of the
isomerization occurring without incorporation of deu-
terium (see mass spectral data for quantitative deter-
mination). The absorption at = 8.5 is more complex
and less intense. Quantitative measurements were
made difficult by overlapping of the chain methylene
absorption (7 8.72). It is significant that the ratio of
vinyl hydrogens (v 4.2 to 5.78) is 1:1, as is the ratio of
vinyl hydrogens (4.2 + 5.78) to methylene hydrogens
adjacent to oxygen (6.35).

The mass spectrum of this material shows 27.8%
nondeuterated, 69.7% monodeuterated, and 2.5% di-
deuterated'® material consistent with incorporation
of one deuterium in the methyl group as the major
process and isomerization without incorporation of
deuterium as a minor process.

Treatment of octyl cis-propenyl ether under the same
reaction conditions for 2 weeks gave a material (907
recovery) which had undergone little, if any, deuterium
exchange. Thus, the infrared and n.m.r. spectra were
identical with starting material while the mass spec-
trum shows a maximum of 2.5 9 monodeuterated mate-
rial.

Exchange of octyl cis-propenyl ether was effected by
subjecting the reaction mixture to 175° for 24 hr. in an
autoclave. Using the same concentrations as before a
material was recovered (85 57) with an infrared spectrum
similar to starting material. The strong absorptions
at 6.0, 8.0, and 13.9 u were retained with no evidence
for the formation of frans isomer by appearance of
bands in the 10.7-u region.'* The n.m.r. spectrum,
however, shows significant changes. Thus, the multi-
plet centered at 7 4.2, while still appearing as a doublet,
has ill-defined, fine splitting characteristics and the
multiplet at 8.5 is also a rather ill-defined doublet. It
is significant, however, that the ratio of vinyl protons
in this sample is quite close to 1:1. The most definitive
data obtained on this sample were from mass spectral
analysis. These data show that the sample is com-
posed of 479 nondeuterated (m/e 170), 4097 mono-
deuterated (m/e 171), 119 dideuterated (m/e 172),
and 1.3 9 trideuterated octyl propenyl ether.

Experimental

Preparation of Allyl Ethers. During the course of
this work dodecyl, octyl, and hexyl allyl ethers were
subjected to exchange conditions. No significant
differences in exchange reactions were noted with the
variation in the chain length of the alkyl group. The
preparation of dodecyl allyl ether is given as an ex-
ample. Allyl alcohol (1 1.) was dried by distillation
from sodium metal (10 g.). To the distilled alcohol
was added sodium metal (34.5 g., 1.5 g.-atoms) in ap-
proximately 1-g. pieces. The system was kept under

(13) These percentages were calculated from the peak heights at m/e
226, 227, and 228 by the approximation method given in K. Biemann,
“Mass Spectrometry: Organic Chemical Applications,” McGraw-Hill
Book Co., Inc., New York, N. Y., 1962, p. 62.

(14) G. T. Dege, R, L. Harris, and J. S. MacKenzie, J. Am. Chem.
Soc., 81, 3374 (1959).

3707



an atmosphere of nitrogen and the temperature was
maintained between 45 and 55°. Upon disappearance of
the sodium metal, dodecyl bromide (350 g., 1.4 mole)
was added to the reaction mixture which was stirred
at 50° for 48 hr. After this period, the mixture was
poured into 1.5 1. of water and extracted with ether,
the extract was dried with anhydrous MgSO,, and the
solvent was removed on a rotary evaporator to yield
322.0 g. of crude material. Distillation (86-87° at
0.1 mm.) gave 307 g. (98.5%7) of pure material by gas
chromatographic analysis. The n.m.r. data is re-
corded in the Results section.

Octyl allyl ether was prepared in a similar manner
and hexyl allyl ether was purchased from Peninsular
Chemical Co., Gainesville, Fla.

Preparation of cis-Propenyl FEthers. These com-
pounds were prepared by a slight modification of the
method developed by Prosser.!! The corresponding
allyl ethers were heated to 150° for 24 hr. in the pres-
ence of 109 by weight of potassium z-butoxide. Water
was then added to the reaction mixture, the product
was extracted with ether, and the ether extract was
dried with anhydrous magnesium sulfate and distilled
to give material having the spectral characteristics re-
corded in the Results section.

Exchange Experiments in Refluxing Alcohol. As an
example of this type exchange experiment, the reaction
of dodecyl allyl ether is given. To 10 ml. of #-butyl
alcohol-d (purchased from Merck Sharp and Dohme),
was added potassium metal (0.5 g., 0.013 g.-atom) and
the resulting mixture was refluxed until the metal had
reacted. The allyl ether (1.0 g., 0.0044 mole) was added
to the reaction mixture and the resulting solution was
refluxed for 10 days. All operations were conducted
under an atmosphere of dry nitrogen. At the end of
this period the solution was poured into ca. 50 ml. of
water, extracted with diethyl ether, and dried with an-
hydrous magnesium sulfate, and the solvent was re-
moved to give 0.85 g. of ether showing the n.m.r. and
mass spectra discussed in the Results section.

N.m.r. Data. The n.m.r. spectra were recorded on a
Varian A-60 spectrometer using tetramethylsilane as an
internal standard and adopting the r scale.!s

Mass Spectral Data. The mass spectra were re-
corded on an Atlas CH-4 mass spectrometer and per-
centage compositions were calculated from the relative
heights in the parent peak region.

Discussion

1t is apparent from these results that alkyl allyl
ethers undergo deuterium exchange during isomeriza-
tion to alkyl cis-propenyl ethers with incorporation of a
deuterium atom at the methyl position of the propenyl
substituent.'® Furthermore, under similar conditions
alkyl cis-propenyl ethers undergo comparatively slow
exchange. These results are consistent with either a
concerted mechanism® in which conversion of alkyl
cis-propenyl ether to the corresponding allyl isomer is
slow (reaction 3), or with the formation of a common

(15) G. V. D. Tiers, J. Phys. Chem., 62, 1151 (1958).

(16) It is also evident that about 309} of the isomerization occurs in
deuterated solvent without incorporation of deuterium. This data is
quite similar to that obtained in an elegant study of the 3-phenyl-1-
butenes system and suggests that an intramolecular process is also oper-
ative in ethers. The implications of this observation are the same as
earlier reportss8 and will not be considered further,
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H fast H H
ROCH,—C=CH, _‘1_‘ ROC=C—CH; 3)
slow
allyl anionic intermediate (more rapidly formed from
the allyl isomer) which protonates more rapidly to pro-
duce the more stable isomer!? (reaction 4).

ke

H - k H H
ROCH;C=CH; + O-t-Bu —== ROC+~=C~=CH, -—=
ka1 -

- ———

k-2

H H
ROC=C—CH; (4)

ki>ky koo>k

To distinguish between these pathways it was neces-
sary to effect exchange using the cis-propenyl isomer.
As discussed in the Results section, this was accom-
plished by heating to 175° for 24 hr. and resulted in ex-
changed material which was predominantly mono-
deuterated (47 9 non-, 409 mono-, 119 di-, and 1.3%
trideuterated).

This result does not appear compatible with a con-
certed exchange reaction. If one considers the relative
amounts of mono- and dideuterated product it is
apparent that an inversed!® isotope effect would be
needed to accommodate this data by concerted processes.
Thus, the first step in the exchange would involve forma-
tion of deuterated alkyl allyl ether (reaction 5) followed
by rapid reversion to the cis ether (reactions 6a and 6b).

H H - slow H H
ROC=C—CH; + O-#-Bu + DO-+Bu —> ROS—C=CH2 (5)

H H
— > ROC=C—CH,D (6a)
H H fast
ROC—C—=CH,
D D H
ROC—C—CH;D (6b)

The mass spectral data clearly show that monodeuter-
ated compound is formed preferentially, requiring more
rapid abstraction of deuterium (6a) than hydrogen (6b)
in the reversion to cis ether. An occurrence of this
nature seems highly unlikely.'® Furthermore, the
n.m.r. data do not indicate the presence of vinyl deu-
terons, as shown in reaction 6b, although at a low per-
centage of the composition (119) it might not be de-
tectable.

It then appears that our data is best accommodated by
the formation of a common allyl anionic intermediate
which protonates more rapidly to produce the more
stable isomer and which forms more rapidly from the
less stable isomer, i.e., reaction 4.

Since only the cis isomer is obtained in the isomeriza-
tion reaction!®!? and exchange of cis-propenyl ether
occurs at 175° without evidence for the formation of
trans isomer,? it follows that a cis-allyl anionic inter-

(17) Operation of this mechanism would be another#+8 violation of
Ingold’s rule (C. K. Ingold, “Structure and Mechanism in Organic
Chemistry,” Cornell University Press, Ithaca, N, Y., 1953, p. 565) since
the more reactive allyl isomer would be predicted to be formed more
rapidly, i.e., k-1 > k_o.

(18) F. H. Westheimer, Chem. Rev., 61, 265 (1961).

(19) Inversed or negative isotope effects have been observed in ex-
change reactions in which a pre-equilibrium step is involved: D. J.
Cram, D. A. Scott, and W. D. Nielsen, J. 4m. Chem. Soc., 83, 3688
(1961). However, pre-equilibrium is not obtained here nor in the 3-
phenyl-1-butene cases where kg/kp ranged from 3.5 to 1.

(20) At equilibrium a mixture consisting of ~65% cis and ~35%
trans is reported. 11,12
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mediate intervenes and retains its configuration.?! It
has been previously postulated that electrostatic inter-
actions involving the cation of the basic catalyst favor
the cis configuration.'»'2 The exchange studies re-
ported here, while strongly indicating the intermediacy
of a common allyl anionic species, offer no new insight
concerning cis selectivity.

It is interesting to note that examples of tautomeriza-
tion reactions have now been reported in which (1)
the less stable isomer reacts faster to form a common
anionic intermediate and is formed faster from that
intermediate,'~2 (2) the less stable isomer reacts faster
to form the intermediate and is formed slower from
the intermediate,®22 and (3) the less stable isomer re-
acts slower to give the intermediate and is formed
slower from the intermediate.* Of the possible com-
binations of exchange rates and relative stabilities,
only that system remains in which a less stable isomer
would react more slowly to form a common intermedi-
ate and be formed faster from the intermediate. This
hypothetical case is internally inconsistent since it
would require increasing concentrations of the less
stable isomer during equilibration.

Explanations for the relative rates of formation of
the various isomers from the anionic intermediates
have been offered on the basis of the charge distribution
in the allylic system, i.e., that protonation occurs more
rapidly at the position of higher electron density.
This approach has been discussed by many workers
and is apparently consistent with the experimental
data.®4232¢ 1In the present case such an explanation
would require that the alkoxy group exert an electron-
repelling effect on the w-system of the allyl anionic
intermediate, thereby increasing the relative charge
density and the rate of protonation at the terminal
position. An electron-repelling effect, by a methoxy
group, has been used to explain the position of protona-
tion during Birch reductions.?*2¢ However, as noted
previously,* a postulate of this nature allows prediction
of the forward rate of reaction, i.e., proton loss, only
in those cases in which the less stable isomer is formed
faster. Thus, microscopic reversibility demands in
these systems that the less stable isomer also lose pro-
tons more rapidly. In the sulfoxide case,* in which
the less stable isomer is formed more slowly and loses
protons more slowly, energy differences between the

(21) For other allyl anionic systems which retain their configuration
see D. H. Hunter and D. J. Cram, J. Am. Chem. Soc., 86, 5478 (1964).

(22) This paper.

(23) A. Streitwieser, “Molecular Orbital Theory for Organic
Chemists,” John Wiley and Sons, Inc., New York, N. Y., 1961, p. 418,
and references therein.

(24) J. Hine, “Physical Organic Chemistry,” 2nd Ed., McGraw-Hill
Book Co., Inc., New York, N. Y., 1962, p. 238.

(25) A. J. Birch, Quart. Rev. (London), 4, 69 (1950).

(26) See A. P. Krapcho and A. A. Bothner-By, J. Am. Chem. Soc.,
81, 3658 (1959), for recent work on the mechanism of the Birch reduc-
tion,

H
ROC HZ-C=C Hz
L
H H
ROC=C-CH 3
2
Figure 1. Energy diagram for the interconversion of 1 and 2.

allyl anionic intermediate and the transition states for
protonation apparently control the course of the re-
action, outweighing differences in ground-state energies.

In the present case, however, the isomer which is
formed more rapidly during the protonation step,
alkyl cis-propenyl ether, loses protons more slowly
than does the alkyl allyl isomer. This leads to the con-
clusion, that while electron distribution may control the
position of protonation, ground-state energies control
the relative rates of proton loss.?” This can be illus-
trated asin Figure 1.

In considering all these systems then it becomes
apparent that generalizations based on either the posi-
tion of protonation or the ground-state energy differ-
ences alone are incomplete and that both factors must
be considered in any individual case. It appears for-
tuitous that those systems which were first examined
had the proper combination of ground-state stabilities
and relative rates of protonation of the allyl anionic
intermediates to result in Ingold’s rule.
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(27) From the observation that at least 999 of the cis isomer is
formed 112 one can calculate a minimum energy difference on the order
of 3 kcal./mole for these two isomers. In an unpublished study W. von
E. Doering and R. Vollrath have shown that the methoxy group con-
jugatively interacts with a double bond to the extent of about 5.75
kcal./mole.  Thus, 1-methoxy-3-phenylpropenes were equilibrated in
dimethyl sulfoxide with potassium f-butoxide at 26° to yield 21.5%
1-phenyl-3-methoxypropene-1 and 78.5% 1-methoxy-3-phenylpropene-1.
Since phenyl has a conjugative interaction of about 5 kcal./mole with a
double bond, the conjugative interaction of methoxy is concluded to be
about 5,75 kcal./mole.  Since the double bond of alkyl cis-propenyl
ether would be stabilized by methyl as well as an alkoxy group, relative
to the allyl isomer, the energy difference in this case would be expected
to be even larger. I would like to thank Professor Doering for making
these results available before publication.
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