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Very Slow Reactions, Rates, and Isotope Effects

in the Bromination of 2-Benzoylbutanel

Edward S. Lewis, James D. Allen,2and Earl T. Wallick3

Department of Chemistry, Rice University, Houston, Texas

77001

Received M ay 20, 1968

The application of a method for following very slow reactions using an isotopic dilution method is described.
The particular case studied is the bromination of 2-benzoylbutane and 2-benzoylbutane-2-d in acetic acid con-

taining sodium acetate.

The reaction is not particularly well suited to the method, and the successful applica-

tion thus illustrates the generality of the method. The rates measured are consistent with those measured at a

higher temperature by a gas chromatographic method, which is also applicable to rather slow reactions.

Several

rates measured by this latter method are also presented. The limitations of various techniques for slow reactions
are discussed. Second-order rate constants of less than 10-8 m ~1sec-1 are measured. The deuterium isotope
effect is given by the equation kn/kv> — 0.99 exp(1280/i?7’), which does not suggest that tunneling is important.
The measured rate at the lowest temperature is greater than predicted by the Arrhenius equation for both pro-
tium and deuterium compounds; the source is not tunneling but may be mechanistic or experimental error.

The study of proton-transfer reactions has been a
subject of interest for many years, in part because it
appears to be the simplest example of the nucleophilic
substitution reaction. It is also a reaction in which
tunneling can contribute to the reaction rate to a sig-
nificant extent. An approach to this problem is to
study the temperature dependence of the reaction rate,
for a simple model for tunneling has predicted that
there would be significant deviations from the Ar-
rhenius equation at low temperatures.4 Most ex-
perimental tests of this prediction have been limited to
reactions with low activating energy, which allows the
measurement of the reaction rate over a wide range of
temperatures and allows the measurement of reason-
able rates at quite low temperatures.5 Nevertheless,
the above model for tunneling shows that, for a given
barrier curvature, the tunnel correction will be larger
for a high barrier.46 High activation energy proton-
transfer reactions have not been studied much at a
variety of temperatures, largely because different
techniques are necessary since the rate is so sensitive
to temperature. It seemed worthwhile therefore to
explore methods for studying very slow reactions to
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enable rates to be measured at temperatures well
below those at which the rate is convenient.

Reactions can be followed by studying the concentra-
tion of product or reagent as a function of time, and
slow reaction can be followed merely by making the
times longer. For purposes of this paper we shall
consider that we can spend no more than 3 months on a
reaction. We further assume that limitations of
analytical precision require us to have at least a factor
of 2 change in the measured concentration during the
course of the measurement. If the concentration of a
reagent is followed, we can say that the half-life must
be at least 3 months. A bimolecular reaction with the
second reagent in excess at 1 M would then have a
rate constant measurable by this method of not less
than 10”7 M -1 sec-1; the rates of transfer of tritium
from 2-nitropropane-2-i to 2,4,6-trimethylpyridine of
this order of magnitude have been followed this way.7
When the reaction is followed by observing the in-
crease in concentration of a product there is no such
limitation, and if a satisfactory analysis for 1% of
product is available a second-order rate constant of
10-9 M~x sec-1 is measurable under the above re-
strictions; an accurate analysis for one part per million
of-product can give rate constants of 10-13 M~1 sec-1.
This is clearly a promising direction.

Occasionally, but not generally, the immediate
product from the reaction of A and B is highly re-
active, and if a reagent C is added at very low con-

(7) E. S. Lewisand J. K. Robinson, 3. Artier. chem. soc., 90, 4337 (1968).
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centration which reacts rapidly and selectively with
this reactive species then the reaction will be zero
order in C, and the rate of disappearance of a very
small amount of C will correspond to the rate of
reaction of A with B which may proceed only to a
very small extent. Thus the ionization of 2-nitro-
propane by pyridine bases was followed spectrophoto-
metrically by the disappearance of iodine, which re-
acts very rapidly with the carbanion, and measure-
ments of a few hours' duration afforded rate constants
down to as low as 10-7 M~ sec”1in the extreme.8
This method in practice is limited by the selectivity of
the added iodine, which disappeared slowly by other
routes; slower reactions could thus not be measured.
Similar limitations may be quite general for this method;
it is therefore less promising than the sensitive product
analysis above.

The analysis for a substance in the presence of
several orders of magnitude higher concentration of
other substances needs to be both very sensitive and
very specific. Isotopic dilution analysis is extremely
sensitive, and the specificity is limited only by the
extent to which radioactive contaminants can be re-
moved by purification procedures. We present in
this paper a gas chromatographic method for follow-
ing a few per cent reaction and an isotopic dilution
analysis which we use to follow about 1% reaction but
which is easily extended to far slower reactions.

The isotopic dilution analysis method for rate mea-
surement is not new, but most previous applications
have been to cases in which the separation of radio-
active reagent and radioactive product have been
relatively facile. Thus Conway and Libby9 separated
carbon dioxide from alanine to measure rates of de-
carboxylation with half-lives of 105years, Manno and
Johnsoniseparated iodobenzene from inorganic iodide
to measure exchange rate constants as slow as 10-12 M ~1
sec-1,andKresgeand Chiangllseparated water andl,3,5-
trimethoxybenzene, measuring exchange rates as slow
as 5 X 109 M~I sec-1; this last work was reported in a
paper illustrating strikingly the value of measurement of
very slow reaction rates.

The ionization of carbonyl compounds by bases can
be a very rapid reaction or a slow one, and the rate
may be roughly estimated from considerations of
basicity and acidity of the two reagents.22 Thus the
transfer of a proton from ketone free from further acid-
strengthening substituents to a weak base can be ex-
pected to be quite slow. The ionization of phenyl
sec-alkyl ketones by acetate ion in acetic acid was
chosen for this study because earlier worki13 showed
that several such reactions are slow, and because the
presence of only one ionizable proton simplifies the
kinetics and the interpretation of the isotope effect.
Part of the slowness might be a consequence of steric
hindrance toward proton transfer, examples of which
are now well established.814
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Results and Discussion of Results

The rates of some brominations of phenyl alkyl
ketones are given in Table I, measured by one of two
methods. Method | is the spectrophotometric measure
ment of disappearance of bromine as described by
Emmons and Hawthorne,13except that sodium bromide
was added to keep the bromine-tribromide extinction
coefficient constant (660 at 390 nm) as recommended
elsewhere.’5 This method is of adequate sensitivity to
measure far slower reaction rates than given here, but
the solvent system slowly reduces the bromine, so
that method | (see Table 1) is unsuitable for slower
reactions or reactions at much higher temperatures.
Method 11 allou-s for this complication by using a
large excess of bromine. The extent of reaction is
measured by a gas chromatographic determination of
the bromo ketone-ketone ratio. This method is
quite adequate if the bromo ketone survives both the
reaction conditions and the gas chromatography, both
of these are limiting under various circumstances, and
special precautions are always necessary to get any
bromo ketones through the gas chromatograph.

The first three entries show that the spectrophoto-
metric method is on the verge of having uncertain
stoichiometry, since the second bromine can go in 33
times faster than the first. For extents of bromination
of well under 1%, as in this work, the assumption of
one bromine per molecule of acetophenone is fairly
good, but di- or tribrominations become quite important
and at 3% completion the rates of dibromination and
monobromination are equal. In our work on this
compound and on propiophenone, the zero-order plots
were quite good straight lines; so there is no reason to
suspect serious error from this possibility of dibromina-
tion. It may, however, distort the isotope effect a
little.

A clear result from the table is the retarding effect
of alkyl groups on the rate, most striking with the
second one. The relatively minor effect on ku on
changing from one secondary alkyl to another suggests
that most of the retardation from propiophenone is a
consequence of the acid-weakening character of the
alkyl group, although some steric effect may be present
and is probably responsible for most of the variations
in fcH of the last four entries. It is possible that the
case R = CH(CH3CH(CH32 shows an unusually
large isotope effect due to a steric retardation which
does not interfere with tunneling, analogous to that
found earlier,8 but the evidence is hardly convincing.

The values of kd and the isotope effect are less precise
than we would like, almost entirely because of the
rather large light hydrogen content. Unfortunately,
this is associated with isotope effects higher than we
had anticipated, so that the corrections are quite large
and quite sensitive to the mole fraction of light hydro-
gen, / n, at the position in question. These compounds
were made as we were beginning to learn about the
use of nmr for these analyses; the precision is lower
than that which we now achieve on this sort of analysis.
Even so, the determination of /h by nmr is more posi-
tionally specific than mass spectral analysis and is
much more precise than a routine deuterium analysis
by mass spectrometry. Analysis by density measure-

(15) E. S. Lewisand M. D. Johnson, 3. Amer. chem. soc., 81, 2070 (1959).
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Table |
B ates of Bromination of CHSCOR in Aqueous Acetic Acid-Sodium Acetate

R Registry no. “o
ch3 98-86-2 275
CHBr 70-11-1 275
CHBr2 13665-04-8 27.5
CH2CHS3 93-55-0 38.5
CH(CH3)2 611-70-1 100
CH(CH3)CHs5 938-87-4 100
CH(CH3)CH(CH3)2 18321-24-9 100
Cyclohexyl 712-50-5 100

° Method |, spectrophotometric; method 11, gas chromatographic; see text.
eMeasured rate constants for largely deuterated material.

[¢D(obsd) — ta/H]/(1 — fa), where ka is corrected for contamination of the reagent by a mole fraction/ h of protium
6 This number includes an unestablished secondary isotope effect of the other deuterium atoms.
protium contamination is quite large, so that we do not believe that this number is very precise.

acetate solution.
the relation ka =
compound.
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kap 10= I'n(obsd)/-""* 10= AhA d

Method0 sec-1 sec-1 (cor)d

I 2.36 0.354 (10.5)«-'

| 78.8

| 82

| 1.83 0.339 7.0e

I 19.8 4.26 6.8

I 6.5 1.5 5.6

I 6.2 (0.643)» (10

I (8.2) h

b Pseudo-first-order rate constants in 1.83 .1/ sodium
d Isotope effects corrected for incomplete deuteration by

1 The correction for
» Application of the correction yields

kaskv = 22, but the correction is large and there is only one determination of ka; the isotope effect probably is fairly large and lies

between &H/&D(obsd) = 9.7 and this “ corrected” value of 22.
to decomposition products of the bromo ketone.
be calculated.

ment on water produced by combustion is much better
for finding the difference between 0 and 1% D in the
molecule than the difference between 99 and 100%
at some position. In our hands the combustion analy-
sis is better than the nmr only under the most favorable
circumstances (i.e., large ratio of deuterated to un-
changed positions) and only when the analyst is doing
these analyses regularly.

The methods used for Table I seemed unlikely to be
applicable to much slower reactions, nor could we hope
for improved accuracy, which is necessary for a good
interpretation of the results. We have therefore
developed a third method based upon an isotopic
dilution analysis for the bromo ketone. We did not
try using radioactive bromine, because the short half-
life (for &Br, ti/j = 35.7 hr) limits studies to those
which can be completed in a few half-lives, and be-
cause the method lacks generality. We prepared
2-benzoylbutane-4-f and 2-benzoylbutane-2-d-4-f, added
this to the brominating medium, and after various
times stopped the reaction and added 2-benzoyl-2-
bromobutane in known amount. Reisolation of the
2-benzoyl-2-bromobutane in pure form and counting
then allowed the calculation of the yield from the
bromination reaction. The pseudo-zero-order rates
were measured from the slope of a line of extent of
completion vs. time. A typical run is illustrated in
Figure 1. The results are presented in Table 11.

Time, hr.

Figure 1 — Plot of extent of completion vs. time for two runs by
isotopic dilution analysis. Upper points give «.. lower points «a.

h The gas chromatograph showed a variety of peaks, which we attribute
This was so serious with the deuterated ketone that no meaningful rate constant could

Table |l

Rates of Bromination of 2-Benzoylbutane and
2-Benzoylbutane-2-¢ by Isotopic Dilution Analysis

ka X 10= &D(obsd) X 108 I h/I'D
T, °C sec-1 sec-1 (cor)
100° 650° 150° 5.4°
79.8 146.7 23.8* 6.56
48.50 9.86 1.476 7.16
32.10 3.53 0.4586 8.3b

Entry from Table | by gas chromatography; the deuterated
compound contained 5.7% protium compound. b The sample
contained 1% protium compound.

The error in the entries in Table Il is not readily
calculated, especially since the most obvious source of
error is a systematic error tending to give high results
due to contamination of the bromo ketone counted
with radioactive impurities. An idea may be obtained
from the Arrhenius plot of Figure 2. The points for
fcH at the two higher temperatures and the one at 100°
by the gas chromatographic method give a respectable
Arrhenius plot, with kn = 1065 exp(—19,520/12 7).
The deviation at the lowest temperature can not be
attributed to tunneling, since the deuterium compound
also deviates, and the isotope effect, also shown in
Figure 2, obeys the Arrhenius equation reasonably well.
There is insufficient precision to exclude tunneling and
Arrhenius plot curvature due to it entirely, but a further
reason to question its importance comes from the iso-

10VT.

Figure 2.— Arrhenius plot for ka (left scale, small circles), and
kasko (right scale, large circles corresponding to 3% error in
Left-most points by gas chromatography, others by
isotopic dilution.

ka/k-D .
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tope effect temperature dependence, fitted by the
equation k\i/h'u = 0.99 exp(1280/AT). Neither the
essentially unit A n/a p factor nor the reasonable —
E an term, although both are rough, suggests any major
contribution to the isotope effect other than zero-
point energy loss.4

The deviation of the lowest point from the Arrhenius
equation could be caused by the intrusion of a new
mechanism with a similar isotope effect, such as a
radicall6 bromination, or a low A factor low ionic
mechanism, such as the concerted termolecular mech-
anism rejected as a major contributor under most
circumstances.I7/ An alternative explanation is that
it is the result of experimental error. These run at
the lowest temperatures were chronologically the
first, and the execution of the chromatographic separa-
tions may have been less effective in these cases. Fur-
thermore, the smaller extent of reaction due to the
slower reactions exaggerates the effect of imperfect
separations. There seems under these circumstances
to be no reason to pursue explanations for the Ar-
rhenius equation deviations.

Discussion of the Isotopic Dilution Method.— Iso-
topic dilution analyses in general depend only on the
ability to isolate a pure sample of the substance in
guestion and to determine its specific activity. The
latter usually presents no problem, although in the
present work dealing with difficultly volatile liquids in
small amounts made the determination of the total
amount of material counted impractical by weighing.
The concentration of the material to be counted was
therefore determined by the ultraviolet absorption of a
toluene solution before adding scintillators. We es-
timate a minimum random error of = 1% in the specific
activities from this source, and believe that this level of
precision was very nearly attained. Statistical errors
can be reduced by taking enough counts, and there
was no evidence of drifts in counting efficiency over the
times necessary to get at least 104 counts. Thus the
determination of specific acitivity is not a likely source
of major error.

The major problem is associated with the purity of
the isolated material. Errors are of two sorts, de-
pending on whether the contaminants are radioactive
or not. The latter case is the least troublesome; thus,
if the material isolated has only the fraction g (g < 1) of
the desired substance, then the true specific activity a
is related to that measured, aGxsd by the relation a =
«bsd/<7-18 Thus a few per cent contamination will only
produce a few per cent error in a, and, if g is reproduc-
ible, there will be no error in rate constant.

(16) All systems were protected from strong light to inhibit any photo-
chemically initiated chain reactions, but a low level of ordinary light could
account for a very slow reaction if the kinetic chain length is long. »Similarly,
only a very long chain length radiation induced reaction could account for the
discrepancy, since the level of activity has fairly low. We can not calculate
this radiation-induced rate, but by analogy with other work it must be very
small.

(17) Reference 4, p 151.

(18) This is true if g is a weight fraction and the amount of substance is
measured by weights, but in our case amounts are measured by uv absorp-
tion. If thereis a nonradioactive contaminant Z with a mole fraction nz in
with the desired substance Y with a mole fraction ny, then the appropriate
g toputinisg = tY~Y/(«YnY ~b ez”z) where ey and ez are the extinction
coefficients of Y and Z. Thus no error results from a transparent contamin-
ant (ez = 0), but serious errors can result from contaminants with ey > ey,
even if nz is small. Fortunately, compounds with high eare usually strongly
adsorbed on a chromatographic column, so that our purification renders such
a contamination unlikely.
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The more difficult problem is that of contamination
by radioactive impurities. Thus, if we allow the re-
action to go to 1% completion, and add an amount of
cold carrier compound (Y) equal to that of the un-
reacted material, the specific activity of the product
(Y) will only be 1% of that of the reagent (X). If we
then isolate Y contaminanted by only 1% X, the
specific activity measured will be too high by a factor
of 2! For smaller extents of completion this error of
contamination is even more serious. In the above
case example, the error may be reduced by purification
to a level of 99.99%; then the error due to contamination
is only 1%, but small scale routine purification to this
level is generally impossible. The problem is attacked
by the so-called “hold-back carrier” technique.l9 If
the above 99% pure Y is mixed with an equal amount
of nonradioactive X and then repurified to a mixture
99% Y and 1% of X, X has now been reduced in specific
activity by a factor of 100, and counting of Y now is in
error by only 1%. The efficacy of this procedure can
be followed by counting the X fraction, and in our
studies this process was repeated until the specific
activity of the X fraction was negligible.

This error can thus be overcome so long as there is a
reasonably efficient separation of X and Y, and the
number of powerful separation methods now avail-
able suggests that one can rely upon this being quite
general.

A further problem is associated with unwanted radio-
active impurities in the reagent X, which may be
difficultly separable from Y, or converted into dif-
ficultly separable materials under the reaction con-
ditions. Clearly the number of these is related to the
synthetic procedure for preparing X and to the point
at which the radioactivity is introduced. The hazards
of introducing very high levels of activity followed by
dilution with carrier in introducing very high activity
impurities have been pointed outl9 and taken into con-
sideration. Clearly the optimum experimental design
is to introduce the activity in the last step of the syn-
thesis by a process that minimizes side reactions.
Known contaminants can be rendered inactive by the
“hold-back carrier” technique, and a rigorous purifica-
tion, unaccompanied by any dilution with cold X,
will then complete the process. We were unable to
achieve this optimum design, but the application to a
less than ideal system illustrates better the generality
of the method.

The steps used in the synthesis of the radioactive
reagents are illustrated in Scheme I, starting with the
introduction of the radioactivity. Scheme 11 illus-
trates the purification and analysis to determine the
extent of reaction. The preparation of the starting
materials and some of the details are described in the
Experimental Section. We were unsuccessful at pre-
paring the Grignard reagent from 2-phenyl-2-(I-
methyl-3-bromopropyl)-1,3-dioxolane, thus requiring
this more devious process of introduction of the label
before the methylation. We neglected to apply the
“hold-back carrier” technique to the removal of active
2-benzoyl-2-methylbutane (5) from our sample of
2-benzoylbutane, and this oversight is probably re-

(19) E. J. Dewitt, C. T. Lester, and G. A. Ropp, 3. Amer. Chem. Soc., 78,
2101 (1956).
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Scheme |

Preparation of 2-Benzoylbutane-4-£
and 2-Benzoylbutane-2-<2-4-7

CH2- CH2 CH2- CH»

A A A A HCI. Hi0
\ H<C1 \ / EtOH
CeHICCH2XCH2XCHMgBr — > CHSCCHXCHXCH3 .

1 2
1 (ceHH3CcNa, CH3
CHECOCHZHZCH3: | =
2 distil
3
3 + CHSCOCHCH3CHZXLH3 + CaH5COC(CH3)2CH2CH3*
4 5
2% 96 % 2%
sample A

(all specific activities about same as that of 4)

1. CsHeCOCH2CH2CHs (inactive)

2. column chromatography

3. repeat “hold-back” three times
Y 4. preparative glpc

Sample B of 4 (3.2 X 101 dps/mmol)
<0.1% CeH3COCH2CH2CH3 of negligible specific activity

« o|.1% 5, undetectable by glpc, specific activity as in sam-
ple A

1:. DsO, SOCh
dr2. repeated exchange

céhscocdchxhxh3
6
(containing 1% 4 and other impurities as in sample B)

Scheme |l

Determination of Extent of Bromination of 4

4 ésample__B) or6
/480 mg (wii mol)

I HOAo, HjO
| NaOAc, NaBr, Brj
T for measured time «

4 + CeHsCOCBrCHICHZCHZ
(-99%) 7(-1%)

partition between petroleum
ether and aqueous NasSzOa

add —40 mg (m2 mol) of
CeHsCOBrCIMHzCHs (inactive)
discard aqueous layer

wash and dry organic layer
chromatograph on Florisil

I :

fraction
(mostly 4)

apw N

fraction C
(mostly 7)
|1 (QIHSCOCIICHjCIECH

1 2. chromatograph

fraction E fraction D
(mostly 7) (mostly 8)
count

1if count of D is significant, repeat C -D + E
I process; if not, rechromatograph to remove
Y residual 8

7 (in petroleum ether)
replace solvent with toluene
determine uv spectrum (A
add scintillation solution
rate = c)

4. determine specific activity (aobsd)

wn =

count

sponsible for a good bit of the remaining Kinetic un-
certainties, even though this contamination of the
sample used was undetectable by gas chromatography,
and all low-level samples had been subjected to further
column chromatography several times. Apparently
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the bromo ketone and the completely methylated
ketone are not easily separated by the column chro-
matography. The removal of the labeled unmethyl-
ated ketone 3 was done very carefully, since it would be
brominated rapidly, and possibly the product would be
difficult to separate from the bromination product of 4.

The specific activity adbsd of the sample of bromo
ketone was determined by combining the absorbance
of the solution (¢ = 153 at 327 nm) with the count
rate, making suitable allowance for the volume of
sample taken to count. The specific activity of the
starting material, aQ was counted under the same
conditions by converting it quantitatively into bromo
ketone using a rapid acid-catalyzed reaction before
counting. The extent of completion (x) is then given
by the equation x = amZa0ni. The pseudo-first-
order rate constant was then calculated from the slope
of a plot of x vs. t. These plots sometimes had inter-
cepts greater than zero at t = 0. Although some of
this could be attributed to a real effect of a small,
rapidly brominated amount of enol in the ketone,
which might easily be different from the equilibrium
content, we believe that a reasonably reproducible
contamination by 5 is a more likefy source of this
intercept. In either case the use of the slope rather
than the extent of completion at any one time eliminates
or reduces the error. When a bromination reaction is
this slow, both steric or electronic explanations for the
slowness would also suggest that bromine would not
compete as well for the enolate ion (or enol) as it does
in more familiar systems. |If this competition were
really unfavorable, bromine would enter the rate
expression. This was not checked for 2-benzoylbutane,
but the gas chromatographic results on 2-benzoyl-
propane and the spectrophotometric results on propio-
phenone were both independent of bromine concentra-
tion. In the latter case the use of very dilute bromine
solutions (using 10-cm cells) allowed a study of the
region of bromine dependency, and it was found that
bromine reacted about 3 X 106times faster than acetic
acid with the reactive intermediate.® Since the
bromine concentrations in the present work are high,
it is likely that the enolate is efficiently trapped, and
that the rates are genuine ionization rate measurements.

The choice of nature and position of the label calls
for some comment. Either tritium or 14C is required
for generality for organic reactions, and tritium was
chosen both because it is easier to introduce and be-
cause it is cheaper and offers minimal health hazards,
even at levels far higher than we used. The label was
not put in the ring, because of the (rather far-fetched)
possibility of exchange. The a position was avoided
since we were interested in measuring isotope effects.
We avoided a label at the 1 or 3 position of the butyl
group because it might be lost by /3 elimination from
the bromo ketone. The further advantage of a label
in the 4 position was that secondary isotope effects
would be reduced to a trivial amount, so that the rate
on the tritium compound could be compared directly
with that of ordinary 2-benzoylbutane.

We conclude that we have successfully measured a
slow reaction rate by this isotope dilution analysis,
and that the inherent limitations have not been ap-

(20) Reference la.
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proached, so that far slower reactions could be studied.
The only practical limitation is the tedium of the
numerous chromatographic separations,2l so that the
method should not be applied unless there is some real
reward for the considerable effort.

Experimental Section

Materials.— Acetophenone, propiophenone, 2-benzoylpropane,
and phenaeyl bromide were commercially available materials.
Repeated exchange of the first two with deuterium oxide in
dioxane containing potassium carbonate gave acetophenone-dj,
94% deuterated (by combustion), and propiophenone-ar-d2, 95%
deuterated (by combustion). 2-Benzoylbut.ane was made follow-
ing Bartlett and Stauffer.2

2-Benzoyl-3-methylbutane.— Following the plan of Nunn
and Henze, 2 benzonitrile (69 g, 0.66 mol) in dry toluene (800
ml) was added to the Grignard reagent from 2-bromo-4-methyl-
butane (0.6 mol) in refluxing ether (700 ml). The ether was
removed and the toluene solution was allowed to stand for 9 hr.
The mixture was then boiled for 6 hr, cooled, and treated with 450
ml of cold saturated ammonium chloride solution. The toluene
layer was extracted with cold dilute sulfuric acid, and this ex-
tract was boiled under reflux for 2.5 hr, cooled, and extracted
with ether. The ketone was isolated by distillation and gave a
2,4-dinitrophenylhydrazone, mp 121-122° (lit.24 mp 118-119°).
Fractional distillation gave a compound containing otdy 1%
contaminant by gas chromatography.

2-Benzoylpropane-2-d, 2-benzoylbutane-2-d, and 2-benzoyl-3-
methylbutane-2-d were made by boiling the ketones with about a
twofold excess of sodium hydride in suspension in tetrahydro-
furan. After hydrogen evolution had ceased, usually in excess
of 12 hr, deuterium oxide (in twofold excess) was added and distil-
lation yielded the ketone in good recovery, but the deuterium
contents were, respectively, 92 (nmr) (93% by combustion), 94
(nmr), and 94% (nmr) (95% by combustion). This method is
not recommended. The acid-catalyzed exchange described below
used for 2-benzoylbutane-4-t is superior. Benzoyldibromometh-
ane was prepared following Evans and Brooksz by the bromina-
tion of phenaeyl bromide.

2-Benzoyl-2-bromopropane.— The bromination of the ketone
led to this compound.z Similarly, 2-benzoyl-2-bromobutane
and 2-benzoyl-2-bromo-3-methylbutane, all used for gas chro-
matographic references, were prepared by brominating the ketone
in acetic acid solution. Adsorption chromatography on alumina
and Florisil, respectively, was needed to get a sample pure enough
for use. The same method was used to convert 2-benzoylbutane-
4-f into 2-benzoyl-2-bromobutane-4-L

Butyrophenone-4-i (3).— The Grignard reagent from 2-phenyl-
2-(3-bromopropyl)-1,3-dioxolane (54 g) was prepared following
the procedure of House and Blakerz starting from ethyl benzoyl-
acetate. Tritiated water (1 g, 10 mCi) was added slowly to boiling
thionyl chloride, and the gases were passed over the ethereal
solution of the Grignard reagent. Ordinary water was used
to complete the transfer of the tritiated water 1 hr after the
radioactive water had been added. After 5 hr, the residual
magnesium was removed by filtration, and the ether was washed
with water, 5% sodium carbonate, water, and saturated brine.
Since the ketal is only partially hydrolyzed at this stage, isolation
should not be attempted. The ether was concentrated to a total
volume of 150 ml, then added to a mixture of 1 I. of | m hydro-
chloric acid and 400 ml of ethanol, and heated overnight on the
steam bath. After conventional work-up, distillation gave 13.29
(44%) of |-benzoylpropane-3-i, to which was added 5 g of
ordinary butyrophenone distilled through the same apparatus
to scavenge column holdup, etc.

(21) Professor R. V. Stevens has suggested that these separations could
well be carried out by preparative scale thin layer chromatography, with a
great reduction in time.

(22) P. D. Bartlett and C. H. Stauffer, . Amer. chem. soc., 67, 2580
(1935).
(23) L. G. Nunn and H. R. Henze, 3. org. chem., 12, 541 (1947).

(24) A. T. Nielsen, G. Gibbons, and C. A. Zimmerman, 5. Amer. Chem.
soc., 73, 4696 (1951).

(25) W. J. Evans and B. J. Brooks, ivida., 30, 406 (1908).

(26) A. Faworsky and N. Mandryka, 5. prakt. chem., 88, 691 (1913).

(27) H. O. House and J. W. Blaker, 3. org. chem., 23, 334 (1958).
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2-Benzoylbutane-4-f (4).— In a flask protected from the at-
mosphere, equipped with a magnetic stirrer, a reflux condenser
and an addition funnel was placed 10.2 g of |-benzoylpropane-3-f.
An ethereal solution of triphenylmethylsodium was added until
the red color persisted: then methyliodide (100 ml) was added
with stirring. A precipitate of sodium iodide was observed in
10 min, but the solution was stirred for 6 hr, then poured on 500
ml of water, and the layers were separated. Conventional work-
up gave 8.32 g (82%) of 2-benzoylbutane-4-i, and a further 2.35
g of less active material was obtained by scavenging with cold
material. Analytical scale glpc showed, about 2% each, peaks
with retention times identical with those of the unmethylated
and dimethylated ketones (3 and 5, respectively).

Further purification was accomplished by adding an equal
amount of unlabeled butyrophenone and chromatographing on
Woelm activity | alumina, with the unmethylated compound
more strongly adsorbed. This treatment was repeated twice,
so that only about, 1 part in 107 of the activity was attributable
to contamination by 3, and preparative scale glpc on a silicone
fluid column showed that the product contained 0.1% butyro-
phenone (essentially devoid of activity) and no detectable
amount of the active dimethylated ketone 5.

2-Benzoylbutane-2-rf-4-i (6).— Thionyl chloride (0.8 ml) was
added to deuterium oxide (10 ml, 99.5%), and the mixture heated
to 90° for 1hr to complete the hydrolysis; then 1.01 g of 2-benzoyl-
butane-4-i was added and the heating continued for 24 hr.
The mixture was then extracted with petroleum ether, which was
then washed and dried and the solvent evaporated. The exchange
was repeated as before and the product was distilled, yielding 0.5
g of material with a deuterium content 99.0 = 0.1 by an nmr
method. This analysis involves rather difficult comparisons
either of peaks of very different size, or of unestablished origin.
The analysis was facilitated by the availability of a sample of
intermediate deuterium content. With this sample, it was possi-
ble to integrate the relative intensities of the signal at 5 3.3S
(sextet, the tertiary hydrogen) with the multiplet at 8.0 of two
of the aromatic hydrogens. A protium content of 5.7% was
calculated. The rough factor of 40 difference in integral was
reduced to a factor of 4 by sweeping the intense one ten times as
fast, a technique depending only on the constancy of speed of a
synchronous motor and the number of teeth on gears, rather than
relying on the precision of resistors in attenuators. This analysis
was unsuitable for the more highly deuterated species since the
signal to noise level was very poor on the smaller peaks of the
sextet. When the sample which contained 5.7% protium
compound was studied with the higher resolution and greater
sensitivity of a 100-Me instrument, a small peak was found at
S8.19, which is presumably a 13 satellite of a portion of the
aromatic proton spectrum. This peak, although not rigorously
assigned to any proton, was used in a peak height analysis, by
comparing its height to that of the largest peak of the sextet
from the tertiary hydrogen.s

Kinetics.— The solvent: for all runs was prepared by diluting
a mixture of 150 g of anhydrous sodium acetate, 15.5 g of sodium
bromide, and 85 ml of water to 1 1. with glacial acetic acid. The
sodium bromide is called for in thespeetrophotometric runs, it was
included in the others merely to keep the conditions uniform.

Speetrophotometric Kinetics.— The method of Emmons and
Hawthorne13 was followed, except that a Cary Model 14 spectro-
photometer was used. The problems of temperature control in
this method have been discussed elsewhere. 11

Gas Chromatographic Kinetics.— A weighed sample of ketone
was diluted to 25 ml with the solvent and 0.4-0.8 ml of bromine
was added. About 4 ml of this solution was placed in each of
six ampoules, which were then sealed and placed in an oil thermo-
stat at 100° in a darkroom. In the presence of light the results
were nonreproducible. At various times an ampoule was removed
and immediately cooled in ice. The ampoule was then opened
and the contents were transferred to a separating funnel and
partitioned between 25 ml of 0.01 m sodium thiosulfate solution
and petroleum ether. Most of the petroleum ether was evapo-
rated on a water bath and the residue was subjected to gas
chromatographic analysis. Columns were made of glass and
were packed with Chromosorb W containing 10% Dow-Corning
550 silicone oil. The bromo ketones were rather sensitive on gas
chromatography and did not survive metal columns.

Blank runs showed that the bromo ketone-ketone ratio was

(28) We thank Professor M. R. Wilcott for the 100-Mc nmr spectra.
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unaffected by the isolation procedure, and the analysis was cali-
brated by known mixtures frequently.

Rate constants were calculated from the slope of a plot of
bromo ketone-ketone against time, since the reactions were
not carried to a large enough extent of completion to consider
the variation of ketone concentration with time.

Isotopic Dilution Analysis Kinetics.— A weighed amount (5(80
mg) of the initiated ketone was mixed with the heated solvent
and an excess of bromine (five- to tenfold) was added and the
vessel placed in the thermostat. At the desired time (1-8 days)
the reaction was quenched by cooling and dilution with petroleum
ether (bp 30-60°); then a weighed amount (40-50 mg) of the
inactive bromo ketone was added. Successive washings with
water, 0.05 M sodium thiosulfate, water, 10% sodium carbonate,
water, and saturated brine gave a colorless solution which was
concentrated to about 1-2 ml at not greater than 50° on a rotary
evaporator.  Further concentration or higher temperatures
sometimes led to discoloration. The concentrate was then sub-
jected to chromatography on Florisil, from which the bromo
ketone was eluted with petroleum ether and then the unchanged
ketone with toluene. The bromo ketone rich fractions were
mixed with inactive ketone and rechromatographed, and the
ketone fraction was counted; if the activity was low enough the
bromo ketone fraction was chromatographed once more before
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uv and radioassay, but if the activity was significant, the “ hold-
back” separation was repeated.

After the final chromatographic separation the petroleum
ether was mostly removed and replaced with toluene, again
taking precautions not to overheat or remove all solvent. When
the volume reached about 6 ml the uv spectrum was taken and the
concentration calculated Xmex 327 nm (e 153) in toluene].
A 5-ml sample of the same solution was transferred to a counting
vial, 15 ml of scintillator solution [4 g of 2,5-diphenyloxazole and
0.1 g of 2,2-p-phenylenebis(5-phenyloxazole) in 1 1 of toluene]
was added and the sample was counted. Efficiency of counting
was determined by automatic external standardization, and
varied little except when much higher concentrations of bromo
ketone were used, when some quenching appeared.

Registry No.—2-Benzoylbutanc-2-d, 18321-26-1.
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The mass spectral fragmentation patterns of cyclobutyl and cyclopropylcarbinyl methyl ethers were found to
be similar and the mechanisms of the fragmentations were evaluated by use of deuterium-labeled material and

by means of high-resolution mass spectrometry.
the loss of ethylene.
using the above mass spectral results.

In both materials the base peak was m/e 58, corresponding to
The mechanism of the acid-catalyzed addition of methanol to bieyclobutane was studied
The addition was not concerted but proceeded via protonation to yield a

bicyclobutonium ion (or equivalent activated complexes) which partially equilibrated before the nucleophilic
attack of methanol occurred. When 1,3-buladiene in methanol was irradiated with ultraviolet light, cyclobutyl
and cyclopropylcarbinyl methyl ethers were formed in low yield. These ethers were shown to be derived in a

dark reaction of methanol with bieyclobutane.

Alkyl ethers undergo two major fragmentation re-
actions upon electron impact in the mass spectrometer.
These are “a" cleavage of the carbon-oxygen bonds
leading to carbonium ions and “3” cleavage leading to
oxonium ions.34 The oxonium ions of ethers where
both groups are larger than methyl undergo further
rearrangements34 which are of no concern to the
present study. Generally, 3 cleavage has been found
to yield the base peak of methyl ethers.3

R—0 -O- CH

In the course of a study of the photochemistry of
1,3-butadiene in methanol,6it was discovered that the

(1) This work was supported in part by PHS Grant No. AM-00709,
National Institute for Arthritis and Metabolic Diseases, U. S. Public Health
Service.

(2) (&) NASA Predoctoral Trainee, 1964-1967; (b) NSF Postdoctoral
Fellow, 1964.

(3) F. W. McLafferty, anar. chem., 29, 1782 (1957).

(4) C. Djerassi and C. Fenselau, 3. Amer. chem. soc., 87, 5747 (1965).

(5) J. H. Smith J. Saltiel, and W. G. Dauben, unpublished results.

mass spectra of cyclobutyl methyl ether (CBME), 1,
and cyclopropylcarbinyl methyl ether (CPCME),
2, have one main feature which distinguishes them

from the spectra reported for other methyl ethers. The
OCHj OCR,
1 2

base peaks for 1 and 2 are at m/e 58, corresponding
neither to a cleavage nor to 3 cleavage, but to the loss
of the elements of ethylene. It was considered that
these fragmentations involve cleavage of the cyclo-
butane and cyclopropane rings as shown in eq 1-2.
In accord with eq 1 are the mass spectra of several
cyclobutane derivatives which were recently reported.6
In -each case it was found that fission of the cyclo-
butane ring leads to the most abundant ion. Similarly
it has been suggested that fission of the cyclopropane
ring gives rise to the M — 28 peak in the mass spectrum
of benzylcyclopropane.7 It is of interest, however,

(6) D. A. Bock and K. Conrow, 3. org. chem., 31, 3608 (1966).
(7) N. J. Turro, D. C. Neckers, P. A. Leermakers, D. Seldner, and P. D.
‘Angelo, 3. Amer. chem. soc., 87, 4097 (1965).
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that, unlike 2, cyclopropylcarbinyl sec-butyl ether

shows no M — 28 peak.8 Mechanisms 1 and 2 have
now been investigated using specifically labeled ethers.

Cyclobutyl Methyl Ether.—CBME-I-di was pre-
pared by reducing cyclobutanone with lithium alu-
minum deuteride followed by reaction of the resulting
alcohol with sodium hydride and methyl iodide. The
infrared spectrum of the ether showed a peak at
2092 cm-1, corresponding to the C-D stretching
frequency. The nmr spectrum showed no detectable
a proton on the cyclobutane ring and the integration
of the spectrum suggested one deuterium. It was not
possible by mass spectrometry to determine directly
the per cent deuterium in the ether since both the
molecular ion and the IN — 15 peaks were very weak
and since there was an appreciable M — 1 peak. As
can be seen in Figure 1, the m/e 58 peak has moved
entirely to m/e 59, and, assuming that all the deuterium
is in the m/e 59 ion, it can be estimated that the per-
centage of deuterium in 3 is 99% 1d. This figure
sets the lower limit of the isotopic purity of the sample.
Furthermore, the fact that at least 99% of the m/e
58 ion from unlabeled CBME occurs as a deuterated
moiety in the mass spectrum of the deuterated ether
supports the mechanism proposed in eq 1.

In the undeuterated CBME (1), the other peaks
which are larger than 5% of the base peak are m/e
43 and 55. A small peak is found at m/e 71 (0.4%).
Cleavage of the carbon-oxygen bonds account for the
m/e 55 and 71 while m/e 43 requires a hydrogen migra-
tion. Mechanisms leading to these ions are sug-
gested below and the results shown in Figure 1 sub-
stantiate the proposals. As expected, ions m/e 71,
55, and 43 all increase by 1 mass unit in the deuterated
species. Two pathways can be suggested for the
formation of m/e 43 ion (Scheme ). the ion being
either CH7+ or CHID +; high-resolution mass spectral
results obtained with cyclopropylcarbinyl ether (see
later) indicate the involvement of only the latter ion.

Cyclopropylcarbinyl Methyl Ether—CPCME-I-d2
was prepared by reduction of methyl cyclopropyl-
carboxylate with lithium aluminum deuteride followed
by methylation of the resulting alcohol. The ether
possessed a maximum in the infrared spectrum at
2068 cm-1, characteristic of C-D bonds and the nmr

(8) S. Meyerson and J. D. McCollum, Advan. Anal. Chem. Instr., 2, 213
(1903).
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Figure 1— Mass spectrum of cyclobutyl methyl ether.

Scheme |

5%

ch ot
(mZe43)

spectrum showed that absorption of the a-methylene
protons was less than 5% of that for the correspond
ing peak in undeuterated material. The calculated
isotopic distribution is 96% 2-d, 3% 1-d, and 1% 0-d,
assuming that all a-methylene protons are in the
m/e 58 peak which moves to m/e 60 in the dideuterio
ether (see Figure 2). Such an assumption is reasonable
since the m/e 58 peak was shown to be C3H&)+ by
high-resolution mass spectroscopy (see Figure 3).
These mass spectrographic values agree well with
the nmr results and set the lower limit for the per cent
of dideuterated material. The finding that the m/e
58 peak moves to 60 (containing all of the deuterium)
strongly supports the mechanism proposed in eq 2.
Other peaks of CPCME (1) found in greater abun-
dance than 5% of the base peak are m/e 43 (24%), 45
(53%), 53 (8%), and 55 (31%). In addition, the
M — 1 peak at m/e 85 is 2%; the M — 15 peak at
m/e 71 is 1%. The fragmentation pathways given
in Scheme Il can be proposed to account for these ions.
The results shown in Figure 2 substantiate these
proposals; in the dideuterated species the original
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W
Figure 2.— Mass spectrum of cyolopropylearbinyl methyl ether.

Figure 3— High-resolution mass spectrum of cyclopropylcarbinyl
methyl ether.

major peaks at m/e 43, 45, 55, and 71 all increase by-
two mass units. The high-resolution mass spectrum
of CPCME is shown in Figure 3 and it proves that the
compositions of the peaks found in the low-resolution
spectra, are, indeed, those predicted by the mechanism
and, in addition, shows that the m/e 43 peak is due to
CHID + The findings of large amounts of C2H3+
and CH4+ support the mechanism for the loss of
ethylene to give the m/e 58 peak. The nature of
peak m/e 53 is undetermined.

When this work was completed, it was learned that
Hofman had published the high-resolution mass spec-
trum of cyclopropylcarbinol.9 In this spectrum the

(9; H.J. Hofman, Ph.D. Thesis, University of Amsterdam, 1966.
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Scheme |l
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o—ch3
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och3 -~
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s* H CHI/P
(m/e43)
% H +
_ §] + CO
Rt
(m/e 13)

base peak was at m/e 44, corresponding to the loss of
ethylene. His suggested fragmentation mechanism is
essentially the same as that discussed above. He
also proposed detailed fragmentation pathways leading
to the other major peaks, substantiating many of the
suggestions by observations of related metastable
peaks. His results support the mechanism proposed
in this investigation.

The Acid-Catalyzed Addition of Methanol to Bicyclo-
butane.—Numerous workers have reported that bi-
cyclobutane (BCB, 3) and its derivatives are unstable
in the presence of dilute acid.0 Considering the
simplest case first, Wibergl® found that BCB in
deuterium oxide at pH 2.3 .yields cyclopropylcarbinol
and cyclobutanol.® Moore,1n Doering,1® and Wi-
bergl®e suggested that, since these products resemble
those obtained from reactions thought to involve bi-
cyclobutonium ions,11 the same intermediate might
be formed when BCB (or its derivatives) is attacked by a
proton. The present study has yielded additional
evidence in support of this proposal.

+ t\rOH
2

A solution of BCB in neutral methanol was pre-
pared and after an initial decrease of 10% within 13
hr, possibly attributable to oxygen in the sample tube
since an equal decrease was observed when benzene
was used as :,he solvent, no decrease in the concentra-
tion of BCB was observed after 88 hr at 50°. When
a solution of BCB in methanol containing a small
amount of dilute perchloric acid was allowed to stand
for a short period of time, three ethers were formed:
CBME, 44%; CPCME, 51%; and homoallyl methyl
ether, 5%. These ethers were isolated by preparative
vpc and shown to be identical with authentic samples.

To study the mechanism of the reaction, BCB was
allowed to react with methanol-O-d in the presence of

(10) (a) W. R. Moore, H. R. Ward, and R. F. Clark, 3. Amer. chem. soc.,
83, 2019 (1961); (b) W. G. Dauben and W. T. Wipke, pure Appl. chem.,
9, 539 (1964); (o) W. von E. Doering and J. F. Coburn, Jr., Tetrahedron Lett.,
991 (1965); (d) R. B. Turner, P. Goebel, W. von E. Doering, and J. F. Coburn,
Jr., ivid., 997 (1965); (e) K. B. Wiberg, G. M. Lampman, R. P. Ciula, D. S.
Connor, P. Schertler, and J. Lavanish, Tetranedron, 21, 2749 (1965); (f)
E. P. Blanchard and A. Cairncross, ./. Amer. chem. soc.. 88, 487 (1966).

(11) For discussions of this ion, see L. Birladeanu, T. Hanafusa, B. John-
son, and S. Winstein, m 4., 88, 2316 (1966); P. von R. Schleyer and G. W.
VanDine, ivid., 83, 2321 (1966).
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acid; the resulting ethers were analyzed by mass spec-
trometry. Two samples of BCB in methanol-O-rf were
prepared, one containing 0.075 M perchloric acid and
the other containing 0.0007 M acid. CBME and
CBC)\IE were isolated from each sample by preparative
vpc of the crude, neutralized reaction mixtures. The
mass spectra of each ether from the two sources (see
Table 1) showed a slightly different deuterium dis-
tribution, indicating that the concentration of acid
had an effect on the products formed. As discussed
earlier, an important fragment from CBME and CPC-
ME is the vinyl ether ion (4), m/e 58 (Scheme I11).

Scheme |1l
b ch2==choch3
och3
4
D £7=7D - _
tZCoens 12— CH,OCH3 ch, = choch3

m/e 58

The finding of an m/e 59 ion (greater intensity than
expected from natural abundance of 1) requires
deuterium from the solvent on the a or O carbon atoms
of these two ethers. Concerted addition of methanol-
O-rl to BCB would yield CBME-3-ct and CPCME 2-di,
and the fragmentation of each should show no m/e
59 ion in the mass spectra. The finding of a significant
m/e 59 ion is in agreement with the earlier suggestion
that the acid-catalyzed addition of methanol to BCB
involves an initial protonation step to give an inter-
mediate carbonium ion which can rearrange before
nucleophilic attack of methanol can occur.

Taute |
Distribution of Deuterium in Ethers

Relative amounts of

CsHaO +and CjHIDOH, % d

Concn of o statistical

Ethers acid, m mse 58 m/se 59 distribution
CBME 0.0007 85 15 46
0.075 8l 19 56
CPCME 0.0007 86 14 12
0.075 83 17 50

In the carbonium ion formed, if the deuterium is
statistically distributed among the methylene carbons
prior to reaction with methanol, CPCME should have
33% of the deuterium on the a carbon atom. The

2m/e 58 1m/se 58

1mse 59

1m/e58
1m/se 59

possible locations for the deuterium in these materials
are shown above. Since in CPCME there is only one
fragmentation pathway to the C3H® + ion, only one
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of the three deuterated isomers will yield a m/e 59
peak and the ratio of the m/e 59:58 peaks should be
1:2. Consideration of the possible locations of the
deuterium in CBME and the fragmentation pattern
shows again that the m/e 59:58 ratio should be 1:2
since there are four ways to obtain the m/e 58 peak
and only two ways to get the m/e 59 peak.2 The mass
spectral values (see Table 1) show that the distribution
of deuterium is between 42 and 56% of the statistical
values. These similar data for deuterium scrambling
in both CBME and CPCME may be accommodated by
collapse of a protonated BCB to a bicyclobutonium
ion (or rapidly equilibrating cyclobutyl and cyclo-
propylcarbinyl cations) whose short lifetime does not
allow complete scrambling; i.e., partial equilibration
occurs prior to the irreversible attack of the nucleo-
phile.

The foregoing results are in complete accord with
earlier published work which indicated the involve-
ment of similar ionic species.1¥13 Recently, the concept
of “twist” bent bonds was postulated and the concept
was applied to the reactions of bicyclobutanes.4 It
was suggested that reaction of a protic solvent with
the bicyclobutane derived from 3,5-hexalinsie1Vs
might proceed by an initial nucleophilic attack by the
solvent. In view of the complete parallelism of the
reactions of all of the bicyclobutanes studied and a
carbonium ion process, there appears to be little basis
for considering a nucleophilic process in the reactions of
bicyclobutanes containing only alkyl substituents.
For example, the protolysis of the bicyclobutane 4
occurs with retention of configuration leading to the
carbonium ion by reaction from the enclo side of the
ring, the side which has been suggested to be electron
rich.I7 The subsequent addition of the anion occurs
from the opposite side, a result anticipated by the
involvement of a bicyclobutonium-type cation, to
yield the cycloprop3carbinyl ether 5 resulting from

CH3 ch3

inversion of C-6. The absence of product derived
from cleavage of the center bond of the bicyclobutane
cannot be taken as proof that such a bond was not
initially brokeni8since the resulting cyclobutyl cation
could readily rearrange to the cyclopropylcarbinyl
cation. This stepwise addition has been found to
occur with all bicyclobutanes containing only alkyl
substituents.13 With I-cyano-3-methylbicyclo[1.1.0]-

(12) This analysis assumes that there is no deuterium isotope effect in the
fragmentation reaction as deuterium is not directly involved in the reaction
leading to the loss of ethylene; ¢r, J. K. MacLeod and C. Djerassi, Tetrahedron
Lett., 2183 (19GG).

(13) W. G. Dauben and C. D. Poulter, Tetrahedron Lett., 3021 (1967).

(14) P. G. Gassman, chem. commun., 793 (1967).

(15) W. G. Dauben and F. G. Willey, Tetrahedron Lett., 893 (1962).

(16) G. Just and V. DiTullio, can. 3. chem., 42, 2153 (1964).

(17) M. Pomerantz and E. W. Abrahamson, 3. Amer. chem. soc., 88, 3970
(1966).

(18) K. B. Wiberg, tetranedron, 24, 1083 (1968).
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butane, however, electronic effects of the substituents
greatly affect the reaction of the ring system and an
evclo-cis addition occurs.1¥19 Elucidation of the
mechanistic details of the reactions of this latter type
of bicyclobutane awaits further study.

The Irradiation of 1,3-Butadiene in Methanol.—
When a solution of 1,3-butadiene (6) in methanol
contained in a flask which had not been base washed
before use was irradiated through quartz with a 450-W
Hanovia mercury lamp, about equal amounts of CBME
(1) and CPCME (2) were isolated in a total yield of
about 3%. Repetition of this reaction in methanol-O-d
as the solvent gave ethers with the same deuterium
distribution as the ethers obtained by the acid-catalyzed
addition of the deuterated solvent to BOB (3).

och3 + A chabch3

cHY CHpifm ¢ f

When the irradiation of 1,3-butadiene was con-
ducted in quartz tubes which had been washed with
concentrated ammonium hydroxide and dried for
12 hr at 110°, no ethers were formed. The vpc trace
of the total reaction mixture showed a peak correspond-
ing in retention time to BCB (3). Upon addition of
perchloric acid to make the solution 0.1 M in acid,
the BCB peak immediately disappeared and peaks cor-
responding in retention time to the ethers appeared.

These studies show that in the direct irradiation of
1.3- butadiene in methanol there is no light-induced
addition of solvent. This result is similar to that
found22L for other unconstrained 1,3-dienes and shows
that the light-induced addition of a protic solvent to a
1.3- diene occurs only when the diene is constrained
from adopting a nonplanar excited state.

Experimental Section

Physical Measurements.— Infrared spectra were taken in
carbon tetrachloride, unless otherwise noted, using a Perkin-
Elmer Model 137 Infracord. Nuclear magnetic resonance spec-
tra were determined using a Varian Model A-60 spectrometer
with samples in carbon tetrachloride containing tetramethyl-
silane as internal standard, unless otherwise specified. Com-
bustion analyses were carried out by the Mieroanalytical Labora-
tory, College of Chemistry, University of California at Berkeley.
Mass spectra were obtained on a CEC Model 21-103C spectrom-
eter which was equipped with an ion multiplier and run at 70
eV. The high-resolution mass spectrum was determined on a
Model CEC 110 mass spectrometer.

Cyclobutyl Methyl Ether (1).— A slurry of 297 mg (7.9 mmol)
of lithium aluminum hydride in 7 ml of dry ether was cooled to
0°. A solution containing 562 mg (7.9 mmol) of cvclobutanone
in 1.3 ml of dry ether was added dropwise to the cooled slurry.
The reaction flask was protected from moisture with a drying
tube and stirred at 0° for 0.5 hr. The aluminum salts were
precipitated with saturated aqueous ammonium chloride solu-
tion. The ether was decanted from the salts, which were washed
three times with ether. The combined ether layers were filtered
through sodium sulfate and concentrated under a stream of nitro-
gen :0 about 2 ml.

A 1.7-g (38 mmol) sample of 53% sodium hydride suspended in
mineral oil was washed twice with dry ether, suspended in 10 ml
of ether, and cooled to 0°. The above ethereal solution of cyclo-
butanol was added dropwise to the cooled suspension. The mix-

09) E. P. Blanchard and A. Cairncross, private communication.
(20) W. G. Dauben and W. A. Spitzer, 3. Amer. chem. soc., 90, 802 (1968).
(21) W. G. Dauben and C. D. Poulter unpublished observation.
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ture was allowed to come to room temperature and stirred for
4 hr. Methyl iodide (0.08 ml, 16 mmol) was added; the flask
was stoppered and stirred for 4 days. Vpc of the crude reaction
mixture showed that all of the cvclobutanol had reacted and only
cyclobutyl methyl ether (CBME) had formed.

To decompose the unreacted methyl iodide, 3.8 ml (16 mmol)
of tri-ra-butylamine was added, and stirring continued for
another 2 days. Vpc showed that no methyl iodide remained
after this treatment.

The ethereal solution was filtere | and the CBME collected by
preparative vpc: vem™ 1351, 1236, 1125, 1027; nmr r 6.3 (1 IT,
complex multiplet, a TT), 6.90 (3 IT, singlet, methoxv IT),
7.6- 8.8 (6 H, complex multiplet, methylene IT).

Cyclobutyl-I-di methyl ether was prepared in an identical
manner starting with 630 mg (15 mmol) of lithium aluminum
deuteride and 2.13 g (30.5 mmol) of cvclobutanone. The product
was isolated by preparative vpc: 2092, 1255, 1176, 1055,
929 cm-1; nmr fexternal TMS) r 6.98 (3 TT, singlet, methoxy TT),
7.7- 8.8 (6 H, broad multiplet, methylene H).

Cyclopropylcarbinyl Methyl Ether (2).— Following the exact
procedure described above, 7.0 g (81.3 mmol) of cyclopropane-
carboxylic acid was reduced with 2.8 g of lithium aluminum
hydride. After the methylation the solvent was distilled through
a spinning-band column. All higher boiling material was col-
lected in one fraction and the CPCME purified by preparative
vpc: vmax 3090, 1109, 1018, 978, 897 cm-1; nmr (external
TMS) t 6.76 (3 H, singlet, methoxy IT), 6.85 (2 H, doublet,
J = 6.1 ¢cps,a H), 8.8-9.2 (1 H, multiplet, cyclopropvimethvne
IT), 9.2-10.0 (4 H, multiplet, cyclopropylmethylene H).

Cyclopropylcarbinyl-I-di methyl ether was prepared in an
identical manner using 1.5 g of lithium aluminum deuteride and
7 g of methyl cyclopropylcarboxylate. The product was isolated
by preparative vpc: vnmx 3088, 2155, 2068, 1181, 1121, 1022,
937, 901 cm-1; nmr (external TMS) r 6.76 (3 H, singlet), 8.8-
9.2 (11T, multiplet), 9.2-10.0 (4 H, multiplet).

Rate of Decomposition of Bicyclobutane in Methanol.— In a
Pyrex nmr tube which had never contained acidic material
but had not been rigorously base washed was sealed a solution
of 100 ju (1.3 mmol) of BCBIe=and 75 /A (1.7 mmol) of benzene
in 0.50 ml of methanol (solution A). In a similar tube was
sealed a solution of 100 gl (1.88 mmol) of toluene and 100 ™
(1.3 mmol) of BCB in 0.50 ml of benzene (solution B). The
sealed tubes were placed in an oil bath which was heated to 49.99
+0.01°. The reaction was followed by nmr spectroscopy. The
concentration of BCB was determined in reference to the internal
aromatic hydrocarbon standards. The concentration was
checked at 6, 12.9, 39.1, and 87.7 hr. The concentrations of
BCB in mmoles per milliliter were as follows: solution A, 1.69 +
0.03, 1.54 + 0.04, 1.52 + 0.05, 1.53 = 0.05; solution B, 2.56
+ 0.10, 2.36 £ 0.06, 2.31 + 0.06, 2.38 + 0.10.

Acid-Catalyzed Decomposition of Bicyclobutane in Methanol.
— A solution containing 0.9 ml (12 mmol) of bicvclobutaneX¥ in
3 ml of methanol was cooled to 0° in a graduated test tube. A
0.05-ml aliquot of 0.2 N perchloric acid in methanol was added.
The reaction was immediate and violent. Vpc showed that this
solution contained 5% homoallyl methyl ether, 44% CBME,
and 51% CPCME. After neutalization with a few milligrams of
solid potassium bicarbonate, the three components were isolated
from the crude reaction mixture by preparative vpc.

Acid-Catalyzed Decomposition of Bicyclobutane in Methanol-
O-d— Into two 5-ml pear-shaped flasks was weighed the follow-
ing: flask A, 16.3 mg (0.12 mmol) of 70% perchloric acid,;
flask B, 0.1 mg (0.007 mmol) of 70% perchloric acid. A solution
of 0.80 ml (10 mmol) of bicyclobutaneX in 3 ml of methanol-O-d
(>97% D) was prepared. A 1.5-ml aliquot of this solution was
added to flask A to give a solution containing 3 M BCB and 0.075
M acid. A 1.0-ml aliquot was added to flask B to give a solution
containing 3 .1/ BCB and 0.0007 m acid. The flasks were
stoppered and placed in the refrigerator for 3 days. The solu-
tions were each subjected to preparative vpc and the deuterated
ethers, CPCME and CBME, collected as before, The mass
spectra of these ethers were obtained and reported in Figures
1and 2.

Irradiation of 1,3-Butadiene in Methanol.— A 40-ml aliquot of
a 0.56 ill solution of 1,3-butadiene in methanol (concentration
determined by uv spectroscopy) was diluted to 750 ml with
methanol. This solution was irradiated for 24 hr through quartz
in the usual manner. The glassware was not base washed before
use. An additional 10 ml of the 0.56 m butadiene solution was

o] “ \%
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added and the irradiation continued for 20 hr. The vpc trace
(using an internal standard) showed a 3% yield of ethers which
were composed of CBME and CPCME in aratio of 47:53 and a
trace of homoallyl methyl ether. These yields represent minimum
values due to the loss of butadiene during the irradiation under
the conditions employed.

The crude irradiation mixture was distilled through a 24-in.
spinning-band column and the first 100 ml of distillate collected.
The distillate was diluted with an equal volume of water and
extracted with two 15-ml portions of pure pentane. The pen-
tane solution was dried and the pentane distilled through a 24-in
spinning-band column. The residue was purified by preparative
vpc and the CBME and CPCME possessed nmr and mass spectra
identical with those of authentic samples.

When the reactionwas run in methanol-O-d, the ethers obtained

mass spectra identical with those reported above for
the deuterated species derived from BCB.

Irradiation of 1,3-Butadiene in Methanol in the Absence of
Acid.— A 0.10 m solution of butadiene in methanol which had
been freshly distilled from magnesium was prepared in base-
washed glassware. The sample also contained 1,2-irans-dimethyl-
cyclohexane (3.4 X 10"4m), which is used as an internal stan-
dard. Aliquots (3 ml) of this solution were placed in rigorously

The Journal of Organic Chemistry

base washed quartz tubes,& degassed, and sealed. The irradia-
tion was performed in the merry-go-round apparatus using no
filter. After 4.5 hr a sample was withdrawn. The concentra-
tion of butadiene, measured by uv spectroscopy, was 0.084 M .
The vpc trace showed a new peak corresponding in retention
time to bicyclobutane; no ethers were observed. A 3-/tl sample
of 70% aqueous perchloric acid was added to the solution, which
was allowed to stand a few minutes and analyzed again. There
was no peak corresponding to BCB and two new peaks, shown
by coinjection with authentic materials to be CBME and
CPCME, were found.

Registry No.— 1, 18593-33-4; 1 (1-df), 18593-34-5; 2,
1003-13-0; 2 (I-d2, 18593-36-7; 3,157-33-5.
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The effect of di-i-butyl peroxide (DTBP) at 150° upon skeletal isomerization of some model hydrocarbons was
investigated. The hydrocarbons used for this study were 3,3-dimethylbutene, 3-methyl-3-phenylbutene, and

f-pentylbenzene.

The 1,2-vinvl migration in the olefins was not observed. The methyl radical, produced from
the decomposition of the DTBP, added to the olefinic double bonds.
pentane and the corresponding olefins, and 2,2,3-trimethylpentane.

3,3-Dimethylbut.ene formed 2,2-dimethyl-
The addition of the methyl radical to 3-

methyl-3-phenyltmtene wag accompanied by phenyl migration leading to the ultimate formation of 2-methyl-3-

phenylpentane and of the corresponding olefins.

¢-Pentylbenzene underwent skeletal isomerization in the

presence of DTBP at 150° with the production of 2-methyl-3-phenylbutane, 2-benzylbutane, and 2-methyl-2-

phenylpentane.

Recent studies in this laboratory have demonstrated
that free-radical intermediates are involved in the
aromatization of alkanes2 and cyclanes®and in the de-
hydrogenation of alkylbenzenes4 over “nonacidic”
chromia-alumina catalyst. These free radicals were
responsible for the skeletal isomerization accompany-
ing the dehydrogenation reaction either through a
phenyl and/or vinyl migration. This was demon-
strated in the case of 2-phenylbutane-2-14C, which
rearranged to a mixture of I-phenylbutenes-I-14C and
I-phenylbutenes-2-14C. D

In order to obtain a better understanding of free-
radical participation in the catalytic dehydrogenation
reactions, it was decided to investigate the behavior
of free-radical-induced reactions of hydrocarbons

(1) This research was supported by the Atomic Energy Commission
Contract AT-(11-1)-1096, COO0-1096-19.

(2) H. Pinesand C. T. Goetschel, 5. org. chem., 30, 3530 (1965).

(3) (a) H. Pines, W. R. Fry, N. C. Sih, and C. T. Goetschel, ivia., 31,
4094 (1966); (b) W. F. Fry and H. Pines, ivida., 33, 602 (1968).

(4) (@) H. Pines and C. T. Goetschel, 5. Amer. chem. soc., 87, 4207
(1965); (b) H. Pines and C. T. Goetschel, 5. catal., 6, 371 (1966); (c)
H. Pines and C. T. Goetschel, ivida., 6, 380 (1966); (d) H. Pines and M.
Abramovici, 3. org. chem., 34, 70 (1969).

The methyl radical was also noted to add to the aromatic ring to form p-f-pentyltoluene.

formed under mild conditions by the decomposition of
di-i-butyl peroxide (DTBP).

It has been shown previously by one of us that t-
butylbenzene refluxed in the presence of DTBP under-
goes isomerization to isobutylbenzene.6

C C C
PhCC A * PhAc — - PIi,CPC
A <-*m» |

More recently, 1,2-vinyl migration had been ob-
served to occur during the decarbonylation of 3-methyl-
4-pentenal and frans-3-methyl-4-hexenal.6

r —COo
C=CCCCHO---—--- > C=CCCCO — >

i <RH) A
c=cccmE—>cccc=¢cC
!
C

(5) H. Pinesand C. N. Pillai, 3. Amer. chem. soc., 82, 2921 (1960).

(6) L. K. Montgomery, J. Matt, and J. R. Webster, Abstracts, 147th
National Meeting of the American Chemical Society, Philadelphia, Pa.,
April 1964, p 29N.



Véi. 84, No. 2, February 1969

The present paper deals with the effect of free radi-
cals, generated by the decomposition of DTBP, upon
3,3-dimethylbutene, 3-methyl-3-phenylbutene, and t-
pentylbenzene. Since vinyl migration was noted in
the case of iodine-initiated free-radical reactions at
500°,7 it was of interest to determine if an analogous
reaction would occur in 3,3-dimethylbutene under
present conditions.

C c c

cAc= -X cic=c m cicc=c
-HI)
3-Methyl-3-phenylbutene was elected for this study
in order to determine whether DTBP would cause it
to undergo a phenyl and/or a vinyl migration; and, if
this occurred, to assess the relative ease of their migra-
tions.

C P" > phcce=c
R-
PhCC=C > PhCC=C -
[ (RH) 1 c
Cc C- |
> phccc=C
vinyl

3,3-Dimethylbutene.—The title hydrocarbon was
synthesized in purity greater than 99% by the sequence
of reactions shown.

C C C
AoCl | A
CCCCOH ------- > CCCCOAc — Ccc=C
pyridine ~ 460° |
A

The reaction of 3,3-dimethylbutene with DTBP was
carried out in a 125-cc-capacity stainless steel rotating
autoclave, heated at 140-150° for 3.5 hr. The auto-
clave was then cooled, and both liquid and gaseous
reaction products were collected and analyzed using a
F & M Model 720 programmed temperature gas chro-
matograph. The results are given in Table I. From
the data obtained it was calculated that the molar
ratio of olefin reacted to free radicals (C3CO-) produced
was 1.35.

The composition of the “monomeric” product
showed that the expected 4-methyl-lI-pentene which
would be formed through a 1,2-vinyl migration was
absent. The reaction products result from the double
bond reacting with the methyl radical formed from
the decomposition of the peroxides, and can be ex-
plained by eq 1-9.

3-Methyl-3-phenylbutene was synthesized in over
99% purity according to Scheme 1.

The free-radical reaction was made in a round-bot-
tomed flask provided with a 6-in. distilling column.
The flask was heated at 135-140° for 24 hr, and the
products boiling below that temperature were removed.
Table 11 summarizes the experimental results.

The expected products, to be formed through a 1,2-
phenyl migration and/or 1,2-vinyl migration, were
absent. Instead, the reaction products, as shown in

(7) J. H. Raley, R. D. Mullineaux, and C. W. Bittner, 5. Amer. chem

Soc.. 86, 3180 (1963).
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c C c
ciooic — 2cio- (D
A A A
c
cio- c=0 + cC- 2
A
c c
cic=c + ¢c— =>cicce
A & ©
G Cc C
2ciccc —>cicce + cic=cc (4)
A A A
c c
cicce + c— >cha+ cic=cc )
A i
C c C.
cclccc + :I;o -------- ccc:lcc + ccorI4 (6)
A’ A A A
c c
CCCCC+ RH—>R- + cicco @
c i
c c
cicce +c- — cicce ®
A it
c
cic=c —> R- dimers and polymers )
i
Table 11, resulted from a novel type of reaction re-

sulting from a methyl radical addition to the olefinic
double bond, followed by a 1,2-phenyl migration to
form a new free radical. This free radical may then
lose a hydrogen atom to form an alkenylbenzene, or
it may abstract a hydrogen to produce an alkylbenz-
ene (steps 10-13).

C C
- 1,2-Ph
PBEIC=C + C----> PhCCCCmrmm- »
(120) 1 * migration
i 6 ©)
ccC
/
PhC
\
c—C CC
@ s A
PhC R -/ -RH
c—C
\. (13
c —R’ '\ hh cc
PhC
CcC
A
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Table |

Reaction op 3,3-Dimethylhexene with Di-i-butyl Peroxide (DTBP)"

Material Amt charged, g (mol) Amt reacted, mol (mol %) Kind' Mol % b Mol %" Yield,d %
c
1
3,3-Dimethylbutene 28.0 (0.33) 0.29 (88.0) Cccccce 58.0 11.6 16.4
DTBP 19.5 (0.133) 0.107 (80.5) 1
c
|
c
t
ccc=cc 18.3 3.7 5.1
C
as lia
Cc
CCcC=CC 8.9 1.8 2.3
¢
C
trans lib
i
CCcCcCC 144 2.9 4.2
th
cc
11
“ Conditions: autoclave, 125-cc capacity; temperature, 140-150°; duration, 3.5 hr. 6Composition of "monomeric” product-
'Based on reacted 3,3-dimethylbutene. dBased on reacted DTBP; assuming 2(CH3)3CO* per mole of DTBP reacted. 'Liquid
product formed (based on converted olefin):  monomeric 20%, di- and polymeric 80%; gas produced, 450 ec (99% methane).
Tabte |l
Reaction of 3-Methyl-3-phenylbutene with Di-i-btjtyl Peroxide (DTBP)"
Amt charged, Amt reacted, e Monomeric Product*----------
Material g (mol X 102 mol X 10“2 (mol %) Kind' Mol % b Mol %" Yield,d %
CcC
/
3-Methyl-3-phenylbutene 11.0 (7.52) 4.27 (56.8) PhC 56.9 6.8 5.7
DTBP 4.4 (3.01) 2.53 (84.1) \
CcC
1
c
cc
/
PhC 43.1 5.1 4.3
\
c=C
c
c
|
PhCCCC Traces
|
C
“ Conditions: temperature, 135-140° duration, 24 hr. 6Composition of “monomeric” product. ' Based on reacted 3-methyl-3-
phenylbutene. dBased on converted DTBP, assuming 2(CH3)3CO- per mole of DTBP reacted. ' Composition of product (based on

hydrocarbon reacted) : monomeric 12%, di-and polymeric 88%.
ethane 3.3%, ethylene and propane 0.2%.

The possible driving force which causes phenyl
migration, step 11, is the greater stability of the ter-
tiary over the secondary free radical.

(-Pentylbenzene.— Commercially available hydro-
carbon was used and purified by means of preparative
glpc to over 99% purity. The apparatus used was the

Gaseous hydrocarbons formed 275 cc; composition, methane 96.5%,

same as described for 3-methyl-3-phenylbutene. The
experimental conditions and results are shown in
Table I1l. The reaction products are assumed to be
formed through steps 14-22. The statistical probability
of forming the primary free radical compared with the
secondary free radical on the /3 carbon atom to the
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Table Il
Reaction of ;-Pentylbenzene with Di-i-butyl Peroxide (DTBP)“
Amt charged, Amt reacted, mol X e Monomeric product®-----------
Material g (mol X 10-2) 10-2 (mol %) Kindé Mol %b Mol % Yield,d %
c
/
f-Pentylbenzene 9.2 (6.20) 0.84 (13.5) PhC 45.9 6.2 8.4
DTBP 3.6 (2.48) 2.26 (91.0) \
C
PhCCCC 34.8 4.7 6.4
|
c
c
PhCCCC 8.9 1.2 18
|
c
¢
|
j0-CCeHrCCC 104 1.4 2.0
|
c
“ Conditions: temperature, 135-140°. 6Composition of “monomeric” product. ¢ Based on reacted ¢-pentylbenzene. i Based on

converted DTBP, assuming 2(CH3)3CO- per mole of DTBP reacted.

Scheme |

AICb, HCI | 1. Bn, NaOH
PhH + CC=CEC-or N T YoT o] of opmmmniiuin >

Cc Cc

1 LiAIHt 1 AcCl

PhCCCOJl-—--- > PhCCCOH-——- >
1 (EtD) 1 (pyridine)
c c

Cc Cc

phéccoac®  phce=c
| 500° |

Cc Cc

phenyl group, steps 14 and 17, is 3:1. The ratio of
the products formed in steps 19 and 16 is 45.9/34.8 =
1.32. From this it can be concluded that the pro-
pensity of the formation of a secondary free radical
relative to a primary free radical is equal to 1.32 X
3 = 4, which corresponds to the values reported in
the literature.8 Both of these two free radicals are
most likely stabilized by the proximity of a phenyl
group through the formation of a phenonium-type
radical intermediate.4

The presence of i-hexylbenzene can be explained by
steps 20 and 21. It is less likely that this compound
could have been produced by the addition of a methyl
radical to 3-methyl-3-phenylbutene, which could have
been generated by the loss of hydrogen from the radi-
cals formed in steps 17 and 20. Such an addition is
usually accompanied by a 1,2-phenyl migration as
demonstrated by step 11.

The aromatic ring methylation, step 22, leading to
the formation of p-i-pentyltoluene, is a scarcely known
reaction under the present conditions.

(8) H. B. Hass, E. T. McBee, and P. Weber, snd. Eng. chem.,
(1935).

27, 1190

eOnly “monomeric” product was formed.

Conclusions

The present study has shown that the expected 1,2-
vinyl migration was not detected in the reactions of
3,3-dimethylbutene and of 3-methyl-3-phenylbutene
with the free radicals generated from di-f-butyl perox-
ide. The reactivity of the above hydrocarbons toward
the free-radical initiator was uniquely the reaction of
their olefinic double bonds toward the attacking methyl
radical. The addition of the methyl radical to the
olefinic bond of 3-methyl-3-phenylbutene is followed
by 1,2-phenyl migration. The free radical induced
reaction of (-pentylbenzene is accompanied by 1,2-
phenyl migration. Methylation of the aromatic ring
leading to p-/-pentyltoluene was also observed.

Experimental Section

Synthesis of Hydrocarbons. 1. 3,3-Dimethylbutene. a. 3,3-
Dimethylbutyl Acetate.— 3,3-Dimethyl-I-butanol9 (102 g, 1 mol)
was allowed to react with 94 g (1.2 mol) of acetyl chloride in the
presence of 158 g (2 mol) of pvrdine at 0°. The acetate thus
obtained amounted to 128 g (89% yield).

b. 3,3-Dimethylbutene.— The olefin was obtained in over
99% purity by passing the acetate at 460° through areaction tube
filled with quartz chips.

2. 3-Methvl-3-phenylbutene. a. 4-Methyl-4-phenyl-2-pen-
tanone was prepared by treating 468 g (6 mol) of benzene with
294 g (3 mol) of mesityl oxide in the presence of 600 g of carbon
disulfide as solvent and 480 g (3.6 mol) of anhydrous aluminum
chloride, according to the procedure described previously.10
The yield of the ketone was 68%, based on mesityl oxide; it
distilled at 130-133° (10 mm), nZd 1.5110.

b. 3-Methyl-3-phenylbutyric Acid.— The ketone obtained
above, 176 g (1 mol), was allowed to react with 479 g (3 mol) of
bromine in the presence of asolution of 330 g (8.25 mol) of sodium
hydroxide in 2.8 1 of water. The yield of the title acid thus
obtained was 75%, bp 160-162° (10 mm).

c. 3-Methyl-3-phenylbutanol was prepared by the reduction
of the 3-methyl-3-phenylbutyric acid, 133 g (0.75 mol), with 36

(9) V. N. Ipatieff, W. W. Thompson, and H. Pines, 5. Amer. chem. soc.,
73, 553 (1951).

(10) V. N. Ipatieff, H. Pines, and R. C. Olberg, ivida., 70, 2123 (1948).
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20 I I
—> PhCCC-----> PhCCCC
! pil |
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c c
ch3 c c [
R- 14 I ~Ph I RH(-R-)
PhCCIIjCH — PhCCC — s- PhCCCC--—----- > PhCCCC
| (—RH) 1 15 ' 16
ch3 C
» C c C Cc C
I  ~Ph I 1 RH(-R) |
— v PhCCC — > PIliC- CC - > PhC- CC
17 |- 19
c

R- 23 |
p-CHIEHACC — > p-CHIL HACC
A

c

g (0.94 mol) of lithium aluminum hydride in 800 cc of anhydrous
ether, according to the described procedure.1 The alcohol which

was obtained in 90% vield distilled at 137-142° (16 mm), NaD

1.6207.

d. 3-Methyl-3-phenylbutyl Acetate.— The acetylation was
made at 0° by the usual procedure employing 110 g (0.67 mol) of
the alcohol, 63 g (0.8 mol) of acetyl chloride, and 140 g (1.8 mol)of
pyridine. The yield of the acetate was 92%, bp 131-133° (10
mm).

e. 3-Methyl-3-phenylbutene.— The acetate was pyrolyzed
at 462° over quartz chips, the conversion per pass being 25-30%.
The recovered acetate was repassed through the pyrolytic tube.
The title hydrocarbon thus produced was over 99% pure.

Apparatus and Procedure.— The experiments were carried out
by the methods already described in the former sections.

The starting materials and the reaction products were analyzed
by vapor phase chromatography using a F & M Model 720 dual
column programmed temperature gas chromatograph.

A “polar” 0.25in. X 10 m column, filled half of its length with
10% GEXF 1100 on Gas Pack W 80/100 and the other half
with 10% Carbowax 20M on the same support, was used alter-
nately with a “nonpolar” 0.25 in. X 5 m column filled with
15% silicone gum SE-30 on 60/80 WAB (White Celite).

The same silicone gum column was used for the analysis, at
room temperature, of the gases evolved during the reactions.

For the separation of reaction products, a 3s in. X 5 m pre-
parative gas chromatography column filled with 12% silicone
550 on Chromosorb P 30/60 was used.

(11) H. Pines and L. Schaap, 3. Amer. chem. s o ¢ 80, 4378 (1958).

c

A 0.25in. X 2.5 m column filled with 18% Carbowax 20M on
Chromosorb P 60/80 was used to determine the amount of
DTBP which was consumed during the reactions. The column
was kept at 40°, the injection port at 90°, and the detector at
300°, in order to avoid the decomposition of the DTBP during
the run, inside the instrument.

As a general procedure, the reaction products were tentatively
identified by comparison of their retention times with known
samples, using the above-mentioned analytical gas chromatog-
raphic columns.

The initial identification trial was followed by separation of
the products with the use of preparative gas chromatography,
and then the indices of refraction, ir spectra, and occasionally
the nmr and uv spectra were taken, analyzed and compared
with those of known samples.

The position of the double bond, which led to the characteriza-
tion of 2-methyl-3-phenyl-I-pentene, was determined with the
help of uv spectroscopy. The spectrum obtained, using a
Cary 14 instrument, showed lack of conjugation between the
aromatic ring and the side-chain olefinic double bond.

Selective hydrogenations using 10% Pd-C as catalyst, in a
Paar microhydrogenator, were carried out to prove the olefinic
character of some reaction products, and also to identify their
structure by comparison of their hydrogenation products with
known, readily available samples.

Registry No.—3,3-Dimethylbutene, 558-37-2; 3-
methyl-3-phenylbutene, 18321-36-3; (-pentylbenzene,
2049-95-8; di-i-butyl peroxide, 110-05-4.
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The mechanism of ethylene oxyehlorination to vinyl chloride (VC1) at 500-550° with an iron oxide containing

catalyst has been established by deuterium labeling experiments.
volving 1,2-dichloroethane (DCE) as the VC1 precursor.

The data are consistent with a mechanism in-
The 2-chloroethyl radical or cation intermediate may

directly contribute to VC1 formation if certain kinetic requirements are satisfied, but neither direct substitution
on ethylene via a vinyl radical nor any mechanism involving ethyl chloride contributes significantly.

The term “oxyehlorination” describes a process
whereby chlorination (usually of hydrocarbons) is
achieved with hydrogen chloride and oxygen in the
presence of a catalyst. These reactions are usually
carried out in the vapor phase using a flow reactor.
The catalysts are usually chlorides (and occasionally
oxides) of metals with variable oxidation states.1
Oxidation of the metal chloride is likely an important
step in this catalytic process. The oxidized metal

2M #Cl,, + 2HC1 + 0.502— > 2M+("+)CI(n+i) + HD

chloride can itself be the chlorinating agent for olefins
at low temperatures (220-320°),2 but, at higher tem-
peratures, these metal chlorides catalyze the equilibrium
among hydrogen chloride, oxygen, chlorine, and water.
Under these conditions, elemental chlorine could be the
important chlorinating agent.3

The use of iron oxide as a catalyst in the oxychlorina-
tion of saturated hydrocarbons has appeared in the
patent literature.la@b However, there are no reports
regarding the mechanism of ethylene oxyehlorination
using this catalyst. Celite (trade name for diato-
maceous earth) is a convenient source of low con-
centrations of iron oxide and was used in our experi-
ments. When impregnated with manganese meta-
phosphate, it is an active catalyst for the oxychlorina-
tion of ethylene to vinyl chloride (VC1l). A 50%
conversion of ethylene with a 60% yield of vinyl chlo-
ride can be achieved at 550°.

The objective of this study was to establish the route
followed by ethylene in its ultimate conversion into
VC1. The three routes which we have considered
are shown in Scheme I. In route 1 we consider the
possibility that ethyl chloride is an intermediate. It
is known that hydrogen chloride readily adds to ethylene
at elevated temperatures. Although the equilibrium
concentration of ethyl chloride is low at 550°,4 it still
must be considered, particularly if this equilibrium
is established rapidly. Subsequent chlorination of
ethyl chloride would likely occur in the 1 position as
shown.5 In route 2 we consider a vinyl radical as
the intermediate in the so-called direct substitution
route. The direct substitution route has been pro-
posed in the chlorination of ethylene to VC1 with

(1) (a) British Patent 1,303,369 (1966); (b) O. Reitlinger, U. S. Patent
2,674,633 (1954); (c) E. Gorin, U. S. Patent 2,451,821 (1948); (d) G. W.
Hearne, U. S. Patent 2,399,488 (1946); (e) A. J. Johnson and A. J. Cher-
niavsky, U. S. Patent 2,746,844 (1956).

(2) (@ R. R. Arganbright and W. F. Yates, 5. org. chem. 27, 1205
(1962); (b) P. P. Nicholas and R. T. Carroll, ivida., 33, 2345 (1968).

(3) W. F. Engel and M. J. Waale, chem. inda. (London), 76 (19G2).

(4) G. Todos and L. F. Stutzman, ind. Eng. chem ., 50, 413 (1958).

(5) P. H. Dirstine and E. L. Dance, U. S. Patent 2,628,259 (1953).

elemental chlorine at elevated temperatures.6 It has
also been proposed in certain oxyehlorination reactions.7
Finally, in route 3 we consider 1,2-dichloroethane
(DCE) and 2-chloroethyl radical or cation as the VC1
precursors.

In this paper are reported two deuterium-labeling
experiments which demonstrate that ethylene follows
route 3 in its conversion into vinyl chloride.

Results and Discussion

If route 1 were operative, then the oxyehlorination
of ethylene with deuterium chloride should produce a
large amount of VCI-d. No less than 66.6% of the
VCL1 should be deuterated even if one ignores the ex-
pected deuterium isotope effect in the dehydrochlorina-
tion step,8 but at 550° with a feed comprising DC1/
CHd4air = 2.5/1/2.5, we obtained only 139 + 1.1%
VCI-d (mass spectroscopy). Most of this, can be
accounted for in terms of hydrogen-deuterium ex-
change in ethylene. Analysis of the unreacted ethylene
showed it to be 20 =+ 0.9% deuterated. These data
clearly rule out any significant contribution of route
L

A choice between the remaining two routes was
made on the basis of the deuterium isotope effects
found in the oxyehlorination of a nearly equal mixture
of ethylene-do and ethylene-d.i. In route 3, only a
slight secondary isotope effect might be expected in
the formation of DCE. Subsequent dehydrochlorina-
tion (kc) by either the radical chain mechanism9 or
possibly a metal-catalyzed E2 mechanism®D should
provide a significant primary deuterium isotope effect.
If VC1 is derived from DCE, then the sum of the deu-
terated DCE and deuterated VC1 should equal the
sum of undeuterated DCE and undeuterated VCI,
but this would not be sufficient evidence to exclude a
contribution from step 7. If this step was much
faster than 2-chloroethyl radical or cation formation
then the above equality would still hold.

A large primary deuterium isotope effect would be
expected in ki of route 2. Therefore a significant
contribution of route 2 to VC1 production would cause
a large difference in the sums of deuterated and un-
deuterated products.

(6) (@ W. E. Vaughan and F. F. Rust, 5. org. chem. 6, 449 (1940);
(b) H. Groll, G. Berkeley, J. Burgin, and D. LaFrance, U. S. Patent 2,167,927
(1939).

(7) K. Nawmbury, G. Schwedler, and G. Emig, chem .-ing.-Tech., 39,
(9, 10), 505 (1967).

(8) D. H. Barton and K. E. Howlett, 5. chem. soc., 169 (1940).

(9) D. H. Barton and K. E. Howlett, ibia., 115 (1949).

(10) H. Woller, Angew. chem.intern. Ed. Eng., 7, 232 (1968).
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Scheme |
c
CHsCH:C1 ~=b CH:==CH:2+ HCI + 050 -fa Lheche
radical or cation
(route 1) (route 2) (route 3)
H
chZ c
1fa
ks k9
CHsCHC1l. — CH=CHCl + HD «— CH:C1CH:C1 (DCE)

The results shown in Table | were those obtained at
550° with a feed comprising HCI/CH4C D4air =
2.5/0.47/0.53/2.5. These data are entirely con-
sistent with the results expected for route 3. The
small differences between the expected and observed
sums of products in Table | can be attributed to the
hydrogen-deuterium exchange in our ethylene mix-
ture (Table Il1). Route 3 is further supported by the
absence of a deuterium isotope effect in ethylene con-
sumption.

Tabte |

Products from the

OXYCHLORINATION OF A C2D 4-C 2H 4 MIXTURE

Deuterium Distribution in

Semmemmmmemnee e Observed------------seeeeeeeeeen Expected route 3—=
[DCE-A [DCE-do [DCE-di [DCE-do

Run [DCE-di/ [VCI-dj/ + + + +
no. DCE-da® VCIl-do]* VCI-di] VCl-do] VCl-dal VCl-do]
1 2.9 0.75 47.9 52.1
2 b 0.85
3 3.2 0.85 50.2 49.8
Av 3.1 0.81 49.1 50.9 52.6' 47.4'

“Traces of VCI-dz2 and -ai, and DCE-cij and -a .;were detected.
b Mass spectroscopy showed DCE sample contaminated. ¢ The
1.9% ethylene-d2 present in our ethylene mixture was not con-
sidered in these values.

Tabite |l

Deuterium Distribution in Unreacted Ethylene®

=Run no.
| 2 3
do 50.5 50.2 48.6
di 15 1.5 2.5
d2 2.0 3.5 0.5
d3 3.0 3.5 3.3
dt 43.0 41.0 44.8

° Starting mixture do = 46.4%; d2 = 1.9%; dt = 51.6%.

The rate of oxychlorination is at least three times
faster than the rate of ethylene-d4 exchange to lesser
deuterated ethylenes. Therefore, this exchange would
not be expected to cause a large deviation from the
expected results.

We can, therefore, conclude that route 3 is likely
the exclusive route in the conversion of ethylene into
vinyl chloride under our conditions. This mech-
anism is analogous to the addition-elimination mech-
anism proposed for the liquid phase chlorination of
benzene.ll Consistent with this conclusion is the

(11) A. S. Rodgers, D. M. Golden, and S. W. Benson, J. Amer. Chem. Soc.,
89, 4578 (1967).

fact that under these conditions, DCE is converted
into VC1 much more rapidly than ethylene.

Experimental Section

General— The chlorinated compounds were analyzed using
an F & M 810 gas chromatograph on a 4 ft X Vis in. column
containing 20% Ucon LB 550X, 60/80 mesh, on Chromosorb It.
Ethylene and CO2 were analyzed on a P.E. 154 gas chromatograph
using a 2 ft X Mis in. column containing 30/60 mesh silica gel.
The oxygen, nitrogen, and CO were analyzed on the same in-
strument with a 1 ft X Ma in- column containing 30/60 mesh
Linde 5A Molecular Sieves. Mass spectra were obtained on a
C.E.C. Model 21-103C.

Apparatus.— The oxychlorination reactions were carried out
ina4in. X 0.25in. Pyrex reactor wrapped with chromel heating
wire. A thermocouple placed in a thermowell extending through
the center of the reactor was connected to a temperature con-
troller. Fisher-Porter and Matheson flowrators were calibrated
and used for the various gaseous feeds. The lecture bottle
containing the deuterium chloride was cooled to —78° to help
to maintain a constant back-pressure as the gas was con-
sumed.

Reagents.— Deuterium chloride (5 1., anhydrous, 99.0% mini-
mum purity) and 2 1 of perdeuterioethylene 99.0% minimum
purity were supplied by Merck Sharp and Dohme of Canada
Ltd. The C:D« was diluted with 2 1. of C2H4 The ethylene
and hydrogen chloride both 99.0% minimum purity were sup-
plied by Matheson Co. The gases were used without further
purification.

The catalyst was a pelletized Celite impregnated with man-
ganese metaphosphate. It was prepared by adding a solution
of 15.4 g (0.07 mol) of MnCl2-4H2 and 26.6 g (0.23 mol) of
HsP04 (85%) to Celite, evaporating the water, and then heating
for 24 hr at 550°. It has a surface area of 4.43 m2/g and a total
pore volume of 3.32 X 10-3 cc/g. Fresh catalyst (20 cc of 4/18
mesh) was used for each experiment.

Procedure.—With air passing through the catalyst bed, the
reactor was heated to within 10° of the desired temperature.
The hydrogen chloride and ethylene were then mixed at room
temperature and immediately introduced into the catalyst zone.
The reaction was run for 15 min to allow the system to equilibrate.
Then the reactor effluent was directed through a scrub flask
containing water, dried, and then passed through the gas chro-
matograph’s sample loops. After the reaction had run for 15
more min, the feed gases were shut off and the gas chromatog-
raphy lines were sealed. A gc sample was taken immediately
for quantitative calculation of the product distribution. After
this analysis was performed, the desired components were iso-
lated by preparative gc and analyzed for deuterium content by
mass spectrometry.

Oxychlorination of Ethylene with Deuterium Chloride.—The
conditions for oxychlorination were as follows: DCI/C:H&air =
2.5/1/2.5; temperature 540-550°; contact time = 7.0 sec.
The products (per cent yield based on ethylene) were CO (34.4);

CO:2 (2.2); VC1 (58.9); 1,1-dichloroethylene (2.2); irans-1,2-
dichloroethylene (1.1); cfs-l,2-dichloroethylene (:1.:); other
samples £3% these results; conversion C2Hs 47.1%; carbon

balance 101.6 %.
Oxychlorination of Ethylene-dOEthylene-d4 Mixture.— The
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conditions for oxychlorination were as follows: HC1/C2H4/C2D4/
air = 2.5/1/2.5; temperature 490-505°; contact time = 7.0
sec at 500°. The products (per cent yield based on total ethy-
lene) were CO (9.7); CO2 (2.4); VC1(61.8); 1,1-dichloroethylene
(3.2); CCl4 (0.8); irans-l,2-dichloroethylene (4.8); cis-1,2-
dichloroethylene (4.8); DCE (9.7); 1,1,2-trichloroethylene
(0.8); 1,1,2-trichloroethane (2.4); other samples * % these
results; conversion (C:Hs + C2D4) 50.7%; carbon balance
90.1%.
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Registry No.— C2D 4 683-73-8; C2H4 74-85-1.
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Catalyzed oxidation of phenols can result in hydroxylations, Diels-Alder coupling, animations, benzoquinones,
diphenoquinones, or polymers, depending on the particular catalyst system employed. We have found that two
catalysts belonging to the salcomine [bis(salicylaldehyde)ethylenediiminecobalt (I1)] family of complexes can
be used to produce selectively 2,6-substituted benzoquinones, 3,3',5,5'-tetrasubstituted diphenoquinones, or

2,("substituted phenylene oxide polymers from several 2,6-substituted phenols.

Conditions favoring the benzo-

quinone formation employ the salcomine monopyridine catalyst in high concentration and low temperature
whereas the diphenoquinone is favored using the (Vbridged salcomine dimer in low concentration and at high

temperature.
bridged salcomine dimer.
02bridged dimer.

The catalyzed autoxidation of phenols is interesting
both in mechanistic studies and in various syntheses.12
Tetraalkyldiphenoquinones (eq 1), polyphenylene
ethers (eq 2), and o-benzoquinones (eq 3) can be selec-
tively prepared by proper choice of catalyst, solvent,
and phenol.3-6

(1) J. L. Bolland and P. ten Have, Discussions Faraday Soc., 2, 252 (3948);
C. E. Boozer, G. S. Hammond, C. E. Hamilton, and J. N. Sen, J. Amer.
Chem. Soc.t 77, 3233, 3238, 3380 (1955).

(2) C. D. Cook, J. Org. Chem., 18, 260 (1953); E. Muller, A. Schick, R.
Mayer, and K. Scheffier, Ber., 98, 2649 (1960); D. A. Bolon, J. Amer. Chem.
Soc., 88, 3148 (1966); H. S. Blanchard, J. Org. Chem., 25, 264 (1960).

(3) A. S. Hay, U. S. Patent 3,210,384 (1965); Chem. Abstr., 64, 174946
(1966).

(4) A. S. Hay, Advan. Polym. Sci.,, 4, 496 (1967); G. F. Endres and
J. Kwiatek, J. Polym. Sci., 68, 593 (1962).

(5) A. Rieche, B. Elschner, and M. Landbeck, Angew. Chem., 72, 385
(1960); H. Musso, Angew. Chem. Intern. Ed. Engl., 2, 723 (1963); W. A.
Waters, “Mechanisms of Oxidation of Organic Compounds,” Methuen Ltd.,
London, 1964.

(6) W. Brackman and E. Havinga, Bec. Trav. Chim. Pays-Bas, 74, 937
(1955).

2,6-Phenylene oxide polymers form when an amine is added to the system catalyzed by the Oo-
Evidence is presented for an equilibrium between a mononuclear salcomine and its
Selectivity of the catalysts may be associated with this equilibrium.

It is probable that the only function of oxygen in
any of these reactions is to reoxidize copper from the
1+ to the 2+ state.78 The suggestion that phenoxyl
radicals are intermediates fails to account for the
dramatic effects that result when the ligands on the
copper catalyst are changed.

Recent work by van Dort and Geursen9and workers
at Dynamit NobelD has shown that copper is not the
only metal that can be used in these reactions. Cobalt,
as a salcomine, 11 produces all three classes of products
(eq 4).

A similar reaction in chloroform gave a 26% yield of
benzoquinone, an 11% yield of polymer, and no de-
tectable diphenoquinone. It is curious that in contrast
to the copper catalyst,&the cobalt catalyst produced
little or no o-benzoquinone even with phenols having
open 2 positions.

Although 13 other examples are given, only 2,6-
diphenylphenol gave all three products. In the other
cases, the benzoquinones were often the only identified
product in yields ranging from 80% for 2,6-di-i-butyl-
phenol to 36% with 2,3-dimethylphenol.

Until recently, nearly all of the interest in salcomines
has been in the area of physical chemistry with sur-
prisingly little emphasis on their chemical reactions,
even though h has been known for about 25 years that
certain salcomines can combine reversibly with molec-

(7) H. Finkbeiner, A. S. Hay, H. S. Blanchard, and G. F. Endres, J. Org.
Chem., 31, 549 (1966).

(8) H. S. Blanchard, H. Finkbeiner, and G. F. Endres, Soc. Plastics Eng.
Trans., 2, 110 (1962).

(9) H. M. van Dort, and H. J. Geursen, Rec. Trav. Chim. Pays-Bas, 86,
520 (1967).

(10) Dynamit Nobel Aktiengesellschaft, Dutch Patent 6,609,843 (1967).

(11) The generic term salcomine has been applied to Schiff base coordina-
tion compounds consisting of salicylaldehyde, cobalt, and an amine. Salcomine
(salco) is bis(salicylaldehyde)ethylenediiminecobalt(ll). The bissalicylalde-
hyde Schiff base ligand is abbreviated as salen.
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Tabte |

Bis(salicylaldehyde)ethyleneidiminecobalt Complexes

No. n Name L R Description Ref
1 1 Salcomine None None Red-brown crystals stable un- 12,a
(salco) der vacuum or N?; reacts at
room temperature with O2
to give (111) (C16H14Co N202;
mol wt, 325.26)
1 1 Pyr-salco Pyr None Red crystals stable in air; 12,a

pyridine can be displaced
thermally to give I; forms
IV reversibly when exposed
to O2 in CHCIs solution
(C2jHioCoN302; mol wt,
404.33)
02-bridged dimer; jet black 12,a

crystals prepared from |
plus O2; O2 can be dis-
placed thermally to give
I (C32H28C02N406; mol wt,

111 2 02-(salco)2 None O2

682.45)
IV 2 (>2>(salco- Pyr 02 Brown solid, poorly charac- a
pyr)i terized; soluble in CHCI3
(C42H3?Co2N&6; mol wt,
840.66)

“ R. H. Bailes and M. Calvin, 3. Amer. Chem. Soc., 69, 1886
(1947); 11 was prepared as described on p 1887; 111 was obtained
from Il by heating at 160° (10-+ mm) for 2 hr.

ular oxygen.12 However, not one bis(salicylaldehyde)-
ethylenediimine complex containing a metal other than
cobalt has been found to be a reversible oxygen carrier.

Table | gives some of the pertinent data that char-
acterize the four compounds of interest. Hereafter,
Roman numerals 1-1V refer to the specific salcomine
designated in Table I.

(12) L. H. Vogt, Jr.,, H. M. Faigenbaum, and S. E. Wiberley, Chem. Rev.,
63, 269 (1963); A. E. Martell and M. Calvin, “Chemistry of the Metal
Chelate Compounds,"” Prentice Hall, Englewood Cliffs, N. J., 1954, pp 337—
352.
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In the work of van Dort and Geursen,9 it is not
clear which catalyst was used (the formula given for

their catalyst is I, but the reference cited for the
method of preparation13is for an alleged aquo dimer
of I).

A number of questions arise concerning the behavior
of the salcomines as catalysts in the oxidation of 2,6-
substituted phenols, viz., (1) do Il and Il lead to
different products or product ratios; (2) what effect
do concentration, temperature, solvent, etc., have on
the oxidation; (3) do nonoxygen carrying bis(salicyl-
aldehyde)ethylenediimine complexes containing metals
like Fe, Mn, Cu, etc., show catalytic activity; and (4)
can other reversible oxygen carriers such as Vaska's
Ir(CO)CI[CaHHFP |24 complex catalyze phenol oxida-
tions.

In order to answer these questions, a series of oxida-
tions was carried out in which phenol, catalyst, solvent,
temperature, catalyst concentration, and concentration
of added amine were varied.

Results and Discussion

The only metal complexes that exhibited appreciable
catalytic activity (50% or more of 2,6-dimethylphenol
oxidized in 24 hr) were the cobalt complexes. Under
the conditions described (Experimental Section), Cull
(salen), Fell (salen), Mn1l (salen), Nill (salen), and
Ir"CO) [(C6HHF]2X (where X = CI, Br, I) were all
inactive as indicated by recovery of essentially all of
the 2,6-dimethylphenol after 24 hr. About 10% of
the phenol was oxidized by VIvO (salen) in the same
time suggesting that the vanadium complex was acting
stoichiometrically rather than catalytically.

The products of the oxidation of the 2,6-substituted
phenols shown in Table Il are predominantly the cor-
responding 2,6-disubstituted benzoquinones (BQ) or
3,3',5,5'-diphenoquinones (DPQ).

Benzoquinone formation is not common in metal-
catalyzed oxidations of phenols. For example, in the
oxidation of 2,6-dimethylphenol with a copper catalyst
(methanol green),7 the DPQ is formed in the total
absence of the BQ® (Table I, expt 17) although the
same catalyst does give both BQ and DPQ when 2-
methyl-6-benzylphenol is oxidized (expt 16). In gen-
eral, for the same concentration of both salcomine
catalysts (based on the gram-atoms of cobalt present),
the pyr-salco catalyst gave higher BP/DPQ ratios for
all of the phenols oxidized than the C2(salco)2 catalyst,
e.g., expt 10, 22, 26, and 8 compared to 4, 21, 25, and
27, respectively. The BQ/DPQ ratio can be altered

(13) H. Diehl and C. C. Hach, Inorg. Syn., 3, 196 (1950).
(14) L. Vaska, Science, 140, 809 (1963).
(15) G. F. Endres and H. Finkbeiner, unpublished results.
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Table Il

Products op the Catalytic Oxidation op 2,6-Substiuuted Phenols6

Expt Temp, Catalyst Conversion,*  J----eee- Amt, 9 g ®
no. 2,6-Phenol °c Solvent Catalyst concn® % Benzo Dipheno bg/dpq
i Me, Bz (benzyl) 50 CHCb 02(salco)2 10:1 100 26.9 57.6 0.47
2 Me, Bz 20 CHC13 02(salco)2 10:1 89 66.9 16.6 4.03
3 Me, Bz 20 CHCU DiehH 10:1 89 82.0 24.0 3.42
4 Me, Bz 20 CHClIs 02(salco)2 20:1 73 58.1 41.9 1.39
5 Me, Bz 20 1.7CHCD 02(salco)2 20:1 75 58.1 441 1.32
6 Me, Bz 20 CHCb-MgSCV 02(salco)2 20:1 70 63.6 40.6 1.57
7 Me, Bz 50 CHClIs Pyr-salco 10:1 76 63.5 25.6 2.48
8 Me, Bz 20 CHCIs Pyr-salco 10:1 71 73.3 9.3 7.88
9 Me, Bz 20 CHCl:-HD Pyr-salco 20:1 71 79.3 8.6 9.24
10 Me, Bz 20 CHCb Pyr-salco 20:1 59 76.8 22.0 3.50
11 Me, Bz 20 CHCla-MgSOP Pyr-salco 2001 64 72.6 12.7 5.72
12 Me, Bz 20 CHCb-NaSOP Pyr-salco 20:1 62 73.7 14.6 5.05
13 Me, Bz 20 CeHe Pyr-salco 20:1 67 84.8 3.9 21.7
14 Me, Bz 20 ceshe o 2-(salco)2 20:1 26 37.6 57.8 0.65
15 Me, Bz 20 CHjolI o 2-(salco)2 20:1 86 43.3 14.9% 2.91
16 Me, Bz 20 CHCIs Methanol greens 20:1 49 19.4 63.0 0.31
17 Me, Me 20 CHCb Methanol greens 20:1 68 0.0 69.2: 0.00
18 Me, Me 20 CHCb Salcomine’ 20:1 93 56.0 53.7 1.04
19 Me, Me 20 CHCb DiehH 20:1 92 59.8 53.4 1.12
20 Me, Me 20 CHCb @ _‘@-}O 10:1 96 69.4 29.9 2.32
21 Me, Me 20 CHCb o 2(salco)2 20:1 85 51.5 43.7 1.18
22 Me, Me 20 CHCb Pyr-salco 20:1 78 81.4 22.5 3.62
23 Me, Me 20 CHCb Pyr-salco 10:1 88 88.6 11.1 7.97
24 Me, Me 20 CHCb o 2-(salco)2 44:1 89 46.3 52.7 0.88
25 ceh § cehs 20 CHCb o 2-(salco)2 20:1 48 43.8 1.3 3.4
26 csh 3 cshs 20 CHCb Pyr-salco 20:1 48 39.6 0
27 Me, CeHs 20 CHCDb o 2-(salco)2 20:1 47 46.2 26.6 2.1
28 Me, CsHse 20 CHCb Pyr-salco 20:1 38 85.6 17.3 4.95
29 Cl, ClI 20 CHCb TPyr-salco or 20:1 No reaction
30 H, H 20 CHCb \o >-(salco)2 20:1 No reaction

° Moles of phenol/gram-atoms of metal in the catalyst. ¢ The oxidations were stopped when the rate of 02 absorption dropped to
0.01 mi/min. In most instances, this occurred about 700 min after the start of the oxidation. c¢Based on per cent conversion. Unless
otherwise noted, only the unreacted phenols, BQ and DPQ, were detected. This does not preclude formation of somewhat higher
molecular weight products that would not be detectable by glpc or tic methods. However, the reaction mixture did not give a pre-
cipitate in CHsOH indicating that high polymer ([] » 0.06 dl/g) was not. present. d Although the method used to make this complex
alleges to give an aquo-bridged binuclear salcomine complex (see discussion), we assumed the product to be salcomine (1) itself, mol wt
325.26. «Used 1.7 times the standard volume (75 ml) of CIIC13 a Drying agent (1 g, anhydrous MgSO, or Na-S04) was added before
the phenol was introduced. ¢ Water (2 ml) was added before the phenol was introduced. s Methanol green is Cu(OCIIs)(Cl)(pyr); see
Experimental Section. ' Active salcomine (1) was stored in N2 and was weighed out rapidly to avoid 0. absorption. ' The remaining
42% is unidentified products, probably resulting from the oxidation of the CHsOll solvent by the catalyst. « The difference between
this value and 100 is the per cent of the recovered, unreacted phenol. 1In addition, a mixture (19%) of the corresponding dimer and

trimer was recovered.

by changing solvent, catalyst concentration (Figure 1),
and temperature (Table I1).

Inspection of Table Il shows that high BP/DPQ
ratios (BQ the major product) are favored by the pyr-
salco catalyst in high concentration (Figure 1) in a
nonpolar solvent (expt 13 vs. 10) and at low tempera-
tures (expt 8 vs. 7). Low BQ/DPQ ratios (DPQ the
major product) are obtained for the 0 2(salco)2catalyst
in low concentration, at high temperatures and in a
nonpolar solvent (expt 14 vs. 4). Changing the solvent
volume by a factor of 1.7 (expt o vs. 4) made no sig-
nificant change. Thus by suitable manipulation of
these variables, the oxidation can be directed to give Figure 1.—A plot of BQ/DPQ vs. catalyst concentration for

high yields of benzoquinone (expt 13) or dipheno- the oxidation of 2,6 -dimethylphenol with (53) pyr-salco and (b)
quinone (expt 1, 14) o >-(salco) 2 and 2 -methyl-s -benzylphenol with (c) pyr-salco and

. . (d) O=(salco)2 Reaction conditions are indicated in Table I1:
The effect of water on the reaction is not understood. expt no. 23 and 24 for a, 20 and 21 for b, = and 10 for ¢, and 2 and

Both the addition of water (expt 9) and drying agents 4for d.

(expt 11,12) increased the BQ/DPQ ratios for 2-methyl-

6-benzylphenol over the values obtained when neither drying agents were not employed routinely in our
was added (expt 10). Since the amount of water studies.

produced by the oxidations should be about the same If N,N,N,,N*-tetramethy]ethylenediamine is added
for all of the phenols investigated (and is in solution), to any of the 02(salco)2catalyzed reaction mixtures
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shown in Table Il (except those containing dichloro-
phenol or phenol), a low molecular weight phenylene
oxide polymer (fo] = 0.06 dl/g) is formed. In pyr-

excess

n OH + nij102

amine

salco-catalyzed oxidations, polymer formation was not
detected. Other workers®D have reported that low
molecular weight polymers can be obtained by salco-
mine-catalyzed oxidation of substituted phenols con-
taining 5 mol % of the corresponding sodium phenoxide
in lieu of an amine.

The rate of oxygen absorption was always slower
initially for the 02(salco)2 catalyst than for the pyr-
salco catalyst. However, the rates of oxygen ab-
sorption became approximately the same after about
50% of the stoichiometric amount had reacted (based
on a 1:1 molar ratio of phenol to 02. A typical set of
rate curves for the oxidation of 2-methyl-6-benzyl-
phenol is shown in Figure 2. These rate curves are
difficult to interpret since the stoichiometry requires
1 mol of oxygen/mol of phenol for benzoquinone
formation and 0.5 mol/mol of phenol for dipheno-
quinone formation. Table Il1l gives the volumes of

Tabile ”I

02Absorbed 100 Min after |nitiation
of Phenol Oxidations

'— Volume of O2absorbed0o— >

Phenol Pyr-salco Oi-(salco)2

2-Methyl-6-benzyl 81 55
2,6-Dimethyl 123 40
2-Methy1-6-phenyl 68 6
2,6-Diphenyl 42 12

* Stoichiometric 02 for only DPQ formed is 120 ml and for only
BQ formed, 240 ml.

02 absorbed in a period of 100 min for several phenols.

The rate of oxygen absorption at 50° was slower for
both catalysts than the rate at 20°. Similar tempera-
ture effects have been observed for the oxidation of
2,6-dimethylphenol using the methanol green cata-
lyst.788 The BQ/DPQ ratio did not change markedly
during the course of the reaction (see Table 1V).

Tabile |V

Changes in the BQ/DPQ Rr atio b rring the Oxidation
ot 2-Methyl-6-Benzylphenol”

Minutes (days) Con-

from start version, JA— Amt, 9f--mmmv BQ/
of oxidation % BQ DPQ DPQ
5 27 52.9 19.5 2.7

20 27 57.5 19.2 3.0

50 44 64.9 21.3 3.3

80 66 69.6 17.2 4.1
400 91 69.8 16.8 4.2

) % 65.1 19.6 3.36

“ Reaction conditions: temp 20°, CHCl1s solvent, O2-(salen):
catalyst, 10:1 catalystconcentration (moles of phenol/gram-atoms
of cobalt). s The decrease in this ratio is due to loss of BQ on
standing rather than an increase in DPQ.

The Journal of Organic Chemistry

Figure 2.—Rate curves for oxidation of 2-methyl-6-benzyl-
phenol catalyzed by (a) pyr-salco and (b) o 2-(salcoy2 complexes.
Reaction conditions are indicated in Table Il, expt no. 4 and 10.

These results along with those of van Dort and
Geursen9show that salcomines are synthetically useful
catalysts for the synthesis of p-benzoquinones and
diphenoquinones and that copper catalysts are far
superior for forming polyphenylene oxide polymers.

It is difficult even to attempt to draw analogies
between the salcomine-catalyzed oxidations and the
more extensively studied phenol oxidations which use
organic peroxides. Different organic peroxides have
been reported to give different BQ/DPQ ratios. Fur-
thermore, the DPQ produced in some of these oxida-
tions has frequently been reported in the “other prod-
ucts” category and was not determined quantitatively.
Therefore, it is impossible to determine if the 02in
02(salco)2 or 02(pyr-salco)2 complexes is behaving
like a “typical” peroxide oxygen. It is unlikely that
the 0 2in these complexes is the only governing factor in
the oxidations since the Vaska complexes are not oxida-
tion catalysts even though the coordinated 0 2 ligands
vary in character (based on the 0-0 bond distance)
from a superoxide (chloro complex) to a peroxide
(iodo complex).

In solution, the apparent molecular weights of
salcomines Il and 111 show a dependence on concentra-
tion (Figure 3) indicating the existence of monomer-
0 2bridged dimer equilibria analogous to that reported
for the salcomine in which R = y,y'-diaminodipropyl-
amine.’6 These equilibria will also be affected by

o 2-(pyr-salco)2 < > 2 (pyr-salco) + o2
o 2-(salcoyz < — 2 (salco) + o 2

changes in temperature and solvent. The quantities of
DPQ and BQ appear to be correlated, respectively,
with the amounts of mononuclear and 0 2bridged dimer
present in the catalyst system (Figures 1 and 3). The
hypothesis that mononuclear complexes give pre-
dominantly or exclusively DPQ and 0 2bridged dimer
complexes BQ is currently being tested.

Experimental Section

I. Reagents.— 2,6-Dimethylphenol was distilled before use.
Reagent grade N,N,N',N'-tetrainethylethylenediamine, chloro-
form, methanol, phenol, benzene, Aldrich 2,s -dichlorophenol and
bis(trimethylsilyl)acetamide, and Eastman White Label diphenyl
ether were used as received. It was shown that the small amount
of ethanol present in reagent grade chloroform did not affect

(16) H.P. Fritz and W. Gretner, Inorg. Nucl. Chem. Lett., 3, 14 (1967).
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Figure 3.— Concentration vs. apparent molecular weight of
(a) salco-pyr and (b) o 2-(saleoy2 in chloroform saturated with
02 The abscissa gives the initial (not equilibrium) concentra-
tions.

the reactions. Salcomine catalysts Il and 11l were prepared
by the method of Bailes and Calvin..z Methanol green [CuPyClI-
(OCH3)] was synthesized by Finkbeiner's method..s The
following complexes were prepared by the method used for pyr-
salco(ll): [Cuu (salen)],19° [Fen (salen)] ,1% [Mnn (salen)] 19
and [Niu(salen)] .IM Billig and Bayer’s synthesis of [VIVO-
(salen)] was employed. Vaska's complexes— Ir(CO)[(CsHs):P]2
X, where X = CI, Br, |—were prepared by the following methods.
For X = Cl,az 3 g of IrCl:-3HD was made into a paste with 2
ml of water. Methylcarbitol (50 ml) was added followed by 20
g of triphenylphosphine. The reaction vessel was flushed with
N2 and heated to reflux. A reflux temperature of 190° was
maintained by allowing water to boil off if the temperature was
too low or by adding more water if it was too high. Reflux was
continued for 3 hr after which the reaction mixture was cooled;
the yellow' crystals were filtered off, washed successively with
methylcarbitol and petroleum ether, and dried at 60° under
vacuum. A 75% vyield (5 g) was obtained. The X = Br, |
complexes were derived from the chloro complex by Halpern’s
method.22 Literature methods are available for the preparation
of 2 -methyl-s -phenylphenol, 232 -methyl-s -benzylphenol, 2zand 2 6 -
diphenylphenol.zs

Il. Oxidations. A. Evaluation of Several Complexes as
Oxidation Catalysts.— 2,6 -Dimethylphenol (1.22g, 0.01 mol) was
dissolved in 100 ml of CHC1s containing 0.005 mol of catalyst.
Oxygen was bubbled through the solution for 24 hr, after which
the reaction mixture was analyzed quantitatively for unreacted
2 ,6 -dimethylphenol by glpc, and qualitatively for the oxidation
products using analytical thin layer chromatography.

B. Oxidation of 2,6-Substituted Phenols.— Sufficient catalyst
to contain 0.0005 g-atom of metal [e.g., 0.00025 mol (0.170 g) of
02-(salco)2 or 0.0005 mol (0.202 g) of pyr-salco] was added to
75 ml of solvent (at 20 + 2°). The reaction vessel was sealed
under o 2 and vigorously stirred with a Vibromixer until the

(17) See Table I, footnote a.

(18) H. L. Finkbeiner, A. S, Hay, H. S. Blanchard, and G. F. Endres,
J. Org. Chem., 31, 554 (1966). Method B for the oxidation of Cu(l) chloride
in methanol.

(19) Co(OACc)2-4H20 was replaced by (a) Cu(0Ac)2-H20, (b) FeCI2*4H 20,
(¢) MnCI2-4H20. (d) Ni(0Ac)2-4H20.

(20) H. J. Billig and E. Bayer, Ann., 580, 155b (1953).

(21) A.J. Chalk, this laboratory, private communication.

(22) J. Halpern, J. Amer. Chem. Soc., 88, 3512 (1966).
(23) J. C. Colbert and R. M. Lacy, ibid., 68, 270 (1946).
(24) P. Schorigin, Ber., 58, 2033 (1925).

(25) J. Plesek, Chem. Listy, 50, 252 (1956).
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oxygen atmosphere was saturated with solvent vapor (about o.s
hr). A solution of 0.01 mol of the phenol in 25 ml of solvent was
added and the oxygen uptake was monitored. In all cases, after
addition of the phenol, the solutions were homogeneous. After
12 hr, or when the rate of o 2 uptake was o.01 ml/min, the re-
action mixture was analyzed. At this stage, there are a few
tenths of a gram of solid in the otherwise homogeneous system.
The solid has a high Co content and is devoid of any phenol,
benzoquinone, or diphenoquinone.

I1l.  Analytical Methods.—The quantitative analysis of 2,6-
dimethylphenol and its oxidation products was achieved by
adding 0.340 g (2 X 10-s mol) of diphenyl ether to the reaction
mixture (as an internal standard) and diluting to 100 ml with
CHCIj. The benzo- and diphenoquinones were catalytically
reduced with H2 (50 mg of Pt02) to the corresponding hydro-
quinones. Bis(trimethylsilyl)acetamides (2 ml) was trans-
ferred to a 10-ml flask and diluted to the mark with the reduced
reaction mixture. The resulting solution of silylated phenols was
chromatographed [(F & M Model 700 gas-liquid partition chro-
matograph, 2 ft 10% silicone rubber UC-W98 column; tem-
perature programmed 100-300° (10°/min)]. All of the com-
ponents were well resolved and reproducible and quantitative
data were obtained. If the reaction mixture were put through the
glpc without first reducing and silylating, quantitative data
could not be obtained since the benzo- and diphenoquinones
decomposed.

All of the other phenols and their oxidation products were
analyzed by preparative thin layer chromatography (Merck
Preparative tlc-SiO2 coated plates) using benzene as the eluent.
The phenols and quinone bands were cut from the plates, ex-
tracted with acetone, and weighed. Both methods give results
that are reproducible to about + 10% of the yields shown in
Table Il. Neither tic nor glpc would necessarily detect higher
molecular weight products than the diphenoquinone.

Eastman Kodak Type K301R chromatogram sheets (SiO:
coated) were used for qualitative thin layer chromatography.
Intrinsic viscosities were determined in CHC1s using a Ubbelohde
viscometer.

IV. Polymerization.— The reaction conditions were identical
with those described in part 11A of the Experimental Section
except for the addition of 0.4 ml (0.004 mol) of N,N,N‘,N"-
tetramethylethylenediamine before the phenol was added. After
12 hr, the solution was poured into 1 :. of methanol containing
5 ml of acetic acid. The precipitated polymer was filtered and
washed with methanol.

Registry No—I, 14167-18-1; 11, 18309-20-1; III,
18309-21-2; 1V, 1587S-97-4; 2-methyl-6-benzylphenol,
1208-45-3; 2-methyl-6-methylphenol, 576-26-1; 2-
phenyl-6-phenylphenol, 2432-11-3; 2-methyl-6-phenyl-
phenol, 17755-10-1.
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ortho,meta, and para partial rate factors for 19 sets of electrophilic aromatic substitution data were correlated with

the extended Hammett equation Qx = aoi,Xx + Aor.xx + h.
of the 19 sets of ortho partial rate factors, 13 out of 15 sets of meta, and 17 out of 19 sets of para.

in the sets studied there is no significant steric effect.

The equality of a, and a,, is accounted for in terms of the geometry of the transition state.
that the resonance effect for ortho substitution is smaller than that for para is in accord with the literature.
composition of the ortho electrical effect may be written eo = 0o/ap =
ortho-para product ratio is given by log (po/2pp) — fi‘ar + h".

solely upon the resonance effect of the substituent.

We have for some time been engaged in investigation
of the effect of ortho substituents upon physical prop-
erties and chemical reactivity. In this paper we ex-
tend our studies to the effect of ortho substituents upon
electrophilic aromatic substitution.1 It has been
suggested by de la Mare and Ridd2on the basis of a
parallelism in the para-meta and ortho-meta product
ratios that the ortho effect in nitration is primarily
electronic in nature. They suggest, however, that
halogenation of orf/io-substituted benzenes is dependent
at least in part on steric effects. We have two purposes
in this work; the first is to determine the validity of the
proposal of de la Mare and Ridd; the second is to in-
vestigate the magnitude and composition of the ortho
electrical effect. To this end, we have examined the
correlation of partial rate factors taken from the litera-
ture for 19 sets of aromatic substitution data with the
extended Hammett equation. The reactions studied

()

include detritiation, nitration, chlorination, bromina-
tion, mercuration, and alkylation. The correlations
were made by multiple linear regression analysis. The
ci constants are taken from our collection;3 the <r
constants are from

Qx = <nx + 0-RX + h

<R= ap— M 2

The necessary avvalues are from McDaniel and Brown%
with the exception of that for the phenoxy group.6
The data used in the correlations are presented in
Table I.

Results

The results of the correlations are presented in
Table II.

ortho Partial Rate Factors—Sets 1, 6, 9, and 15 gave
excellent correlation; the results obtained for set 8 were
very good; set 13 gave good results; sets 10 and 14 gave
fair results. For sets 3, 5, 7, 11, 12, 16, 18, and 19 poor
but significant correlation was obtained. Exclusion
of the value for X = 1 in set 3 gave good results. EXx-
clusion of the value X = NHACc in set 5 gave excellent

(1) L. M. Stock and H. C. Brown, Advan. Phys. Org. Chem., 1, 35 (1963).

(2) P. B. D. dela Mare and J. H. Ridd, "Aromatic Substitution,” Butter-
worth and Co. (Publishers) Ltd., London, 1959, pp 82, 142.

(3) M. Charton, J. Org. Chem., 29, 1222 (1964).

(4) D. H. McDaniel and H. C. Brown, ibid., 23, 420 (1958).

(5) M. Charton, J. Chem. Soc., 5884 (1964).

Significant correlations were obtained for 17 out
We find that
— av and @0 = 0.77(ip.
The observation
The
0.77«,,. These results indicate that the
Thus the ortho-para product ratio is dependent

The results indicate that a,

results. Sets 4 and 17 did not give significant cor-
relation. The results for set 4 were improved by the
exclusion of X = Ph (set 4A). The results for set 2
were not considered significant as a and 0 differed in
sign.

meta Partial Rate Factors.—Excellent correlations
were obtained for sets 1, 5, 6, 8, 12, 13, 14, and 15.
Very good results were obtained for set 16, good
results for sets 17 and 19. The results obtained for
sets 3 and 7 were not significant. The results of sets 2
and 18 are considered to be not significant owing to the
difference in sign between a and i3 Exclusion of the
value X = | gave fair results for set 2.

para Partial Rate Factors.—Excellent correlation was
obtained for sets 1, 6, and 14; sets 8, 12, and 13 gave
very good results. Exclusion of the value X = NHAc
gave excellent results for set 8 (set 8A). Good results
were obtained for sets 2, 15, and 16; exclusion of the
value X = | from set 2 gave excellent results (set 2A).
Sets 3, 5,7,9,10,11,18, and 19 gave poor but significant
correlation. Exclusion from set 5 of the values for
X = NHAc and Ph resulted in an excellent correlation
(set 5A). Sets 4 and 17 did not give a significant cor-
relation; exclusion of the value X = Ph from set 4 gave
some improvement but the correlation remained not
significant (set 4A).

The results seem to show that partial rate factors are
well correlated with eq 1. It is of particular interest
to note that, of the ori/io-substituted sets which gave
poor but significant correlation, five had only four
members. Of the para-substituted sets which gave
poor but significant correlation, five out of seven had
only four members. We believe that, had more data
been available for these sets, the correlation would be
much improved.

Discussion

The ortho Substituent Effect—In addition to the
loalized and delocalized electrical effects characteristic
of any substituent bonded to sp2hybridized carbon
atoms, ortho substituents are also capable in some cases
of proximity effects of various types. We may rep-
resent the effect of ortho substituents by an equation
analogous to that proposed by Taft6 (eq 3), where f is

(©)

(6) R. W. Taft, Jr., in "Steric Effects in Organic Chemistry,” M. S.
Newman, Ed., John Wiley & Sons, Inc., New York, N. Y., 1956, p 565.

Qx = aoi.x + Stex + WX + h
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a parameter characteristic of the proximity effect
of the X substituent and Y is its coefficient. The
proximity effect may consist of any combination of the
following contributions: (1) intramolecular hydrogen
bonding between substituent and reaction site; (2)
intramolecular van der Waals and London forces
between substituent and reaction site; (3) steric in-
hibition of resonance either between reaction site and
skeletal group or substituent and skeletal group or
both; (4) steric interference with solvation; (5)
steric inhibition of the reagent. For our present
purposes we shall make no attempt to dissect the
proximity effect into contributions but simply con-
sider the over-all proximity effect.

We may now consider a humber of special cases of

interest. (1) The proximity effect is zero. In this
case eq 3 simplifies to
QX = aoi.x + Porx + h ()
(2) fx = constant. Equation 3 now simplifies to
ox = ao0'ix + Morx + h 4
where h' = h + Equation 4 is equivalent to
eq 1. (3A)
fX = m<nx + ¢ 5)
Then
Qx= (a + mxp)a\x + Porx + h + ific ()
QX = a ai.X+ Por.x + h* (@)
Equation 7 is equivalent to eq 1. (3B)
fx = mollX + ¢ (8)
Then
Qx = aoix + (B3+ mMM)o-Rx + h
QX = aoi.x+ Por.x + h- (z0)
Equation 10 is equivalent to eq 1. (3C)
fX = moix + norx + ¢ (11)

Then

Qx = (a + m<p)oix + (S+ nr//)oRx + jpc + h (12)

Qx = a'oi + (IVr + h (13)
Equation 13 is again equivalent to eq 1.  (4A) cioi.x =
fikrnx» Hx- Then
QX = aoi.x + Borx + h (1)
(4B) iI'fx = a<7ix = fio-R.x- In this case eq 3 applies.
(4C) tx outi X = fiery,x- Then
QX = Mx + h (14)
(5A) oTiX = 0. Then
QX = Borx + WX + n (15)
(5B) oRx = 0. Then
QX = aoi.x + WX + n (16)
(5C) otiX = @rx = 0- Then
QX = Hx + n @
(6A) (krx = constant.
QX = @ORx + + h (18)

where h' = aoyx + h. (6B) oegX = constant.
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Qx = aoi + (i'fx + n° (19)

where h' = fioriX+ h.
aconstant. Then

(6C) €i,x = aconstant, orx =

Xx=fc + h (20)

where h' = a<r;,x + fidr x + h.

The results of the correlations have shown that the
partial rate factors for ortho substitution are correlated
successfully by eq 1. Then we may exclude cases
4B, 4C, 5A, 5B, 5C, 6A, 6B, and 6C. Thus the prox-
imity effects must be either 0, constant, or a linear
function of or, or, or both. Of the contributions to
the proximity effect we have cited, only the van der
Waals and possibly the London interactions between
reaction site and substituent should lead to a relation-
ship between f and or or or or both. We infer then
that certainly all of the other contributions to the
proximity effect are either constant or zero and that in
accord with the suggestion of de la Mare and Ridd the
effect of ortho substituents upon electrophilic aromatic
substitution is primarily an electrical effect.

Localized ortho Electrical Effect—To make possible
a comparison of a, with ap we have carried out a cor-
relation by means of simple regression analysis. The
results of the correlation are given in Table I11; they
show that the a values are equal for ortho and para
substitution. To account for this observation let us
consider the intermediate in electrophilic aromatic
substitution. In this intermediate (I) positive charges
are located at carbons 2, 4, and 6. If we compare the
oriAo-substituted intermediate with the para-sub-
stituted intermediate (Il) we see that the substituent

+\pc(9)

in each case is adjacent to one charge and about the
same distance from the other two. Thus the localized
effect of the substituent should be the same in the
ortho- and in the para-substituted intermediates as
the geometry is essentially the same. The transition-
state structure will resemble to some extent the struc-
ture of the intermediate. Therefore it is not un-
reasonable to assume that the ortho and para transition
states will have the same geometry and will exhibit
the same localized effect.

The Delocalized Electrical Effect—For purposes of
comparison values of fi0 have been correlated with val-
ues of fip. The results of the correlation are presented
in Table Il1l. The results show that fi0 is = 0.77fip;
that is, the effect of resonance upon ortho substitution
is somewhat less than that upon para substitution.
This result is in accord with arguments presented by
Norman and Radda7 to the effect that the para-sub-
stituted intermediate is stabilized to a greater extent
by resonance than is the o/7/io-substituted intermediate.

Composition of the ortho Electrical Effect. We find
it conventient to describe the composition of the elec-

(7) R. D. C. Norman and G. K. Radda, J. Chem. Soc., 3610 (1961).
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Set Reaction
1 Detritiation
2 Nitration
3 Nitration
4 Nitration
5 Chlorination
6 Chlorination
7 Chlorination
8 Bromination
9 Bromination
10 Bromination
n Bromination
12 Mercuration
13 Mercuration
14 Mercuration
15 Benzylation
16 Ethylation
17 Isopropylation
18 Isopropylation
19 Isopropylation
Set X = F cl Br 1
01 0.13 0.035 0.027 0.043
02 0.0277 0.030 0.253
03 0.115 0.093 0.093 0.304
(071 0.037
05 0.22 0.097 0.084
06 0.222 0.217 0.201
07 0.254 0.236 0.197
08
09 0.217 0.213 0.212
010 0.0851 0.0796 0.0780
011 0.171 0.151 0.131
012 0.53 0.081 0.068
013 0.63 0.075 0.070
014 0.0983 0.0168 0.0126
015 0.203 0.248 0.175 0.256
016 0.364 0.271 0.096
017 0.285 0.177 < 0.116
018 0.343 0.200 0.171
019 0.288 0.149 0.123
Set X F cl Br
ml 0.002 0.002 0.001
m2 0.00084 0.00098
m3 0.0029 0.0040
m4
m5 0.0056 0.0023 0.0032
m6 0.0174 0.0158 0.0144
m7 0.0245 0.0205 0.0135
m8 0.0010 0.00056 0.00053
ml2 0.109 0.058 0.062
ml3 0.040 0.060 0.054
ml4 0.00687 0.00820 0.00954
ml5 0.0043 0.0038
mlé 0.116 0.102 0.087
ml7 0.0145 0.0168 0.0181
ml8 0.0131 0.0237 0.0271
ml9 0.0235 0.0316 0.0383
Set x =F cl Br Me
pi 1.73 0.127 0.072 0.0865 702
p2 0.77 0.130 0.103 0.776 45.8
p3 2.47 0.643 0.526 1.07 3.2
p4 0.77 48.5
p5 3.93 0406 0.310 820
p6 1.26  0.555 0.470 24.2
p7 1.48 0.627 0.480 38.2

Table |

The Journal of Organic Chemistry

Partial Rate Factors for Electrophilic Aromatic Substitution

Reagent Solvent Ref
h2so4 cficozh-hd a
hnos MeNO, a
no,bfa C4HsS02 a
AcONO, AmD a
Cl, AcOH a
Cl, + FeCla MeNO: b
Cl, + AICIs MeNO:2 b
Brz AcOH-H,0 a
Br,(I) + FeCls MeNO, c
Brzin MeNO2 + FeCU MeNO:2 ¢
(Br, + FeCla) in MeNOdU MeNO, c
Hg(OAc), AeOH a, d
Hg(OAc), AcOH a
Hg(0,CCFs)2 cfscoh e
PhCH,CI + AlCia MeNO: a
EtBr + GaBrs C,H4Cl2 a
MeCH=CH:2 + AICls MeNO: £
¢-PrBr + AIClIs MeNO, f
¢-PrBr + FeCls MeNO: £
mortho partial rate factors-
Me Et »-Pr Ph NHAc OMe OPh
541 133
38.9
3.2
46.5 31.4 14.8 41 117
617 450 218 190 6.1 X 106 6.1 X 106
27.5 20.0
34.7
600 465 180 37.5 8.7 X 107
4.46 4.02
15.1
7.42
3.51 0.221
5.71 0.0813 186
3.62 1.96 0.533
4.20 3.12
2.84 0.905
2.70
2.84
2.97
| Me Et »Pr ¢-Bu Ph OMe
0.003 9.2 32
0.0112 1.3 3.7
0.14 0.38
4.95 6.0 0.74
0.932 0.893
1.10
55 6.09 0.3 2.0
1.70 2.58 0.681
2.23 3.41 0.773 1.2
2.55 2.37 2.18 1.97
0.0059 0.43 0.37
1.56 0.695
0.888
0.895
1.03
Et »-Pr i-Bu Ph NHAc OPh OMe OH
863 143
71.6
5.3
57.7 38 2.30
840 650 401 590 252 X 46 X
106 io7
29.6
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St Xx =F cl Br | Me
p8 4.62 0.145 0.0618 2420
p9 3.71 1.67 1.38 4.64
plO 1.45 0561 0.444 11.6
pii 254 0.899 0.699 6.37
pl2 1.87 0.26 0.22 11.2
pl3 298 0.36 0.27 23.0
pl4 151 0.232 0.194 46.9
pl5 0.955 0.721 1.15 10.0
pl6 0.738 0.588 0.433 6.02
pl7 0.778 0.271 0.151 4.56
pl8 0.777 0.254 0.179 4.70
pl9 0.948 0.315 0.242 5.26

Reference 1. b G. A. Olah, S. J. Kuhn, and B. A
Flood, and B. A. Hardie, ibid., 86, 1039, 1044 (1964).

Table | (Continued)
-para partlal rate factors-

Et t-Pr LBU Ph NHACc
1800 1200 806 2920 1.2 X
109
6.13
9.61 4.02
17.2 6.42 277
42.8 39.0 323
7.7
2.23

. Hardie, 3. Amer. Chem. Soc., 86, 1055 (1964).
dAt 90°.

e H. C. Brown and R. A. Wirkkala, ibid., 88, 1456 (1966).
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OoPh OMe OH
1 X 10s 11 X 37X
10° 1012

1.94 2310

»G. A. Olah, S. J. Kuhn, S. H
tG. A.

Olah, S. H. Flood, and M. E. Moffat, ibid., 86, 1065 (1964); G. A. Olah, S. H. Flood, S. J. Kuhn, M. E. Moffat, and N. A. Overchuck,

ibid., 86, 1046 (1964).

Table Il

Results of Correlations with Eq 1

Set —a h
01 9.93 4.75 2.04
02 5.00 -5.20 1.96
03 2.82 0.174 0.360
03A 3.29 1.27 0.188
o4 9.68 8.91 0.379
04A 1.67 1.86 -1.31
05 12.3 15.5 1.11
05A 12.7 15.1 0.838
06 4.33 1.30 1.01
o7 4.66 1.55 1.12
08 6.71 18.0 -1.75
0 2.73 0.769 0.405
010 4.78 1.41 0.770
011 3.67 1.35 0.524
012 4.19 5.42 -0.525
013 5.33 8.21 -0.829
014 5.66 5.16 -0.426
015 2.62 0.731 0.346
016 2.95 2.43 -0.00169
017 2.95 2.10 0.0283
018 2.73 1.90 0.0877
019 3.12 2.26 0.0444
Set ih= ne CLreg"
01 0.339 6 99.5
02 0.208 4
03 0.208 5 90.0
03A 0.0332 4 97.5
04 0.997 6 90.0
04A 0.211 4 90.0
05 1.27 9 90.0
05A 0.785 8 99.5
06 0.0708 5 99.5
07 1.16 4 90.0
08 0.299 5 99.0
09 0.0246 5 99.9
010 0.0627 4 95.0
011 0.0889 4 90.0
012 0.261 5 90.0
013 0.445 6 97.5
014 0.102 4 95.0
015 0.0732 6 99.5
016 0.216 5 90.0
017 0.167 4 90.0
018 0.0697 4 90.0
019 0.0826 4 90.0

mortho partlal rate factors*
pb

Ra rc Sestad sad sDd
0.987 56.59 0.675 0.406 1.06 1.84
0.999 222.8 0.680 0.121 0.388 1.49
0.975 18.93 0.612 0.207 0.566 0.944
0.9998 1041 0.729 0.0286 0.0906 0.169
0.772 2.214 0.934 1.04 5.26 6.58
0.999 186.3 0.952 0.144 0.919 1.21
0.794 5.121 0.649 1.98 3.96 5.91
0.922 14.16 0.646 1.22 2.44 3.63
0.999 462.1 0.805 0.0736 0.213 0.433
0.999 180.0 0.729 0.0996 0.315 0.586
0.996 125.1 0.875 0.322 2.54 1.83
0.9997 1545 0.805 0.0255 0.0739 0.150
0.9996 662.5 0.729 0.0540 0.171 0.318
0.999 183.6 0.729 0.0766 0.242 0.451
0.959 11.54 0.784 0.279 0.879 1.60
0.957 16.19 0.511 0.518 1.17 1.56
0.998 230.3 0.805 0.106 0.308 0.626
0.994 120.2 0.687 0.0909 0.211 0.413
0.956 10.52 0.784 0.232 0.729 1.32
0.991 26.40 0.729 0.144 0.455 0.846
0.998 131.6 0.729 0.0601 0.190 0.354
0.998 119.4 0.729 0.0711 0.225 0.419

ta° c.L.a ttf C.Ly it C.L.i/
9.368 99.0 2.582 90.0 6.017 99.0
12.89 95.0 3.490 80.0 9.420 90.0
4.982 95.0 0.1843 20.0 1.731 50.0
36.31 98.0 7.515 90.0 5.662 80.0
1.840 80.0 1.354 50.0 3.801 95.0
1.817 50.0 1.537 50.0 6.209 80.0
3.106 95.0 2.623 95.0 0.8740 50.0
5.205 99.0 4.160 99.0 1.068 50.0
20.33 99.0 3.002 90.0 14.27 99.9
14.79 95.0 2.645 50.0 0.9655 20.0
2.642 80.0 9.836 98.0 5.853 95.0
36.94 99.9 5.127 95.0 16.46 99.0
27.95 95.0 4.434 80.0 12.28 90.0
15.17 95.0 2.993 50.0 5.894 80.0
4.767 95.0 3.388 90.0 2.011 80.0
4.556 98.0 5.263 98.0 1.863 80.0
18.38 95.0 8.243 90.0 4.176 80.0
12.42 99.0 1.770 80.0 5.726 98.0
4.046 90.0 1.841 50.0 0.0078 20.0
6.484 90.0 2.482 50.0 0.0169 20.0
14.37 95.0 5.363 80.0 1.258 50.0
13.87 95.0 4.394 80.0 0.5375 20.0
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Table Il (Continued)
mmeta partial rate factors-

Set —a ‘a h Ra pb re Seatd® sad s/3d eid
mi 8.41 2.84 0.378 0.997 216.0 0.649 0.221 0.480 0.990 0.185
m2 5.27 -6.03 0.784 0.996 118.8 0.712 0.222 0.578 2.68 0.374
m2A 9.00 12.3 1.73 0.9991 284.1 0.990 0.142 1.93 9.48 1.30
m3 5.32 8.84 2.06 0.993 33.62 0.490 0.225 3.05 15.0 2.06
m5 6.91 2.69 0.0549 0.997 289.0 0.793 0.151 0.405 0.836 0.133
m6 3.79 1.28 0.371 0.9994 897.6 0.805 0.0455 0.132 0.268; 0.0438
m7 3.96 1.81 1 0377 0.995 46.40 0.729 0.159 0.503 0.936~ 0.185
m8 9.15 5.18 0.324 0.995 199.9 0.586 0.234 0.472 0.705i 0.172
ml2 3.37 1.91 0.0985 0.998 441.9 0.793 0.0555 0.149 0.307 0.0489
ml3 3.80 1.58 0.0657 0.989 88.97 0.586 0.151 0.305 0.455i 0.111
ml4 4.83 0.661 0.0313 0.998 540.9 0.834 0.0972 0.253 0.564 0.0868
mio 4.22 1.37 0.761 0.9992 638.2 0.777 0.0596 0.176 0.730i 0.0918
mlé 2.64 1.04 0.0417 0.997 188.9 0.784 0.0585 0.184 0.334 0.0547
ml7 3.47 0.561 0.293 0.99993 3,396 0.729 0.0182 0.0577 0.107 0.0212
ml8 2.93 -0.479 0.137 0.99999 20,325 0.729 0.00716 0.0227 0.0422 0.00831
ml9 2.89 -0.00709 0.132 0.99990 2,627 0.729 0.0184 0.0582 0.108; 0.0213

Set ne C.L.regn taa C.L.al tps C.Ly (h" C.L.h'
ml 6 99.9 17.52 99.9 2.868 90.0 2.043 80.0
m2 5 n.s.'1 9.117 98.0 2.250 80.0 2.096 80.0
m2A 4 95.0 4.663 80.0 1.297 50.0 1.331 50.0
m3 4 90.0 1.744 50.0 0.5893 20.0 1.000 50.0
m5 6 99.9 13.96 99.9 3.218 95.0 0.4128 20.0
m6 5 99.5 28.71 99.9 4.776 95.0 8.470 98.0
m7 4 90.0 7.872 90.0 1.934 50.0 2.038 50.0
m8 7 99.9 19.39 99.9 7.347 99.0 1.884 80.0
ml2 6 99.9 22.62 99.9 6.221 99.0 2.014 80.0
mi3 7 99.9 12.46 99.9 3.473 95.0 0.5919 20.0
ml4 7 99.9 19.09 99.9 1.172 50.0 0.3606 20.0
mio 5 99.5 23.98 99.0 1.876 50.0 8.290 98.0
ml6 5 99.0 14.35 99.0 3.114 90.0 0.7623 20.0
mi7 4 97.5 60.13 98.0 5.243 80.0 13.82 95.0
ml8 4 n.sA 129.1 99.0 11.35 90.0 16.48 95.0
ml9 4 97.5 49.65 98.0 0.0756 20.0 6.197 80.0
pava partial rate factors
Set —a .s3 h Ra pb rc st spd shd
pi 9.02 6.81 1.70 0.987 73.48 0.678 0.373 0.807 1.64 0.280
p2 5.18 2.75 1.12 0.970 23.93 0.649 0.388 0.842 1.74 0.325
pP2A 6.24 5.24 0.728 0.9995 996.6 0.780 0.0613 0.165 0.358 0.0630
p3 1.81 2.16 0.248 0.923 8.661 0.649 0.201 0.436 0.899 0.168
p3A 2.33 3.39 0.0525 0.992 64.93 0.780 0.0771 0.208 0.450 0.0792
p4 6.61 6.84 0.785 0.780 1.555 0.417 0.821 3.89 4.98 0.846
p4A 11.2 14.0 -0.693 0.994 39.89 0.951 0.206 1.28 1.79 0.341
p5 10.9 16.7 -0.0348 0.782 5.512 0.672 1.86 3.54 5.56 1.13
P5A 11.7 17.6 -0.677 0.939 18.69 0.665 1.06 2.03 3.29 0.711
p6 4.00 2.72 0.926 0.998 209.7 0.805 0.0863 0.250 0.508 0.0831
p7 4.26 3.01 0.101 0.998 114.6 0.729 0.0999 0.316 0.588 0.116
P8 14.7 24.7 0.505 0.862 13.06 0.608 2.46 4.21 4.86 1.32
pP8A 16.2 25.8 -0.0545 0.953 39.41 0.613 1.48 2.55 2.94 0.804
P9 1.54 2.05 0.423 0.975 19.18 0.805 0.0889 0.259 0.524 0.856
plO 3.30 2.90 0.550 0.998 103.0 0.729 0.0777 0.246 0.458 0.0902
pii 2.39 2.84 0.342 0.996 57.41 0.729 0.0710 0.225 0.418 0.0824
pl2 4.05 4.41 0.295 0.983 42.62 0.793 0.179 0.479 0.989 0.157
pl3 5.57 8.08 0.324 0.890 11.38 0.603 0.696 1.39 1.81 0.480
pI3A 5.75 8.28 0.133 0.973 45.22 0.604 0.358 0.715 0.930 0.251
pl4 5.49 4.92 0.743 0.993 144.3 0.834 0.158 0.410 0.916 0.141
pl5 2.07 3.56 0.801 0.992 61.56 0.777 0.0968 0.287 1.19 0.149
pI5A 3.77 7.49 -0.0701 0.9992 295.8 0.989 0.0424 0.567 2.38 0.291
plé 2.39 1.44 0.463 0.992 65.06 0.784 0.0825 0.260 0.471 0.0771
pl7 3.40 3.48 0.0672 0.987 19.31 0.729 0.179 0.566 1.05 0.208
pI8 3.35 3.35 0.100 0.995 52.22 0.729 0.108 0.341 0.635 0.125
pl9 3.19 3.18 0.178 0.997 81.32 0.729 0.0822 0.260 0.484 0.0955
Set ne C.L.reg" tac CcC-W ijsr C.Ly th C.h.J
pi 7 99.9 11.18 99.9 4.152 98.0 6.071 99.0
p2 6 97.5 6.152 99.0 1.580 50.0 3.446 95.0
p2A 5 99.5 37.82 99.9 14.64 99.0 11 .56 99.0
P3 6 90.0 4.151 95.0 2.403 90.0 1.476 50.0
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Table Il (Continued)
-
Set ne CLregt 0" c.w CL./ th C.L/h
p3A 5 97.5 11.20 99.0 7.533 98.0 0.6629 20.0
p4 5 90.0 1.699 50.0 1.373 50.0 0.9279 50.0
p4A 4 90.0 8.750 90.0 7.821 90.0 2.032 50.0
p5 10 90.0 3.079 98.0 3.003 98.0 0.0308 20.0
p5A 8 99.5 5.764 99.0 5.350 99.0 0.9521 50.0
p6 5 99.5 16.00 99.0 5.354 95.0 11.14 99.0
p7 4 90.0 13.48 95.0 5.119 80.0 8.707 90.0
PS 12 99.0 3.492 99.0 5.082 99.9 0.3826 20.0
p8A 11 99.9 6.352 99.9 8.775 99.9 0.0068 20.0
p9 5 95.0 5.946 95.0 3.912 90.0 4.942 90.0
plO 4 90.0 13.41 95.0 6.332 90.0 6.098 80.0
pii 4 90.0 10.62 90.0 6.794 90.0 4.150 80.0
pl2 6 99.0 8.455 99.0 4.459 95.0 1.879 80.0
pl3 9 99.9 4.007 99.0 5.464 99.0 0.6750 20.0
pI3A 8 99.9 8.042 99.9 8.903 99.9 0.5299 20.0
pl4 7 99.9 13.39 99.9 5.371 99.0 5.270 99.0
pl5 5 97.5 7.213 99.0 2.992 90.0 5.376 98.0
pI5A 4 95.0 6.649 90.0 3.147 80.0 0.2401 20.0
plé 5 97.5 9.192 98.0 3.057 90.0 6.005 95.0
P17 4 90.0 6.007 80.0 3.314 80.0 0.3231 80.0
pl8 4 90.0 9.824 90.0 5.275 80.0 0.800 20.0
pl9 4 90.0 12.27 90.0 6.570 90.0 1.864 50.0
“Multiple correlation coefficient. 6F test for significance of regression. cPartial correlation coefficient of or on vr. d Standard

errors of the estimate, a, ft, and n. *+ Number of points in set.

of a, ft, and n.

trical effect in terms of the ratio of ft to a. Thus

e = ft/a (21)

Then, for ortho substitution we may write

€ = fto/ota (22)

From the correlation of aOwith ap we obtain a0 = av.
From the correlation of ft, with ft, we obtain 80= 0.77ft.
Then

o= = 0.77ep (23)

ap

< Confidence levels for regression, a, ft, and n.
h Not significant owing to difference in sign of a:and ft.

«« ¢ test for significance

Table 111
Correlation of ao with ap and fto with ftp
ma cb re sd smd te c.L/ 4
A 100 0.515 0.976 0.643 0.0620 16.17 99.9 15
B 0.767 -0.139 0.967 1.37 0.0543 14.13 999 16
* Slope. b Intercept. ¢ Correlation coefficient. d Standard
error of the estimate and of m. * «t test for significance of m

(and of regression). f Confidence level for significance of re-
gression. ONumber of points in the set.

in which /3 was significant we find an average value

For those sets of para partial rate factors studied here tPof 1.15. Exclusion of those sets in which the value
Table IV*
Values of the Ratio p0/2pp

Set F (o] Br | Me Et t-Pr Ph NHAc OMe NO2 cN CHO CFj
R2 0.0476  0.213 0.292 0.321 0.848 0.407 10.7d 4.28* i.06<*

R3 0.0464 0.144 0.176 0.285 1.03

R4 0.0476 0.934 0.452 0.207 0.500

R5 0.0612 0.240 0.414 0.753 0.531 0.333 0.564 0.241 0.133

R6 0.176 0.391 0.427 1.13 0.673

R7 0.171 0.376 0.410 0.908

R8 0.246 0.255 0.149 0.0128 0.00813

R9 0.0556 0.127 0.154 0.961 0.655

R10 0.0556 0.142 0.176 1.30

RI11 0.0675 0.168 0.187 1.16

R12 0.284 0.310 0.307 0.314 0.0551

R14 0.0649 0.0723 0.0651 0.0772 0.0457 0.0137

R15 0.0864 0.248 0.293 0.183 0.418 0.403

R16 0.499 0.504 0.221 0.473 0.405

R17 0.366 0.657 0.769 0.594

R18 0.371 0.589 0.689 0.605

R19 0.362 0.635 0.708 0.564

R20" 0.292 0.349 1.62 0.268 5.87 4.00 265 1.96
R2P 0.0618 0.141 0.269

“ Set numbers refer to Table | unless otherwise noted.
25° (ref 7).  (3-ONCell(SOD)2in PhX at room temperature:
J Reference 7.

Data are from Table | unless otherwise noted.

»CIZCCI,/HCI(VAgCI(V

R. L. Dannley and G. E. Corbett, J. Oorg. Chetn., 31,153 (1966).
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Table V

Results of Correlations with Eq 29

Set e’ h r
R2 2.48 0.191 0.800
R2A 4.02 0.359 0.968
R3 3.13 0.0344 0.891
R4 1.25 -0.142 0.498
R4A 3.40 0.254 0.955
R5 1.96 -0.0639 0.894
R5A 2.10 -0.00656 0.917
R6 1.96 0.116 0.935
R7 2.01 0.116 0.970
R8 2.71 -0.677 0.677
R8A 3.63 -0.203 0.9995
R9 3.29 0.117 0.911
R10 3.57 0.242 0.888
RII 3.22 0.186 0.893
R12 -1.01 -0.899 0.431
R12A 0.122 -0.483 0.973
R14 -0.786 -1.47 0.375
R15 1.59 -0.298 0.855
R15A 1.92 -0.173 0.996
R16 -0.201 -0.442 0.189
R17 0.770 -0.0397 0.794
R18 0.722 -0.0723 0.881
R19 0.706 -0.0757 0.791
R20 2.10 0.280 0.889
R20A 3.30 0.345 0.958
R21 1.85 -0.372 0.995

of h was significant gives an average value of e, of
1.27.

The ortho-para Ratio in Electrophilic Aromatic

Substitution.—From the definition of partial rate
factors we may write
fo= fggxX 6 X po 4)

X ~ fgHX 2 X 100

where p,, is per cent ortho substitution and /cPhx and
foohH are rate constants for the substituted benzene

and benzene itself. Similarly
fohx X 6 X pP
fqhH X 100 (25)
From eq 1we may write
logfx® = a<rix + [3otrx + hO (26)
log/xp = cipnx + PRIRx+ hp @

Then

I0g (% ) =10g (fe)x = (“°" “")rix +
08 —&\Vrx + (0—hp (28)

Now as a0 — apand ft0 = 0.77/3" we write

log 0233jtrx + hr —P'irx + ' (29)

where h — ho — hv. In the general case h' will equal
Zero.

To provide a test of eq 29 we have correlated it with
all of the available data. The data used are set forth

in Table 1V. The results of these correlations are

t S n n CL
3.528 0.453 0.702 9 99.0
8.605 0.222 0.468 7 99.9
3.392 0.257 0.924 5 95.0
1.148 0.485 1.09 6 50.0
4,535 0.228 0.751 4 95.0
5.276 0.164 0.372 9 99.0
5.614 0.158 0.374 8 99.0
4.584 0.122 0.427 5 98.0
5.602 0.0889 0.358 4 95.0
1.593 0.620 1.70 5 50.0

30.14 0.403 0.120 3 95.0
3.837 0.246 0.857 5 95.0
2.732 0.324 1.31 4 80.0
2.800 0.286 1.15 4 80.0
0.827 0.346 1.23 5 50.0
5.910 0.00560 0.0226 4 95.0
0.808 0.295 0.973 6 50.0
3.300 0.146 0.483 6 95.0

18.36 0.0300 0.105 5 99.9
0.333 0.170 0.603 5 20.0
1.844 0.104 0.417 4 50.0
2.635 0.0680 0.274 4 80.0
1.831 0.0957 0.386 4 50.0
4.760 0.265 0.440 8 99.0
6.644 0.177 0.497 6 99.0

10.16 0.0443 0.182 3 90.0

given in Table V. The results for set R2 were sig-
nificantly improved by the exclusion of the value for
X = OMe and CHO (set R2A). Significant cor-
relation was obtained for set R4 on the exclusion of
X = OPh and i-Pr (set R4A) and set R8 on the ex-
clusion of X = Ph and i-Pr (set R8A). As set 8A
has only three points, two of which are alkyl groups,
its value is doubtful. Exclusion of the point for X =
Ph (set R12A) gave a significant correlation for set 12.
Exclusion of the value for X = 1 from set R15 gave an
excellent correlation (set R15A). Elimination of the
points for X = CF3and X = OMe (set R20A) gave
some improvement in the correlation for the set R20.
It is noteworthy that the values of h' are not sig-
nificantly different from zero.

Of 19 sets studied 12 gave significant correlation.
All of the sets with eight or more members gave ex-
cellent correlation. We believe that, although the
results are not absolutely certain, they do tend to
support the validity of eq 29.

Steric Effects of ortho Substituents.—For most of
the substituents studied, the substituent effect can be
accounted for in terms of electrical effects as noted
above. Certain substituents consistently (or often)
show deviations suggestive of steric effects. These
substituents include i-Bu, f-Pr, CF31, and occasionally
Ph.

Preformed Substituting Reagents.—Of the 19 sets
studied in this paper eight are based on the work of
Olah, et al.f who have used the so-called preformed
substitution reagents. A referee has pointed out
that this work has been criticized as the relative rates

(8 Table I, foototes b, ¢, and/.
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and thus the partial rate factors may be controlled by
the rate of mixing and diffusion of the reagents. If
this were indeed the case we would expect no correla-
tions for Olah’s data or at the very least entirely dif-
ferent behavior for these sets. This is apparently not
the case. There seems to be no difference in behavior
between Olah’s data and the other sets studied.

Variation of ortho Substitution with Reagent.—
Equation 29 predicts that for a constant substrate,
e.g., toluene

g (¢ ) X=mw + h* (30)

Cyclopropylcarbinyl 3.5-Dinitrobenzoate Solvolysis 285

where
m' = —0.230r x (31)

Thus the variation of the ortho-para ratio with reagent
should be a linear function of for any given sub-
strate. Equation 30 does not seem to be obeyed.
We may perhaps account for this at least in part in
terms of a steric effect of the reagent which is constant
throughout a set of substituted benzenes but varies
from one reagent to another. The small value of m’
expected for mcst substituents suggests that the pre-
dominant effect of the reagent may well be steric.

Cyclopropylcarbinyl 3,5-Dinitrobenzoate Solvolysis.
1-Ring Substituent Effect Study

Donald D. Roberts

Department of Chemistry, Louisiana Polytechnic Institute, Ruston, Louisiana

71270
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The solvolysis rates of the 3,5-dinitrobenzoate derivatives of cyclopropylcarbinol (3-H), 1-methyleyclopropyl-
earbinol (3-Me), 1-phenylcyclopropylcarbinol (3-Ph), 1-p-anisylcyclopropylcarbinol (3-An), cyclobutanol (4-H),
1-methyleyclobutanol (4-Me), and 1-phenylcyclobutanol (4-Ph) have been determined in 50 vol % aqueous di-

oxane.
tosylate derivatives.
geometry and charge distribution.

In a recent paper,la rationale was advanced ex-
plaining the insensitivity of the rate of solvolysis of
cyclopropylcarbinyl tosylate to 1-ring substituents, in
terms of a molecular reorganization mechanism (Scheme
1) paralleling the solvolysis mechanism of similarly
substituted allylcarbinyl tosylates. The lack of sub-

Scheme |
R R
aft\ st
VACROY -~ CH~ "
T

[intermediates]+ OY

stituent effect upon solvolysis rate was attributed to a
homoallyllike transition state, Tj, while the exclusive
formation of ring expanded products was accommodated
by a subsequent but greater structure reorganization,
leading to a tertiarylike carbonium ion eventually
captured by solvent.

That a poorer leaving group in a solvolysis reaction
will generate a transition state with less charge de-
velopment but with greater orbital reorganization is a
generally accepted postulate.2 Furthermore, it is well

(1) D. D. Roberts, J. Org. Chem., 33, 2712 (1968).

(2) (@' A. Streitwieser, Jr., “Solvolytic Displacement Reactions,” Mc-
Graw-Hill Book Co., Inc., New York, N. Y., 1962, pp 67, 72; (b) H. M. R.
Hoffman, J. Chem. Soc., 6762 (1965); (c) E. R. Thornton, J. Amer. Chem.
Soc., 89, 2915 (1967); and (d) C. J. Frisone and E. R. Thornton, ibid., 90,
1211 (1958).

The relative first-order rates were found to parallel closely those for the acetolysis of the corresponding
The implications of this solvolytic behavior are discussed in terms of transition-state

established by the extensive work in the linear free-
energy field3 that substituent effects respond to vari-
able charge development in classical SNI-type reactions.
On the other hand, there is increasing evidence4against
a simple extension of substituent effects in classical
ion formation to nonclassical ion formation. Accord-
ingly, based upon the slight influence of y substituents
upon the reactivity of allylcarbinyl substrates,4d one
would predict little substituent effect dependency upon
leaving group in the solvolysis of 1-ring-substituted
cyclopropylcarbinyl derivatives.

As a test of this thinking, the solvolytic behavior of
seven cyclopropylcarbinyl 3,5-dinitrobenzoate deriva-
tives was studied. The selection of leaving group was
dictated by several considerations: (a) relative to
tosylates, much more slowly ionizing 3,5-dinitrobenzo-
ates -would afford a more rigorous test of the proposed
insensitivity of the transition state to 1-ring substitu-
ents; (b) high-purity substrates could be prepared with
good room-temperature stability; and (c) f-cyclobutyl
derivatives could be synthesized which would permit
an assessment of the substituent effect upon the pro-
posed intermediate capture by solvent.

Results and Discussion

The kinetic data are summarized in Table I. Each
of the esters was allowed to solvolyze in 50 vol % aque-

(3) J. E. Lefflerand E. Grunwald, “Rates and Equilibria of Organic Reac-
tions,” John Wiley & Sons, Inc., New York, N. Y., 1963, Chapter 7.

(4) (a) R. A. Sneen, J. Amer. Chem. Soc., 80, 3982 (1958); (b) E. J. Corey
and H. Vda, ibid., 85, 1788 (1963); (c) H. C. Brown, F. J. Chloupek, and
M. H. Rei, ibid., 86, 1246 (1964); (d) K. L. Servis and J. D. Roberts, ibid.,
87, 1331 (1965); and (e) M. Nikoletic, S. Borcic, and D. E. Sunko, Tetra-
hedron, 23, 649 (1967'.
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Table |

Summary of Solyolysis Rates for Organic
3,5-Dinitrobenzoates in 50 Vol v Dioxane

Temp, k® 107 A
Compound °C sec-1 kcal/mol  AST, eu
70.0 0.44 26.9 -14
80.0 1.50
H-2r HODNB 90.0 4.45
100.0 11.1
70.0 2.58 25.4 —15
Ph-~-CHODNB 80.0 7.50
3ph 90.0 21.4
100.0 55.5
70.0 0.61 23.2 -24
Me y~-CH.ODNB 80.0 1.50
IMe 90.0 4.44
100.0 9.73
70.0 0.86 24.2 -20
p-An-y~~CH/)DNB 80.0 2.42
AR 90,0 6.66
100.0 15.82
H-~ODNB
90.0 1.39
4H
MerOON B 70.0 1.97 24.3 -17
80.0 5.28
4 Me 90.0 14.15
100.0 37.50
PhAODNE 60.0 700 224 -11
o 70.0 1,860
4Ph 80.0 5,400
90.0 12,100
(CH3ZCH2ODNB 90.0 0.36
5
(CH33ODNB 70.0 75 28.7 2
6 80.0 270

90.0 810

a The uncertainties varied from 0.5 to 1.8 standard deviation
units from the mean.

ous dioxane and the course of reaction was followed by
titrating the liberated 3,5-dinitrobenzoic acid. The
reactions followed strictly first-order kinetic law up to
at least 75% conversion and most furnished, within
experimental error,6 100% of the theoretical amount of
acid present. That cyclopropylcarbinyl 3,5-dinitro-
benzoate derivatives hydrolyze by an uncatalyzed,
alkyl-oxygen fission reaction has been established by
Selllever's work.6 Additional support for this conclu-
sion is evidenced in this work by the strict adherence
of the rates to first-order kinetics, and the enhanced
reactivity of the tertiaiy substrates.7

In Table 11, the relative rates of selected 3,5-dinitro-
benzoate and tosylate derivatives are listed. It is
readily apparent that the 1-ring substituent effect is
nearly insensitive to leaving group. This finding is
even more marked when one notes that the ~ 500,000-
fold difference in reactivity between the 3,5-dinitro-
benzoate series and the tosylate series is equivalent to
an approximately 9 kcal/mol difference in AAF*.
As shown diagrammatically in Scheme 11, a AA/(+
value of this magnitude would reflect greater orbital

(0) The more slowly reacting cyclobutyl and isobutyl 3,5-dinitrobenzoates

were followed only up to 20 and 10% reaction, respectively.

(6) P.von R. Schleyer and G. W. Van Dine, J. Airier. Chem. Soc., 88, 2321
(1966).

(7) The relative rates are 4-Ph, 450,000; 6, 3000; 4-H, 5.2; 5, 1.0.
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Scheme |l

change for the 3,5-dinitrobenzoate series and, therefore,
to the extent that the substituent effect is dependent
upon orbital type and/or geometry, a significant change
in the relative rate values listed in Table 11 would be
expected. The fact that this is not the case is con-
sistent with mechanism proposed in Scheme 1.

Table Il

Relative Solvolysis Rates of Cyclopropylcarbinyl
and Cyclobutyl Derivatives

ferela kre\b'c
Compound (X = ODNB) (X = OTS)
H-~-CH,X
1.0 1.0
3H
M e-~-CK X 4.9 4.9
3-Me
Ph 5T CHx 1.0 2.0
3-Ph
p-An—22~CH; X 1.5 3.1
3-An
H™ 0.31 0.008*
4H
Menr/~ X 3.2
4-Me
27,000
4-Ph
(CH3ZTHCH2X 0.06
5
(CH3 180

“ Relative rates in 50 vol % aqueous dioxane at 90°. hRelative
rates in acetic acid at 30°. e Taken from data of ref 1. d Relative
rate in acetic acid at 90°, taken from data of H. C. Brown and
G. Ham, J . Ainer. Chem. Soc., 78, 2735 (1956).

Examination of the relative rate data for the sub-
stituted cyclobutyl compounds is also instructive.
Although a methyl group produces only a small rate
acceleration, the response to the 1-phenyl substituent
reveals the greater stability of the benzyllike cation
compared to the nonclassical carbonium ion proposed8
for the four-membered ring. This result clearly demon-
strates that the transition state for the solvolysis of 3-Ph
has little resemblance to the 1-phenylcyclobutyl cation.

Interpretation of activation parameters in a mixed
solvent system is difficult;9 however, the limited struc-

(8) R. H. Mazur, W. N. White, D. A. Semenow, C. C. Lee, M. S. Silver,
and J. D. Roberts, ibid., 81, 4390 (1959).
(9) See ref 3, p 397 if.
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tural difference between isomeric substrates minimizes
solvation differences. The kinetic data reveal that
the ionization of 4-Me is moderately influenced by
methyl group assistance. Roberts has speculatedD
that the ionization of 1-methylcyclobutyl chloride is
accompanied by significant but not complete reduction
of bicyclobutonium ion character. In view of this
reduced molecular reorganization, it is not unexpected
-that the partitioning of the free energy of activation for
4-Me is similar to that for 3-Me (see Table I).

On the other hand, the kinetic data reveal that the
ionization of 4-Ph is greatly influenced by phenyl
group assistance, suggesting a transition state with
appreciable benzyl ion character, while the ionization of
3-Ph is unassisted by the phenyl group, supporting a
transition state with considerable homoallylic ion char-
acter. It is, therefore, to be expected that 3-Ph would
ionize with a greater decrease in AS* than 4-Ph. The
entropy values reported in Table I for the hydrolysis of
3-Ph and 4-Ph are in accord with these suggested differ-
ences in transition-state structure.

Experimental Section

Melting points were not corrected for stem exposure and were
taken on a Mel-Temp apparatus. Spectra were determined on a
Varian A-60A spectrophotometer. All microanalyses were per-
formed by Galbraith Laboratories, Knoxville, Tenn.

Cyclopropylcarbinyl 3,5-Dinitrobenzoate (3-H).— Recrystal-
lized 3,5-dinitrobenzoyl chloride (4.62 g, 20 mmol) was added
in 10 min to a solution of cyclopropylcarbinol (1.48 g, 20 mmol)
in 15 ml of pyridine (Baker Analyzed Reagent) maintained at
0°. After standing 2 hr at room temperature, the yellow mixture
was poured, with vigorous stirring, into 70 ml of ice water. The
resulting ester was collected by filtration, stirred 20 min with 100
ml of 10% sodium carbonate solution, recollected by filtration,
and air dried to yield 2.8 g (53%) of crude ester (rnp 99-102°).
Three recrystallizations from 4:1 petroleum ether (bp 30-60°)-
benzeue gave the ester 3-H: mp 100-101° (lit.1 mp 101.2-
101.4°); nmr (CCh) 30.6 (complex multiplet, 5 cyclopropyl H),
4.3 (d, 3 = 8 Hz, 2 methylene H), and 9.1 ppm (m, 3 aryl H).

1-Methylcyclopropylcarbinyl 3,5-dinitrobenzoate (3-Me) was
prepared from 1-methylcyclopropylcarbinoll2 as described above
in 57% vyield: mp [after three recrystallizations from 4:1
petroleum ether (bp 30-60°)-benzene] 85-86° (lit.13 mp 85.5-
85.7°); nmr (CCh) 3 0.58 (m, 4 cyclopropyl H), 1.38 (s, 3
methyl H), 4.27 (s, 2 methylene 11), and 9.1 ppm (m, 3 aryl I1).

1-Phenylcyclopropylcarbinyl 3,5-dinitrobenzoate (3-Ph) was
prepared from 1-phenylcyclopropylcarbinoll4 as described above
in 68% vyield: mp [after three recrystallizations from 2.3:1
petroleum ether (bp 30-60°)-benzene] 106-107°; nmr (Celle)
50.97 fs, 4 cyclopropyl I1) and 4.38 ppm (s, 2 methylene H).

Ana!. Caled for C,LH,ND6 C, 59.65; H, 4.12; N, 8.18.
Found: C, 59.83; H, 4.02; N, 8.19.

1-p-Anisylcyclopropylcarbinyl 3,5-dinitrobenzoate (3-An) was
prepared from 1-p-anisylcyclopropylcarbinoll as described above
in 73% vyield: mp [after three recrystallizations from 2.3:1

(10) E. F. Cox, M. C. Caserio, M. S. Silver, and J. D. Roberts, J. Amer.
Chem. Soc., 83, 2719 (1961).

(11) J. D. Roberts, and R. H. Mazur, ibid., 73, 2509 (1951).

(12) D. D. Roberts, J. Oorg. Chem., 31, 2000 (1966).

(13) S. Siegel and C. . Bergstrom, J. Amer. Chem. Soc., 72, 3815 (1950).

(14) J. W. Wilt and D. D. Roberts, J. Org. Chem., 27, 3430 (1962).
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petroleum ether (bp 30-60°)-benzene] 89-90°; nmr (Celle) 8
0.88 (s, 4 cyclopropyl H), 3.57 (s, 3 methoxyl H), and 4.28 ppm
(s, 2 methylene Hi.

Anal. Calcd for 'Cy3»N2XQrt C, 58.00; H, 4.32; N, 7.56.
Found: C, 58.21; H, 4.29; N, 7.40.

Cyclobutyl 3,5-Dinitrobenzoate (4-H).— Cyclobutanol (1.45 g,
20 mmol) was added rapidly to a solution of 3,5-dinit-robenzoic
acid (4.24 g, 20 mmol) and p-toluenesulfonyl chloride (7.63 g,
40 mmol) in 130 ml of pyridine (Baker Analytical Reagent grade)
cooled in an ice-water bath. After 1 hr at ice-water bath tem-
perature, the mixture was hydrolyzed by addition to 400 ml of
ice-water with vigorous stirring. The resulting ester was sepa-
rated by filtration, stirred 20 min with 100 ml of 10%, sodium car-
bonate solution, reseparated by filtration, air dried, and recrystal-
lized from 2.5:1 petroleum ether (bp 30-60°)-benzene to yield
3.0 g (56%) of the ester (mp 105-107°). Three additional re-
crystallizations yielded the analytical sample of 4-H (mp 108-
109°).

Anal. Calcd for C,H,,HD6 C, 49.63; H, 3.78; N, 10.52.
Found: C, 49.81; H, 3.81; N, 10.50.

1-Methylcyclobutyl 3,5-dinitrobenzoate (4-Me) was prepared
from 1-methylcyclobutanol12 as described above for 4-H in 82%
yield: mp [after three recrystallizations from 2.5:1 petroleum
ether (bp 30-60°)-benzene] 133.0-133.5°; nmr (CHC13) 8
1.72 (s, 3 methyl H), and 2.0 and 2.4 (m, 6 cyclobutyl II), and
9.1 ppm (m, 3 aryl H).

Anal. Calcd for C,HIND6 C, 51.43; H, 4.31;
Found: C, 51.42; H, 4.50; N, 9.79.

1-Phenylcyclobutyl 3,5-dinitrobenzoate (4-Ph) was prepared
from I-phenylcyclobut,anol2 as described previously for 3-H in
50% yield: mp [after three reerystallizations from 3:1 petroleum
ether (bp 30-60°[-benzene] 107-108°; nmr (C6lI6) 3 1.6 (com-
plex multiplet) and 2.6 ppm (complex multiplet).

Anal. Calcd for CnHnNnN2D 6 C, 59.65; H, 4.12; N, 8.18.
Found: C, 59.85; 11, 4.09; N, 8.18.

Isobutyl 3,5-dinitrobenzoate (5) was prepared from isobutyl
alcohol as described previously for 3-H in 86% yield: mp [after
recrystallization from 6:1 petroleum ether (bp 30-60° [-benzene]
85.5-86° (lit.l5mp 86°).

¢-Butyl 3,5-dinitrobenzoate (6) was prepared from ¢-butyl
alcohol as described previously for 4-H in 55% yield: mp [after
recrystallization 6:1 petroleum ether (bp 30-60°[-benzene]
142-143° (lit.1lbmp 142°).

Rate measurements were accomplished by the ampoule
technique. The titrating solution was 0.020 N sodium hydroxide
and the indicator was bromothymol blue.

Solvent.— Dioxane was purified according to method of
Fieser.17

Treatment of Kinetic Data.— The activation parameters were
obtained by IBM 1620 computer regresson analysis of In k/T
vs. 1/T.

Registry No.—3-H, 10364-97-3; 3-Me, 10364-98-4;
3- Ph, 18592-76-2; 3-An, 18592-77-3; 4-H, 18592-78-4;
4- Me, 18592-79-5; 4-Ph, 18592-80-8; 5, 10478-01-0;
6, 5342-97-2.

N, 9.99.
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(15) R. L. Shriner, R. C. Fuson, and D. Y. Curtin, “The Systematic
Identification of Organic Compounds,” 4th ed, John Wiley & Sons, Ine.,
New York, N. Y., 1956, p 280.

(16) 3. H. Brewster and C. 3. Ciotti, J. Amer. Chem. Soc., 77, 6214 (1955).

(17) L. F. Fieser, ‘“Experiments in Organic Chemistry,” 3rd ed, D. C.
Heath and Co., Boston, Mass., 1957, p 285.
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The reactions of lead tetraacetate with 2-cyclohexylethanol, 3-eyclohexylpropanol, 2-cyclopentylethanol, and
3-cyelopentylpropanol were studied to determine the stereochemistry of the tetrahydrofurans formed. The
oxidation of 2-cyclohexylethanol yielded both cis- and frans-7-oxabicyclo[4.3.0]nonanes, while 2-cyelopentyl-

et.hanol yielded only the cis isomer of 2-oxabicyclo [3.3.0] octane.

The oxidation of 3-cyclohexylpropanol yielded

an oxaspiran, I-oxaspiro[4.5]decane, in low yield, while the oxidation of 3-cyclopentylpropanol yielded a satu-

rated oxaspiran, 1-oxaspiro [4.4] nonane, and an unsaturated oxaspiran, 1-oxaspiro [4.4] non-6-ene.

The oxymer-

curation-demercuration of 2-(2-cyclohexenyl)ethanol (18) and 2-(2-cyclopentenyl)ethanol (19) yielded iso-
merically pure m-7-oxabicyclo[4.3.0]nonane (2) and cis-2-oxabicyclo[3.3.0]octane (9).

In 1959 Jeger and his coworkers3treated pregnane-
3/3,20/3-diol-3-acetate with lead tetraacetate and ob-
tained a cyclic ether. Various steroids were sub-
sequently treated with lead tetraacetate (LTA),
yielding tetrahydrofurans in up to 50% yield.%

Micovic, et al.,6 later discovered that treatment of
saturated aliphatic alcohols with lead tetraacetate
yielded tetrahydrofurans in up to 50% yield, ac-
companied by minute amounts of tetrahydropyrans.
The oxidation of optically active (4R)-4,8-dimethyl-
nonanol by Jeger and his coworkers6 led to racemized
tetrahydrofurans, indicating that the reaction in-
volved either a free-radical or carbonium-ion inter-
mediate. The ion or free-radical character of this
intermediate has not as yet been conclusively estab-
lished.

While the work by Jeger’'s6group indicated that the
reaction proceeds through an intermediate capable of
inversion, no attempt to correlate ring strain and
product formation has been made previously. The
systems we have chosen afford the opportunity to
determine the stereochemistry of tetrahydrofuran ring
formation and to study the reaction in relation to the
geometry of the starting materials.

Results

The alcohols were treated with lead tetraacetate
from a 1:1 to a 1:2 (ROH:LTA) molar ratio in re-
fluxing benzene from 11 hr to 2 days. The composition
of the products was determined by gas chromatography
and products were identified by comparison of their
ir and nmr spectra and retention times on a gas chro-
matograph with those of authentic samples. The re-
sults are summarized in Scheme I.

(1) (a) Part V: S. Moon and P. R. Clifford, 3. org. Chem, 32, 4017
(1967). (b) Acknowledgment is made to the donors of the Petroleum Re-
search Fund, administered by the American Chemical Society, for partial
support of this research.

(2) NASA Trainee, 1964-1967.

(3) G. Gainelli, M. L. Mihailovic, D. Arigoni, and O. Jeger, Hdv. Chim.
Acta, 42, 1124 (1959).

(4) For leading references, see R. Criegee, “Oxidation in Organic Chemis-
try," part A, K. B. Wiberg, Ed., Academic Press, New York, N. Y., 1965,
pp 2/8—366.

(5) V. M. Micovic, R. I. Mamuzic, D. Jeremic, and M. L. Mihailovic,
Tetrahedron, 20, 2279 (1964).

(6) D. Hauser, K. Schaffner, and O. Jeger, Helv. Chim. Acta, 47, 1883
(1964).

Scheme |
Pb(OAc),
benzene
(58%yield)
2(21« 3(79 4(30%)
PWOAG),
b +
enzene T 0
(53%yield'
9 (20%) 10(34%)
Pb<OAC)<
benzene
n (49% ygeld)
12 (4%) 13 (6%) 14 (39%)

The structure 13 was assigned on the basis of ele-
mental analysis, spectroscopic evidence, and hydro-
genation data. The infrared (ir) spectrum indicated un-
saturation and an ether group. The nuclear magnetic
resonance (nmr) spectrum of 13 showed a multiplet at
t 4.3 (2 H), a triplet at 6.25 (2 H), a multiplet at 7.7
(2 H), and a multiplet at 7.9-8.3 (6 H). Hydrogena-
tion of 13 generated 12. Assuming that the double
bond is disubstituted, as indicated by nmr, there are
only four places where a double bond can be placed
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Scheme |1

|
f CHoCOOEt  LiAH,
15

OH

TsCl

pyridine
1(25%)
1 Hg(0Ac)2
2. NaBH<
in 12, namely, 13, 13a, 13b, and 13c. Only 13 is con-

sistent with the nmr spectrum.7

Synthesis and Stereochemistry of Products.—The
synthesis of compounds 2, 3, and 9 is outlined in
Scheme 1.

Treatment of a mixture of cis- and trans-2-(2-
hydroxycyclohexyl)ethanol with tosyl chloride in
pyridine afforded a mixture of 2 and 3. Hydrogena-
tion of benzofuran yielded 75% 2 and 25% hydro-
genolysis product, the alcohol 1. The bicyclic ether
2 was therefore characterized as the cis isomer and
3 was accepted to be the trans isomer.

Treatment of 2-(2-cyclohexenyl)ethanol (18) with
mercuric acetate yielded 2 in 100% isomeric purity.
On the premise that the cyclopentenyl system would
react analogously, 2-(2-cyclopentenyl)ethanol (19) was
treated with mercuric acetate, and 9 was obtained,
pure. On the basis of the stereoselectivity of the
mercuric acetate oxidation of the cyclohexenyl alcohol,
9 was concluded to be the cis isomer. Since the mer-
curic acetate oxidation of 18 and 19 was shown to
yield 2 and 9 in 67% and 75% yield and with 100%
isomeric purity, the treatment of the olefinic alchols
18 and 19 with mercuric acetate is an excellent pre-
parative method for the pure ethers 2 and 9.

The synthesis of compounds 6 and 12 is outlined in
Scheme 111. Hydroboration of 21a yielded two diols,
22a and 23a, in a 9:1 ratio. Diol 23a was identified by
its nmr as I-(I-hydroxycyclohexyl)-2-propanol. It
was independently synthesized by the mercuric acetate
oxidation of 2la. Diol 22a was treated with tosyl
chloride in pyridine, forming 6.

Hydroboration of the alcohol 21b yielded the diols

7) One of the referees has suggested that the nmr spectrum is also com-
patible with 13a. It was pointed out that the two allylic protons cis to the
oxygen may be shielded and hence submerged in the rest of the ring protons
with values of approximately r 8.3. However, a study of some models shows
that the analogous protons of the saturated system are positioned exactly as
the two protons questioned above. In the saturated system there is no ob-
served absorption of two protons upheld as expected from such shielding.
We submit, therefore, that such shielding does not exist in either case, and
that the nmr spectrum is compatible only with 13.
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Scheme 111
0
HOX V .
c c CH, CH, n
2. H+t HD
(CH2
20a,n —3 21a, n =3 (23%)
bon=2 b n = 2(29%)
HOv
H° X — OH 4
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|
(CHY, (CH,
22a, n = 3(90%) 23a, n = 3(10%)
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22b and 23b in a 3:1 ratio. The diols were character-
ized by their ir and nmr spectra. Treatment of the
mixture of 22b and 23b with tosyl chloride in pyridine
yielded 12 and unchanged 23b.

Discussion

The lead tetraacetate oxidation of 2-cyclohexyl-
ethanol (1) yielded the ethers 2 and 3 in a 3:1 ratio.
The presence of both isomers indicates that the re-
action is less stereospecific than the analogous mercuric
acetate oxidation of 2-(2-cyclohexenyl)ethanol (18).
The predominance of the cis isomer is an indication
of a preference for formation of the less strained system.
A variation of the alcohol to lead tetraacetate ratio
did not materially change the distribution of the cis
and trans isomers. (See Table I.)

Table |
Relative Yields of Major Products from the LTA
Oxidation of 2-Cvclohexylethanol (1)

Molar ratio of -—------Products, o —

alcohol to LTA Solvent 2 3 1 4
1:1 Benzene* 42 12 29 17
1:2 Benzeneb 51 17 0 32
1:1.5 Benzene* 36 12 0 52

“ Alcohol (2 g) in benzene (50 ml). 6Alcohol (2 g) in benzene
(70 ml). eAlcohol (10 g) in benzene (100 ml).

The lead tetraacetate oxidation of 2-cyclopentyl-
ethanol (8) yielded only the cis isomer of 2-oxabieyclo-
[3.3.0]Joctane. The lack of the trans isomer is probably
due to the prohibitive strain of the system.

The lead tetraacetate oxidation of 3-cyclohexyl-
propanol produced the oxaspiran 6 in low yield. Varia-
tion of the conditions did not significantly change the
amount of oxaspiran formed. Unlike the other re-
actions, addition of excess lead tetraacetate did not
result in total consumption of starting material (see
Table 11). When the reaction was carried out in
cyclohexane, cyclohexyl acetate was formed, which
strongly suggests that a free-radical intermediate is
produced in the reaction.

When cyclohexene was used as the solvent, in the
presence of anhydrous calcium carbonate, 60% of the
alcohol 5 was converted to the acetate 7 with just
trace amounts of the ether being formed. Also found
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Tabte Il

Relative Yields of Major Products from the
LTA Oxidation of 3-Cyclohexylpropanol (5)

-Products, % -

OAc

Molar ratio of

alcohol to LTA Solvent n 6 S 7
1:1 Cyclohexane* 5 14 11 40
1:1.5 Cyclohexane* 5 11 25 59
1:1.5 Cyclohexane5 5 11 37 46
1:1.5 Cyclohexane* 7 17 19 58
1:1 Benzene* 10 52 38
1:2 Benzene* 13 30 43

“Run in 25 ml of solvent. 6Run in 200 ml of solvent. “ Sol-
vent (25 ml) with anhydrous calcium carbonate (2.11 g). d Yields
were determined by integration of vapor phase chromatographic
curves.

were 2-cyclohexen-l-ol, 2-cyclohexen-l-one, and 2-
cyclohexen-l-yl acetateina1:1:2 ratio. The lead tetra-
acetate oxidation of neat cyclohexene yielded8 1.4%
2-cyclohexan-l-ol, 6.7% 2-cyclohexan-l-one, 80.4%
2-cyclohexen-l-yl acetate, 7.3% 1,2-cyclohexane di-
acetates, and 4% unknown mixture.

The observation that 60% of the alcohol was con-
sumed when 1 g of 5 was treated with 4.5 g of lead
tetraacetate in 200 ml of cyclohexene affords valuable
information as to the relative reactivity of the double
bond and the alcohol group. The 80.4% vyield of 2-
cyclohexen-l-yl acetate from the lead tetraacetate
oxidation of neat cyclohexene demonstrates that this
is a convenient procedure for the preparation of 2-
cyclohexen-I-yl acetate from cyclohexene.

The lead tetraacetate oxidation of 3-cyclopentyl-
propanol (1) yielded 12 and 13. The presence of
13 suggests that the process of tetrahydrofuran ring
formation not only proceeds with inversion6 and
isomerization,1 but also with elimination. The pres-
ence of 13 indicates that an intermediate with sub-
stantial carbonium-ion character may exist (see Scheme
V).

Heusler9was the first to suggest the oxidation of the
carbon free radical to the carbonium ion as a plausible
route to ring formation. Heusler proposed the lead
tetraacetate free radical (generated from alcohol-lead
bond homolysis) as the oxidizing agent for the con-
version of the carbon radical into the carbonium ion.
Recent work by Heiba,10 however, suggests that lead
tetraacetate itself is capable of oxidizing the carbon
free radical to the carbonium ion.

Experimental Sectionll

Reaction of 2-Cyclohexylethanol with LTA.—A mixture of 10
g of 2-cyclohexylethanol and 60 g of LTA was refluxed in 100 ml

(8) Based on lead tetraacetate.

(9) K. Heusler and J. Kalvoda, Angew. Chem. Intern. Ed. Engl., 525
(1964).

(10) E. I. Heiba, R. M. Dessau, and W. J. Koehl, Jr., 3. Amer. Chem. Soc.,
90, 2706 (1968).

(11) For gas chromatography analysis, an F & M Model 720 thermal con-
ductivity gas chromatograph was used. Ir spectra were recorded with a
Perkin-Elmer Infracord, Model 337, and a Varian A-60 spectrometer was
used to record the nmr spectra. The chemical shifts are shown in r values
from tetramethylsilane (TMS).
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Scheme IV
(dnc)3
cr\®4:

of benzene for 19 hr. The mixture was cooled to room tem-
perature and filtered. The precipitate was washed with benzene
and the washings were added to the filtrate. The combined
organic layer was washed with water, 10% sodium bicarbonate
solution, and water, dried (MgSO<), concentrated, and distilled,
yielding 6.19 g (62% yield), bp 39-62° (1.5 mm). The fractions
were analyzed by gas chromatography [ethylene glycol adipate
(EGA) (programmed from 50 to 150°)] and showed five com-
ponents, three of which were identified2 as cfs-7-oxabicyclo-
[4.3.0]nonane (2, 21%), irans-7-oxabicyclo[4.3.0]octane (3, 7%),
and 2-cyclohexylethyl acetate (4, 30%). No starting alcohol
was found in the reaction mixture.

Reaction of 3-Cyclohexylpropanol with LTA. A. InBenzene.
— 3-Cyclohexylpropanol (5 g) was treated with 20 g of LTA
in 100 ml of refluxing benzene for 2 days. The mixture was
cooled to room temperature and treated with 10 ml of ethylene
glycol to remove any unchanged LTA. The ethylene glycol
was removed and the benzene layer was washed with 10% sodium
carbonate solution and water, dried (MgS04), concentrated,
and distilled through a short-path distillation column, yielding
2.99 g (60% yield), bp 55° (40 mm) to 85° (0.7 mm). Gas
chromatography showed three major products which were identi-
fied12 as 1-oxaspiro[4.5] decane (6, 8%), 3-cyclohexylpropanol (5,
18%), and 3-cyclohexylpropyl acetate (7, 34%).

B. In Cyclohexane.— 3-Cyclohexylpropanol (1 g) was treated
with 4.7 g of LTA in 200 ml of refluxing cyclohexane for 18 hr.
The product was isolated as above. Gas chromatography of
the crude product mixture indicated four components which were
identified13 as cyclohexyl acetate (5%), 6 (11%), 5 (37%), and
7 (46%).

C. In Cyclohexene.— 3-Cyclohexylpropanol (1 g) was treated
with 4.7 g of LTA and 1.0 g of calcium carbonate in 200 ml of
refluxing cyclohexene for 18 hr. The products were isolated as
described above. Gas chromatography indicated that the
alcohol to acetate ratio was almost 1:2 with just trace amounts
of the ether being formed. Integration of peak areas indicated
that the alcohol had been at least 60% consumed during the
reaction. Gas chromatography also indicated the presence of
three additional peaks which were identified12 as 2-cyclohexen-I-
ol, 2-cyclohexen-2-one, and 2-cyclohexen-I-yl acetate in a 1:1:2
ratio. The oxidation products of 3-cyclohexylpropanol and
cyclohexene were found in about a 1:1 ratio.

Reaction of 2-Cyclopentylethanol (8) with LTA.— Cyclo-
pentylethanol (8, 1 g) was treated with 6 g of LTA in 25 ml of
refluxing benzene for 11 hr. The product was isolated as above.

(12) The products were isolated by gas chromatography and identified by
comparison of their ir spectra, nmr spectra, and retention times on gas
chromatography with those of authentic samples.

(13) Product ratios were obtained by integration of peak areas. The
products were identified by comparison of their ir spectra with those of
authentic samples.



Vol. 34, No. 2, February 1969

The product was distilled through a short-path distillation col-
umn yielding 0.56 g (56%), bp 40° (65 mm) to 75° (6 mm).
Gas chromatography of the distillate showed two products which
were identified12 as 2-oxabicyclo[3.3.0]octane (9, 22%) and 2-
cyclopentylethyl acetate (10, 34%).

Reaction of 3-Cyclopentylpropanol (11) with LTA.— 3-Cyclo-
pentylpropanol (10 g) was treated with 80 g of LTA in 250 ml of
refluxing benzene for 17 hr. The product was isolated as above.
The product was distilled through a short-path distillation col-
umn and collected, yielding 6.25 g (63% yield), bp 50° (15 mm)
to 100° (0.4 mm). Gas chromatography of the product mixture
showed three major peaks which were identifiedll as 1-oxaspiro-
[4.4]nonane (12, 4%), l-oxaspiro[4.4]non-6-ene (13, 6%), and
3-cyclopentylpropyl acetate (14, 39%).

Anal. Calcd for C8HIXh (13): C, 77.37; H, 9.85.
C, 77.07; H, 9.86.

Found:

13 (50 mg) was isolated by gas chromatography and hydro-

genated at room temperature and atmospheric pressure in 10 ml
of anhydrous ethanol in the presence of 0.1 g of platinum oxide.
After 15 hr, 60% of 13 had been converted into 12 and a small
quantity of higher boiling material.

3-Cyclopentylpropanol.— /3-Cyclopentylpropionic acid (20 g)
was treated with 4 g of lithium aluminum hydride in 100 ml of
anhydrous ether, yielding 7.25 g (41%) of 3-cyclopentylpro-
panol, bp 63° (1.0 mm).

Reaction of LTA in Neat Cyclohexene.—LTA (10 g) was
refluxed in 100 ml of cyclohexene for 2 days. The reaction mix-
ture was concentrated by distillation of excess cyclohexene.
Gas chromatography (silicone rubber) showed five products which
were identifiedll as 2-eyclohexen-l-ol (1.4%), 2-cyclohexen-I-yl
acetate (80%), 2-cyclohexen-l-one (7%), an unknown mixture
(4%), and diacetates (7%).14
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1180, 1155, 1120; 1080, 1045, 1020, 985, 930, 880, 200 cm“l;
that (CS2 of 3 showed 1190, 1150, 1142, 1070, 985, 935, 860
cm-1. Cantor and Tarbelll6 give 1184, 1160, 1142, 1090 cm-1
as characteristic absorption peaks for 3.

ab-7-Oxabicyclo[4.3.0]nonane (2).— Benzofuran (17, 0.5 g)
was hydrogenated at room temperature and atmospheric pressure
in 50 ml of glacial acetic acid in the presence of 0.11 g of platinum
oxide. After 4.5 hr, 575 ml of hydrogen17was taken up and the
reaction was stopped.

The catalyst was removed by filtration and the product was
diluted with water and extracted with ether. The ethereal
extract was washed with water, 10% sodium carbonate solution,
and water, dried (MgS04), and concentrated. Gas chromatog-
raphy (silicone rubber and EGA) showed that the benzofuran was
totally consumed in the reaction. Two products were found
which were identified13as 2 (75%) and 1 (25%). None of the
trans isomer 3 was found.

cis-7-Oxabicyclo[4.3.0]nonane (2).— Mercuric acetate (12.8
g) was dissolved in 40 ml of water. Tetrahydrofuran (40 ml)
was added, producing a yellow suspension. 2-(/3-Cyclohexenyl)-
ethanol was added rapidly (no heat developing), and the yellow
color cleared within a minute. The solution was stirred for 45
min at room temperature after which time the solution gave a
negative test for mercuric ion.188 The solution was treated with
40 ml of 3 m sodium hydroxide, followed by 2 g of sodium boro-
hydride in 40 ml of 3 m sodium hydroxide. The reaction, which
was strongly exothermic, produced a black precipitate immedi-
ately upon the introduction of the sodium borohydride solution,
which upon stirring settled into a silvery mercury lake. The
water layer was saturated with sodium chloride and the product
was extracted with ether. The ethereal extract was dried
(MgSO<), concentrated, and distilled, giving 3.36 g (67%) of the

1- Cyclohexen-I-ylmorpholine.— Cyclohexanone (98 g, 1 mol) bicyclic ether 2, bp 71° (28 mm) [lit.16bp 66-68° (15 mm)].

and morpholine (87 g, 1 mol) were refluxed in 220 ml of benzene
for 18 hr. Water (25 ml) was collected in a Dean-Stark trap.
The benzene was removed by distillation, and the residue was dis-
tilled, yielding 125 g (75%) of 1-cyclohexen-l-ylmorpholine, bp
78-81°'(0.3-0.15 mm).

Ethyl (2-Oxocyclohexyl)acetate (15).— 1-Cyclohexen-I-ylmor-
pholine (40 g) and 55 g of ethyl bromoacetate were stirred over-
night in 160 ml of benzene at 50°. The mixture was cooled to
room temperature and concentrated under reduced pressure.
The crude product was diluted with 100 ml of methanol and
treated with 50 ml of water at refluxing temperature for 15 hr.
The product was condensed in vacuo, treated with 100 ml of 1.0
M hydrochloric acid for 10 min, and extracted with ether. The
ethereal extract was washed with water, 10% sodium carbonate,
and water, dried (MgSCL), concentrated, and distilled, giving
3 g of the acetoxy ketone 15: bp 73-74° (0.34-0.40 mm) [lit.6
bp 131-134° (13 mm)]; ir (CS2 1710 (0=0), 1740 cm-1 (ester
C=0). Gas chromatography (silicone rubber at 200°) showed
the product to be homogeneous.

2- (2-Hydroxycyclohexyl)ethanol (16).— The acetate 15 was

treated with 5 g of lithium aluminum hydride in 25 ml of refluxing
ether for 22 hr. The mixture was cooled to room temperature
and treated with 5 ml of water, 5 ml of 10% sodium hydroxide,
and 15 ml of ether. The product was filtered and the precipitate
was washed with ether. The washings were added to the filtrate
and the ethereal layer was dried (MgSO«) and concentrated.
Gas chromatography (silicone rubber) of the crude product
showed only one peak. The ir spectrum (CS2) showed a strong
band for associated hydroxyl group but little free absorption.
The product is assumed to be a mixture of the cis and trans
isomers.

cis- and trans-7-Oxabicyclo[4.3.0]nonanes (2 and 3).— Com-
pound 16 (1 g, crude mixture) was treated with 0.7 g of tosyl
chloride in 15 ml of pyridine for 24 hr at 35-40°. The product
was poured onto cracked ice and extracted with ether. The
ethereal layer was washed with 10% sodium carbonate, water,
3 M hydrochloric acid, and water, dried (MgSCL), and concen-
trated. Gas chromatography of the crude product (EGA)
showed two peaks.

The first peak was identified as 2 (29%), and the second peak
was identified as 3 (71%). The ir spectrum (CS2) of 2 showed

(14) Absolute yields were determined by introduction of 0.1863 g of ethyl
eyclohexylcarboxylate into the product mixture for use as an internal stan-
dard, and based on LTA.

(15) A. Segre, R. Vviterbo, and G. Parisi, 3. Amer. Chem. Soc., 79, 3503
(1957).

C7.s-2-Oxabicyclo[3.3.0] octane  (9).— 2-(2-Cyclopentenyl)eth-
anol (19, 5.6 g) was treated with 16 g of mercuric acetate in 100
ml of 50% THF in water for0.5hr. The productwas treated with
50 ml of 3 m sodium hydroxide and demercurated with 2.5 g of
sodium borohydride in 50 ml of 3 m sodium hydroxide. The
water layer was saturated with sodium chloride and the product
was dried (MgSCL), concentrated, and distilled, giving 4.2 g
(75%) of the bicyclic ether 9, bp 49-50° (28 mm).

1-Allylcyclohexanol (21a).— Allyl chloride (38 g) was slowly
added to 12 g of magnesium in 100 ml of dry ether. The reaction
flask was kept at 0° by means of an ice-water bath and the
addition of the allyl chloride was made at the rate of 1 drop/10-12
sec. The addition took 7 hr. Cyclohexanone (49 g) in 50 ml of
ether was added slowly to the Grignard reagent with vigorous
stirring. The reaction mixture was allowed to stir overnight at
room temperature. Water (20 ml) was added to decompose
unchanged the Grignard reagent. Saturated ammonium chloride
solution (23 ml) was added to the reaction mixture. The mixture
was stirred at room temperature for 15 min. A white solid
formed, and the ethereal layer was decanted. The ethereal ex-
tract was dried (MgSO<), concentrated, and distilled, giving 32
g (23%) of the unsaturated alcohol 21a, bp 58.0-58.5° (1.4 mm).
Gas chromatography (silicone rubber at 125°) showed the prod-
uct to be homogeneous.

3-(I-Hydroxycyclohexyl)propanol (22a).— 1-Allylcyclohexanol
(21a, 7 g) was dissolved in 50 ml of THF (dried over sodium).
Sodium borohydride (1 g) was added, and the mixture was treated
with 5 g of 47% boron trifluoride etherate at room temperature.
After addition was complete the solution was stirred at room
temperature for 1 hr. Water (5 ml) was added to decompose
excess diborane. The reaction mixture was treated with 30 ml
of 3 m sodium hydroxide, followed by 30 ml of 30% hydrogen
peroxide. The mixture was stirred for 1 hr at room temperature
and extracted with ether. The ethereal extract was washed
with 20% sodium hydroxide and water, dried (MgSCL), con-
centrated, and distilled, giving 3.65 g (51%) of a very viscous
liquid, bp 100-115° (0.2 mm). Gas chromatography (silicone
rubber at 140°) showed two products. The first product (10%
of the mixture) was identified as I-(I-hydroxycyclohexyl)-2-

(16) S. E. Cantor and D. S. Tarbell, ibid., 86, 2902 (1964).

(17) 1t was calculated that 399 ml of hydrogen would be necessary to
hydrogenate the sample totally, and 23 ml would be necessary to reduce the
platinum oxide.

(18) A few drops of the reaction mixture was added to a 3 M sodium hy-
droxide solution. A yellow color indicates that the reaction is incomplete.
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propanol (23a). The second product was identified as 3-(I-
hydroxycyclohexyl)propanol (22a): ir (CS2 strong hydrogen
bonding and little free OH absorption; nmr (CC14 r 6.2 (t, 2),
5.0 (broad s, 2), 8.5 (m, 14). After 4 days, large crystals de-
veloped in the ethereal solution. They were found to be 22a,
mp 66-68° (lit.19mp 60°).

Anal. Calcd for CHI?2 (23a):
C, 68.0; H, 11.6.

I-Oxaspiro[4.5]decane (6).— The diol 22a (1.0 g) was treated
with 2 g of tosyl chloride in 10 ml of pyridine for 18 hr at 40-50°.
The product was poured onto cracked ice and extracted with
ether. The ethereal extract was washed with 6 m hydrochloric
acid, water, 10% sodium bicarbonate solution, and water, dried
(MgS04), and concentrated. The crude mixture (0.5 g) was
shown to be homogeneous on gas chromatography (silicone rub-
ber programmed from 50 to 100°): ir (CS2) 1145, 1120, 1085,
1050, 925, 905 cm-1. I-Oxaspiro[4.5]decane (6) was previously
prepared by the treatment of 3-(I-hydroxycyelohexyl)propyl n-
pentyl ether with tosyl chloride in pyridine.2

I-(I-Hydroxycyclohexyl)-2-propanol  (23a).— 1-Allylcyclohex-
anol (1.4 g) was treated with 3.12 g of mercuric acetate in 20 ml
of THF-water. The yellow suspension disappeared in 10 sec
and the reaction was stirred at room temperature for 15 min.
Sodium hydroxide (3 m, 10 ml) was added, followed by 0.5 g of
sodium borohydride in 10 ml of 3 m sodium hydroxide. The
product was extracted with ether (the water layer being saturated
with sodium chloride). The ethereal extract was washed with
water, dried (MgSO<), and concentrated. Gas chromatography
of the crude product showed one major peak: ir (CS2 3400
(strong hydrogen-bonded OH absorption), 2960, 2925, 2850
cm-1; nmr (CCh) r 4.3 (s, 2), 6.0 (m, 1), 85 (m, 10), 8.8 (d,

C, 68.3; H, 11.4. Found:

).
1-AUylcyclopentanol (21b).—The reaction of allylmagnesium
chloride (23 g of allyl chloride and 15 g of magnesium turnings)

(19) J. Colonge, R. Falcotet, and R. Gaumont, Bull. Soc. Chim. Fr., 211
(1958).

(20) W. B. Renfrow, D. Oakes, C. Lauer, and T. A. Walter, J. Org. Chem.,
26, 935 (1961).
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and eyclopentanone (25 g) gave 10.9 g (29%) of the alcohol
21b, bp 71-73° (20 mm) [lit.2Lbp 63° (10 mm)].

3-(I-Hydroxycyclopentyl)propanol (22b).— 1-Allylcyclopenta-
nol (5.3 g) was treated with 1.5 g of sodium borohydride and
5.0 gof 47% boron trifluoride etherate in 200 ml of THF (dried
over sodium) under a nitrogen atmosphere. The mixture was
stirred at room temperature overnight. Unchanged diborane
was destroyed with 10 ml of water; the mixture was treated with
30 ml of 3 m sodium hydroxide, followed by addition of 30%
hydrogen peroxide. The product was extracted with ether.
The ethereal extract was washed with 6 m sodium hydroxide
and water, dried (MgSOd, concentrated, and distilled, yielding
1.25 g (20%) of a viscous liquid, bp 122-130° (5 mm). Gas
chromatography (silicone rubber programmed from 50 to 180°)
showed two peaks. The first peak (28%) on the basis of its
retention time, ir, and the analogous reaction in the preparation
of 22a was tentatively assigned as the diol 23b. The second
peak (72%) was assigned as the diol 22b, mainly because of the
nmr signal at r 6.4 (triplet corresponding to the methylene hy-
drogens a to the primary hydroxyl group).

1-Oxaspiro[4.4]nonane (12).— A mixture of 22b and 23b
(0.8 g) was treated with 2.0 g of tosyl chloride in pyridine for 18
hr at 50°. The product was poured onto cracked ice and ex-
tracted with ether. The ethereal extract was washed with water,
6 m hydrochloric acid, water, sodium bicarbonate solution, and
water, dried (MgS04), and concentrated. Gas chromatography
(diethylene glycol succinate) of the crude product showed only
one major product: ir (CS2 1165, 1100, 1050, 970, 945, 920,
900 cm'L; nmr (CC14r 6.3 (t, 2), 8.1-8.5 (m, 12).

Anal. Calcd for CsHfO: C, 76.2; H, 11.1.
76.2; H, 11.2.

Found: C,

Registry No.—Lead tetraacetate, 546-67-8; 1, 4442-
79-9; 5, 1124-63-6; 8, 766-00-7; 9, 18320-80-4; 11,
767-05-5; 12, 176-10-3; 2la, 1123-34-8; 23a, 18321-
43-2; 1-cyclohexen-l-ylmorpholine, 670-80-4.

(21) G. Crane, C. E. Boord, and A. L. Henne, J. Amer. Chem. Soc., 67,
1237 (1945).
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The scope of the reaction of ethyl chloroformate with amides as a preparation of ethyl imidate hydrochlorides
has been investigated. The imidate salts have been prepared successfully in good yields from aliphatic amides
containing from one to eight carbon atoms, both straight and branched chain. The N-methyl and N-ethyl
derivatives of these aliphatic amides reacted in the same way to give N-substituted imidate hydrochlorides.
Attempts to employ the reaction with aromatic amides or N-substituted amides in which the substituent is larger
than ethyl were unsuccesful. In certain cases a side reaction occurred. Thus the hemihydrochlorides of acet-
amide and N-methylcaprylamide were obtained as a second product from acetamide and N-methylcaprylamide,
respectively. N-Methylacetamide gave its hemihydrochloride as the only product of the reaction. Thion-
amides have been found to react with ethyl chloroformate in a similar way, giving the ethyl imidate hydrochlo-
ride and carbonyl sulfide as products. The hydrochloride salts of ethyl acetimidate, ethyl propionimidate, ethyl
isobutyrimidate, ethyl benzimidate, and ethyl N-phenylacetimidate have been prepared from thioacetamide,
thiopropionamide, thioisobutyramide, thiobenzamide, and thioacetanilide, respectively. The reactivity of thion-
amides is considerably greater than that of the analogous oxygen compounds. The rate curve for the reaction,
using propionamide, shows it to be autocatalytic. A possible mechanism for the reaction is suggested.

Although imidates (imino ethers, imido esters) and
their salts have been known for nearly a century,2
and are useful intermediates for the synthesis of a
variety of compounds,3there has been only one general

(1) National Science Foundation Undergraduate Research Participant,
Grant No. GY-83.

(2) A. Pinner and F, Klein, Ber., 10, 1889 (1877).

(3) R. Roger and D. G. Neilson, Chem. Rev., 61, 179 (1961).

direct method for their preparation, namely, the method
of Pinner,4 which involves synthesis of the imidate
hydrochloride from the appropriate nitrile and alcohol
with anhydrous hydrogen chloride (eq 1). The salt

RCN + R'OH + HCl— > RC(=NH,CI)OR’ 0

(4) A. Pinner. “Die Imidoaether and ihre Derivative,’ Oppenheim,
Berlin, 1892, pp 1-85.
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is then easily converted into the free imidate by treat-
ment with potassium carbonate solution. Several
other methods of synthesis of specific imidates have
been reported, and these have been reviewed by
Roger and Nielson.3

The Pinner synthesis suffers from some limitations.
Long periods of time are often required to obtain the
product, and yields are frequently poor. Its most
serious limitation lies in the fact that it is not applicable
to the preparation of N-substituted imidates. In-
deed, very few compounds of this type have been
reported, especially where the N substituent is alkyl.

In 1956, Hechelhammer5announced the preparation
of ethyl formimidate hydrochloride, ethyl acetimidate
hydrochloride, and O-ethylcaprolactim hydrochloride
by the reaction of ethyl ehloroformate with formamide,
acetamide, and e-caprolactam, respectively (eq 2).
He suggested general applicability of the reaction,
although little experimental detail was given.

RCONH: + EtOCOCI — > RC(=NHZXI)OEt + C02 (2)

This reaction was of interest to us, since it repre-
sented potentially another general method of prepara-
tion of imidate hydrochlorides, which might prove
superior to the Pinner method in terms of convenience
and yield. Of particular interest was the applicability
of the reaction to the preparation of N-substituted
imidate hydrochlorides, since no other direct method
of synthesis of these compounds is known.

Accordingly, an investigation was undertaken to
determine the extent to which this reaction has general
applicability as a useful method of preparation of
imidate hydrochlorides, and to learn something of the
mechanism by which the reaction proceeds.

Results and Discussion

Reaction of Unsubstituted Amides.—Reactions of
ethyl ehloroformate with 13 different simple amides
were attempted. Ten of these yielded the expected
imidate hydrochlorides in reasonably good Yyields,
by mixing the reactants without solvent at tempera-
tures below 50°. The products (1-10) are listed in
Table | together with their melting points and per-
centage yields. Each of these compounds was also
prepared by the method of Pinner,4 and the melting
points and percentage yields by that method are given
in Table | for comparison. For those imidate hydro-
chlorides which have been previously reported by the
Pinner synthesis, the literature melting points are
also included in the table.

Acetamide showed unique behavior, in that, in
addition to ethyl acetimidate hydrochloride (1), a
second product was formed—acetamide hemihydro-
chloride (11). The two compounds, which were

(CHSCONH2HCL
n

formed in a ratio by weight of ~2:3 1:11, were
easily separable, since 1 is readily soluble in chloro-
form and 11 is not. When the reaction was run in
dioxane or in tetrahydrofuran as solvent, the only
product formed was 11, in essentially 100% yield.

(5) Hechelhammer, German Patent 948,973 (Sept 13, 1956).
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Tabte |

Imidate Hydrochlorides op Type

NHZ1
/
RC
\
OEt
RCONHs + RCN + EtOH +
A-EtOCOCI—  —mmeeeee S To B
Compd Mp, Yield, Mp, Yield, Lit. mp,
no. R °ca % °ca % °Cc
1 CHs 113 32 112-113 54 98-100"
2 CH3CH:2 92-93 65 93-94 36 90-92"
3 CHSsCCHjL 64-65 83 56-58 48 64-65*
4 (CHsSHCH 89 68 83 85 76¢
5 CHj(CH2j Lig<* 72 Ligd 62
6 (CHsSLCHCm 88-89 75 89-90 47 90c
7 CHSsCCHi). Liqd 75 Ligd 63 Liqc
8 (CH9TH(CH,)2  Liqd 80 Ligd 67 Lige
9 CH3(CH2s Ligd 75 Liqd 45 67/
10 CHi(CH.:. Liqd 88 34 55

o Really decomposition temperature; melting is accompanied
by gas evolution. bSee ref 4. ¢ N. S. Drosdov and A. F. Bekhli,
J. Gen. Chem. USSR, 14, 280 (1944). d A viscous syrup at room
temperature, which crystallized on storing at 0°, but remelted on
return to room temperature. ‘'A. Pinner, Ber., 17, 171 (1884).
s A. Pinner, ibid., 28, 473 (1895).

The three amides which were used unsuccessfully in
the reaction were benzamide, p-nitrobenzamide, and
a-phenylacetamide. None of those showed any
signs of reacting with ethyl ehloroformate, even
though a variety of reaction conditions were employed,
including temperatures up to 80° for periods up to 60
hr. It should be noted that excessive temperatures
must be avoided in this reaction since it is well known
that imidate hydrochlorides are thermally unstable.34

One may cautiously conclude, on the basis of the
small sample of amides used, that the reaction con-
stitutes a general method for the preparation of un-
substituted imidate hydrochlorides from aliphatic
amides (generally in higher yields than by the Pinner
method), but is unsatisfactory for at least some aro-
matic ones.

Reaction of N-Substituted Amides.—Thirteen ethyl
N-alkyl imidate hydrochlorides were prepared from
N-alkylamides and ethyl ehloroformate. These com-
pounds (12-24) are listed in Table Il. Reaction con-
ditions were essentially the same as those employed
for the unsubstituted amides.

N-Methylcaprylamide yielded two products, in
approximately equal amounts by weight—the ex-
pected ethyl N-methylcaprylimidate hydrochloride
(23) and another product identified as N-methyl-
caprylamide hemihydrochloride (25).

When the reaction was attempted with N-methyl-
acetamide, no imidate hydrochloride was produced,
but rather N-methylacetamide hemihydrochloride (26)
was obtained in nearly quantitative yield.

(CH3CH28ONHCH32HCI (CHXONHCH32-HCI
25 26

Attempts to carry out the reaction on two additional
N-substituted amides were unsuccessful. Neither N-
n-butylacetamide nor acetanilide (N-phenylacetamide)
showed any signs of reaction when mixed with ethyl
ehloroformate at temperature up to 60° for periods
up to 12 hr.

It appears that the reaction is generally applicable
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Table Il

Imidate Hydrochlorides of Type

NR'-HCI

\
Compel Yield, = e

no. K R' % Neut equiv
12 H CHs 88 123.5
13 H chsch:2 92 137.6
14 CHs chsch:2 78 151.6
15 CH3sCH: chs 67 151.6
16 chsach: chsach:2 75 165.7
17 CH3(CHa2)2 CHa 80 165.7
18 CH3(CHa2)2 chsch2 76 179.7
19 CH3(CH2)s chsch2 69 193.7
20 CHs(CH2), CHa 73 193.7
21 CH3(CH2)4 chschz 77 207.8
22 CHs(CH2)s chsch: 84 221.8
23 CH3s(CHz2)s chs 44 221.8
24 CH3(CH2)s chschz2 74 235.8

Analytical dataa---------=========mns mmeev

_____ Calcd < * Found-
% N % CI Neut equiv % N % Cl
11.34 28.69 122.3 11.20 28.50
10.18 25.76 136.6 10.08 25.60
9.24 23.38 151.2 9.22 23.42
9.24 23.38 150.2 9.33 23.22
8.46 21.40 164.2 8.56 21.06
8.46 21.40 164.5 8.50 21.25
7.80 19.73 178.2 7.68 19.40
7.23 18.30 192.2 7.32 18.00
7.23 18.30 192.8 7.21 18.21
6.74 17.06 206.4 6.80 17.10
6.32 15.98 220.2 6.30 15.91
6.32 15.98 221.0 6.30 16.00
5.96 15.03 2345 6.05 14.85

“Additional evidence for identification of the compounds was obtained by hydrolysis of each compound to the corresponding amine
hydrochloride and ester, and comparison of their infrared spectra witli those of authentic samples; see Experimental Section.

to the preparation of N-methyl- and N-ethylalkyl-
imidate hydrochlorides. Whether it can be extended
to N-substituted aryl compounds, or compounds in
which the N substituent is larger than ethyl, requires
further investigation.

Reaction of Thionamides.— It was found that thion-
amides undergo a reaction with ethyl chloroformate
similar to that of the amides, the products being the
ethyl imidate hydrochloride and carbonyl sulfide
(eq 3). Thus the hydrochloride salts of ethyl acet-

RCSNHj + EtOCOCI — > RC(NHJCI)OEt + COS (3)

imidate (1), ethyl propionimidate (2), and ethyl iso-
butyrimidate (4) were prepared by the reaction of
ethyl chloroformate with thioacetamide, thiopropion-
amide, and thioisobutyramide, respectively.

In addition, ethyl benzimidate hydrochloride (27)

and ethyl N-phenylacetimidate hydrochloride (28)
were prepared successfully from thiobenzamide and
thioacetanilide, respectively, by this reaction. These
NHjCI NPh-HCI
PhC/ ch&/
\
OEt OEt
27 28

latter two preparations are of particular interest, since
they represent successful reactions of thionamides, the
oxygen analogs of which did not react with ethyl-
chloroformate, as reported above.

The reactions of the thionamides proceeded at a
considerably faster rate than those of the corresponding
amides. For example, acetamide required 1.5 hr at
45° for complete reaction, whereas the reaction of
thioacetamide was complete in 5 min at a temperature
of 30°. (Furthermore, no side reaction occurred in
the latter case as it did in the former.)

One may conclude that the use of thionamides in
this reaction is probably a more satisfactory and more
general method of preparing imidate hydrochlorides

than is the use of amides. A serious limitation, of
course, is the lack of availability of thionamides.

Kinetic Studies.—Throughout this investigation it
was observed that reaction between ethyl chloroformate
and an amide or thionamide did not begin immediately
upon mixing. A short induction period was required,
after which the reaction proceeded slowly at first and
gradually increased in rate. In an effort to explain
this phenomenon a study of the reaction rate was
undertaken.

Propionamide was selected as the model amide for
the rate study, since it is obtainable in high purity,
does not undergo any side reactions (as does, for ex-
ample, acetamide), and reacts at a rate convenient for
study.

The reaction between propionamide and ethyl
chloroformate was carried out at 30° and the progress
of the reaction was followed by absorption of the
liberated C02 the amount of which was determined
at 15-min intervals by weighing the absorption tube. A
plot of millimoles CO02 liberated vs. time gave an S-
shaped curve typical of autocatalytic reactions. The
curve obtained from a typical run is shown in Figure 1.
In order to establish that the reaction is indeed auto-
catalytic, it was repeated under identical conditions,
but with small amounts of the product, ethyl propion-
imidate hydrochloride, added. The results, two of
which are also shown in Figure 1, confirmed auto-
catalysis.

In view of the fact that the reaction is heterogenous,
as well as autocatalytic, a detailed study of the kinetics
would be extremely complex.

A possible mechanism which is consistent with the
observations is shown in Scheme I. It involves nucleo-
philic attack of the oxygen of the amide (or of the
sulfur of the thionamide) on the carbonyl carbon of the
ethyl chloroformate, with elimination of the chloride
ion. This is followed by nucleophilic attack of the
ethoxy oxygen with elimination of carbon dioxide
(or carbonyl sulfide).



Vol. 34, No. 2, February 1969

Figure 1.—Production of CO2from 105 mmol of propionam-
ide + 105 mmol of ethyl chloroformate at 30°: A, no catalyst;
B, 1 mmol of ethyl propionimidate hydrochloride added; C, 10
mmol of ethyl propionimidate hydrochloride added.

Scheme |
0
R RC XIOEt
A\ NH.+
a
RC%NCT R <
~"NH,+ B OEt
NH2+ OEt cr
cr ’
1
N nh2 cr
rc; N c= o RGf + COoX
OEt
Ao Bt
cr
X=0o0rS

While this postulated mechanism does not explain
the autocatalysis of the reaction, it is consistent with
the products formed and with the higher reactivity
of the thionamides because of the greater nucleo-
philicity of sulfur than of oxygen.

Experimental Section

Melting points were taken in an open capillary and are cor-
rected. Infrared spectra were recorded on a Perkin-Elmer
Model 137B infrared spectrophotometer. Neutral equivalents
were determined by potentiometric titration with standard 0.1 N
NaOH solution using a Beckman zeromatic pH meter. Chloride
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analyses were by the modification of Caldwell and Moyer6of the
Yolhard method. Analyses for nitrogen were by a modification
of the Kjeldahl method.7

Materials.— The ethyl chloroformate was obtained from East-
man Organic Chemicals. All nitriles, amides, and thionamides
used as starting materials were obtained commercially, except
the following, which were synthesized as indicated. Capro-
amide, isocaproamide, heptamide, and caprylamide were pre-
pared from the acyl chlorides and ammonia by the method Phil-
brook;8 a-phenylacetamide was prepared by hydrolysis of the
nitrile according to the method of Wenner.9 The N-methyl
derivatives of butyramide, caproamide, and caprylamide, and the
N-ethyl derivatives of propionamide, butyramide, valeramide,
caproamide, heptamide, and caprylamide were obtained from the
acyl chloride and the amine by the method of D 'Alelio and Reid.10
Thiopropionamide was prepared by the method of Pesina,ll
and thioisobutyramide by the method of Taylor and Zolte-
wicz.12

Synthesis of Unsubstituted Imidate Hydrochlorides (1-10).—
The apparatus consisted of a 250-ml, three-necked, round-
bottomed flask suspended in a water bath. The flask was fitted
with a well-sealed stirrer, a dropping funnel, and a water-cooled
condenser. A connecting tube at the top of the condenser was
extended into a saturated solution of Ba(OH)2 so that the evolu-
tion of CO2could be followed.

In a typical run 0.1 mol of amide was placed in the flask and
0.1 ml of ethyl chloroformate was added all at once from the
dropping funnel. The temperature of the water bath was main-
tained at 40-45° and the mixture was stirred. After approxi-
mately 15 min the reaction began, as evidenced by the evolution
of CO2 Stirring was continued until CO2 evolution ceased.
(Reaction time varied between 1.5 and 5 hr.) The product was
washed repeatedly with anhydrous ether and placed in a vacuum
desiccator over HS04. The products, per cent yields, and melt-
ing points are shown in Table 1.

Attempts to employ this procedure with benzamide, p-nitro-
benzamide, and a-phenylacetamide gave no reactions.

Compounds 1-10 were also prepared from the appropriate
nitriles, ethanol, and dry HC1 by the method of Pinner.4 In-
frared spectra (CHC13 of the compounds prepared each of the
two ways were identical. Table | shows yields and melting
points of products.

Acetamide Hemihydrochloride (11).—In the preparation of
ethyl acetimidate hydrochloride (1), as described above, 5.9 g
(0.1 mol) of acetamide and 10.8 g (0.1 mol) of ethyl chlorofor-
mate yielded a solid crystalline mass weighing 9.1 g. This solid
was extracted with dry chloroform. Evaporation of the chloro-
form solution gave 3.9 g of 1. The residue from the extraction
was 5.2 g of 11, mp 124-125° (lit.2mp 125°).

Anal. Calcd for C4AHUCIND 2 neut equiv, 154.6; CI, 22.93.
Found: neutequiv, 154.0; CI, 22.99.

The ir spectrum (KBr) was identical with that of 11 prepared
by the method of Strecker.13

Synthesis of N-Substituted Imidate Hydrochlorides (12-24).—
The apparatus and procedure were the same as described for the
preparation of 1-10, except that dry petroleum ether (bp 30-60°)
was used for washing the products rather than ethyl ether, owing
to higher solubility of the N-substituted imidate salts in the
latter solvent. All the products were liquids. Attempts to
distil them, even at very low pressures, resulted in decomposition.
The products, per cent yields, and analytical data are presented
in Table II.

Attempts to employ this procedure with N-n-butylacetamide
and with acetanilide gave no reaction.

Compounds 12-24 were further characterized by identification
of their hydrolysis products. To a sample of the imidate hydro-

(6) J. R. Caldwell and H. V. Moyer, Ind. Eng. Chem., Anal. Ed., 7, 38
(1935).

(7) W. Reiman, J. D. Neuss, and B. Naiman, “Quantitative Analysis,”
McGraw-Hill Book Co., Inc., New York, N. Y., 1951, p 161-163.

(8) G. E. Philbrook, J. Org. Chem., 19, 623 (1954).

(9) W. Wenner in “Organic Syntheses,” Coll. Vol. IV, N. Rabjohn, Ed.,
John Wiley & Sons, Inc., New York, N. Y., 1963, p 760.

(10) G. F. D’Alelio and E. E. Reid, J. Amer. Chem. Soc., 89, 109
(1937).

(11) A. G. Pesina, J. Gen. Chem. USSR, 9, 804 (1939).

(12) E. C. Taylor and J. A. Zoltewicz, 3. Amer. Chem. Soc., 82, 2656
(1960).

(13) A. Strecker, Ann., 103, 321 (1857).
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chloride was added an equimolar amount of H20. A reaction
occurred immediately. The ethyl ester was distilled off; the
amine hydrochloride remained as residue. These were identified
by comparison with ir spectra of authentic samples.

N-Methylcaprylamide Hemihydrochloride (25).— In the prepa-
ration of N-methylcaprylimidate hydrochloride (23), described
above, 4.0 g (0.025 mol) of N-methylcaprylamide and 2.7 g
(0.025 mol) of ethyl chloroformate gave two products: one solid,
one liquid. The mixture was extracted with anhydrous ethyl
ether, which dissolved the liquid but not the solid. Evaporation
of the ether from solution gave 2.44 g of 23. The residue from the
extraction was 2.33 g of 25, mp 38° (lit.1o mp 38-40°).

Anal. Calcd for CisHsCIN202: neut equiv, 351.0; ClI,
10.10. Found: neutequiv, 347.8, Cl, 10.30.

The ir spectrum was identical with that of 25 prepared by the
method of Blicke and Burckhalter. i

N-Methylacetamide Hemihydrochloride (26).—In the ap-
paratus described 14.6 g (0.2 mol) of N-methylacetamide and

21.7 g (0.2 mol) of ethyl chloroformate were stirred at 40°.

After 30 min reaction was complete and the solid product was
washed with anhydrous ethyl ether, giving 18.2 g of 26 (99.6%
yield), mp 89-90° (lit..s mp 87-89°).

Anal. Calcd for CeHisCIN20O2: neut equiv, 182.6; CI, 19.41.
Found: neutequiv, 183.8; ClI, 19.51.

The ir spectrum was identical with that of 26 prepared by the
method of Blicke and Burckhalter 1

Preparation of Imidate Hydrochlorides from Thionamides.—
The apparatus and general procedure were the same as described
above for the preparation of 1 -10 and 12-24.

A. Ethyl Acetimidate Hydrochloride (1).— Thioacetamide
(5.0 g, 0.66 mol) and ethyl chloroformate (7.2 g, 0.066 mol) were
mixed at 30°. The reaction was complete in 5 min. The result-
ing crystals were washed with ether and dried in vacuo: yield of
1, 7.6 g (94%); mp 112-113°.

B. Ethyl Propionimidate Hydrochloride (2).— Thiopropion-
amide (5.8 g, 0.065 mol) and ethyl chloroformate (7.1 g, 0.065
mol) were mixed at 30°. The reaction was complete in 5 min.
Anhydrous ether (50 ml) was added to the liquid and allowed to
stand overnight at 0°. The white crystals were filtered, washed
with ether, and dried in vacuo: Yyield 0f 2,7.9 g (ss %); mp 92°.

C. Ethyl Isobutyrimidate Hydrochloride (4).— Thioisobutyr-
amide (2.0 g, 0.02 mol) and ethyl chloroformate (2.2 g, 0.02 mol)
were allowed to react at 30°, with the reaction being completed in
10 min. The white crystalline mass was washed with anhydrous
ether and dried in vacuo: Yyield of 4, 1.4 g (45%); mp 82°.

D. Ethyl Benzimidate Hydrochloride (27).— Thiobenzamide
(3.0 g, 0.022 mol) and ethyl chloroformate (2.7 g, 0.022 mol)
were mixed at 30°. The reaction was complete in 30 min, and
the resulting crystals were washed and dried as above: vyield
0of 27,2.7 g 56 %); mp 128° (lit.amp 125°).

The ir spectrum was identical with that of 27 prepared from
benzonitrile and ethanol by the method of Pinner.4

E. Ethyl N-Phenylacetimidate Hydrochloride (28).— Thio-
acetanilide (7.6 g, 0.05 mol) and ethyl chloroformate (5.4 g,

(14) F. F. Blicke and J. H. Burckhalter, J. Amer. Chem, Soc., 64, 451
(1942).

The Journal of Organic Chemistry

0.05 mol) were mixed at 40°, and the reaction was complete in
45 min. The solid product was washed with anhydrous ether,
then with dry dioxane, and stored in vacuo: Yyield of 28, s.0 g
(60%); mp 92-93° (lit.1.s mp 100°).

Anal. Calcd for CioHUCINO: neut equiv, 199.7; Cl, 17.75;
N, 7.01. Found: neutequiv, 206.0; Cl, 17.32; N, 6.89.

The compound was further characterized by identification of its
hydrolysis products. To a sample of 28 was added an equimolar
amount of H20, and the mixture distilled. The distillate was
identified as ethyl acetate and the residue as aniline hydrochloride
by comparison of their ir spectra with those of authentic samples.

Rate Studies.— The apparatus was the same as that used in the
preparation of the imidate hydrochlorides, modified as follows.
The dropping funnel was mounted on top of a side-arm adapter,
the side arm of which was fitted with a delivery tube from a
nitrogen tank. The condenser was cooled by pumping through
it acetone from a Dry Ice-acetone mixture. (This was found
necessary in order to prevent ethyl chloroformate from being
swept out of the system by the nitrogen stream.) The delivery
tube from the top of the condenser was attached to one stem of a
three-way stopcock. To each of the other stems was attached a
150-mm absorption tube packed with indicating C02 absorbent.is
This stopcock arrangement permitted selective absorption into
either of the tubes. The propionamide used was Eastman Or-
ganic Chemicals No. 675, recrystallized three times from benzene
(mp 79.5-80°).

In a typical experiment, the propionamide was placed in the
flask and the system was purged with nitrogen for 1 hr. The
weighed absorption tubes were attached, and the stopcock was
turned so that the exit gases could pass through tube no. 1.
The ethyl chloroformate was added from the dropping funnel,
and the timer started. Stirring was continued throughout, and
the water bath was maintained at 30 £ o.:°. Nitrogen was
allowed to flow through the system continuously to sweep out
the CO: as formed.

After 15 min the stopcock was turned to close absorption
tube no. 1 and open no. 2. Tube no. 1 was disconnected,
weighed, and reconnected. This procedure was repeated every
15 min, alternating the gas flow through the two absorption
tubes.

Registry No.--5, 18542-63-7; 10, 18542-64-8; 12,
18542-65-9; 13, 18542-66-0; 14, 18542-67-1; 15,
1S542-6S-2; 16, 18542-69-3; 17, 18542-70-6; 18,
18542-71-7; 19, 18559-84-7; 20, 18559-85-8; 21,
18559-S6-9; 22, 18559-87-0; 23, 18598-45-3; 24,
18559-88-1; ethyl chloroformate, 541-41-3.

Acknowledgments.—The authors wish to thank
Fred J. Reichley and Thomas R. Weaver for their
assistance in preparing several of the compounds and
performing a number of the analyses.

(15) G. D. Lander, J. Chem. Soc., 591 (1902).
(16) Mallcosorb A. R. 30-50 mesh, Mallinckrodt Chemical Works, St.
Louis, Mo. 63160.



Vol. 84-, No. 2, February 1969

4-Hydroxyarylene Ethers 297

The Synthesis of 4-Hydroxyarylene Ethers by the Equilibration of Phenols
with Poly(2,6-dimethyl-1,4-phenylene ether)1l

Dwain M. W hite

General Electric Research and Development Center, Schenectady, New York

12301

Received July 24, 1968

Hydroxyarylene ethers, 6, have been synthesized by equilibrating phenols with poly(2,6-dimethyl-1,4-phenyl-

ene ether).

cleaved to the free hydroxyarylene ethers.
at room temperature.
methyl-4,4'-diphenoquinone.
equilibrated extensively with the polymer.
unreactive.
ratio of starting phenol to polymer.

Many 4-aryloxyphenols redistribute in the presence
of an initiator to form a mixture of phenols.23 For
example, 4-(2,6-dimethylphenoxy)-2,6-dimethylphenol
(2) is converted into an equilibrium mixture of 2,6-

2, n=2
3n=3
4,n=4

dimethylphenol (1) and higher molecular weight hy-

droxyphenylene ethers (reaction 1), and the quantities
initiator

1+ 2+ 3+ 4+ ... 1)

of the products at equilibrium occur in the order 1 >

2> 3> 4>.... When a second phenol is present

during the redistribution of 2, a coequilibration may

occur in addition to reaction 1 and a second series of
products can result (reaction 2). This report describes

a synthetic method for the preparation of 4-hydroxy-
arylene ethers which utilizes reactions which are similar
to 1and 2. Instead of using a “dimer” as 2, an equili-
bration mixture is attained from the coredistribution of
a high molecular weight hydroxyarylene ether, poly-
(2,6-dimethyl-1,4-phenylene ether) (5), with a phenol.
Reaction 3 describes the conversion. When ArOH
is compound 1, the products are the same as those
from reaction 1. When ArOH is a phenol other than

(1) A portion of this work was described at the Phoenix Meeting of the
American Chemical Society, Division of Polymer Chemistry, Preprints,
1966, p 178.

(2) G. D. Cooper, A. R. Gilbert, and H. Finkbeiner, ref 1, 1966, p 166.

(3) D. A. Bolon, J. Org. Chem., 32, 1584 (1967).

The mixtures of phenolic products were converted into thermally stable derivatives (acetates,
methyl ethers, trimethylsilyl ethers) and separated by fractional distillation.

The purified derivatives were

With the trimethylsilyl ethers, the cleavage proceeded quantitatively
The equilibration reactions were initiated with either benzoyl peroxide or 3,3',5,5'-tetra-
Phenol, resorcinol, halophenols, alkylphenols, alkoxyphenols, and aryloxyphenols
Phenols with strong electron-withdrawing groups generally were
The molecular weight distribution of the low molecular weight products depended on the initial

®

6,n*0,1,2,3-

I, the products are the same as those from reaction 2,
and only trace quantities of the products from re-
action 1 are present. Since the polymer, 5, is readily
available,45 the equilibration of 5 with phenols often
provides a convenient synthetic method for the prepara-
tion of entire series of 4-hydroxyarylene ethers. In
many instances (e.g., halogenated products or com-
pounds with two or more ether linkages), syntheses by
conventional organic procedures often require many
more steps and result in very low yields.6

The equilibration mixture, 6, which contained the
starting phenol and hydroxyarylene ethers ranging
from n = 1 up to methanol-insoluble polymer (n >
ca. 10), in most cases was highly reactive23and would
redistribute during isolation. To avoid redistribution,
the phenols were converted into esters or ethers which
did not redistribute.7 The separation procedure varied
with the specific conditions but involved some or all
of the following operations: (a) precipitation of the
methanol-insoluble polymer if much was present; (b)
extraction of the phenol, ArOH, and certain other
impurities with aqueous base; (c) conversion of the
hydroxyarylene ethers into thermally stable deriva-
tives, e.g., the trimethylsilyl ether (eq 4);8 (d)
fractional distillation of the derivatives; and (e) hy-
drolysis of the purified derivative. The trimethyl-

(4) A. S. Hay, H. S. Blanchard, G. F. Endres, and J. W. Eustance, J.
Amer. Chem. Soc., 81, 6335 (1959); A. S. Hay, J. Polym. Sci., 58, 585 (1962).

(5) G. F. Endres and J. Kwiatek, ibid., 58, 593 (1962).

(6) Alternate procedures would require methods such as the Ullraann
ether synthesis [H. E. Unganade, Chem. Rev., 38, 405 (1946)1 or involve aryl
iodonium intermediates [H. Ziegler and C. Marr, J. Org. Chem., 27, 3335
(1962), and references therein].

(7) G. D. Cooper, H. S. Blanchard, G. F. Endres, and H. L. Finkbeiner,
J. Amer. Chem. Soc., 87, 3996 (1965).

(8) J. F. Klebe, H. Finkbeiner, and D. M. White, ibid., 88, 3390 (1966).
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silyl ethers were convenient derivatives since they were
stable during distillation and the protective group
could be hydrolyzed after distillation under conditions
which were sufficiently mild to prevent redistribution
of the free 4-hydroxyarylene ether.

The major products which were isolated from pre-
parative-scale equilibrations with 2,6-dimethylphenol,
phenol, p-bromophenol, 3,3'-5,5'-tetramethyl-4,4'-di-
hydroxybiphenyl (20), and 4,4-isopropylidenedi-
phenol are listed in Table 1.9 In some cases, the in-

Table |

Products from the Equilibration of Phénols (ArOH)
viTH Poly(2,6-dimethyl-1,4-phenylene ether)

CT
‘_l— OAr
\ dTl «
Compd
no. n Ar Mp, °C
2 | 2,6-Dimethylphenyl 108.5-109*
3 2 2,6-Dimethylphenyl 112.5-112.7"
4 3 2,6-Dimethylphenyl 165-167 (acetate)
7 1 Phenyl Amorphous
8 2 Phenyl Amorphous
9 3 Phenyl Amorphous
10 1 4-Bromophenyl 62.5-63.5
11 2 4-Bromophenyl 100-102
CH
12 1 201.5-202.5
ch,
O &y
13 1 118-119
CH, CH,
“Lit.3mp 111°. pLit.3mp 112-113°.

termediate trimethylsilyl ethers were crystalline solids
(e.g., the trimethylsilyl ether of 11, mp 68-70°) and
could be purified by recrystallization. The products
in Table | which are new compounds have been char-
acterized by infrared (ir) and nuclear magnetic reso-
nance (nmr) spectroscopy, elemental analysis, and
thin layer and gas chromatographic behavior. The
preparation of these compounds illustrates the use of
halo- and alkylphenols and unsubstituted and di-
functional phenols in equilibrations for synthetic
purposes. The scope of the reaction is discussed in
more detail, below, after several other features of
the reaction have been presented.

The quantities of products from a large-scale equili-
bration of 2,6-dimethylphenol with polymer 5 illustrate

(9) A preparative-scale equilibration using 2,4,6-trimethylphenol is de-
scribed in ref 8.

The Journal of Organic Chemistry

yields for a reaction where the acetates of the dimer,
trimer, and tetramer were isolated. From 1000 g of

2,6-dimethylphenol and 1000 g of polymer, the isolated
derivatives were 14 (293 g), 15 (220 g), and 16 (35 g).
Only a portion of 16 was isolated. Gas chromato-
graphic analysis indicated that approximately 100 g
was in the reaction mixture.

A variety of oxidizing agents can serve as initiators
for the equilibrations. The two materials used in this
study were benzoyl peroxide and 3,3',5,5'-tetramethy -
1,4-diphenoquinone (17). o-Chloranil (18) and 2,4,6-
tri-i-butylphenoxyl (19) were moderately effective

initiators but were not used in preparative reactions.
p-Benzoquinone and p-chloranil did not produce ex-
tensive equilibration. Side reactions, principally with
the phenol, rapidly decreased the concentrations of the
latter two initiators.

The quantities of benzoyl peroxide and 17 varied
from 3to 10% of the weight of the polymer. The latter
quantity was used only when smaller quantities did
not produce extensive equilibration. Low initiator
concentrations were preferred since the quantities of
side products were less.

Several side products from reactions of the initiators
were isolated. With 17 as the initiator, phenols with
low oxidation potentials were oxidized usually to
carbon-carbon coupled dimers.0 In the case of 2,6-
dimethylphenol, the product was 3,3',5,5'-tetramethyl-
4.,4'-dihydroxybiphenyl (20). Compound 20 equili-
brated with the polymer to produce compound 12
(eq 5) and higher oligomeric products. (This side re-
action was used preparatively; see Table 1.) With
benzoyl peroxide as an initiator, the sequence of re-
actions shown in eq 6 occurred. The formation of

(10) A. S. Hay, Tetrahedron Lett., 4241 (1965); R. G. R. Bacon and O. J.
Stewart, Chem. Commun., 977 (1967).
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4-benzoyloxy-2,6-xylenol (21) from the reaction of
benzoyl peroxide with 2,6-xylenol has been reported.1l 12
An extensive equilibration of 21 with polymer 5 to
form 22 and higher oligomers occurred and is described
in a later section. Another source of 21 is the re-
action of benzoyl peroxide with the polymer. This is
indicated by the isolation of 21 in small amounts from
equilibrations which did not have 1 as the starting
phenol. The vyields of the side products were low;
typical values based on the equilibration of 100 g of
polymer with 100 g of 2,6-dimethylphenol were 2 g of
20 and 0.5 g of 12 from 3 g of initiator 17 and 2 g of
21 and 0.5 g of 22 from 10 g of benzoyl peroxide.

The relative quantity of each component in the
equilibrated reaction mixture depends on the number
average degree of polymerization, DP«, of the mixture.
When polymer was equilibrated completely with an
equal weight of 2,6-dimethylphenol, the distribution of
the products was the same as that for the equilibration
of the dimer 2 alone. In this case, the molar con-
centration of 2,6-dimethylphenol was almost equal to
the molar concentration of monomeric units in the
polymer, i.e., x = y in reaction 3, and the DP,, was
almost _2. Similarly, a monomer-polymer solution
with a DP,, of 3 was converted into the same distribu-
tion which was attained from equilibration of the trimer
3. The effect of changes of the DP is illustrated in
Figure 1 for three 2,6-dimethylphenol concentrations.
For a DP of 3 (0.50 g of 1/g of 5), the weight ratio of

(11) S. L. Cosgrove and W. A. Waters, J. Chem. Soc. (London), 3189
(1949); 388 (1951).
(12) C. Walling and R. B. Hodgdon, J. Amer. Chem. Soc., 80, 228 (1958).
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Figure 1.—Change in product composition with initial 2,6-
dimethylphenol concentration for the equilibration with 1.00 g
of polymer 5 at 80° for 2 hr. The quantity of initiator 17 was 3
wt % of the 2,6-dimethylphenol.

2:3:4 was approximately 1:1:1. For a DP of 15
(2.0 g of 1/g of 5) the ratio was approximately 3:2:1.
The changes in product distribution can be interpreted
as mass law effects on the many equilibration reactions
which are occurring. Two equilibrium reactions are
represented by eq 7 and 8. Compound 6' is an oligomer
with one less monomeric unit than in 6. An increase
in the phenol 1 drives the equilibrium to the right and

1+ 65=%2+ 6 (7)

2+ 6 3+ 6' (8)

the dimer 2 is increased. The increase in 2 causes a
corresponding shift in equilibrium &S to the right and
the concentration of 3 is increased. The increase of
3 is not so pronounced as the increase in 2, however,
since the equilibrium concentration of 2 is less than
that of 1. The effect of the concentration of 1 on
higher oligomer concentrations is progressively less as
the size of the oligomer increases.

From the data in Figure 1, an equilibrium constant
can be calculated for the equilibrium between com-
pounds 1, 2and 3 (eq 9). Thevalue, K2 = 23 =

2(2) 1+ 3 (9)

0.2, is in agreement with the value of 2.44 for the re-
distribution of 2.2 For equilibrium 10, K3 = 091 =*

2(3) 2+ 4 (10)

0.1.Equilibrium constants for analogous redistribu-
tion of higher oligomers also appear to be near unity.
Only the equilibrium constant which involves an
equilibrium with component 1, a phenol which cannot
redistribute (reaction 1), has the high value.
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The reactivity of the polymer, 5, in the equilibration
is dependent on its molecular weight and on the nature
of the phenolic end group. The phenolic end group
is the site of initial reaction in the polymer chain.
This was demonstrated by the inability of completely
acetylated polymer to coredistribute under equilibra-
tion conditions. Since the concentrations of phenolic
end groups are inversely proportional to the molecular
weight, low polymer has a higher molar concentration
of end groups than an equal weight of high polymer.
For low polymer faster equilibration results and fewer
side reactions, as reactions 5 and 6, occur. The other
factor is the nature of the phenolic end group. The
concentration of irregularities in the structures of
the phenolic end groups appears to increase with
higher molecular weight owing to side reactions during
polymerization which reduce the reactivity of some of
the polymer molecules. For these reasons, equilibra-
tion is more extensive and side products are less with
low molecular weight polymer. The use of very low
molecular weight polymer for equilibrations with
phenols other than 2,6-dimethylphenol is avoided, how-
ever, since the molar concentration of polymer will
be sufficiently high to allow the buildup of an ap-
preciable amount of equilibration products from a re-
distribution reaction similar to reaction 1. Thus,
polymers with molecular weights between ca. 2000
and 10,000 (intrinsic viscosity in chloroform at 30°
from ca. 0.1 to 0.3 dl/g) have been used most success-
fully in these preparations.

The scope of the equilibration between phenols and
poly(2,6-xylylene oxide) is indicated by the results of
equilibrations with 28 phenols which are summarized
in Table Il. Extensive equilibration (as indicated by
low yields of recovered polymer) occurred with phenol,
many alkylated and halogenated phenols, and certain
phenols with an oxygen atom in the meta or para posi-
tion. In general, compounds that equilibrate poorly
are the phenols which have lowest oxidation potentials
and undergo side reactions with the initiator or phenols
that have the highest oxidation potentials and are
inert (e.g., p-nitrophenol). Steric effects may account
for the lower reactivity with o-bromophenol than with
p-bromophenol. Two of the phenols in Table II,
20 and 21, are side products from the initiators. Their
ability to react with polymer is demonstrated here.

The polymer for the series of reactions in Table 11
had a relatively high intrinsic viscosity (0.34 dl/g,
M, ca. 15,000) to provide a less reactive system than
would result with lower molecular weight polymers.
Thus, the reactivity scale of the more active phenols
was, in effect, expanded. As a result, some of the
active phenols had intermediate reactivity in this
case, and did equilibrate more extensively with polymers
that were more reactive.

Benzoyl peroxide and 3,3"5,5M,etramethyl-4,4'-di-
phenoquinone were compared for equilibrations with
several phenols (Table Il). In these cases, benzoyl
peroxide was either equally effective or more effective
than the diphenoquinone. In certain cases, however,
the diphenoquinone was preferred since the 4-aryloxy-
2,6-xylenol (6, n = 1) could be separated more easily
from side product 20 than from side product 21.

The mechanism of the equilibration of poly(2,6-di-
methyl-1,4-phenylene ether) with phenols appears to
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Tabie Il
Equilibration Of Poly-(2,6-Dimethyl-1,4-phenylene ether)
with Various Phenols

Yield of recovered polymers
mmmmmn for two initiators-------- >
Benzoyl 3,3'5,5'-Tetra-
peroxide, methyl-4,~-di-

Phenol % phenoquinone, %
Phenol 6
0-Bromophenol 31 48
m-Bromophenol 28
p-Bromophenol 11
p-\odophenol 16 35
p-Chlorophenol 5
2,6-Dichlorophenol 64
Pentachlorophenol 86
o-Cresol 3 4
m-Cresol 5 17
p-Cresol 4
2,6-Xylenol (1) 4 6
Mesitol 47
2,6-Dimethyl-4-(benzoyloxy)phenol (21) 10
p-Methoxyphenol 46
p-Phenoxyphenol 4
Hydroquinone monobenzoate 13
Hydroquinone 98
Resorcinol 33
4,4'-Dihydroxydiphenyl ether 95
4,4'-1sopropylidenediphenol 4
3,3',5,56'-Tet,ramethyl-4,4'-biphenyl (20) 60
p-Hydroxyben zonitrile 88
2,6-Diphenylphenol 64
p-Nitrophenol 90
/3-Naphthol 64
Methyl p-hydroxybenzoate 88
Methyl salicylate 96

be very similar to the mechanism described for the
redistribution of compound 22 and the coredistribu-
tion of phenols with compound 2.3 The initiation
step is the oxidation of the phenolic group. With
the diphenoquinone 17 as an initiator, the monomer
and the polymer are converted into the corresponding
phenoxy radicals (eq 11 and 12). The reduced di-
phenoquinone, 23, can either abstract another hydrogen
and form 20 or can transfer a hydrogen to reduce an
aryloxy radical. The radicals ArO- and 24 couple to
form a quinone ketal, 25 (eq 13), one of the types of
intermediates in the propagation step. With benzoyl
peroxide as an initiator, the initial step may be the
formation of a quinolbenzoate, 26 (eq 14), in analogy
with the formation of 4-benzoyloxy-2,4,6-trimethyl-
2,5-cyclohexadienone from benzoyl peroxide and mes-

12
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ArO + 24

5 + (C&HZ022 —

(4

itol.11 Compounds 25 and 26 can dissociate to form a
polymer radical 27 (which reacts similarly to 24)
and the radical 28 (eq 15) which can be reduced
to form the side product 21 or can equilibrate further.

The steps in the propagation reaction involve the
same reversible dissociations of quinone ketals which
were described by Bolon,3 e.g.,, eq 16-18, etc. In-

26 )

OAr  (18)
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termediates such as 29 and 31 can react further with
other phenoxv radicals such as 24 and 27 or can
abstract hydrogen atoms from other phenols to form
6 and new phenoxy radicals.

Strong support for the quinone ketal dissociation
mechanism23is given by the structures of the products
which were isolated in this study. This mechanism
predicts that only the terminal aryloxy rings of the
hydroxyarylene ethers are derived from the phenol,
ArOH. All o: the remaining rings are derived from
the polymer. The nmr studies of the composition of
the hydroxyarylene ethers indicated that they do have
structure 6.

Experimental Section13

Poly(2,6-dimethyl-,4-phenylene ether) (5).—The polymers
were prepared by a modification of the method of Endres and
Kwiatek.6 2,6-Dimethylphenol (10.0 g, 0.082 mol; three times
recrystallized) was added to an oxygenated, stirred solution of
cuprous chloride (0.50 g, 0.005 mol; reprecipitated from hydro-
chloric acid with methanol and dried) and pyridine (100 ml;
reagent grade) in a flask in a stirred water bath at 20°. Oxygen
(0.15 ft¥hr) was bubbled into the solution. The temperature
of the reaction mixture rose to 23° after 7 min. After 17 min,
the temperature began to drop and the reaction mixture was
transferred to a beaker and stirred vigorously. Methanol (500
ml; containing 5 ml of concentrated hydrochloric acid) was
added to precipitate the polymer. The polymer was collected
on a filter, washed two times by trituration with 500 ml of hot
methanol, and dried at 50° for 20 hr at reduced pressure. The
polymer weighed 8.6 g; its intrinsic viscosity in chloroform at
30° was 0.37 dlI/g. Small decreases in reaction times produced
polymers with lower viscosities. For example, a 15-min reac-
tion produced a polymer with an intrinsic viscosity of 0.11
dl/g.

ngaII-ScaIe Equilibration Reactions.— Poly(2,6-dimethyl-1,4-
phenylene ether) (0.500 g; intrinsic viscosity in chloroform at
30°, 0.34 dl/g), the substituted phenoll4 (0.0042 mol), and either
3,3',5,5'-tetramethyl-4,4'-diphenoquinone (17, 15.0 mg, 0.063
mmol) or benzoyl peroxide (50 mg, 0.21 mmol) in benzene (25 ml)
were heated at reflux for 2 hr and then the solution was cooled
to 25°. Methanol (250 ml) was added dropwise and the pre-
cipitated polymer was transferred quantitatively to a filter,
washed thoroughly with methanol, dried at 50° (10 mm) for 24
hr, and weighed. The yields of recovered polymers are listed
in Table I1. A 5-ml aliquot of the filtrate was concentrated on a
rotary evaporator, converted into the trimethylsilyl ether de-
rivative by adding 2 drops of bis(trimethylsilyl)acetamide, and
analyzed by gas chromatography on a 2-ft silicone rubber column
with a program from 100 to 300° at 10°/min. The composition
of the methanol-soluble fractions was similar to that of the equil-
ibration of the dimer 2 and was proportional to the quantities
of isolated products from large-scale preparative equilibrations.

Preparation of Low Molecular Weight Hydroxyarylene Ethers,
“Dimers,” "Trimers,” and “Tetramers.” — The details of the
procedures varied according to the reactivity of the particular
equilibration mixture. If the yield of methanol-insoluble poly-
mer was relatively high, a precipitation step was used. If a
large quantity of initiator 17 was required, a base extraction
step was used to remove the 3,3',5,5'-tetramethyl-4,4'-dihydroxy-
biphenyl (20). In many cases a small-scale reaction (described
above) was used to determine the preferred procedure.

Equilibration with 2,6-Xylenol. Preparation of 4-(2,6-Di-
methylphenoxy)-2,6-dimethylphenol  (2), 4-[4-[2,6-Dimethyl-
phenoxy)-2,6-dimethylphenoxy]-2,6-dimethylphenol (3), and 4-
{4 - [4 - (2,6 - Dimethylphenoxy) - 2,6 - dimethylphenoxy] - 2,6-
dimethylphenoxy (-2,6-dimethylphenol  (4).— Low  molecular

(13) Melting points were determined on a Leitz hot-stage microscope and
are corrected. Boil.ng points and distillation pressures are approximate.
Nmr spectra were measured on a Varian A-60 spectrometer unless stated
otherwise.

(14) A1l phenols and initiators were purified by recrystallization or redistil-

lation.
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weightpoly(2,s -dimethyl-1,4-phenyleneether) (5) (100 g; intrinsic
viscosity in chloroform at 30°, 0.14 dl/g), 2,6-dimethylphenol
(100 g, 0.82 mol), 3,3'5,5'-tetramethyl-4,4'-diphenoquinone
(17, 3.0 g, 0.013 mol), and benzene (2 1.) were heated at reflux
with stirring for 2 hr. The solution was concentrated to 700 ml
with a rotary evaporator and extracted with aqueous 1 0% sodium
hydroxide to remove 2,6-xylenol and 20. The organic layer
was washed with 5% hydrochloric acid and then with water.
Methanol (> 1.) was added over a 30-min period to the benzene
solution. The precipitated polymer was removed by filtration
and the filtrate was concentrated to a viscous oil (59 g). A
solution of the oil in benzene (500 ml) and bis(trimethylsilyl)-
acetamide (100 g, 90% pure, 0.45 mol) in benzene was heated for
2 hr, then concentrated to an oil which was fractionally distilled
at reduced pressure. The cuts given in Table 111 were obtained.

Tabte Il
Principal components,
trimethylsilyl ether
1 raction Bp (mm), °C WA, g derivatives
A 76 (2.5) 20 1
B 142(0.8) 25 2
C 190 (0.6) 21 3
) 220 (0.005) 13 4

The trimethylsilyl groups were removed by dissolving the
fractionated trimethylsilyl ether (10 g) in methanol (200 ml) at
room temperature and adding : drop of hydrochloric acid and
sufficient water (ca. 100 ml) to reach the cloud point. On cooling
(0 °), the product crystallized out of the solution and was collected
on a filter, washed with cold aqueous methanol, and dried at
room temperature under reduced pressure. A second crop of
crystals was obtained by the addition of more water to the filtrate.
The over-all yields of the dimer and trimer from fractions B and
C were 20.2 g of 2, and 13.8 g of 3. Compounds 2 and 3 were
identical with authentic samples.s's

Redistillation of the highest boiling cut, D, produced a light
amber, glassy solid which was 90% trimethylsilyl ether of 4
according to gas chromatography and nmr. The sample did
not crystallize either as the silyl ether or when converted into the
free phenol. The bands in the nmr spectrum (in carbon tetra-
chloride, TMS reference) due to the trimethylsilyl ether of 4
occurred at. 0.21, 2.05, 2.09, 2.13, 6.24, 6.37, and 6.96 ppm with
the relative intensity ratio 9:3:6:3:2:4:2. Compound 4 was
converted into the acetate derivative, mp 165-167°, which was
identical with compound 16 which is described below.

Equilibration with Phenol. Preparation of 4 Phenoxy-2,6-
dimethylphenol (7), 4-(4-Phenoxy-2,s -dimethylphenoxy)-2,6-di-
methylphenol (), and 4-[4-(4-Phenoxy-2,6-dimethylphenoxy)-
2,6 -dimethylphenoxy]-2 ,s -dimethylphenol (9).— Phenol (100 g,
1.06 mol), poly(2,6-dimethyl-I,4-phenylene ether) (45 g; in-
trinsic viscosity, 0.62 dl/g), and 3,3',5,5'-tetramethyldipheno-
quinone (17, 4.5 g, 0.02 mol) in benzene (500 ml) were heated at
reflux for 15 min. The solution was concentrated at atmosphere
pressure to 250 ml over a 20-min period. Hexane (1500 ml)
was added to precipitate the remaining polymer. After filtra-
tion (which removed 10 g of polymer), the filtrate was concen-
trated, trimethylsilylated, and fractionally distilled. The prod-
uct yields after hydrolysis to the free phenols are listed in Table
IV. Compound 7 was identical (nmr and ir spectra) with an

Table IV
Bp (mm), °C,
Product Wt, g of trimethylsilyl ether
7 21 112(0.05)
8 6.5 185 (0.02)
9 1.0 215(0.02)

authentic sample.s The ir spectrum of the pure liquid showed
characteristic absorption at 3500, 1240, 1210, 890, 760, and 700
cm-1. The nmr spectrum (in deuteriochloroform, TMS ref-
erence) showed singlet bands at 2.15, 4.85, and 6.75 ppm and a
complex grouping at s .8-7.3 ppm in the relative intensity ratio
6 :1:2:5.

The ir spectrum of the pure liquid trimethylsilyl ether of
showed bands at 1230, 1210, 860, 760, and 700 cm-1 which were
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characteristic of the aryl ether links, the isolated aryl hydrogens,
and the monosubstituted benzene ring. The nmr spectrum (in
carbon tetrachloride, TMS reference) showed singlet bands at
0.23, 2.10, 2.15, 6.42, and 6.76 ppm and a complex grouping
at s .8-7.3 ppm in the relative intensity ratio 9:6:6:2:2:5.

The ir spectrum of the pure liquid sample of the trimethylsilyl
ether of 9 showed bands at 1230, 1210, 860, 760, and 700 cm-:
which are characteristic of the ether links, the isolated aryl hy-
drogens, and the monosubstituted benzene ring. The nmr spec-
trum (in deuteriochloroform, TMS reference) showed bands at
0.23, 2.08, 2.14, 6.50, and 6.75 ppm and a series of bands from
7.0 to 7.5 ppm in the relative intensity ratio 9:6:12:2:4:5.

Equilibration with p-Bromophenol. Preparation of 4-(4-
Bromophenoxy)-2,6-dimethylphenol (10) and 4-[4-(4-bromo-
phenoxy)-2,6 -dimethylphenoxy] -2 ,s -dimethylphenol (11).—A
solution of poly(2,6-dimethyl-1,4-phenylene ether) (100 g;
intrinsic viscosity, 0.34 dl/g), p-bromophenol (144 g, 0.83 mol),
and benzoyl peroxide in benzene (2000 mIl) was heated to reflux.
After 2 hr, bis(trimethylsilyl)acetamide (223 g, 90% pure, 1.0
mol) was added. After 1 hr, the reaction mixture was cooled,
concentrated, and distilled rapidly. The distillate boiling higher
than the trimethylsilyl ether of p-bromophenol was redistilled
carefully. The yields and boiling points of the trimethylsilyl
ethers follow: trimethylsilyl ether of 10, 37 g, bp 120° (0.03
mm); trimethylsilyl ether of 11, 17 g, bp 150° (0.03 mm). The
nmr spectrum (in deuteriochloroform, TMS reference) of the
trimethylsilyl ether of 10 showed singlet bands at 0.25, 2.16,
and 6.64 ppm and a quartet at 6.70, 6.75, 7.27, and 7.32 ppm in
the relative intensity ratio 9:6 :2:4. The trimethylsilyl ether
was hydrolyzed in nearly quantitative yield by dissolving it in
methanol-water and adding 1 drop of hydrochloric acid. Com-
pound 10 was recrystallized from hexane: mp 62.5-63.5°. The
ir spectrum of the sample in a KBr pellet showed bands at 3440,
1193, 875, and 820 cm-1 which are characteristic of the hydroxyl
group, the ether link, and the isolated and two adjacent aryl
hydrogens. The nmr spectrum (in carbon tetrachloride, TMS
reference) showed singlet bands at 2.20, 4.58, and 6.64 ppm and
a quartet at 6.70, 6.75, 7.26, and 7.41 ppm in the relative in-
tensity ratios :1 :2 :4.

Anal. Calecd for CuHiaBrCh: C, 57.4; H, 4.5; mol wt,
293. Found; C, 57.7; H, 4.5; mol wt (Mechrolab osmometer
in chloroform), 285.

The trimethylsilyl ether of 11 was recrystallized from hexane,
mp 68-70°. The nmr spectrum (in deuterochloroform; TMS
reference) showed singlet bands at 0.23, 2.09, 2.14, 6.37, and6.73
ppm and a quartet at 6.81, 6.97, 7.34, and 7.49 ppm in a relative
intensity ratio 0f9:6:6:2:2:4.

Anal. Calcd for OasHjoBrQjSi: C, 62.0; H, 6.0; Br, 16.5;
mol wt, 485. Found: C, 61.9; Il, 5.9; Br, 16.6; mol wt
(Mechrolab osmometer in benzene), 475.

The trimethylsilyl ether of 11 was hydrolyzed in nearly quan-
titative yield by dissolving it in methanol-water and adding :
drop of hydrochloric acid. Compound 11 was recrystallized
from hexane: mp 100-102°. The ir spectrum in a KBr pellet
showed bands at 3400, 1230, 1190, 878, 850, and 820 cm-1 which
are characteristic of the hydroxyl group, the two aryl ether links,
the two types of isolated aryl hydrogens, and two adjacent aryl
hydrogens.

Anal. Calcd for C2H21B:0s: C, 63.8; H, 5.1; mol wt, 413.
Found: C, 63.7; H, 5.1; mol wt (Michrolab osmometer in
benzene), 392.

Equilibration with 20. Preparation of 4-(3,5-Dimethyl-4-
hydroxyphenoxy)-4'-hydroxy-3,3',5,5'-tetramethylbiphenyl (:2).
— To a stirred mixture of 3,3'5,5'-tetramethyl-4,4'-dihydroxy-
bipheuyl (20, 100 g, 0.41 mol) and 3,3',5,5'-tetramethyl-4,4'-
diphenoquinone (17, 15 g, 0.063 mol) in benzene (2000 ml) at
80° was added poly(2,6-dimethylphenylene ether) (50 g; in-
trinsic viscosity, 0.27 dl/g). After 16 hr at reflux, a gas chroma-
tographic analysis indicated the presence of approximately 30 g of
12. Bis(trimethylsilyl)acetamide (204 g, 0.92 mol, based on 90%
purity) was added dropwise. After 2 hr, the mixture was con-
centrated and then distilled at reduced pressure to yield two high
boiling fractions: bis(trimethylsilyl ether) of 20, 80 g, bp 155°
(0.01 mm); bis(trimethylsilyl ether) of 12, 40 g, bp 190° (0.01
mm). Hydrolysis of these fractions gave nearly quantitative
yields of the free diols. The product from the first fraction, mp
224-226°, was identical with an authentic sample of 20.u The
hydrolysis product from the second fraction was a solid which
was recrystallized from chloroform-hexane and sublimed: 12,
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mp 201.5-202.5°. The ir spectrum of this substance (in a KBr
pellet) showed strong bands at 3450, 1185, and 860 cm-1 which
are characteristic absorptions for the hydroxyl group, the ether
link, and the isolated aryl hydrogens of the 1,2,3,5-tetrasub-
stituted aryl groups, respectively. The nmr spectrum (in per-
deuteriodimethyl sulfoxide, TMS reference) showed singlet bands
at 2.05, 2.20, 6.27, 7.15, 7.25, 7.70, and S.20 ppm in the relative
intensity ratio 12:6:2 2 12 11 1.

Anal. Calcd for C2«H20s: C, 79.6; H, 7.2; mol wt, 362.5.
Found: C, 79.3; H, 7.3; mol wt (Mechrolab osmometer in
chloroform), 359.

Equilibration with 4,4'-1sopropylidenediphenol. Preparation
of  4-[4-(Hydroxyphenylisopropylidene )phenoxy]-2,s -dimethyl-
phenol (13).— A solution of low molecular weight poly(2,6-di-
methyl-l,4-phenylene ether) (20.0 g; intrinsic viscosity', 0.11
dl/g), 4,4'-isopropylidenediphenol (40 g, 0.175 mol), 3,3'5,5'-
tetramethyl-4,4'-diphenoquinone (0.60 g, 0.0025 mol), and
benzene (600 ml) was heated at reflux 2 hr.  Bis(trimethylsilyl)-
acetamide (64 g, 0.28 mol, 90% pure) was added dropwise and
the solution was heated at reflux for . hr. The solution was
distilled through a 3-ft spinning-band column to yield two high
boiling fractions: bis(trimethylsilyl ether) of 4,4'-isopropyli-
denediphenol, 45 g, bp 130-135° (0.01 mm); bis(trimethylsilyl
ether) of 13, 28 g, bp 195-200° (0.01 mm.)

A small sample of the bis(trimethylsilyl ether) of 13 was re-
distilled. The ir spectrum of this compound (pure liquid) showed
absorptions at 1240, 880, and 840 cm-1 which are characteristic
of the diaryl ether link and the isolated aryl hydrogens, and two
adjacent aryl hydrogens, respectively. The nmr spectrum (in
carbon tetrachloride, TMS reference) showed singlet bands at
0.32, 1.68, and 2.22 ppm and a complex of nine bands at s . -
7.2 ppm in the relative intensity ratios 18:6:6:10.

Anal. Calcd for CjsRioOsSk: C, 70.7; H, 8.1.
C,70.7; H, 8.2.

Hydrolysis of these fractions by dissolving them in methanol-
water and adding 1 drop of hydrochloric acid at 25° produced
the free diols in nearly quantitative yield. The 4,4'-isopropyli-
denediphenol was identical with the starting material. Com-
pound 13 was recrystallized from methanol-hexane: mp 118—
119°. The irspectrum of this compound in a KBr pellet showed
absorption at 3400, 1210, 882, 830, and 812 cm-1 which are
characteristic of the hydroxyl group, the ether link, and the iso-
lated and two different sets of two adjacent aryl hydrogens, re-

Found:

spectively.
Anal. Calcd for CasH2203: C, 79.3; H, 6.9; mol wt, 348.
Found: C, 79.2; H, s.s; mol wt (Mechrolab osmometer in

benzene), 337.

Preparation of 4-(2,6-Dimethylphenoxy)-2,6-dimethylphenyl-
acetate (14), 4-[4-(2,6-Dimethylphenoxy)-2,6-dimethylphen-
oxy]-2,6-dimethylphenylacetate (15), and 4-j 4-[4-(2,6-Dimethyl-
phenoxy) - 2.6 - dimethylphenoxy] -2,6 -dimethylphenoxy) -2 -
dimethylphenylacetate (16).— A sample of low molecular weight
poly(2,6-dimethyl-1,4-phenylene ether) (1000 g; intrinsic vis-
cosity, 0.3 dl/g), 2,6-xylenol (1000 g, S.2 mol), 3,3',5,5'-telra-
methyl-4,4'-diphenoquinone (17, 30 g, 0.13 mol), and benzene
(5000 ml) were heated at reflux with stirring 4 hr. Pyridine
(712 g, 9.0 mol) was added to the reaction mixture, acetic an-
hydride (919 g, 9.0 mol) was added over a lo-miu period, and
the solution was heated at reflux. After 2 hr, the benzene, pyri-
dine, and acetic anhydride were removed at reduced pressure in a
rotary evaporator. A rapid distillation at 0.1 mm with a Claisen
still head produced two fractions: (A) 800 g, bp 50-190°; (B)
295 g, 190-230°. Fraction A was fractionally distilled through
a spinning-band column at 0.05 mm. When the still pot con-
tained ca. 100 g of material, fraction B was added and the dis-
tillation was continued. The products given in Table A" were

obtained.
Table V
Bp (mm), Mp, °C, Yield,
Component °C recrystallized g
Acetate of 2,6-xylenol 50 20-21 547
14 130 123-124 293
15 190 121-122 220
16 220 165-167 35

Several side products were obtained: the diacetate of com-
pound 20, 22 ¢, which boiled in the range between compounds
14 and 15; the diacetate of 12, 10 g; the acetates of the “pen-
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tamer” and the “hexamer” which were identified by gas chroma-
tography but not isolated in pure form, ca. 3 g and 1 g, respec-
tively.

The diacetates of 12 and 20 and compounds 14 and 15 were
identical with the acetate derivatives of authentic samples of
the parent compounds (by mixture melting points and ir and nmr
spectra). The ir spectrum of compound 16 in a KBr pellet
showed bands at 1756, 1225, 1190, 850, and 770 cm-1 which are
characteristic of the carbonyl group, the ether links, the isolated
aryl hydrogen, and the three adjacent aryl hydrogens. The nmr
spectrum (in carbon tetrachloride, TMS reference, on a Varian
HA-100 spectrometer) showed doublet bands (/ ~ 0.2 cps) at
2.00, 2.03, 2.05, and 2.12 ppm and singlet bands at 2.15, 6.33,
6.37, and 6.95 opm in the relative intensity ratios s s 6 6 :
3:2:4:3.

Anal. Calcd for CasHs:sOs: C, 77.8; H, 6.9; mol wt, 525.
Found: C, 77.5; H, 7.2; mol wt (Mechrolab osmometer in
chloroform), 534.

Effect of Monomer-Polymer Ratio on Product Distribution.—
Three equilibration reactions were carried out on samples of
poly(2,6-dimethyl-1,4-phenylene ether) (5), 2,6-dimethylphenol
(1), and 3,3',5,5'-tetramethyl-4,4'-diphenoquinone (17) in ben-

zene at 80°. The quantities of reagents are given in Table VII
Table VI
1,0 509 17,9 Berzere, m
0.50 1.00 0.015 25
1.00 1.00 0.030 50
2.00 1.00 0.060 100

After 2 hr, excess bis(trimethylsilyl)acetamide was added to
each mixture and the trimethylsilylated products were analyzed
by gas chromatography. An inert internal standard, 4-methoxy-
phenyl 3-phenoxyphenyl ether, was present in each mixture to
permit quantitative determination of the products (see Figure
1).

)Conversion of Poly(2,6-dimethyl-l,4-phenylene ether) into the
Acetate and Attempted Equilibration of the Acetate.— Poly-
(2,6-dimethyl-l,4-phenylene ether) (10 g; intrinsic viscosity,
0.34 dI/g) was heated at reflux in a mixture of 120 ml of toluene,
120 ml of pyridine, and s ml of acetic anhydride for 3 hr under
nitrogen and then allowed to cool to 25° overnight. The polymer
was isolated by' precipitation with methanol and drying at 50°
(10 mm) for 24 hr. The ir spectrum of the product (2.5% solu-
tion in carbon disulfide in a 1.0-cm cell) indicated that the phe-
nolic hydroxyl absorption at 3610 cm-1 was not present. The
intrinsic viscosity was 0.34 dl/g.

The acetylated polymer (0.50 g), 2,6-dimethylphenol (0.50
g), initiator 17 (0.015 g), and benzene were heated at 80° for
2 hr. The polymer was precipitated with methanol, washed
with methanol, and dried. The polymer weighed 0.50 g and
had an intrinsic viscosity of 0.34 dl/g.

Registry No.—1 (trimethylsilyl ether derivative),
16286-54-7; 2 (trirnethylsilyl ether derivative), 15770-
98-6; 3 (trimethylsilyl ether derivative), 15770-99-7;
4 (acetate), 15770-86-2; 4 (trimethylsilyl ether deriva-
tive), 15875-06-6; 7 (trimethylsilyl ether derivative),
15770-79-3; 8 (trimethylsilyl ether derivative), 15875-
05-5; 9 (trimethylsilyl ether derivative), 15770-95-3;
10, 15770-93-1; 10 (trimethylsilyl ether derivative),
15770-96-4; 11, 15770-94-2; 11 (trimethylsilyl ether
derivative), 15770-97-5; 12, 15770-S7-3; 12 [bis(tri-
methylsilyl ether derivative)], 15946-65-3; 13, 16719-
51-0; 13 [bis(trimethylsilyl ether derivative)], 16781-
29-6; 14, 15770-84-0; 15, 15770-85-1; 20 [bis(tri-
methylsilyl ether derivative)], 16286-53-6; bis(tri-
methylsilyl ether) of 4,4'-(isopropylidenediphenol),
4387-16-0; acetate of 2,6-xylenol, 876-98-2.
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Dimethyloxosulfonium methylide reacts with excess 7-ketonorbornane in dimethyl sulfoxide at room tempera-
ture to produce a complex mixture containing spiro[norbornan-7,2'-oxacyclopropane], methyl 7-(7-hydroxy-
norbornyl)carbinyl sulfoxide, bis[7-(7-hydroxynorbornyl)carbinyl] sulfoxide and no unreacted ketone. We
attribute this unusual and heretofore unobserved reaction type to steric crowding by the exo-2,3 hydrogens of
the ketone which forces the betaine-type intermediate to adopt a conformation from which hydride transfer
rather than intramolecular displacement is the dominant reaction. When the reaction is stopped prior to com-
pletion, a metastable intermediate can be isolated which reacts with 7-ketonorbornene to produce spiro[norborn-
2-en-ani?'-7,2'-oxacycl!opropane] in addition to the other products. It is suggested that this reversibly formed
insoluble intermediate is the betaine-type zwitterion derived from the addition of bis[7-(7-hydroxynorbornyl)-
carbinyl]oxosulfonium methylide to 7-ketonorbornane.

The Journal of Organic Chemistry

In the course of a recent investigation into the re-
activity of some unsaturated bicyclic ketones toward
dimethyloxosulfonium methylide,2 we examined the
competitive reaction of equimolar quantities of 7-
ketonorbornene (1) and 7-ketonorbornane (3) with a
less than stoichiometric amount of ylide. Contrary to
the individual behavior of I,3 of dehydronorcamphor
(2), and of norcamphor (4) with this ylide, the mixture

4 5 6

produced large amounts of a sulfur-containing solid.
Although a high yield of spiro[norborn-2-en-an£f-7,2'-
oxacyclopropane] (5) was also obtained, very little
spiro [norbornane-7,2'-oxacyclopropane] (6) was formed
and almost no unreacted 3 could be recovered. With
the expectation that it could provide a better insight
into some aspects of ketone-ylide reactions which are
notyet fully understood,4we undertook a more thorough
investigation of the anomalous behavior of 7-keto-
norbornane (3) toward dimethyloxosulfonium methyl-
ide. The results of this study are reported here.

Results

The reaction of 7-ketonorbornane (3) with dimethyl-
oxosulfonium methylide in dimethyl sulfoxide (DMSO)

(1) Portions of this work have been presented at the 40th Annual Meeting
of the South CarolinaAcademy of Science, Greenville, S. C., April 1967 [Bull.
S. Carolina Acad. Sci., 29, 51 (1967)], and at the 19th Southeastern Regional
Meeting of the American Chemical Society, Atlanta, Ga., Nov 1967, Ab-
stract 236.

(2) R. S. Bly, C. M. DuBose, Jr., and G. B. Konizer, 3. Org. Chem., 33,
2188 (1968).

(3) R. K. Bly and R. S. Bly, ibid., 28, 3165 (1963).

(4) Cf. E. J. Corey and M. Chaykovsky, 3. Amer. Chem. soc., 87, 1353
(1965).

at 25° ultimately produces spiro[norbornan-7,2'-oxa-
cyclopropane] (6), methyl 7-(7-hydroxynorbornyl)-
carbinyl sulfoxide (7), and bis[7-(7-hydroxynorbornyl)-
carbinyl] sulfoxide (8), e.g., eq 1.

The structure of the epoxide, 6, was established by
reduction with lithium aluminum hydride to the known
7-methyl-7-hydroxynorbornane (9, eq 2).3 That of

7 follows from the fact that it can also be prepared
from 3 and methylsulfinyl carbanion (eq 3).5

The structure of 8 is suggested by spectral and
analytical data. The infrai'ed (ir) spectrum exhibits
hydroxyl and sulfoxyl absorptions but no carbon-
carbon double bond or carbonyl bands. The proton
magnetic resonance (pmr) spectrum (Figure 1) shows
a complex multiplet at 5 1.1-2.2 (relative area, 10),
two singlets at 3.22 and 3.26 (relative area, 2), and a
concentration-dependent singlet at ~3.5 (relative

(5) E. J. Corey and M. Chaykovsky, ibid., 87, 1345 (1965).
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Figure 1.—The 60-MHz pmr spectra of (A) methyl 7-(7-hy-
droxynorbornyl)carbinyl sulfoxide and (B) bis[7-(7-hydroxy-
norbornyl)carbinyl] sulfoxide determined in deuteriochloroform
and reported in parts per million with tetramethylsilane (S0.00)
as internal standard.

area, 1). The high-field multiplet is essentially super-
imposable on the corresponding region in the spectrum
of 7 and exhibits the characteristic splitting pattern
of the ten hydrogens on a 7,7-disubstituted norbornyl
skeleton. The singlets at 8 3.22 and 3.26 can be as-
signed to the nonequivalent methylene hydrogens
adjacent to a sulfoxyl group6 and the singlet at 3.5
to a hydroxyl proton. Since the elemental analysis
corresponds to an empirical formula of CieFUeQjS,
each molecule must contain two magnetically equivalent
structural units of this type (c/. Figure 1). Hence 8
is clearly bis[7-(7-hydroxynorbornyl)carbinyl] sulfox-
ide.

The hydroxyl hydrogens of both 7 and 8 form strong

intramolecular hydrogen bonds with the sulfoxyl
oxygen. In a0.005 M solution in carbon tetrachloride,
the O-H stretch of 7 appears as a single sharp absorp-
tion at 3430 cm-1. The spectrum of 8 exhibits a
strong, bonded-hydroxyl peak at 3440 cm-1 and a
much weaker nonbonded one at 3620 cm-1.7

The relative amounts of 6, 7, and 8 produced are
dependent upon the time of reaction and upon the
mole ratio of 7-ketonorbornane (3) to dimethyloxo-

(6) K. Mislow, M. M. Green, P. Laur, J. T. Melillo, T. Simmons, and
A. L. Ternay, Jr., 3. Amer. Chem. Soc., 87, 1958 (1967),
(7) L. P. Kuhn, ibid., 74, 2492 (1952).
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sulfonium methylide, ketone/ylide (K/Y). Product
analyses from a series of experiments in which these
factors were varied are summarized in Table I. Since

Table |

Products of the Reaction of 7-Ketonorbornane (3)
WITH Dimethyloxosulfonium M ethylide
Mole
ratio of Reaction
Run  ketone/  time,

— Weight, mg (yield, 9)—
8 3

no. ylide hr 6 7 10

1 0.92 1 296 (52) "8 (9) 48 (7) 0 0
2 0.92 27 272 (48) 65 (7) 39 (6) 0 0
3° 0.92 1 305 (54) 100 (11) 29 (4) 0 0
4 1.84 1 142 (25) 48(5) 55 (8) 0 2126
5 1.84 24 209 (37)  75(9) 170 (35) 10(~2) Trace
6 2.80 1 82 (9) 25 (2) 83 (8) 5(~1) 6446

“ Ketone was added over a 10-min period. bProbably contains
a small amount of 8.

the isolated product balance in each of these hetero-
geneous reactions is at best ~70%, the data do not
permit an evaluation of such factors as a change in
the rate of stirring or addition of ketone, a variation in
concentration of the reactants, or small differences in
temperature. However, certain general trends appear
to be significant.

The optimum yield of epoxide 6 is obtained when
approximately equimolar amounts of ketone and
ylide are used (K/Y = 0.92). An increase in K/Y
results in a decrease in the relative amount of 6, an
increase of 8, and no significant change in the amount
of 7.

Increasing K/Y also has the effect of retarding the
rate of appearance of the three final products. When
K/Y = 0.92, the over-all yield of 6, 7, and 8 after 1 hr
is 69%. The yield under these conditions decreases
slightly at longer reaction times, perhaps because of
further side reactions between the products and the
excess ylide. When K/Y = 1.84 the over-all yield of
6, 7, and 8 after 1 hr drops to 38%, when K/Y = 2.80,
to 9% (c/. runs 1, 4, and 6, Table I). These decreases
in 6, 7, and 8 are accompanied by the appearance of a
new material, 10, which precipitates from the reaction
mixture together with 8 when water is added. This
new material is apparently an intermediate in the over-
all reaction, for with increasing reaction times less 10
and more of 6, 7, and 8 can be isolated. For example,
when the reaction where K/Y = 1.84 is allowed to
proceed for 24 hr, instead of being stopped after 1 hr,
the total yield of 6, 7, and 8 increases to 71% and no
10 is obtained.

We have as yet been unable to isolate the inter-
mediate 10 in sufficiently pure form to allow a rigorous
structure proof. While the solid can be stored at
—20° for several days it decomposes readily when
heated either dry or as a heterogeneous mixture in an
organic solvent. The material is too insoluble in
cold water or in organic solvents to permit the de-
termination of a meaningful nmr spectrum. Its ir
spectrum (KBr) has strong hydroxyl and sulfoxyl
bands but shows only a weak and very broad absorp-
tion in the carbonyl region (~1800 cm-1). An ele-
mental analysis, performed on the crude material,
indicates that more than two 7-ketonorbornane moieties
are associated with each sulfoxyl unit. Since the ir
spectra of samples obtained from reactions with dif-
fering ketone to ylide ratios show only minor dif-
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ferences, it appears that 10 consists largely of a single
compound, but we cannot rule out the possibility of
one or more minor contaminants. Possible structures
for this intermediate are considered in the Discussion.

In order to establish the nature of its decomposition
product(s), a sample of 10 was suspended in benzene
and heated at the boiling point for 3 hr (eq 4). The
volatile products were sublimed and analyzed by gas-
liquid partition chromatography (glpc). The sub-
limate constituted ~50 wt % of the recovered products
and consisted of the epoxide 6 and the starting ketone,
3 (mole ratio, 0.9:1.0). An nmr analysis of the non-
volatile products confirmed the presence of the two
sulfoxides 7 and 8 (mole ratio, 2:1). Both the volatile
and the nonvolatile fractions contained traces of DIMSO
which may have been a contaminant in the starting
material.

lO—t; ——————— >3 +6 +7+ 8+ DMSO (?) (4)

The proportion of products produced during the
decomposition of 10 is apparently dependent upon the
temperature and/or reaction time for, when a suspen-
sion of the intermediate in DMSO is stirred for 6 days
at room temperature, 6 and 3 are produced in a mole
ratio of 1.8:1.0 while 7 and 8 are formed in the ratio of
1.3:1.0.

Additional products are produced when the de-
composition is accomplished by stirring a suspension of
10 for 6 days at room temperature, in a DM SO solution
containing two molecular equivalents of the more re-
active8ketone 1 (eq 5). A glpc and spectral analysis

10 + 1 - 3+ 5+ 6+ 7-1-8 (5)
DMSO

of the volatile components reveals the presence of the
unsaturated oxide, 5,34s well as 6 and 3 (mole ratio,
1.7:1.0:4.0) and some unreacted 1. An nmr analysis
of the nonvolatile components again demonstrates the
presence of both 7 and 8 (mole ratio, 1.0:1.5) as well as
a trace of one or more unsaturated materials.

Discussion

The reaction of a ketone with dimethyloxosulfonium
methylide is usually thought of as a two-step reaction:9
a nucleophilic attack by the ylide on the carbonyl
carbon to give an intermediate betaine-type zwitterion
followed by the intramolecular nucleophilic displace-
ment of dimethyl sulfoxide to produce the epoxide
(Scheme 1). The first step is frequently considered

Scheme |

o] o)

5¢=0 + CH,=S(CHI. 5=~ >C — CH,— S(CH ),
* y 1 + “
o
o" (0] 0
J | ll 0 [
>¢c—CH.-0OCHA —* >C -m + CH— S— CH.

(8) Cf. footnote 11, ref 2.

(9) (@) A. W. Johnson, “Ylid Chemistry,” Academic Press, New York,
N. Y., 1966, Chapter 9; (b) H. Konig, Fortschr. Chem. Forsch., 9, 487 (1967).
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reversible and rate limiting since this has been demon-
strated in the case of group V ylides,10 the latter step
irreversible and rapid since epoxides are normally
stable in DMSO. In fact, however, there appears to
have been no conclusive demonstration that a betaine-
type zwitterion is actually an intermediate in the re-
action of an oxosulfonium ylide much less that its
formation is reversible.4

Clearly the reaction of dimethyloxosulfonium methyl-
ide with 7-ketonorbornene (3) represents a case which
cannot be fully explained on the basis of Scheme I.
While such a reaction path could still account for the
formation of the observed oxide 6, a different process
is necessary to explain the formation of the sulfoxides
7 and 8. It is unlikely that this process involves
an alkylsulfinyl carbanion, RSOCH2_, for such inter-
mediates are appreciably more basic than oxosulfonium
ylides,511,12 or betaines and appear to be formed in
significant concentration only at a considerably higher
temperature5 than is required for the transformations
which we observe.

We believe the reaction of dimethyloxosulfonium
methylide with 7-ketonorbornane (3) to proceed as
outlined in Scheme Il. In essence the proposal is that
the initially formed zwitterion 11, though fairly stable,
is hampered from attaining the preferred trans co-
planar conformation for intramolecular displacement
of DMSO by steric crowding between the exo-2,3 hy-
drogens of the norbornane ring and the sulfoxyl methyl
groups and in order to minimize such steric interactions
adopts instead the cyclohexanelike conformation shown.
In this conformation 1,5-hydrogen transfer to produce
the new ylide 12 becomes the dominant reaction.
Once formed, 12 may add another molecule of ketone to
produce a second betaine-type intermediate, 13, which
is then either converted into methyl 7-(7-hydroxy-
norbornyl)carbinyl sulfoxide (7) and the epoxide 6 by
an intramolecular nucleophilic displacement or under-
goes another 1,5-hydrogen shift to produce a third
ylide, 14. Attack by a third molecule of ketone then
yields the intermediate 15 which decomposes to bis[7-
(7-hydroxynorbornyl)carbinyl] sulfoxide (8) and an-
other molecule of epoxide 6.

Though as far as we are aware intramolecular proton
transfers from carbon to oxygen to re-form an ylide
have not previously been observed in oxosulfonium
ylide reactions, the acidic nature of the methyl hydro-
gens in trimethyloxosulfonium salts has been demon-
strated by deuterium-exchange studies2 and such
shifts are known to occur in other cases.13

The effects produced by varying the ratio of ketone
to ylide are in accord with the reaction sequence pro-
posed in Scheme Il. Since each intramolecular dis-
placement would produce equimolar amounts of sulfox-
ide and saturated epoxide, at least half of the ultimate
products of the over-all reaction should consist of
epoxide 6. Within the experimental limitation of our
inability to determine the amount of dimethyl sulfoxide
formed, this appears to be so. As more ketone is

(10) (a) A. Maercker, org. Reactions, 14, 305 (1965), and references cited
therein; (b) see also Chapters 7 and 8, ref 9a.

(11) E. J. Corey and M. Chaykovsky, 3. Amer. Chem. Soc., 84, 867 (1962).

(12) (a) W. von E. Doering and A. K. Hoffman, ibid., 77, 521 (1955); (b)
S. G. Smith and S. Winstein, Tetrahedron, 3, 317 (1958).

(13) (a) A. G. Hartmann, 3. Amer. Chem. Soc., 87, 4972 (1965); (b) A. W.
Johnson and R. B. LaCount, ibid., 83, 417 (1961).
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Scheme Il

allowed to react with a given amount of ylide, a larger
fraction of the total products are formed from the
most sterically crowded trisubstituted zwitterion 15,
and both the over-all rate and the ratio of 7 to 8 in the
products (c/. Table I) are decreased.

In view of the fact that it seems to contain three
norbornyl units per sulfur atom, it is likely that the
insoluble metastable intermediate, 10, is either the
zwitterion 15 or perhaps tris[7-(7-hydroxylnorbornyl)-
carbinyl]oxosulfonium hydroxide (16), produced from
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IS upon the addition of water, viz., eq 6. The ylide
17, which might be formed from 15 by a further proton
shift, appears to be a less likely alternative since no

17

products which might have resulted from the further
reaction of such an ylide with more ketone have been
observed.

The thermal dissociation of 10 in the absence of
excess ketone to regenerate 3 in addition to appreciable
amounts of 6, 7, and 8, clearly indicates that the ke-
tone-ylide addition steps can be reversed. That they
are in fact reversible under the reaction conditions is
established by the observation that the addition of the
more reactive 7-ketonorbornene (1) to a suspension of
10 in DMSO produces large amounts of the unsatu-
rated epoxide, 5, as well as the saturated ketone, 3.
The probable route for the formation of 5 from the
reaction of 10 and 1 is shown in Scheme Ill. The

Scheme |11

greater amount of 8 relative to 7 which is observed in
the products of the decomposition indicates that 18
is the more important product-forming intermediate
in this case. This observation and the absence of
appreciable amounts of unsaturated sulfoxides support
our earlier suggestion that both the initial addition of
ylide and subsequent displacement of sulfoxide are
facilitated by the double bond of 1.2

Among the ketones whose reactions with dimethyl-
oxosulfonium methylide have been studied, 7-keto-
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norbornane (3) is unique. Its strain-induced bias for
nucleophilic addition3 and the steric effect of its exo
hydrogens combine to render it an ideal substrate with
which to demonstrate and study the reversible forma-
tion of zwitterionic intermediates.

Experimental Section}4

The Preparation of Methyl 7-(7-Hydroxynorbomyl)carbinyl
Sulfoxide (7).—A mixture of 0.122 g (5.1 mmol) of sodium
hydride (0.225 g of a 54% suspension in mineral oil) and 10 ml of
DMSO was heated with stirring under a nitrogen atmosphere at
65-70° until no more hydrogen was evolved. The mixture was
cooled to room temperature and a solution of 0.505 g (4.6 mmol)
of 7-ketonorbornane (3) in 5 ml of DMSO was added. Stirring
was continued for 1 hr after which the reaction mixture was
poured into 30 ml of water. The aqueous solution was washed
with pentane and extracted with five ~15-m| portions of chloro-
form. The chloroform extract was washed with saturated
sodium chloride, dried (Na2S504), and distilled at atmospheric
pressure. The residue was washed with a small amount of
pentane and filtered to give 708 mg (75.3%) of crude product.
Recrystallization from pentane gave 463 mg of pure 7: mp
111.5-112.5°; ir (KBr) 3380 (O—H), 1040, 1050 (C—O),
1015 cm-1 (S=0); nmr (cf. Figure 1A) (CDC13) 54.0 (s, concen-
tration dependent, 1 OH), 3.13 (s, 2 > CCHXO0-), 2.73 (s, 3
-SOCHs), 2.2-1.1 (m, 10 >CH + >CH2.

Anal. Calcd for CH® 2S: C, 57.41;
Found: C, 57.44; H, 8.53; S, 17.31.

The Reaction of 7-Ketonorbornane with Dimethyloxosulfonium
Methylide. A. Isolation and Identification of Products.—
Trimethyloxosulfonium iodide (2.20 g, 10.0 mmol) was added in
one portion to a nitrogen-blanketed suspension of 0.243 g (10.1
mmol) of sodium hydride (0.450 g of a 54% suspension in mineral
oil) in 10 ml of DMSO. The mixture was stirred at room tem-
perature until no more hydrogen was evolved. A solution of 1.10
g (10.0 mmol) of 7-ketonorbornane (3) in 15 ml of DMSO was
added during ~10 min. The reaction mixture was stirred for
1 hr, poured into 40 ml of ice-water, and extracted with five
25-ml portions of pentane (fraction 1). A white solid remained
suspended in both the aqueous layer and the pentane extract.
Filtration of both layers gave a total of 0.188 g of insoluble
product (fraction 2). The aqueous solution was extracted with
five 25-ml portions of chloroform (fraction 3).

Fraction 1 was washed witli 10 ml of saturated sodium chloride,
dried (Naz04), and concentrated to ~1 ml. Sublimation of the
residue at 70° (20 mm) gave 0.655 g of spiro[norbornan-7,2'-
oxacyclopropane] (6): ir (CC14 3040, 1245, 900, 835 cm'L

H, 8.57; S, 17.03.

nmr (CC14 8 2.77 (s, 2 >CCHD), 2.2-1.1 (m, 10 >CH +
>CH 2.

Anal. Calcd for C8HID:
77.01; H, 9.93.

The structure assignment of 6 was confirmed by reduction with
lithium aluminum hydride to give 7-methyl-7-hvdroxynorbor-
nane (9).3

Fraction 2 was recrystallized from chloroform to give 95 mg of
a white solid: mp 211-212°; ir (KBr) 3420, 3330 (OH stretch,
bonded), 1307, 1302 (OH, bending), 1059 (CO), 1005 (S=0),
1110, 1080, 1035 cm-1; nmr (cf. Figure IB) (CDC13) 8 3.5 (s,
concentration dependent, 2 OH), 3.26 (s, 2 >CCHHSO-), 3.22
(s,2 >CCHHSO-), 2.2-11 (m, 20 >CH + >CH2).

Anal. Calcd for CEHH® B: C, 64.39; H, 8.78; S, 10.74.
Found: C, 64.42; H, 8.75; S, 10.95.

We have assigned the structure 8, bis[7-(7-hydroxynorbornyl)-
carbinyl] sulfoxide, to this compound on the basis of these
spectral and analytical data.

C, 77.37; H, 9.74. Found: C,

(14) Melting points are uncorrected. Microanalyses were performed by
Galbraith Laboratories, Inc., Knoxville, Tenn. The ir spectra were deter-
mined on a Perkin-Elmer grating spectrophotometer, Model 337, except for
the high-dilution spectra which were run on a Perkin-Elmer Model 521 using
1-cm quartz cells. The nmr spectra were determined on a Varian A-60 spec-
trophotometer. The glpc analyses are corrected for differences in thermal
conductivity of the components and were run on an F & M Model 500 gas
chromatograph using a 10 ft X 0.25 in. column packed with 20% of a 2:1
mixture of Quadrol and SAIB2on 60-80 mesh, nonacid-washed Chromosorb
P.
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When 8 was recrystallized from acetone-water, it precipitated
as a monohydrate: ir (KBr) ~3370 (very broad), 3450 (sh),
3280 (sh) (OH, bonded), 1322, 1305 (OH bending), 1032 (CO?),
975 (S=0), 1087,1129 cm-1; the nmr, except for a more intense
OH resonance, is identical with that of the anhydrous product.

Anal. Calcd for Ci6H® I-HD: C, 60.73; H, 8.92; S,
10.13. Found: C, 60.64; H, 8.96; S, 10.11.

Anhydrous 8 could be regenerated by heating of the mono-
hydrate at 70° (1 mm) overnight or by recrystallizing it from
chloroform.

The composition of this fraction was found to be dependentupon
the reaction time as well as the ratio of starting ketone to ylide.
When the reaction was allowed to proceed for several hours or
when the K /Y ratio was low, fraction 2 consisted almost entirely
of 8 or its monohydrate. However, when short reaction times
and high K/Y ratios were employed only traces of 8 could be
detected by ir. Instead large amounts of a new material (10)
were isolated: ir (KBr) 3400 (broad, OH stretching, bonded),
1498, 1475, 1400, 1380, 1310, 1200, 1181, 1165, 1141, 1130,
1109, 1082, 1045, 1025 cm-1. This product is almost totally
insoluble in cold water, aqueous acid or base, acetone, chloro-
form, or benzene. It undergoes extensive decomposition when
allowed to stand at room temperature or when heated with ben-
zene or chloroform (vide infra). An analytical sample®b was
prepared by washing the crude product with chloroform and
drying it at room temperature (1 mm) for 1 hr.

Anal. Calcd for CXH304S: C, 68.21; H, 9.06;
Found: C, 66.37; H, 9.09; S, 8.13.

Fraction 3 was washed with saturated sodium chloride, dried
(Nazs04), and evaporated under reduced pressure to give 0.270 g
of a semisolid residue. Fractional recrystallization from chloro-
form-hexane gave two crystalline materials. The more-soluble
product (34 mg, mp 111-113°) was identical with authentic 7,
vide supra, while the less soluble product (38 mg, mp 210- 212°)
was identical with 8, isolated from fraction 2.

B. Dependence of Product Composition on Reaction Condi-
tions.— Solutions containing 0.505 g (4.6 mmol) of 7-ketonor-
bornane (3) in 5 ml of DMSO were added rapidly with stirring
to samples of differing amounts of dimethyloxosulfonium meth-
ylide in 5 ml of dimethyl sulfoxide. The mixtures were stirred
at room temperature for 1-24 hr, each was poured into ~25 ml
of ice-water, and the products separated into three fractions as
described in part A.

Fraction 1 was analyzed by glpc on the Quadrol/SAIB column
at 115°, the solvent was distilled at atmospheric pressure, and
the residue was sublimed at 70° (20 mm). The yields of the
epoxide 6 and recovered ketone 3 were estimated from the glpc
analyses and from the weight of the sublimate. The results are
summarized in Table I.

Fraction 2 was dried under vacuum at room temperature and
the crude product was analyzed by ir.

Fraction 3 was dried at 100° (1 mm), weighed, dissolved in a
measured volume of deuteriochloroform, and analyzed by nmr.
The sulfoxides 7 and 8 constituted the major part of this fraction.
Each sample also showed a sharp singlet of varying intensity at
8 2.65 which was presumably due to traces of DMSO. The
nmr spectra of the crude mixtures suggested the presence of one
or more other components. Runs 4 and 6 each showed a reso-
nance at 8 4.9 which was absent in the spectra of the authentich

S, 7.59.

(15) In addition to 10 the sample probably contains some 8 and may be
contaminated with a trace of DMSO.
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7 and 8. In each sample the relative area of the 8 1.0-2.5 region
was somewhat larger than that calculated for 7 and 8. We
estimate that the unidentified components constitute 10-30% of
the total weight of fraction 3. The amounts of 7 and 8 in each
sample can be estimated by comparing the peak areas at 5 3.13
and 3.25 (i.e., the corresponding > CCHZS0-signals) with those
of standard solutions of known concentration. The results are
summarized in Table I. In the case of 8, the values given rep-
resent the total product isolated from fractions 2 and 3.

The Reaction of the Metastable Intermediate (10) with 7-
Ketonorbomene (1).—To a solution of 33 mg (0.31 mmol) of
7-ketonorbornene (1) in 2 ml of DMSO was added 66 mg (0.15
mmol) of 10 (from run 6; cf. Table 1) and the mixture was stirred
at room temperature. After ~2 days all of the solid had dis-
solved. Stirring was continued for an additional 4 days. The
solution was poured into <~10 ml of cold water and extracted
successively with five 3-ml portions of pentane and five 3-ml
portions of chloroform. The pentane extract was concentrated
to ~1 ml and analyzed by glpc on the Quadrol/SAIB column
at 115°. Unreacted 1 constituted about half of the volatile
components. The chromatogram showed three additional peaks
with relative retention times (areas) of 1.0 (25%), 1.4 (15%),
and 1.7 (60%). The products were collected from the Quadrol/
SAIB column and identified from their ir spectra as 5, 6, and 3,
respectively.

The chloroform extract was washed with saturated sodium
chloride, dried (Na2504), and evaporated under reduced pressure
to give 27 mg of crystalline residue. An nmr analysis showed
this fraction to consist of a mixture of 7 and 8 (mole ratio,
1.0:1.5).

The Decomposition of the Intermediate 10. A. In Benzene.
— A mixture of 100 mg of 10 and 2 ml of benzene was heated under
reflux for 3 hr, cooled, poured into 4 ml of pentane, and filtered
to give 33 mg of crystalline product. An nmr analysis indicated
the presence of 7 and 8 in a mole ratio of 1.7:1.0. The filtrate
was analyzed by glpc on the Quadrol/SAIB column, concentrated
under atmospheric pressure, and distilled in a short-path still
[70° (20 mm)] to give 32 mg of a liquid composed of 6 (47%)
and 3 (53%). The nmr spectrum of the residue showed a small
amount of 7 (estimated ~4 mg) and a trace of DMSO.

B. In DMSO.—A suspension of 35 mg of 10in 2 ml of DMSO
was stirred at rcom temperature for 6 days. The mixture was
worked up in the usual manner and analyzed by glpc and nmr.
The volatile pentane-soluble products consisted of 6 (65%) and
3 (35%). The nonvolatile chloroform-soluble products were
composed of 7 and 8 (mole ratio 1.3:1.0) and of unidentified
product(s) (30%).

Registry No.—Dimethyloxosulfonium methylide,
14407-16-0; 3, 10218-02-7; 6, 159-42-2; 7, 18592-72-
8; 8, 18592-73-9.
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Chemical shifts and coupling constants for geminal and vicinal protons of the azetidine ring have been deter-
mined for several cis-l-alkyl-2-phenyl-3-aroylazetidines (l1Ya-f). Similarly, the chemical shifts of azetidine ring
protons at C-2 and C-4 have been determined for the corresponding ;raras-3-deuterioazetidines (V'a-f). The
geminal coupling, J,v, from the spectra of V' and the vicinal coupling, Jc'd, from the spectra of V were also de-
termined. The observed trend in the chemical shifts is rationalized in terms of a large contribution from intra-
molecular van der Waals dispersion effects. On the basis of the nmr spectral data of IVa-f, we suggest that
the conformation of the azetidine ring is a function of the steric requirement of the N-alkyl substituent, and that
the azetidines bearing the smaller N substituents are puckered to a greater extent. Even in the open-chain com-
pounds, 2-[a-(N-1riethylcarbinylamino)benzyl]-4'-phenylacrylophenone (llia) and the i-butylamino analog

(111b), deshielding due to van der Waals inleractions is apparently important.

terizations of 12 new azetidines are described.

In previous communications2 we reported on the
synthesis, epimerization, and configurational assign-
ment of several N-f-butylazetidines. The magnitude
of vicinal proton-proton couplings was then used as an
aid in configurational assignment along with infrared
(ir), ultraviolet (uv), and chemical data. More re-
cently, additional support for the original assignments
was obtained through mass spectral studies.3 As a
continuation of our studies we have examined the
effect of the nature of the N-alkyl substituent on the
course of these cyclizations leading to various N-sub-
stituted azetidinyl ketones. Therefore, a large number
of these compounds have been prepared and their
spectra determined.

We felt that a detailed analysis of the pmr spectra
of these cyclic compounds would give some insight into
the probable conformation of the four-membered ring.
This has been attempted for cis compounds by com-
parison of various ring proton couplings and the rela-
tive magnitudes of intramolecular van der Waals
dispersion effe