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PREFACE

As a result of recent publications by Lemieux and co-workers
concerning the periodate-permanganate reagent, we have become interested
in the mechanisms of the various reactions which take place during the per-
iodate-permanganate oxidation of an olefin. The present study deals with
the initial stages of this reaction, which involve a permanganate oxidation
of the olefin. The mechanism of this oxidation has been examined in a num-
ber of ways, and considerable information has been gained concerning the
chemistry of the various intermediate species which are form;ed during the
reaction, both in the presence and in the absence of periodate.

| have been aided in many ways during the course of this re-~
search by the staff of the National Research Council and the staff and stu-
dents of the Department of Chemisiry of the University of Ottawa, and |
wish to acknowledge this assistance. Grateful acknowledgement is also
made fo the National Research Council for the award of two Studentships.

It has .'been written,
oo wherefore | say that your chief aim in the building up of Man is not to
give him learning, which serves r';o end if he be but a walking book, but to lift
his eyes and po'inf him to those highe-r ievels on which there are no more things-
in-themselves, .but only aspects of that divine bond which binds things together."

sss Antoine de Saiﬁf-Exupéry

[ thank Dr. Raymond U. Lemieux for turning me in the proper direction.
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ABSTRACT

A study was made of the various reactions which take place during
the oxidation of an olefin by potessium permanganate. Though the experimental
work reported here refers mainly to reactions conducted in aqueous media above
pH 7, the conclusions arrived at can be satisfactorily extended to explain the
results obtained by other workers, under other reaction condjtions.

The oxidation was found to proceed under all reaction conditions
by way of a. cyclic ester intermediate (A). The route of the reaction is gpvemed
by the way in which the reaction condition; affect the decomposition of this
intermediate. The following scheme demonstrates the kinds of reactions which

have been shown to be involved,

o -
~CH 4 CH i ., OH -CHO\_ 2
| +MnO, = 4> O— M=0" —> | MnOsH
-CH ~CH 5 -CHO
A -l
l, MnO4
~CHOH ~CHO
l [ > MiOgH ™+ MrO, 2
~CHOH ~CHO
B |
-C=0 _ €= 0 3 [FCHO]
| = ] +MnO, OH '+ MnO,
~CHOMnO, ~CHOMnO4H ~CHO |
-C=0 1 ) \ -C=0 .
|  +MiO,+OH 3 | +MnO, T HO
~CHOH -C= 0

c D
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A. - Obtained in 50-100% at 0-10° in aqueous media above pH 12, and in

0-60% yield in mixed solvents.

B. - Obtained in 80-90% yield using a 1-5 molar exesss of permanganate and
a olefin concentration of 0.1%; obtained in 25% yield using a 30-fold

excess of permanganate.

C. - Obtained in 20% yield using an olefin concentration of 0.5% and a

30-fold excess of peﬁnangunafe.

D. - Obtained in 10-20% yield in aqueous media in' the pH region 7-10, using
“an olefin concentration of 0.5% and a 30~fold excess of permanganate;
obtained in 0~50% yield in mixed solvents; obtained in 50-100% yield in

non-aqueous media.

The formation of the intermediate 7 ~complex and the hydroxyl
jon-catalyzed rearrangement of this complex fo the cyclic intermediate (A) were
demonstrated by the results of a kinetic study of the reaction of permanganate with
oleate ion. The order with respeé:f to the permanganate and olefin concentrations
was unity, whereas a complex order with respect to the hydroxyl ion concentration
was observed. A number of different kinds of oxydnions, such as borate, tellurate
and periodate, also appear to form 77 ~complexes with an olefin, since fHe addition

of one of these oxyanions to-the permanganate-olefin reaction mixture resulted in
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a kinetic comp.eﬁtion for the olefin between permanganate and the added oxyanion.
It was possible to calculate the equilibrium constant of an olefin-oxyanion complex
by a suitable interpretation of the effect of the added oxyanion on the olefin-
permanganate reaction. Thus a novel procedure can be developed for the study

of certain kinds of T ~complexes.

The formation of cyclic intermediate requires a transfer of two
electrons to the manganese and the valence state of the manganese should,
therefore, be reduced, initially, from seven to five. Evidence for this two-
electron exchange was obtained by a demonstration that, in the pH region 12-13,
the variation in the concentrations of Mn(V It), Ma(V I) dnd Mn(1V) during the
hydroxylation reaction was that which would have been expected if hypomanganate
were the initial reduced stage in the reaction. A study weas made of the chemistry
of this valence state, and it was shown that, under the conditions of the hydroxylation

reaction, a hypomanganate intermediate would undergo two rapid reactions,

Ma(V) + Mn(VI) —3 2 Mn(VI)

2 Mn(V) — Ma(IV) +  Mn(VD).

The rate of the firsf of these reactions should be increased by an increase in the
initial concentration of permanganate ion; the rate of the second reaction was
increased by a decrease in the conce;\traﬁon of hydroxyl ions. The relative yields
of Mn(V I) and Mn{lV) dori.e'épondinQ to a given set of reaction conditions could then

be predicted if the two-electron exchange to form hypomanganate were taking place.
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An analytical procedure was developed for the estimation of the yields of Mn(VI)
and Mn(1V) during a run; the relative yields of these valence states were in
agreement with expectation, assuming the two-electron exchange.

The mechanism of ketol formation (B) was established by the results
of a study of the oxidation of |,I-dideuteroethylene by solutions containing
periodate and permanéunate. It was shown that glycolaldehyde was a product
of this reaction, formed by further oxidation of the initially-formed cyclic ester
intermediate, and that the extent of a deuterium isofope effect would be indicative
of the mech;:nism of the oxidation of the cyclic intermediate to ketol. The
extent of the isotope effect was determined from the armount of deuterium in the
formaldehyde product of the reaction. A quantitative infrared procedure was
developed for the analysis of the amount of deuterium in the formaldehyde., A
mass effect of 1,6-2.0 was observed in the oxidation.

The mechanism of diketone formation (C) could be deduced once
the mechanism of ketol formation had been established. Since the diketone was
not formed by further oxidation of the glycol or ketol, it must have resulted from
oxidation of an intermediate manganese ester, and presumably from oxidation of
an ester,

-C=0

-CHOMnO£

which was shown to be an intermediate duringv the ketol formation.
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XIX

The central carbon~carbon linkagé of a glycol, ketol or diketone
;AIOS found to undergo oxidation by permanganate much less readily than an olefin
(to yield products of type D), Hence, it is concluded that the cyclic ester also
can decompose with fission of the carbon-carbon bond. This conclusion is
supported by the fact that this route of reaction was found to be promoted by

the use: of non~aqueous media.




I. INTRODUCTION

1. Scope of the Work

A. General Introduction

Although potassium permanganate is one of the most versatile
oxidizing agents, and is effective in acid, neutral, alkaline and non=-aqueous
media, few satisfactory studies have been made on the mechanisms of perman-
ganate oxidations. The major advances toward the elucidation of the mode
of action of permanganate in organic c;xidaﬂons have been made only in re-
cent years by application, especially, of a variety of labelling techniques.

The author feels that a keen awareness of the great complexity
of permanganate oxidations is of prime importance for any fruiﬂ"ul. investigation
in this field. For this reason, the information which has accumulated on the
mechanisms of a variety of organic oxidations by permanganate will be
reviewed in this thesis, with special emphasis on those observations which may
have a bearing on'the present study.

- Probably the major complicating factor in the study of perman-
ganate oxidations is the fact that the element manganese can exist, under

varying conditions, and in varying degrees of stability, in each of the
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valence states from zero to seven, and a large variety of reactions can take
place among these various valence states. Since permanganate can undergo

reduction fo the tetravalent stage in neutral and alkaline media,
- +
MnO4 + 3 e + 4 H —) Mn02 + 2 Hzo I

and to the divalent stage in acid media,

- +
MnOy + 5e + 8H' — MaZ 4+ 41,0,

four different valence states can conceivably take part in neutral and alkaline
oxidations, while six valence states can conceivably be involved in oxidations
in acid medium, Obviously, therefore, the study of any permanganate oxida=-
tion, whether organic or inorganic, requires a knowledge of the chemistry of
manganese in ifs various oxidation states.

But this should not obscure the fundamental problem. It is
generally recognized that the simplest model in which oxidation-reduction
reactions can be discussed is that of electron transfef; thus the important step
in any oxidation-reduction reaction is that step in which there is a transfer of
electrons between the oxidizing agent, or some active form of it, and the red-
ucing agent. Mechanistic studies of oxidation reactions should ultimately,
therefore, be directed towards an elucidation of the configuration,of the complex
in which the electron transfer fakes'b;qce + and they should tell us how many

electrons are transferred within this complex.




At the present time, the majority of permanganate oxidations
can be divided into three distinct groups, distinguished by the apparent active
oxidizing species in each case; oxidations by the manganic cation, Mn+3
(which is involved in many of the rate~determining processes in acid solution),
oxidations by the manganite cation, Mn+4, “and oxidations in which the
permanganate ion itself is involved in the slow step. Some idea of the versa-
tility of permanganate can be seen in Table I, which shows the apparent active

oxidizing species in a number of different kinds of oxidation reactions.
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TABLE |

The Oxidation of Organic Compounds by Permanganate

Substrate

Conditions

olefin
olefin

olefin

R~CH,CHOH
R-CH,CHOH
ArCHO
ArCHO

C,HsCHOHC4H

6
HoC0

5

4
HCOOH

CH2(COO H)2

CH3CHOHCH,

2,6~dinitrophenol

naphthalene

R3CH

aqueous alkali
neutral water

non-aqueous
media

aqueous alkali

aqueous acid
aqueous alkali
aqueous alkali
aqueous acid
water

aqueous acid
aqueous acid,

trace of ferrous
jon or peroxide

aqueous acid
- -

acetic acid

aqueous alkali

aqueous alkali

Products
cis glycol
a~ketol

-COOH
-COOH

RCOOH ,
R!COCH ,
H,C,0,
ArCOOH
ArCOOH
CgH5COCH;
co,
co,

~ HCOOH, €O,

CH,COCH,

3
CO,, HNO;

a -naphthyl
acetic acid

R3COH

-2 -2
COg5™, C04

Oxidant Reference
Mno; 1,2
MnO, 3
Mno:1 4
MnO; 5
Mno; 6,7
-OH ? 7
MnOZ 8

+
Mn 3 9-11
Mnoj1 12-14
Mn 3 15
M4 16

+
Mn 3 17,18
MnO 2 19
-OH 20
‘OH, MnO7 21
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B. Origin and Purpose of this Work

Organic chemists are always interested in acquiring techniques
which permit the “smooth" conversion of one substance to another. Since
synthetic organic chemistry depends, to a large extent, on reactions involving
multiple bonds, many fundamental studies of the chemistry of the carbon-carbon
double bond have been made. In view of this extensive chemistry, it is
surprising that, until recently, no satisfactory techniques existed for the "smooth"

conversion of an olefin to dicarboxylic acid,

R-CH R - COCH
I —
R*- CH R*- COOH ,
or to dialdehyde,
R-CH R -~ CHO
| —
R*~ CH Rt- CHO .

Though it is easy to open the double bond, a one-step scission of the olefinic
carbon-carbon linkage is generally rather difficult, owing to the undesirable
side reactions which accompany the use c;f many of the common oxidizing agents.
The side reactions result from thwe r;"v:xct that these oxidizing agents usually

operate by alterative routes, and the exact conditions required to make one

route predominant are often difficult to specify.




For example, the ozonolysis reaction, which has recently been
studied by-Criegee and co=-workers (22-25), and by P.S. Bailey (26, 27), is
often accompanied by peroxide formation. The by-products are inescapable,
for the reaction mechanism requires them. Thus, the ozonolysis of isobutylene
is thought (27) to yield a zwitter-ion intermediate, |, which can decompose

in various ways, depending on the solvent and the reaction conditions.

(+) (=)
(CHy),C-0-0

The cleavage of the olefinic linkage by chromic acid is often
accompanied by oxidation at the a=- methylenic position and degradation of
the molecule. This reaction, recently studied by Hickinbottom and co-workers
(28-30), and by Zeiss and Zwanzig (31), is now postulated (31) to proceed by
way of a cyclic ester intermediate (1l), which can decompose in two different

ways.

Most textbooks of organic chemistry describe the reaction of

permanganate with olefins by the following equations,
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3 RCH =CHR* + 8Mn0:1 —

3RCOO™ + 3RICOO + 8MnO, + 2H0 + 20H,

2

3R,C =CRY + 4MnO, , —

3R,CO + 3RLCO + 4MnO, + 4OH .

However, the reaction seldom corresponds to these equations, and the yields
of products are generally poor.

One alternative to the use of these oxidizing agents, which
now receives wide application when only small amounts of olefin are available,
is to convert the olefin to a glycol with a hydroxylating agent such as peracid
or osmium tetroxide, and then to cleave the glycol with a glycd-splitting agent
such as periodate, bismuthate or lead tetraacetate. This approach réquires two
stages and a stoichiometric amount of oxidizing agent in the first stage.

R.U. Lemieux conceived the idea of using a hydroxylating
agent which is regenerated by the glycol=splitting agent, and could thus serve
as a catalyst for the oxidation of the olefin by the glycol-splitting agent. On
the basis of this idea, a periodate-permanganate reagent was developed for
the conversion of olefins to dicarboxylic acids (32), and a periodate-~osmium
tetroxide reagent was developed for the conversion of olefins to dialdehydes (33).

Both of these reagents have already received wide application. The success of the

periodate~-permanganate reagent has'been attributed to the fact that, since the
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ratio of the reactants is permanganate:olefin:periodate = 1:8:64, and the react-
jon can be conducted near neutrality, the action of the permanganate should

be restricted to its more selective oxidations involving the olefin and dialdehyde
intermediates. These speculations nqtur’oHy have led to an interest, in this
laboratory, in the mechanism of the permanganate-olefin reaction.

In the present work, a study has been undertaken of the oxida-
tion of olefins by permanganate in neutral, alkaline and non-aqueous media.
The direction of the work has been generally guided by the experiences of others
in this field, but an attempt has been made, as well, to bring a fresh viewpoint
to some of the problems. The results we have obtained from a study of the kin-
etics, inorganic chemistry, stereochemistry and deuterium isotope effect of the
reaction, together with findings reported by others, have provided a much clear-
er insight info the nature of the intermediate stages of the reaction, and they

give some indication of the kinds of problems which still remain.

2. The Mechanisms of Permanganate Oxidations

It is useful to consider some previous studies of permanganate
oxidations, so that the factors which govern these reactions and account for

the versatility of this oxidizing agent may be set forth at the outset. In this

chapter, as they become pertinent to The general discussion, certain aspects of

the chemistry of manganese will also be presented, An attempt has been made
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to assess the data critically, in order to demonstrate the limitations of cert-
ain experimental approaches to these reactions, and to introduce the reader

to the kind of thinking which has governed the work to be reported in this thesis.
A. Oxidation of Formic Acid and Formate lon

Skrabal and Preiss carried out an early study of this reaction (34),
but most of the early work was done by Holluta and his co-workers, who invest-
igated the mechanism of the reaction in wedkly acid (35), neutral (36,37),
and alkaline medium (12, 38, 39). Mann and Tompkins (I3) studied the react-
jon in dilute sulphuric acid, while Hill and Tompkins (40) examined the oxida~
tion of sodium formate. More recently, Wiberg and Stewart (14) have re-
investigated the reaction in detail. The authors all agree that the reaction is
first order in permanganate and first order in formate ion regardless of the pH,
the sulphuric acid merely serving to regulate the concentration of formate ion.
The limiting slope of the ionic strength-rate curve (I3) was 1.06, indicating
that the reaction was between two charged ions of the same sign. Addition of
manganous ion had no effect on the reaction, and the éddition of fluoride ion
served merely to increase the dissociation of formic acid (with a resulting accel-

eration of the rate); when manganous ion was added in excess to formic acid-
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permanganate reaction mixtures, there was a reduction in the rate due to the

removal of permanganate by the Guyard reaction,

IMaT + 2Mno:i * 2H,0 — 5MnO, + 4HT.

These results thus serve to identify the permanganate and form=
ate fons as the species which react in the slow step. Tompkins and co-workers,

therefore, proposed the following mechanism, which should hold regardless of

the pH,
- - slow _ _
M... MnO4 + HCOO — MnO3 + C02 + OH
- fast .
R + - -
... 2 MnO3 + H20 MnO2 HMnO4 OH
fast

(... HMnO, + HCOO™ = MmO, * CO, + 20H .

Holluta®s earlier work had led to a proposed mechanism for which the initial
steps were those shown in equations 4-6 ,

slow

@)... MnOT + HCOO™ — Mo + W'+ co

4 2

3 fast

5...  2MnO;° + H' + 5HCO0”™  — MnO, * Mn(HCOO)
4

4

- + -
©)...  Mn(HCOO);Z  — Mn" + 5HCOO™.

Tompkins, however, found no evidence for manganese(l1l)~formate complexes,

and hence equations 5 and 6 may be eliminated.

-2
5

T




The importance of Holvlufa‘s work lies in his recognition (38)
of the fact that he had not proved the nature of the products of the initial bi=-
molecular ‘reacﬁon. At the time of this work (1923), there was considerable
indirect evidence for the existence of a "mangani-manganate”, containing
pentavalent manganese, and stable in strongly alkaline medium. Although the
fact that this blue material was indeed pentavalent manganese was not satisfact-
orily proved until much later (see page53), hblluta was able to reduce perman-
ganate with sodium formate in strongly alkaline media to solutions which had
the same absorption spectrum as this mangani~manganate. The absorption max~
ima of these solutions differed sufficiently from that of manganate ( ;\ max, =
600 mp ), that Holluta was able to conclude that an appreciable part of the
permanganate had been reduced to pentavalent manganese.

In their recent study of this reaction (14), Wiberg and Stewart,
using DCOOH, have observed a deuterium isotope effect of 7.4; using per-
manganate —OIB, they find that over one-third of the oxygen introduced into
the product comes from the oxidizing agent. (For a discussion of fHe deuterium
isotope effect, see page 220, These results place important limitations on the
possible mechanisms for the rate~determining step. The large deuterium isotope
effect shows that the breaking of the carbon-hydrogen bond is involved in the

rate-determining step. Possible mechanisms for this step, therefore, include
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-C=-H O-MnO3 — CO, + HMnO 4
(hydride ion transfer)
or
o

H-C-0! O-MnO; — H'+ CO, + MnOZ
\

(electron transfer)

However, in view of the oxygen transfer data, these reactions cannot in them~

selves explain the nature of the reaction. Wiberg and Stewart rule out a mechanism,

(=)
o) o
- _ = 172 _ .
O-C-H + MO, = O-Clin — HCO; + MnO3,
OMnO4
(A

on grounds that the free acid should react more readily with the negatively-
charged permanganate than the ion, a fact which does not agree with experi-

ment. They prefer, instead, a mechanism of the sort,

ﬁ ﬁ
(—) [ - (— -
O - C J;OIS-MnOS L d o)-— C.°.°°°°.OI°8°°°°°Mn03 ’

i ¥ ee "H..

H ' a \‘b

/ (”)
- (-}
co, + HOIB-MnOsz 0-c-0'8

which can lead to both labelled and ynlabelled carbonate, depending on which
bonds are broken. It is suggested, therefore, that Mn(V) exists, and may be

the first reduced state of permanganate .

H + MnOj .
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B. Oxidation of Aromatic Aldehydes. Ester

Intermediates in Oxidation Reactions

The oxidation of benzaldehyde has been studied by Tompkins_
(6) in neutral and alkaline medium, and by Wiberg and Stewart (7) in the pH
region 5 - 13. Wiberg and Stewart also report studies of the oxidation of a num=
ber of other aromatic aldehydes. At constant pH, the reaction is first order in
permanganate and in aldehyde. Wiberg and Stewart were also able to demons-
trate general acid catalysis in neutral and acid medium; under these conditions,
the rate-controlling step involved the cleavage of the aldehyde carbon-hydro-
gen bond, as indicated by a large deuterium isotope effect. Using KMnO 4" O|8
it was found that the oxygen introduced into the aldehyde was derived mainly
from the oxidizing agent, indicating that a bond was at some time formed be-
tween the aldehyde carbon and an oxygen of the oxidizing agent. In alkaline
medium, on the other hand, the deuterium isotope effect was negligible, and
the oxygen introduced into the aldehyde was derived mainly from the solvent.
Also a one-half power dependence on hydroxyl ion was observed.

The oxidation, therefore, proceeds by different mechanisms,
depending on the pH. In acid medium, the experimental results are satisfact-

~ -

orily accommodated by the mechanism,

+ Kl +
(7).-»  RCHO + H,0" = RCHOH + H,0

14
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OH
+ - Ky
(8).cn RCHOH + MnO4 = R-C-~- OMnO3
H
]
H
k

-H <«—B — RCOOH + HB + MnOg

T
(9)00; R-C
(I) MnO3

fast
- — [ + -
3 MnO5 + H,O > 2MnO, + MnO, 20H .
The fact that this mechanism is in complete agreement with ex~
periment is in itself strong evidence for the kind of intermediates which have
been proposed. It is entirely reasonable to anticipitate that an ester intermed-

iate, 111, is formed (equation 8), and decomposes by a two-electron transfer

to yield the product (equation 9). These points are particularly stressed because,
as mentioned on page 2, the common feature of most oxidation-reduction react-
ions is the formation of an intermediate or a complex in which an electron trans-
fer can take place. The question of whether one-electron transfer or two-
electron transfer takes place in a given system, or, indeed, whether it is poss=
ible to conceive of a general mechanism for oxidation reactions involving one

or the other of these possibilities, is a very controversial one and has been dis~
cussed by many workers in the field. [n spite of the controversy over this point,
there can be no question concerniﬁg the existence of "ester intermediates in

many of the common organic oxidation reactions. By ester intermediate in this

general sense, we mean any substance which can be written,




T

A:B:D:E;

co

here B w.ill usually be an atom of the oxidizing element, and A, C and D will
usually be oxygens.

The hydroxylation of olefins with osmium tetroxide, (41), the
cleavage of a-glycols with periodate (42-44) or lead tetraacetate (45,46),
and the oxidation of isopropyl alcohol with chromic acid (47-49) are all
common reactions which are known to proceed via ester infermediates.
Westheimer's brilliant studies (47-49) of the chromic acid oxidation of isopropy!
alcohol merit further consideration here, since the mechanism arrived at is
analogous to that proposed by Wiberg and Stewart (7) for the oxidation of

aromatic aldehydes:

fost
+ -
+ —_—
H + CH3CHOHCH3 HCrO4 - (CH3)2CHOCrO3H + H20
slow _
B + (CH3)2CHOCr03H — BH + (CH3)2CO + HCrO3

This mechanism agrees with the observed kinetics and with an observed deuterium
isotope effect. In addition, the acid chromate ion (HCrO;) has been proved to

be the active oxidizing species, and a tetravalent chromium compound (HCrO)
has been proved to be the first chromium product of the reaction. Finally, chromic
acid esters of the required formula can be isolated from the reaction mixture

and, as expected, are extremely base~labile.
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Thus there is no fundamental difference between the kind of
intermediate proposed by Wiberg and Stewart, and that found in other oxidation
reactions. Although the ester postulated in the oxidation of benzaldehyde could
; not be isolated owing to the lability of the carbon-hydrogen bond, there is some
evidence that stable manganese-containing esters can be formed; for example,

Sidgwick (50) describes a compound CH4COOMNO,,. According to Sidgwick,

3
the green manganese heptoxide, prepared by the addition of permanganate to

concentrated sulphuric acid, dissolves without decomposition in acetic anhydride,

forming a purple solution of the mixed anhydride,

CH3COQCOCH3 + MnO30MnO3 —2 CH3COOMnO3 .

The mechanism of the oxidation of benzaldehyde in alkaline
medium is not clear. The absence of an isotope effect, the half power dependence
an hydroxyl ion concentration, and the fact that most of the oxygen introduced
into the aldehydes is derived from the solvent, all suggest a free-radical chain
mechanism. Wiberg and Stewart (7) consider that the hydroxyl radical, formed

by the reaction,

- ki

(10)... MO, + OH — MnOZz + OH,

O

may carry out the initial attack on the aldehyde, (equation 11) and this stage

is followed by the reaction shown in equation 12,
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. ¢
(1M... RCHO + OH 2 R - C - OH
) H
o)
t - ks -
(12... R=C-OH + MO,  —  RCOOH + MnOj + OH
H

The chain reaction can be terminated by combination of two hydroxyl radicals

to form hydrogen peroxide,

kg
2 OH —_— H20 P
_ fast _
H202 + 2Mn04 —_ O2 + 2 HMnO4.

Though this mechanism gives a rate equation,

S
(13)...  =d[MnO, 17/dt = k[RCHO][MnO4] [ OH ]%,

having the correct half order dependence on hydroxyl ion concentration, it
gives only half order dependence on permanganate concentration. Hence, the
mechanism probably is not correct.

- Nevertheless, the postulate that free radicals are involved in this
reaction appears to be a reasonable one in view of the isotope effects and the
effect of hydroxyl ion concentration. Since it is conceivable that permanganate
may operate in alkaline medium via the formation of hydroxyl radicals, it is

important to examine the plausibility of this reaction route. In the mechanism

suggested by Wiberg and Stewart, the half-power dependence on permanganate
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concentration arises from the consideration that permanganate is involved in the
initiation step (equation 10), This would indicate that such a step is not
important, at least under these reaction conditions. At pH 2.6, manganate
oxidized eight aromatic aldehydes at essentially the same rate as permanganate,
and the results obtained from both oxidizing agents were found to fit the same
Hammett plot (7). Thus manganate and permanganate seem to oxidize these
aldehydes in the same way. If equation 10 represented the initiation step for
oxidation by permanganate, then oxidation by manganate would have to be

initiated by the reaction,

-3

4 + OH,

MnO;2 + OH — MnO

and there is no evidence for this reaction, even in 8 M alkali (51}, although
reduction of permanganate to hypomanganate (MnOf) can take place in hot
12 M alkali (52).

Even though it is unlikely that the hydroxyl radical is present
in sufficient concentration to initiate the attack on the aldehyde, this does not
preclude the possibility that this species is formed during the reaction. Since
the oxidizing agent does not attack the carbon~hydrogen bond, the attack may
occur at the carbon-oxygen bond, either by addition to the double bond
(two-electron exchange), or by ot.fa::k at the carbon of the carbonyl (one~

electron exchange). Both of these paths could lead to the formation of free

radicals. In the first case, the mechanism would be described as follows;
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(o]
(I _ |
R-C-H + Mno4 — R=C /
|
H

C)/o ,O-OH
l MnO; + 20H — R-C-OH =+ Mnof,
| O H
H | )
O - OH o
| |
R - C - OH — R-C-OH + OH :
| |
H H

In the case of one-electron exchange, the reaction would be written;

o o

CW (=) I (=)
R-C-H + o--MnO3 —_— R-C;—O-Mn03 '

H
o o
' () - | -2
R—C—O—MnO3 + OH — R-Cli-OH + MnO4 o

l
H H

It was not possible, however, to demonstrate that either of

these mechanisms was compatible with the kinetic results of Wiberg and Stewart (7).

—_— -

C. The Oxidation of Benzhydrol

This reaction has recently been investigated
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by Stewart (8) in alkaline medium. Kinetic studies showed that the reaction
was first order in the permanganate, benzhydrol and hydroxy! ion concentra-
tions. The salt effect was difficult to interpret but indicated that the slow
step involved a reaction between two ions of like, single charge. A mech-

anism consistent with these kinetic results is the following;

K
(14). .. (C6H5)2CHOH + OH = (C6H5)2CHO + H,O
_ k
(15). . (C6H5)2CHO- + MnO4 —>  products.

To establish the mechanism of the slow step (equation I5), the deuterium iso-
tope effect and the effect of using permanganate - 08 were examined. There
was a definite deuterium isotope effect (kH/ kp = 6.6), but no oxygen was
transferred from the oxidizing agent to the alcohol. The mechanism shown in

equations 16 and 17 satisfies these experimental results,

slow
(16)< .0 (C4Hs)CHO™ + MnO, —>  (CgHg)oCO + HMnO,
' fast
(17)e .. HMnOf + _Mno; _— 2Mn022 + W,

The reaction, therefore, appears fo involve a two-electron

transfer in the rate~controlling step, with formation of pentavalent manganese.

- -

2
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D. Oxidation of the Tertiary Carbon-Hydrogen Bond.

Free Radical Intermediates in Permanganate Oxidations

Kenyon and Symons (20) have reported on the oxidation of
branched-chain carboxylic acids RR*CH - (CH2)2 ~ COOCH to the correspond-
ing hydroxyacids RR®COH - (CHZ)Z ~ COOH, the oxidants being permanganate
in concentrated (I0 N) alkaline solution and manganate in dilute alkaline sol-
utions. Good yields of hydroxyacids were obtained.

Under the conditions used, the oxidations proceeded rapidly,
at room temperature, and the hydroxyacids formed were stable to further oxida-
tion. In dilute alkali, the oxidation by permanganate was slow, even at elev-
ated temperatures, and led to extensive degradation of the acids. When
optically active branched-chain acids were subjected to oxidation, the hydroxy-
acids obtained by permanganate oxidation had no optical activity, while
the hydroxyacids cbtained by manganate oxidation retained most of their opti-
cal activity. However, since the starting materials and the products were not
related configurationally, it could not be established whether the manganate
oxidations proceeded with retention or inversion of configuration.

There was no racemization when the optically-active branched-
chain carboxylic acids were heatedfor several hours in concentrated alkaline
solution. Hence the permanganate oxidation is not initiated by carbanion

formation,
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- - (—) -
RR'CH(CH2)2COO + OH —— RR'C(CHp),COO0 + HO.

The permanganate reaction likewise cannot occur by removal of a hydride ion
to form a zwitter-ion,
_ - +) _ _2

RR‘CH(CHZ)ZCOO + MnO, —> RR‘C(CH2)2COO + HMnO,",
since studies with optically-active halogeno~carboxylic acids (53) show that
formation of this kind of intermediate results in complete inversion about the
positive carbon atom. On the other hand, the reaction with manganate can
conceivably proceed via the latter reaction route. This viewpoint is supported
by the fact that the 4 -branched-chain acids, in which an attack by the carb-
oxylate ion at the back side of the tertiary carbon~hydrogen bond is sterically
favourable (54), reacts smoothly, while the a=- and B - branched-chain acids,
in which such assistance by the carboxylate ion is not favourable, undergo
extensive degradation. A satisfactory formulation of the manganate reaction

would then be,

| Hy O - MnOy’
- -2 ae
RR'CH(CH,),COO™ + MnO;4 —> RR*C - CH
(CHa)y nOy 5
O SHa
G
OH™ RR® C - CH, 3
RRECOH(CH,),CO0™  «—— | 1 ° + HwmnOj
O\C;HZ

]
O
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The loss of optical activity during the permanganate reaction suggests
° —-—
that the radical-~ion RR® = C = (CH2)2 - COO7 is an intermediate in the react~-
ion, and the fact that the reaction proceeds smoothly only in strong alkali,

where permanganate rapidly decomposes to manganate,
4KMnOy + 4KOH — 4K2Mn04 + 2H,0 + Oy,

suggests that the course of the reaction is related to this decomposition.

That the two phenomena are indeed related has been demonstra=-
ted by further studies by Symons (51, 55, 56). A kinetic study of the decompo-
sition of permanganate in alkaline medium was undertaken first (51). Although
the reaction was extremely complex, Symons was able to formulate a mechanism
satisfying his kinetic results, which postulated the formation of a hydroxyl rad-

ical in the first step;

(18)... MnO, + OH  — MnOZZ + OH

(19)... OH + OH = .0~ + Hy©0

(20)... MnOj7 + OH™ + -0~ == MnOz2 + HOj
@1)... MnO; + HO% = MnOZ? + HO,

(22)... HO, + OH™ —= 05 *+ H,0

(23)... MnO, + 0; —> MnOz2 + O,

=
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To test this mechanism, experiments were conducted in water
enriched in oxygen = 18, In order to minimize the rapid exchange of mangan~
ate with the sblvent, (55), barium ions were added to the reaction mixture so
that the manganate was precipitated as it formed. The oxygen evolved under
these conditions had the same percentage isotopic enrichment as the solvent (55).
Hence the oxygen came entirely from the solvent, as required by the mec anism
shown in equations 18-23. Additional support for the idea that alkaline sol-
utions of permanganate contain a free radical was obtained by adding perman-
ganate to suspensions of acrylonitrile and styrene in 3 M alkali (56). Polymer-
ization was observed. There was no polymerization when potassium manganate
was used in place of permanganate, or when permanganate and acrylonitrile
were allowed to react in neutral solution. The initiation of polymerization of
vinyl monomers is usually considered to be a test for the presence of free rad-
icals, but it is often dangerous to draw specific conclusions from a positive
test. In this case, since the result is consistent with other evidence, it is safe
to conclude that some radical ~promoting spebcies was present in the mixture,

On the basis of Symons® additional experiments, therefore, it
seems probable that the oxidation of the branched-chain carboxylic acids by

alkaline permanganate proceeds as follows;

el

MnO; -+ OH == Mno,;2 + OH

OH + RR'CH(CH,),CO0™ —> RR‘EZ(CH2)2COO- + H,0
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RR!E(CHz)zcoo' + OH —> RR'COM(CH,),CO0™ .

In view of this finding, and of the results described previously
for the oxidation of aromatic aldehydes, it could be conjectured that the
usual mode of reaction of permanganate in alkaline medium is via attack by
hydroxy!l radicals. Though it would be attractive to generalize in this way, the
weight of evidence does not favour this idea. The oxidations of benzhydrol and
formate ion in alkaline medium have already been described, and in both of
these reactions, the permanganate ion itself was the active oxidizing agent.
Likewise, in the oxidation of olefins, as has been shown in the present work,
the permanganate jon attacks the double bond. Drummond and Waters (57)
have reported that in I-2 N alkali, permanganate rapidly attacks acetone,
malonic acid and fumaric acid, compounds which are stable to hydroxyl rad-
icals (from the Fenton reagent), while compounds such as ethyl ether, dioxane,
t~butyl alcohol and propionic, succinic and adipic acid were attacked by hyd-
roxyl radicals but not by alkaline permanganate. | They do not report studies
in more strongly alkaline solutions. In the pH region 12-14 at normal temp-
eratures, however, their work shows clearly that the hydroxyl redical plays
little part in oxidations by permanganate. It is quite reasonable to conclude,
therefore, that hydroxyl radicals are not obtained from a permanganate~
hydroxyl ion reaction, unless the hydroxyl ions are in very great excess. It

may also be concluded that, while permanganate may undergo a one~electron

exchange with hydroxyl ion, in no case yet discussed is there any definite
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evidence that permanganate can abstract a single electron from an organic

compound. These reactions all appear to be two-electron transfers.
E. Oxidation of Propionatfe lon

When propionate ion is treated with hot, alkaline permanganate,

an oxidation to oxalate and carbonate occurs (58).
- - -2 -2 -
(24)... C2H5C02 + 4MnOy —>» Cy04~ + COg5 + 4 MnO5 + OH + 2 HZO

Nahinsky and co~workers investigated the route of this reaction using
propionqte-]-C” (59, 60). Though oxalate is slowly oxidized by alkaline
permanganate, in 2 N sodium hydroxide af 100°, the carbonate to oxalate
ratio was unity, indicating that only the reaction shown in equation 24 need
be considered. Under these reaction conditions, they found 25% activity in

the carbonate and 75% of the activity in the oxalate ion. Hence the ratio

xC -~ ﬁC rupture

AC - COE rupture

was 3.0.

Since it was reasonable to suppose that hydroxyacids were in-

termediates in the oxidation, the reactions of o{~ hydroxypropionate-l-C”

and f—hydroxypropionate-]-cn were also studied under the same conditions.
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The ratio of carbon-carbon to carbon-carboxylate rupture was 3.0 with these
compounds also. This indicated that, in 2 N alkali, the hydroxyacids were
probably intermediates in the reaction.

In 10 N dlkali, ot ]OOO, the propionate ion underwent a more
preferential a —carbon- B ~carbon cleavage (87% activity in the oxalate),
while the hydroxyacids gave 50% activity in the oxalate and 50% in the carb-
onate. Therefore, in strong alkali, the major route of the reaction probably
did not proceed through hydroxyacid intermediates.

Mahler and Roberts (21) reinvestigated the reaction in strong
alkali, using propionate-l—CM, They found 90% of the activity in the oxa-
late, and 10% in the carbonate, or a preferential @ -carbon- B =carbon
cleavage of 9.0. The oxidation of pyruvate-2-C 14 was also studied to deter-
mine whether this acid could be an intermediate in the reaction. This comp~
ound gave 0.2 mole of acetate and 0.8 mole of oxalate per mole of carbonate;
all of the acetate was formed by decarboxylation, and none of the carbonate
originated in the carbonyl carbon. It was calculated from these results that
less than 10% of the propionate ion passed through a pyruvate intermediate,
and that 20% of the pyruvate molecules deccrbo;(ylafed before being oxidized,
The route of the propionate oxidation in 10 N alkali was, therefore, formul -

ated as follows.,
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- * 82% - } - w
CH,CHCO, —  CO3° + CO; CHaCO, + COg
1l co; Tzo%
. - % . _ . ~35% -2
CH,CH,CO, ——> CH3CHOHCO —> CHaCOCO; —> CO3* + CO;
m‘ A 45% goz
co;2 + CO, « _ ~50% . =
<l:*o' ~50% CH,OHCH,CO, ——>c02coc02 —>C0324+ O3
2

co;

The mechanism of the oxidation seems to be dependent on the
hydroxyl ion concentration. Since the route of the reaction ‘oppears to change
in the pH region where the oxidation can be due to hydroxyl radicals, it is

suggested that this factor may well govern the course of the reaction.

3. The Oxidation of Olefins by Permanganate

Pean de Saint Giiies (61), working around the middle of the
nineteenth century, was among the first to recognize that the character of
fhe oxidation producfs: of both organic and inorganic substances with permanganate
was partially dependent upon whether the reaction took place in acid, neutral
or alkaline media, Among the compounds he worked with was ethylene, which he

oxidized to carbon dioxide. Other workers obtained analogous results with other
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olefi.ns, and it was believed that, in general, the route of this reaction involved
scission of the olefinic linkage to yield acids or ketones.

In 1879, Tanatar (62), who was studying some of the properties
of cis=trans isomerism, began an investigation of maleic and fumaric acids.
Working first with fumaric acid, he found that cold aqueous permanganate
converted the free acid and the potassium salt to the same product, a dioxy~
succinic acid, m.p. 2069 This compound must have been formed, therefore,
without scission of the olefinic linkage. Kekulé and Anschutz (63, 64) con-
firmed this result and found, in addition, that meleic acid also gave a dioxy-
succinic acid, m.p. 140°, which differed from that obtained from fumaric acid.
Though they did not realize it, this result showed that the reaction was stereo=~
specific.

Just prior to this work, the Russian chemist Butleroff (65) had
speculated on the cleavage of olefins by permanganate and suggested that the
first product of the reaction was an oxide which, by hydration and dehydration,
was converted to an aldehyde or ketone. The effect of these papers was to
stimulate a number of workers to study the hydroxylation reaction, and much
exploratory work was done by Saytzeff (66-70), Hazura (71) and Wagner (72).

Working with ethylene, isopropylethylene and butadiene,
Wagn.er (72) found t;mf X ~glycols were the primary products of the reaction

with 1% aqueous permanganate; in no case was an oxide isolated from the
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reaction, even when the conditions were such that hydration of the corresponding

oxide would be slow. Thus the glycols must have been formed directly from

the olefins. A direct scission of the double bond by the oxidizing agent was

considered improbable, this worker favouring instead a mechanism involving

further oxidation of the glycol to explain the formation of cleavage producis.

However, he did not study the oxidation of glycols under these reaction conditions.
Saytzeff and Hazura (66-71) did much important work on the

hydroxylation of unsaturated fatty acids by permanganate, but it was Albif;ki

(73) who first demonstrated the stereospecific nature of the reaction with these

olefins. This work may be illustrated using the cis and trans pair, oleic and

elaidic acids.,

o. MnO,
oleic acid (m.p., 14) — glycol (m.p., 132.5°)
| H203, HOAC Thyo, H
oxide . oxide
- | H0, ' - T H202, HOAC
2 MnOj !

glycol (m.p., 99-1006) ~— elaidic acid (m.p., 44-45°)

Thus, one of these reactions involved cis addition and the other

——

involved trans addition to the olefin, but there was as yet no way of establish-

ing which was which. Indeed, the configurational relationships were not rig~
orously achieved until 1956,
[t should be mentioned here that the early workers did not ob-

tain good yields of glycols, the amount of material isolated being usually in the
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vicinity of 20~25% of theoretical. Indeed, the permanganate method of hyd-
roxylation has never become popular due to these low yields, which are gen-
eral, and to the occurrence of unavoidable and undesirable side~reactions.
It was one of the aims of the present investigation to see whether, by ident-
ifying and determining the mechanisms of these side-reactions, conditions
could be established for making hydroxylation by permanganate a useful reaction.

That the reaction can lead to a good yield of glycol from af
least one olefin has been shown by Lapworth and Mottram (2). These workers
established that the conditions for the conversion of oleic acid in 96% yield
to dihydroxystearic acid were the following;

(1) a low temperature (0-10°) during the reaction;

(2) a concentration of oleic acid not greater than 0.1% ;

(3) a concentration of the added aqueous permanganate not "

greater than 1% ( 15 moles per mole of olefin) ;
(4) a short reaction period (five minutes) ;
%) a slight excess of alkali shou!d be present from the
beginni.n'g of the oxidation.

On the basis of his results, and following a suggestion by Lwoff
(74), Wagner (75) proposed that the first product of permanganate oxidation was
an addition compound (IV) between the permanganate and the olefin, and he

predicted that the gly'éol formed in this reaction would be that which would be
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expected to arise if both the hydroxyl groups were added to one side of the

planar olefinic bond,

R H R. H Re H
N
c’ i “c-0_ . 2H,0  c4OH
” + MnO4 — | /MnOZ - |
(25). .. C cC—o0 C.- OH
R” “H " H R” H
v

In a later paper (76), in the mistaken belief that permanganate oxidation yields
a trans-glycol , while hydration of an oxide yields a cis~glycol, Nametkin pro-
posed an intermediate, (V), formed by the addition of two molecules of perman-—

ganate to the olefin,

- CH | - CHOMnO,0K 2H,0 - CHOH
| + 2kmnO; — | + 2 KHMnO
- CH - CHOMnO,,OK ~CHOH
Vv

This mechanism agreed with the observation that, in alkaline medium, the per-
manganate was converted to.a salt of manganic acid. It was thought that the
permanganate addition was trans because of a naive notion of steric hindrance
to cis—addition.

-

This contention was digproved by the elegant work of Boeseken (1).
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In a lengthy series of papers, Boeseken described a method, based on complex
formation with boric acid, for distinguishing between cis and trans glycols

in alicyclic compounds and in sugars. Application of this method to a number
of glycols formed by permanganate oxidation of the corresponding olefins
established that permanganate oxidation géve the cis glycol in every case.
This conclusion was supported, as seen earlier, by the results of the hydroxyl~
ations of fumaric and maleic acids. The glycol, m.p. 206°, obtained from the
trans olefin (fumaric acid) could be resolved into optically active forms, while

that from the cis olefin, m.p. 140°, was meso.

HOOC, _H HOOC_ _H
C _ COH
” + MnO4 - |
C _COH
HOOC H HOOC” ™SH

meso
H_  COOH H_ _-COOH
d ) “NCOH
I + MO, — |
Co _CQH
HoOC” "H HOOC” ™SH

dl form

The same result has recently been achieved with the 9,10~-dihydroxystearic

acids obtained from oleic and elaidic acids. Gensler and Schlein (77) showed




that the 9, 10~dihydroxystearic acid, m.p. 94-95°, isolated from permanganate
oxidation of the trans olefin, elaidic acid, had the threo configuration, since
the racemic form of the 9, 10-octadecanedioic acids could be converted to this

compound. Since oxidation of the trans olefinyielded the glycol with the threo

configuration, the hydroxylation must have been cis. This conclusion substant-
iated the stereochemical interrelationships derived for these compounds by
Swern (78), who based his conclusions on the assumed mechanisms of the per~
manganate and peracid oxidations of olefins.

Boeseken (1) suggested, on the basis of his resulfs,' that the
formation of cis glycols was satisfactorily explained by assuming that a cyclic
ester intermediate (IV) containing pentavalent manganese was formed, and was
hydrolyzed without inversion of the carbon centres. Since the hydroxylation
of olefins with osmium tetroxide (79) was also found to yield cis glycols, c;n
analogous mechanism was postulated for this reaction,

- CH - CHO<_ - CHCH

|+ OsO,4 —_ | ,0s0y — |

-CH. . - CHO - CHOH .

In 1936, Criegee (41) proved that the hydroxylation of olefins
by osmium tetroxide did, in fact, proceed by way of this ester intermediate,
sincea 131 olefin-qsmium compound could be isolated in quantitative yield.

This complex was stable for long periods of time in refluxing acid or alkali, but
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rapidly decomposed to the cis glycol when treated with an aqueous solution
containing an oxidizing or reducing agent. This is the behaviour expected if
the compound contains Os(V(). This valence state is stable in aqueous medium,
but since the Os(VIII) /Os(V1} couple has a potential of - 0.3 volt and the
Os(VI) /Os(IV) couple has a potential of =.1 volt (80), hexavalent osmium

can undergo oxidation and reduction very readily.

Criegee®s work made the analogous intermediate in permanganate
oxidations more acceptable, but there remained little information concerning
the possible existence of pentavalent manganese or its behaviour under the cond-
itions of the hydroxylation reaction.

In their survey of the course of permanganate oxidations in alk-
aline media, Drummond and Waters (57) #ound that manganate was the first ob~
served intermediate in the reaction with olefins. To raﬁonal.ize this behaviour,
they considered the possibility that inifiall;—formed pentavalent manganese
(hypomanganate) was rapidly oxidized by permanganate to manganate, but, in
view of their lack of information concerning the chemistry of hypomanganate,
they rejected this possibility, assuming that hypomanganate would decomp;:se

more rapidly than it could be oxidized by permanganate. That is, the reaction,
2Mn(V)  —  Mn(ilV) + Mn(Vl),

was considered to be.much faster than the reaction,
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Mn(V) + Mn(VIl) —  2Mn(VI).

They explained the observation of manganate as the initial intermediate by

Proposing two successive one-electron exchanges with intermediate free radical

formation ,

~CH OH™  -CH o OH - CHOH -
N |+ MnO,” — [ + MnOy

-CH  MnO, - CHOH MnO ~ CHOH

This mechanism seemed very likely to be incorrect, becéuse the stereospecificity
of the feacfiién requires that neither of the ccrbo'.n-ufoms can possilz;ly achieve
the planar configuration which is to be expected for the postulated free radical
intermediate. On the other hand, both of the carbon atoms could conceivably
retain their configurational identities by way of a bridged structure for the free
radical inférmediare(see below). Nevertheless, these speculations seemed so
implausible as to warrant immediate challenge and contributed much to our
undertaking the present’ work.

In order to resolve the question of whether the initial reaction
between permanganate and c;lefins involves one-electron or two~electron ex-
change, it is clear that more information is needed concerning the chemistry of
manganate and hypomanganate under the conditions of the permanganate~olefin
reaction. In particular, the objections of Drummond and Waters (57) to the post-

ulate of a hypomanganate intermediate required experimental substantiation, and
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one of the first objectives of the present work was the study of this point.
Another approach to the question of whether the reaction involves
one-electron or two-electron exchange would be to study the hydroxylation re-
action using KMnO , - o'8, If the cyclic pentavalent ester is an intermediate,
then the oxygen introduced into the glycol should come from the oxidizing
agent. The performance of this experiment was considered at the beginning of
this investigation. However, a private communication from Dr. R. Stewart ad-
vised us that the experiment was to be performed in the laboratories of Dr. K .B.
Wiberg. The results of this work have recently been published by Wiberg and
Saegebarth (81), who examined the hydroxylation of oleic acid with ols.
labelled permanganate. This olefin, at pH 12, gives an almost quantitative
yield of the cis glycol, erythro-9,10-dihydroxystearic acid (2). Despite the
fact that fhel"e is a rapid electron exchange reaction between manganate and

permanganate (82),

- * =2 -2 % -
MnO 4 MnO 4 = MnO,~ + MnO, ,
and manganate will readily. exchange its oxygen atoms with water (55), over
1.5 atoms of oxygen were transferred from the permanganate to the olefin when
the stoichiometric quantities were used,
% - *
- CH . =CHO_ 20OH - CHOH

* : - -
I+ MnO, — I« MOy —— | « + 2 Mn042.
- CH ~ = CHO MnOZ - CHOH
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This result comprises strong evidence in favour of an initial two-electron ex=
change reaction involving formation of the cyclic ester intermediate. The
only alternative rationalization which can be envisaged would involve the
type of mechanism outline below. Thus, the intermediate, V, postulated by

Nametkin (76) would be formed,

R H R, H
N * - -
Nod . JC% _O-MaO;  R-cCH - Omnd3
I+ MnO 4 — H. | - . %
C SCla s R-CH - SMn3;
RE H R “OMnO;

\'

Although a great many arguments can obviously be advanced against such a
free radical mechanism, it is to be noted that it does have the virtue of ration~

alizing the results observed by Drummond and Waters (57).

The effect of pH on the initial stages of the permanganate-
olefin reaction has received only little attention. Holde and Marcusson (83)
were the first to consider this variable. They found that, though in alkaline
medium permanganate oxid}zed oleic and elaidic acids to different glycols,
when sufficient alkali was added to just neutralize the acid (pH 8), the two
olefins gave the same compound, a yellow-coloured acid, m.p. 55-83?, which
was difficult to purify, and which analyzed as hydroxyketostearic acid. This

work was repeated by King (3), who established that, when the following cond-
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itions were observed, the oxidation of commercial oleic acid gave 20~35%
yields of dihydroxystearic acid and 30-40% yields of the two 9-10-keto-
hydroxystearic acids;

(I} the olefin and the alkali should be present in equivalent
proportions, and the amount of permanganate subsequently added should be
about two moles per mole of olefin;

(2) the concentration of the olefin should not be greater than
1 g. per litre of the reaction mixture;

(3) the duration of the oxidation should be 8-10 minutes at 8-10°,

King found that the two ketols were formed in about equal amounts,
and the mixture, after repeated crystallization, melted at 64.5-65.5°, The pro-
ducts were separated by fractional crystallization of the semicarbazones, foll-
owed by regéneraﬁon of the ketols to give pure 9-hydroxy-10-ketostearic acid ;
m.p. 740, and 9-keto~10-hydroxystearic acid, m.p. 75.5°,

Under the conditions of ketol formation, King observed that
9, 10~dihydroxystearic acid was not attacked by permanganate. Hence the ketol
was not formed by further oxidation of the glycol. It is evident, therefore,
that the mechanism of the permanganate oxidation of olefins is strongly dep~
endent on pH. The fact that, when the proper conditions are employed, the
conversion of oleic acid to a =ketols is not an isolated case ; Was demonstrated

by Lemieux and von Rudloff in their studies with the periodate~permanganate
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reagent (32, 84). By carrying out a limited oxidation at pH 7.7 and isolating
the products after short reaction timés, they isolated the expected ketols from
oleic, elaidic and 10~undecenoic acids. Furthermore, the oxidation of ethy-
lene resulted in the formation of only about one mole of formaldehyde on-the
consumption of oxidant equivalent to four oxygen atoms. [f ethylene glycol
alone had been produced in the first stage of the reaction, a consumption of
oxidant equivalent to two atoms of oxygen would have yielded two moles of
formaldehyde. The fact that formaldehyde was not oxidized under the condi-

tions of the periodate~permanganate reaction supported this conclusion.

_ MnOy CIZHO
CoHy + 210 _ + 2103
274 4 cH,OH 3
|10
_ 10 ]
COp + CH)O+ IO <«——— HCOOH + CH,0 + [0
2 2 3 = 2 3
MnO4

The isolation of a~ketols from periodate~permanganate oxida-
tions bears important implications on the mechanisms of the periodate~perman~-
ganate oxidation and the permanganate oxidation of olefins. First of all, the
oxidation by periodufg—permangcnate must involve permanganate oxidation in
its initial stages; this initial stage of the reaction would yield ketol and some
reduced form of manganese. In the second stage of the reaction, the periodate
cleaves the ketol and r;agenerofes the permanganate. Since manganufe was

quantitatively oxidized to permanganate by periodate at pH 8.0, it could
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concefv;:bly be the reduced state of ménganese which is formed in the first
stage of the reaction. The third stage of the periodate-permanganate-oxida=
tion presumably involves permanganate oxidation of the products formed in
the periodate cleavage.

Coleman, Ricciuti and Swern (85) recently reinvestigated the
oxidation of oleic acid by neutral permanganate, and were able to explain, in
part, the effect of pH on the course of the reaction. By controlling the pH of
the reaction mixture, they increased the yield of the ketohydroxystearic acid;
from 30% to 55-75% in solutions twenty times more concentrated than those
used by King (3). In accordance with the stoici;iomefric equation,

- CH -C=0
3 || + 4KMnO, + 2HO — 3 | + 4MnO, + 4KOH,
- CH ~ CHOH _
the pH of a reaction solution containing 0.02 mole of oleic acid and 0.02 mole
of potassium hydroxide in 60 ml. of water increased from about 10 to a max-
imum of 12 during fhe slow addition of 0.03 mole of permanganate in 75 ml. of
water. This maximum pH was reached ofter only 25% of the calculated amount
of permanganate had been added; when the reaction was worked up at this
point, a 20% yield, based on olefin, of the ketohydroxystearic acids was iso-
Iéted. Hﬁwever, when the addition of permanganate was continued, the major

products were dihydro.x:ysi'earic acid (50%), ketohydroxystearic acids (20%) and
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9,10-diketostearic acid (3%). By maintaining the pH in the range 9.0~9.5
through neutralization of the liberated alkali as it formed, the yield of the
ketols was raised to 55‘-75%; using these conditions, the yield of glycol was
decreased to less than 10%, while the yield of diketostearic acid was about
7‘0/00 These résuits are readily explained if fl"ne mechanism of the reaction fav-
ours ketol in neutral medium and glycol at pH 12.

Without pH control during the reaction, it is evident why high
dilutions are required for best yields of ketohydroxystearic acids. At high dil~
utions, the concentration of hydroxyl ions is reduced, and their undesirable
effect, as far as formation of ketols is concerned, is diminished. ~This effect
is explained by Coleman, Ricciuti and Swern, as being related to the rate of
hydrolysis of the cyclic ester intermediate, which they assume to be the initial
product of the reaction. They conclude that, in the presénce of excess hydroxyl
ions, this ester should be rapidly hydrolyzed at both CO = Mn bonds, more or
less simultaneously, to yield 1,2-glycol. With pH control, the rate of hydrolysis
of the ester should be reduced, and should proceed stepwise to yield an inter-
mediate containing one hyd_’roxyl group and one ester group. The competition
between the permanganate c.:nd hydroxy!| ions for this intermediate will favour
the permanganate under these conditions, and further oxidation will then occur
on the carbon atom sfill attached to manganése.

A mechanism embodying these principles was first proposed in
1955 by Lemieux (86,87), and with only minor modifications, by the author of
this thesis in two reports to the National Research Council of Canada (88; see

Table 1),
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On the basis of the evidence available at the time, it was con-
sidered that the initial stage of the permanganate-olefin reaction involved
addition of the oxidizing agent to the double bond (1, 41) to form the penta-
valent intermediate, IV. Since the hydroxylation reaction was stereospecific,
the possibility of inversion during hydrolysis, due to incipient carbonium ion
formation at one of the olefinic carbon atoms could be ruled out, Hence, the
alkaline hydrolysis of this ester was normal; that is, fission occurred at the
manganese-oxygen bonds (89). Since this hydrolysis presumably proceeds
stepwise, the transient existence of the esier, VI, could be assumed. A con-
sideration of King®s work (3), and of the work oi; Lemieux and von Rudloff
(32, 84) suggested that ketol could be formed directly from olefin in neutral
medium by oxidation of a pentavalent ester (VI) by permanganate to a hexaval-
ent ester (VII or Vlla) or to a heptavalent ester (VII1), which subsequently |
decomposed to ketol (IX) by a two-electron exchange. A step analogous to the
VIli-IX step had been previously proposed by Wiberg and Stewart (7; see page
14).  According to this mechanism, then, the yield of glycol in strongly
alkaline medium was attributed to the rapid hydrolysis of V| under these condi-
tions, while the high yield of the ketols in neutral medium was believed due
to a much greater resistance to hydrolysis and susceptibility to oxidation

possessed by VI,
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TABLE 11

Mechanism Proposed for the Permanganate Oxidation of

Olefins (86 -88)

-CH
I
~CH
l MnOZ
-CHO\ -
’ MnO,,
H,0 /
_ -CHO )
IOH/ A MnO}
~CHOH W™ ~CHOH ~CHO, "
= | - |  MnO; + MnO
~CHOMnO 4H - CHOMrO} ~CHO
b a - Vil a
Vi MnO4 OH_ ’
_ --'MnOZ2
-mMn0Z% | OH
~CHOH ,
v i} I b -
OH -CHOMnO3 nO
4
~CHOH / N S
| “ -mno,-  H [ v -MnO;Z
-CHOH " -CHOH
~CHOH I Vil
-CHOMnO3
~CHOMnOH ~
l OH~
= HMnO :
. 203 - HMnO
-CIHOH
-C=0
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The mechanism of the oxidation of olefins by permanganate in
non-aqueous media has received little attention. Although many references
can be found in the literature concerning oxidations under these conditions, in
most of this work the permanéonate oxidation has been part of some other prob-
lem in which, ot some stage, the cleavage of an olefinic linkage was required.
In general, this kind of work is difficult fo locate, and, in any event, correlation
of the results of various workers is almost impossible because of the different
experimental techniques, concentrations and temperatures which can be used,
and because the results of any systematic studies have not been published.

Two different kinds of experimen;al techniques seem to be fav-

oured by most workers. In the first, the olefin, dissolved in dry acetone or
glacial acetic acid or pyridine, is shaken with the calculated amount of pow-
dered permanganate until the permanganate colour is discharged; in the seéond,
an aqueous solution of permanganate is added to a solution of the olefin in some
mixed solvent, usually aqueous acetone, ethanol or tertiary butyl alcohol.
The latter solvent system is preferable, since t-butyl alcohol is oxidized only
slowly by permanganate, while acetone and ethanol, particularly in alkaline
media, are oxidized fairly readily. When acetone or ethanol must be used as
the solvent, oxidation of the solvent can be minimized by dissolving the per-
manganate in water cqntaining a molar equivalent of magnesium sulphate.

Addition of magnesium sulphate to the reaction mixture enables the system to




preci[:':ifafe hydroxyl ions (as magnesium hydroxide) as rapidly as they are form-
ed, and the pH remains near neutrality. Straus and Rohrbacher (90 ) appear to
have been the first to use this technique.

When a completely anhydrous system is used, the major pro~
ducts of the oxidation are those which are formed by scission of the olefinic
linkage, in accordance with the overall equations shown on page 7. To the
author’s knowledge, there is no mention in the published literature of a glycol
ever having been isolated from reactions carried out under these conditions.

In mixed solvents, in addition to low yields of glycol, a var-
iety of other products can be obtained. A complete survey of the literature is
beyond the scope of this thesis, but a few of the more interesting reactions or
reaction conditions which have been reported are summarized in Table i1,

The experimental procedures used in the isolation of most of the
products listed in Table 1il differ only slightly from one worker to another. The
reaction mixture is either decolourized with sulphur dioxide, or the precipitated
manganese dioxide is filtered off; the resulting colourless solution is concentra-
ted and is then extracted'with a suitable solvent’ such as ether, chloroform or
methylene dichloride, etc. The exiract is washed with water, sodium carbon-
ate and water, and is worked up. The washing with sodium carbonate removes
the qci.d products of the reaction, and these may be worked up separately,

Unfortunately for our purposes, however, most workers have concentrated on
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TABLE 111

Oxidation of Olefins by Permanganate in Mixed Solvents

Olefin
1,2-dimethyl~
cyclopentene
cyclopentene

cyclohexene

ergosterol

cholesterol

cholesterol

dehydroisoandro~
sterone acetate

cholesterol
acetate

Product(s)

cis glycol (45%)

cis=1,2~-cyclopentane~

diol (34%)

cis~1,2~cyclohexane-

diol (33%)

A7:14, 22—ergosfc|triene-
3{5 ,5d,64 ~triol (80%)

cholestane~3,6-dione-
5&-ol (75%)

cholestane - 3#,50(,60(-
triol (4-5%)

androstane = (5, 6)oX ~
oxide ~1%one-3f -ol ~
acetate (15%)

cholestane -6 - one -
3 (5 , 5 ~diol =3 ~mono-
acetate (14%)

i f—cholesferol oxide
c

etate (20%)

Reaction
Conditions

90% acetone at =5°

40% ethanol at - 40°;
one mole of magnes-
ium sulphate added as
buffer.

50% methylcyclohex=
ane ~water at 90-~100°;
aqueous phase contain-
ed 4% permanganate.

75% acetic acid, at
20-55°,

benzene - water, with
the aqueous phase con-
taining alkaline per-
manganate

olefin was dissolved in
acetiw acid; the perman-
ganate, dissolved in
aqueous acetic acid,

)
was added at 55,

as above

Reference

21

92

93

94

?5

96

97

97




Olefin

5~pregnene-20-one-
3 é’ ~ol-acetate

3 ?-acefoxypregna-
5:16-diene~20-one

2,2-dimethylpentene

2,2,3-trimethyl-
butene~3

2-methyl|heptene~1

bicyclo-12.2.1] -
2-heptene

bicyclo~-2.2. 1_] -
2-heptene
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TABLE Il (contd.)

Product(s)

pregnane~(5, 6)~oxide-
20~one~3 (5-ol acetate

pregnane~20-one=3 (7,
5« ,6 A ~triol=3=acétate

pregnane-6, 20-dione-3ﬂ ,
5 ,diol=3~acetate

(A)=3 fo-acetoxy~16< ,
17 X -dihydroxypregn-
5-ene-20-one

(B)-3 —ac;toxy-léo( r
17 £ ~dihydroxypragna-
5,14~diene-20-one

2,2-dimethylpentane-
diol-4,5 (20%)

2,2,3~trimethylbutane~
diol-3,4 (28%)

2-méthy| hepfanediol-
1,2 (20%)

zg—_c_ig_—bicyclo[Z.Z, ﬂ -
heptane-2, 3-diol (40%)

. cyclopentene~1,3-

‘dicarboxaldehyde (54-66%)

Reaction
Conditions

Reference

as above

olefin was dissolved in
acetone-acetic acid at
0°; permanganate in 85%
acetone was-then added;
when no acetic acid was
used, only A (5%) was
isolated;when the ratio
HOAc/MnO4 was 1.2,
A (20%) and B (trace)
were isolated; when the
ratio HOAc/MnOZ was
15, only B (30%) was
isolated.

50% ethanol at - 40°

a suspension of the ol~
efin and aqueous
permanganate was
shaken for ten minutes.

50% t=butyl alcohol at
0-10° with one mole of
added sodium hydroxide

olefin was dissolved in
40% acetone at -~ 15 to
~20°; an aqueous solution
of permanganate and mag-

nesium sulphate was added.

97

98,99

100

100

101,/
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the neutral products of permanganate oxidation, and there is little reference in
the literature concerning the nature of the acid products which are formed from
the permanganate-olefin teaction in mixed solvents.

In connection with other problems in this Laboratory, Lemieux
and co-workers have conducted several olefin-permanganate reactions in mixed
solvents, and some of the results obtained from these studies have proved use~-
ful in interpreting the mode of action of permanganate under these reaction
conditions. This work will be discussed later,

The isolation, by Wiberg and Saegebarth (81), of cyclopentane-
1,3~dicarboxaldehyde from the oxidation of bicycloheptene in a buffered
acetone-water mixture is of interest, since the result indicates a scission of
the olefinic linkage. As will be seen later, the fact that carbon~carbon
cleavage occurred at the olefinic linkage places important limitations upon

the nature of the intermediate product of the reaction.

4. Some Aspects of the Chemistry of Manganate and

Hypomanganate

Mention has been made several times in this thesis of the need
for more specific information on the behaviour of pentavalent and hexavalent
manganese, pcrficuldlily under the conditions of alkaline permanganate oxida-

tions,
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Manganate, of course, is a well~known species, and various
aspects of its chemistry have been reported for over one hundred years. The
solid, K,MnO, , may be prepared most readily by reduction of potassium per-
manganate in an alkaline melt (102). [t forms a stable green solution in alk-
aline medium af pH values greater than 14. In the pH region 11-14, manganate
can exist in solution for short periods of time, but is thermodynamically unstable

with respect to the disproportionation reaction,
3MnO;2 4 2H0 —> 2MnO; + MnO, + 4OH™.

The equilibri.um constant for this reaction,
-2 14 -213
k= [mno;] [ow]*/ [mo7?]” ,

has been determined by Sackur and Taegner (103), and by Schlesinger and
Siems (104); these workers find a value of the order of 25 at 25°,

The kinetics of this disproportionation reaction were studied by
Duke (105). In the absence of added manganese dioxide, there was a pH-
dependent induction period, followed by a rapid reaction which was zero
order in manganate. The reaction was catalyzed by solid manganese dioxide,
the catalyzed reaction being almost second order in hydrogen ien. The cat-
alytic c‘cﬁvify of the manganese dioxide decreased with ageing. Duke con-

sidered the following mechanism in explanation of his results;




3 mpkio®

Mn(V) + MnO:,;z = MnO

-5] -

—_— . -2
MnO2 MnO 4

(adsorption; far to the left)

MnO4 + MnO2

2

Mm-Mw;+2ﬁaMm4+Mmm

2

(in the precipitate; the measured reaction)

-2 — 3MnO

2 Mn(lll) + MnO, 5

(ppte.)
MnO2 (active) — Mn02 (inactive).

The reaction was considered to involve a kind of surface effect,

the manganate being adsorbed on the surface of the manganese dioxide. This

assumption was necessary in order to explain the zero order in manganate.

The effect of manganese dioxide cannot be entirely due to a surface reaction ’
however, since ferric and aluminium hydroxides had no effect on the reaction.
Since the catalysis was specific by manganese dioxide, the manganese dioxide

can presumably enter chemically into the reaction.

The homogéneous reaction during the induction period was also

studied (105), and equilibria such as the following were suggested by Duke,

-2 ' -
2Mn04 = Mn(V) + MnO 4

2 + MnO4.
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Potassium manganate has been little used in organic chemistry.
Tcherniac used it for oxidation of naphthalene to phthalonic acid (106), the
yield being one-third greater than when permanganate was used, Tursin and
Rusakova oxidized diacetone-L~-sorbose (107), the yield of diacetone~2-keto~
L-gulonic acid (60-65%) being similar to that obtained with permanganate.
In a survey of the oxidation of organic compounds by manganate (108), Pode
and Waters observed that this .oxidizing agent was no more specific than was
alkaline permanganate, but was much slower in its action. The same authors,
along with Rigby (109{ and Wolfe (88) have reported that manganate hydroxylates
olefins, the hydroxylation yielding cis glycols. This result suggests that mangan-
ate and permanganate hydroxylate olefins in the same way, and a mechanism
involving a cyclic tetravalent ester intermediate has been proposed (88, 108),
~ CH P -CHO. _, 20H -CHOH | 4

I+ MnO4 — | /MnOz _— | + MnO4 .

- CH - CHO - CHOH

This suggestion that manganate can oxidize via a two-electron
exchange is supported by the work discussed earlier on the oxidations of the
tertiary carbon~hydrogen bond (20) and aromatic aldehydes (7).

Although there have been reports in the literature for many
years on oxo complexes of pentavalent manganese (110-112), and at least one

worker attempted touse the results of this early work to prove the existence
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of pentavalent manganese as the intermediate in the oxidation of formate ion
by permanganate (38; see page 11), only recently have well-defined methods
been established for the preparation and proof of the structure of these comp-
ounds. The definitive work was done by Lux (113). He found that the action
of manganese dioxide and sodium oxide on a sodium nitrite melt caused the

formation of an intense blue colour. The hydrate, Na MnO4°10 H,O ,

3
crystallized from concentrated sodium hydroxide in the form of light blue
prisms. These dissolved readily in concentrated potassium hydroxide but not

in concentrated sodium hydroxide. The formation of mixed crystals with sod-
ium phosphate,, arsenate and vanadate was observed. When water was added
to the solid material, the deep green manganate appeared at once, and at the
same time manganese dioxide precipitated. A similar result was obtained on
treatment of the solid with dilute sodium hydroxide or ammonium hydroxide,

or on dilution or heating of the deep blue potassium hydroxide solution.
Dilution of the potassium hydroxide solution gave a clear, light green solution
from which manganese dioxide was quickly precipitated. Colorimetric deter-
mination of manganese showed that the ratio MnOZz/ MnO, was 0.95. Lux
concluded, therefore, that in strongly alkaline media, and in the cold, penta-
valent manganese was as stable as ‘mangunafe or manganite and that, in fact,

the equiAI ibrium,

NaZMnO4‘+ Mn02 + 4NaOH = 2N03Mn04 + 2H20,
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was entirely on the right hand side. That equilibrium does exist was demonstrated
by mixing freshly precipitated manganese dioxide with manganate in 10 N

sodium hydroxide ot 0°, The blue hydrate of pentavalent manganese was quick-~
ly precipitated. |

Further work has now established that alkali metal complexes
containing the MnO;:3 anion can be prepared in a variety of ways (114-116):
(a) reduction of an alkaline permanganate solution with iodide jon;

(b) oxidation of a manganese (Il) compound by means of potassium nitrate in

an alkaline melt; (c) atmospheric oxidation of manganese dioxide in an alk-

aline melt; (d) reaction between permanganate ion and metal hydroxide,

either in aqueous solution or in the anhydrous state at high temperatures; and
J(e) the interaction, at elevated temperatures, between a manganate compound

and the appropriate metal hydroxide.

The anhydrous MaMnO, compounds are dark, blue-green
substances, soluble in concentrated alkali. Hydrated hypomanganate salts
are recovered from these solutions. Anhydrous potassium hypomanganate,
K3MnO 4 is stable in an oxygen atmosphere to about 1000°,

Magnetochemical studies by Klemm (117) have shown that the
compound NazMnO 4°10H.0 prepared by Lux (113) does in fact contain Mn(V)
rather than an equimolecular mixture of Mn(lV) and Mn(VI). Miller and
Rogers (118) have produced polarographic evidence for pentavalent manganese.

A solution containing 1x10“3 M potassium permanganate and 0,01 M sodium
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hydroxide was examined. Three separate half-wave potentials could be det-
ected, with the diffusion curtent of each corresponding to a one~electron
change. The reaction was considered to be Mn(VII) -»Mn(V l)-'—>Mn(V)->Mn(IV).

Carrington and Symons have measured the electrode pot-
ential of the manganate-permanganate couple in aqueous alkaline solution at
various ionic strengths, and that of the manganate-hypomanganate couple in
concentrated potassium hydroxide solution. Their results, together with other
pertinent data on the electrode potentials of the valence states of manganese
(80) are shown in Table IV. The manganate-permanganate E_ was obtained by
extrapolation of the data of Carrington and Symons to zero ionic strength, while
the value for the manganate~hypomanganate couple is for ionic strengths
between 6 and 12.

According to Latimer (80), the standard E_ potential refers to
systems at 25° in which all gases are at unit fugacity and all dissolved sub-

stances are at unit activity. If the redox reaction,
+
A = B + mH + ne,

has a potential E_ against the standard platinum-hydrogen electrode, the

potential, E , effective under other conditions,is

(26)...v E = E, - RT/AF ln[B][Hﬂ'" /TA].
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TABLE IV

Oxidation Potentials of Manganese Couples (80)

Couple Eo (acid)
Mn-MA2 - 1.18V
M 2= M3 1.51
Mh3 - MnO, -0.95

2
M - MnO, -1.23
Ma 2= MnO; - 1.51
MnO, - MO - 1.695

-2
MnO,, = MnO,, -2.26
-3
MnOZ-MnO4 -4,19

Couple Eo (alkali)
Mn - Mn(OI--I)‘2 1.55V

'Mn(OH)‘,Z - Mn(OH)3 - 0.1

Mn(OH)3 - MnO2 0.2
Mn(OH)2 - MnO2 0.05
MnO, -‘-MnO;] '~ 0.588
MnO,, - MnO,,” - 0.60
MnO,, - Mnof’ - 0.915
MnO; - Mno;2 - 0.285
.Mho;3 - MnO;] ~0.43
MnOf - MnO} - 0.558

E, is by convention a negative quantity for oxidants more powerful than hyd-

rogen ion; R is the gas coﬁsfanf, T the absolute temperature and nF represents

the Faradays of electricity involved when the reaction is carried out electro~

chemically. In a system containing an oxidized form and a reduced form,

where no hydrogen ions are transferred, the familiar equation,

(2%... E = .Eo - RT/nF In [oxidized form] / [reduced form] ,
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is used.

The free energy change of a redox reaction is related to the

electrochemical potential E, by the equation,

(28)... -AF = E_°n - 23060,
(calories)

where n is the number of electrons transferred.

3

The numbers shown in Table IV for the MnO, ~ MnOZ and

2
MnO2 - MnOZ2 couples were calculated using equation 28 and the hypo~

thetical equilibria,

MnO2 + 2H20 —— Mn04 + 4H + e

-2 4
MnO2 + 2H20 == MnO4 + 4H + 2e

MnO_ + 40H === MnO

2 +2H20+e

MnO, + 40H == MmO + 2HO + 2e

and the value = 111.1 Kcal. for the free energy of formation of manganese
dioxide (80). The values calculated in this way suggest that manganate and
hypomanganate should be extremely powerful oxidizing agents in acid medium.

The consequences of this will be seen later on,
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Carrington and Symons have used their values for the hypoman-
ganate-manganate and manganate-permanganate couples to estimate the thermo-
dynamic functions for the manganese oxyanions (52). These are reproduced in
Table V. The S° values which they obtained using Connick and Powell's form=

ula (119) have been altered in this table to agree with the more recent work

of Couture and Laidler (120).

TABLE V

Estimated Thermodynamic Data for Manganese Oxyanions

AFC (keal ) AR (kcal.) 5° (cal./deg.)
MnO, oq. - 107.4 ~-129.7 50.9
MnOf aq. - 120.3 ~ 160.5 13.1
Mn0° aq.  -127.0" - 185.8 - 28.1

* -
Refers to MnO 43 in concentrated potassium hydroxide solution.
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The action of hypomanganate on organic compounds has received
little attention; this is not difficult to understand since the compound is stable
only in cold 10 N alkali. Few organic compounds are sufficiently soluble
under these conditions to enable useful information to be drawn from these
experiments, Pode and Waters (108) and Wolfe (88) have reported that hypo-~
manganate, unlike manganate and permanganate, does not attack olefins.

This observation has some bearing on the mechanisms of the manganate and

permanganate oxidation of olefins,
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I1. EXPERIMENTAL

Unless otherwise mentioned, all chemicals were highest purity
]
reagent grade, and were used without further purification. Oleic acid was

purchased from the Horr:lel Institute and was maintained at 0° in a sealed glass
vial when not in use. Melting points were obtained with the Leitz hot stage

apparatus, and are uncorrected. Spectra in the visible and ultraviolet regions
were obtained with a Beckmann DK - 2 recording spectrophotometer. Infrared

spectra were obtained with a Perkin~-Elmer single beam double pass instrument.

Volumetric solutions were prepared and standardized by conventional means.

1. Inorganic Preparations

A. Preparation of Hypomanganate with an Inorganic

Reductant (113)

A mixture:containing ten grams (0.0635 mole) of powdered
potassium permanganate and 200 ml. of 10 N sodium hydroxide was stirred at
room temperature for one hour, cooled to Oo, and 8.00 g. (0.0635 mole) of

powdered anhydrous sodium sulphite was added all at once. The resulting
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viscous solution became greenish=coloured ofter about two minutes, and this
colour did not change during one hour. The reaction mixture was left at -10°
for 24 hours, and the precipitate was gathered on a fritted glass funnel. The
blue prisms thus obtained were contaminated with some white material . The
filtrate (I) was returned to the freezer, and the solid precipitate was washed
on the filter with 300 ml. of 10 N sodium hydroxide. These aquamarine wash-
ings (lI} were also left in the freezer. The residual material on the filter was
slurried with 150 mi. of 10 N sodium hydroxide, and this mixture (l1l) was left
at room temperature for one day and was then cooled to —100.

Filtrate | yielded no crystalline deposit after two days at -10°.
However, filtrates Il and Il yielded a light blue substance which crystallized
in the form of needles. The material was air-dried, and was then dissolved in
450 ml. of 10 N sodium hydroxide. The blue solution of pentavalent manganese
(analysis below) could be stored in the cold for several days without decomposition.

When the blue solution was allowed to stand at room tempera=
ture, decomposition to manganate and manganese dioxide generally occurred
within one day. A similar decomposition occurred within two hours when the
solid was kept in a vacuum desiccator. Hence, all work with hypomanganate

was carried out with solutions in 10 N sodium hydroxide.
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Eo The Preparation of Potassium Manganate (102)

Potassium hydroxide, 50 g., was dissolved in 50 ml. of water,
and 50 g. of powdered potassium permanganate was added slowly while the
mixture was stirred and Heated to 130~140°, Evolution of oxygen ceased after
15 minutes, and the dark green mixture was maintained at this temperature for
30 minutes more, with addition of a little water from time to time to keep the
volume approximately constant. After cooling, 10 ml. of 12 N potessium hyd-
roxide were added. The precipitate was collected and air-dried to a black
solid.

When potassium manganate was desired for reactions, asmall
amount of the solid was dissolved in alkali of the desired strength and, after
filtration to remove traces of manganese dioxide, the solution was standardized

iodometrically (mM of manganate = mE/4).

C. lodometric Analysis of Hypomanganate and Manganate

Solutions

Hypomanganate should disproportionate in acid solution accord-

ing to the equation,
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. -3 - -

In terms of iodometric analysis involving reduction of manganese to the man-
ganous level, this equation shows that hypomanganate (9valence units) yields
manganese dioxide (4 valence units) and permanganate (5 valence units), If
X is the number of ml. of thiosulphate solution required in the titration of Y
ml. of hypomanganate solution, then, when Y ml. of hypomanganate solution
is allowed to disproportionate in acid medium, the permanganate formed will
require 5X/9 ml., and the manganese dioxide will require 4X/9 ml. of the
thiosulphate solution,

Manganate disproportionates to manganese dioxide and perman-

ganate in acid medium according to the equation,

2 -

(30)... 3MnO,° + 2H,0 —> 2MnO, + MnO, + 40H .

2

If X ml. of manganate solution are equivalent to Y ml. of thiosulphate solu-
tion, then X ml. of manganate will yield, on disproportionation in acid med-
ium, permanganate equivalent to 0.83 Y ml. of thiosulphate solution, and
manganese dioxide equiva‘.lenf to 0.17 Y ml. of thiosulphate solution.

To perform the analyses, 5 - ml. aliquots of the manganate or
hypomanganate solution were added to acidified potassium iodide solution, and
the iodine liberated was titrated with 0.008 N thiosulphate solution. Five ml.

aliquots of the manganate or hypomanganate solution were then added to
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solutions éom‘aining 25 ml. of 2.5 N sulphuric acid. The resulting pink mix-

tures were centrifuged for 30 minutes, to help settle the manganese dioxide,

which was collected on a fritted glass funnel.

The amounts of permanganate

in the filtrate and manganese dioxide on the filter were determined iodomet~

rically. The results, shown in Table VI, were in rough agreement with ex-~

pectation, based on equations 29 and 30.

TABLE VI

lodometric Analysis of Manganate .and Hypomanganate

Titer of MnO;, Titer of MnO,
in the Filtrate on the Filter

MnOZ Titer/ MnO, Titer

(a) Analysis of hypomanganate; total titration, 3.71 ml.; calculated

Mn04 Tlfer/MnO2 Titer, 1.25.

2.00 1.70
2,05 1.45
1.80 1.85
Average,

1.18
1.41
0

1.19 £ .15 (13%)

(b) Analysis of manganate; total titration, 3.90 mI., calculated

MnO4 Tnfer/MnOz Titer, 5.00

3.00 0.71
3.10 0.68
2,94 0.67
3.02 = 0.63
Average,

4
4
4G
4
4

.50 % .18 (4%)
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D. The Oxidation of Hypomanganate with

Sodium meta-Periodate

Sodium meta-periodate, 2.0 g. (0.0094 mole), was dissolved
in water, and the solution was made up to 100 ml. (approximately 0.094 mM/ml.).
To. 10 ml. of this solution and varying amounts of sulphuric acid was added
rapidly 1 ml. of a 10 N alkaline solution containing 0.008 mM of hypomanganate
per ml. The resulting pH was noted, along with any colour change during
the reaction. The results are shown in Table VII.

A colour similar to that obtained as an intermediate in the
periodate oxidation of hypomanganate in strongly alkaline medium was obtain-
ed by mixing manganate and permanganate in equal amounts; the same colour
had a transient existence in permanganate oxidations in alkaline medium

where permanganate was reduced to manganate.
E. The Oxidation of Hypomanganate with Permanganate

Five ml. (0.04 mM) of a hypomanganate solution, dissolved
in 10 N alkali, were syringed into 125 ml. of water. The blue colour rapidly
turned green, and a precipitate of mangcme.se dioxide appeared. In a second
experiment, 5 ml. of the hypomanganate solution were syringed into 125 ml.

of water containing 0.04 mM of permanganate. The colour became green at
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TABLE VII

Effect of pH on the Oxidation of

Hypomanganate by Periodate

Ml. of 6 N Sulphuric
Acid Added to 10 ml.*
of 0.094 M Periodate

0

1.6

1.8

*%

2.0

Final pH

14

14

13.5

6.85

Observations

The mixture became a very
dark bluish-purple, and
slowly (10 seconds) turned
the colour of permanganate
(spectrum). There was no
precipitate.

The mixture was initially
a slightly lighter bluish
colour than the above,
and then turned the colour
of permanganate. No
precipitaie was formed,

Permanganate was obtain-
ed at once. There was
no precipitate.

Permanganate was obtain-
ed at once. There was no
precipitate of manganese

dioxide during one week.

* Hypomanganate, 1 ml. of 0.008 M, was syringed into this solution.

** Ten ml. of ammonium acetate buffer were also added.
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once, and there was no precipitate of manganese dioxide during one hour.
Similar experiments at higher alkalinity produced the same results. At lower
pH val-ues (12-14), some manganese dioxide was obtained from the addition
of hypomanganate to permanganate. The results obtained at the low pH are
only qualitative, owing to the difficulties involved in adjusting the pH of the
reaction mixture to the region 12-14, Buffer solutions could not be used, for
when hypomanganate was added to buffered permanganate, no manganate was
observed, and only permanganate and manganese dioxide were formed. To .
achieve these lower ph values, therefore, the hypomanganate, 5 ml. in -iO
N alkali, was added to permanganate dissolved in a large volume (250-- |

1000 ml.) of water.

F. The Attempted Oxidation of Hypomanganate

by Molecular Oxygen

Hypomanganate, 0.04 mM, was dissolved in 75 ml. of 1O N
alkali, and pure, dry oxygen was bubbled into this solution at 25°° The only
reaction observed during 24 hours was the disproporfipnaﬁon of hypomanganate
to manganate and manganese dioxide. Hence, this oxidation reaction is .

negligible.
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G. The Preparation of Hypomanganate

with Organic Reductants

(i)  From Permanganate. A solution of 10.0 g. (0.063 mole)

of potassium permanganate in 200 ml. of 10 N sodium hydroxide was cooled
to 00, stirred, and 4.28 ml. (3.66 g.; 0.063 mole) of allyl alcohol were add-
ed all at once. The mixture became clear green immediately, and ofter a few
more seconds, a heavy precipitate appeared. After 40 minutes, the reaction
mixture was filtered through sintered glass to yield blue needle-like crystals
of hypomanganate, and a reddish-brown filtrate containing hydrated tetraval-
ent manganese. A small amount of the blue material was recrystallized twice
from 10 N sodium hydroxide, and the final sky-blue solution was analyzed for
hypomanganate as described in Table VI. The observed MnOZ Titer/MnO,, Titer
was 1.2,

In a second experiment, the reaction mixture was filtered
after one minute, and it was observed that there had been no precipitation of
manganese dioxide during this time, although the filtrate was a deep reddish~
brown in colour. The blue solid was washed with 100 ml. of 10 N sodium
hydroxide and was then added to 500 ml. of 4 N sulphuric acid. This mixture
was allowed to stand overnight. At this time, the manganese dioxide was filt-

ered off; the filtrate contained 13.3 mM of permanganate, determined iodo-

)




metrica—lly. The precipitate of manganese dioxide was dissolved in acidified
potassium iodide; titration of the resulting iodine solution indicated that 23.4
mM of manganese dioxide had been formed when the solid was caused to dis~
proportionate. This established that the blue material was hypomanganate;
caled. for MnO;3 '
mM of Mn02/mM of MnOZ = 0.5. Found, mM of MnOz/mM of MnOZ

mM of MnOz/ mM of Mno;; = 2; caled. for MnOf,

= 1.76.

'The tetravalent manganese formed in the initial reaction pre=-
cipitated on standing and was gathered by filtration. The manganese dioxide
was reduced to the manganous level with hot sc;dium bisulphite, and an aliquot
of the resulting colourless solution was oxidized to permanganate with acid
periodate. Colorimetric determination of this permanganate indicated that

the yield of tetravalent manganese from the initial reduction of permanganate

by allyl alcohol had been 42%.

(ii) From Manganate. To a solution of 0.063 mole of man-

ganate (concentration determined iodometrically) in 200 ml. of 10 N sodium
hydroxide, cooled to 0° , was added with stirring 4.28 ml. (0.063 mole) of
allyt alcohol. The mixture was filtered after 45 seconds to yield hypomangan-
ate , cuAd manganese dioxide in the filtrate. The filtrate was diluted with 50
ml. of water, and 50 g. of sodium bisulphite were added to hasten precipita=-

tion of the manganese dioxide. This was then filtered and estimated colori-
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metrically as permanganate; yield, 35.2%.
The hypomanganate was reduced to manganese dioxide by add-
ition fo 500 ml. of N hydrochloric acid. This precipitate contained 42 mM of

manganese dioxide. Hence, the yield of hypomanganate was 42/63, or 64%.

(i1i) Using Various Olefins and Permanganate. Permanganate,

0.4 ml. of a 0.02 M solution, was added continuously over a 20 minute per-
iod to a solution or suspension of 0.5 mM of an olefin in 50 ml, of 10 N alk-
ali at 0°. The reaction mixture was stirred during the addition of the per-
manganate. When the addition of permanganate was complete, the spectrum
of the resulting system was read on the Beckmann DK - 2 recording spectro~
photometer for comparison with the spectrum of hypomanganate (see Fig. 1).
The results obtained from these experiments using several olefins are shown‘ in

Table VIil.

(iv) Using Various Olefins and Manganate. When the above

series of experiments was répeated with 0.4 ml, of a 0.02 M solution of man-
ganate in 10 N sodium hydroxide and the olefins allyl alcohol and cis=4~
gyclohexenedioic acid, hypomanganate was again obtained from a slow add-
ition of the oxidizingpgent at both 0° and 25°, When the manganate was add-
ed rapidly, the iniﬁ;l colour was green, but the reaction mixture slowly took

on the colour of hypomanganate.
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Fig. 1 - Spectra of the valence states of manganese.

Plot 1, permanganate in aqueous solution. Plot 2, manganate
.in 10 N sodium hydroxide. Plot 3, hypomanganate in 10 N

_sodium hydroxide. Plot 4, manganite~tellurate complex in

3 N alkali. Plot 5, colloidal manganese dioxide at pH 8.
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TABLE VIII

Addition of 0.4 Ml. of 0.02 M Permanganate

to Various Qlefins

Olefin Conc, of MnO-3
(0.5 mM in 50 ml. . (mu)
of. 10 N alkali) Amesx 7 (Mx10°) Yield (%)
allyl alcohol 675 7.9 50
cis=4-cyclohexene- 675 9.0 57
dioic acid :
125 |
sorbic acid 675 78

(vk Using Added Tellurate or Barium lons.  Experiments in

which solutions of manganate (0.4 mi. of 0.02 M) or permanganate (0.4 ml,

of 0.02 M) in N sodium hydroxide were added slowly to @ 10 N alkaline sol~
ution containing an olefin (0.5 mM) and tellurate ion (0.5 mM) also failed

to give a difference in the colour of the final mixture, both oxidizing agents
being reduced to hypomanganate. However, the addition of telluric acid to

the reaction mixtures caused them to remain homogeneous when the hypoman-
ganate was allowed to disproportionate to tetravalent manganese and manganate.
When n§ telluric acid wes added to the reaction mixtures, manganese dioxide

precipitated from these reaction mixtures after one day at room temperature.
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Thus, as Issa and co-workers have shown (121-124), telluric acid may be a
useful reagent for achieving homogeneity in these reaction mixtures. The
complexing action between the tellurate and manganite ions evidently is not
strong enough to prevent a reaction between manganite and manganate to
form hypomanganate.

The slow addition of 0.4 ml. of 0.02 M solutions of either
manganate or permanganate in N alkali to a solution containing 0.5 mM of
cis~4-cyclohexenedioic acid and 1.0 mM of barium nitrate in 50 ml. of

ice~cold 10 N sodium hydroxide yielded hypomanganate in each.case.

2, Organic Preparations

A. The Reaction of Permanganate with

cis-4-Cyclohexenedioic Acid

A solution of potassium permanganate, 7.9 g; (50 mM), in
350 ml. of 0.2 N potassium hydroxide was added all af once to a solution of
4.25 g. (25 mM) of cis-4-cyclohexenedioic acid dissolved in 250 ml. of 0.2
N potassium hydroxide. After two minutes, 200 ml. of a 0.4 M potassium
'sulphife.soluﬁon were added, and the resulting manganese dioxide was then

separated by filtration and fhoroughly washed with hot water.
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The filtrate was concentrated to 150 ml.; 22 ml. of 6 N sul-
phuric acid were then added and the slightly acid solution was evaporated to
dryness. The residue was extracted twice with 200 ml. of boiling ethyl alco-
hol and the extract was evaporated to dryness. The solid residue was extracted
with 150 ml. of ethanol and, after filtration, was evaporated to dryness. The
procedure was continued until the solid residue was soluble in 80 mi. of boil-
ing ethanol. This solution, on standing overnight at room temperature, dep-
osited long needle-like crystals, 0.05 g., m.p. 122.8-123.5".

The mother liquor from this crystallization was concentrated
to 20 ml. and, after standing several hours at -iOo, yielded a total of 1.67 g.
(36%) of material which, after recrystallization from water gave 1.58 g. of
massive crystals, m.p. 233-235". Caled. for C8H1206= neutral equivalent,
102. Found: neutral equivalent, 101. |

In a second experiment, a 38% yield of this compound was
obtained, along with 1.00 g. (24%) of recovered cyclohexenedioic acid.

Treatment of this 4, 5~dihydroxy-1,2~cyclohexanedioic acid,
204,2 mg. (1 mM), with excess 0.05 M periodate, resulted in the consumpt-
jon of 2.09 milliequivalents of oxidant. Calculated for C6H8(COOH§2(OH)2

with the hydroxyl grodps free, 2.0.




B. The Reaction of Manganate with

cis~4~Cyclohexenedioic Acid

VIS . )

A solution of 5.79 g. (34 mM) of cis=4-cyclohexenedioic
acid was dissolved in 100 ml. of 0.2 N potassium hydroxide, and to this sol~
ution at 25° was added a solution of 67.9 mM (by titration) of potassium man~
ganate in 275 ml. of 0.2 N potassium hydroxide. The reaction mixture was
stirred for 15 minutes, filtered, and the manganese ::lioxide washed with 1000
mi. of hot water. The reddish~brown filtrate was cor;centrafed to 50 ml.,
35 ml. of 6 N sulphuric acid were added, and the resulting pale yellow acid
solution was evaporated to dryness. The residue was triturated with 200 ml.
of water, and the insoluble material (0.85 g., m.p. 230—2350), after recry="
stallization from ethyl alcohol, gave 0.58 g. of long needle-like crystals,
m.p. 232-2340, neutral equivalent, 105. A mixture melting point with the
compound prepared by permanganate oxidation of cis=4-cyclohexenedioic
acid was not depressed.

The aqueous filtrate from the trituration was evaporated to
dryness and the residue extracted with 500 ml. of boiling ethanol. Norit
was added and, ofter clarification, the pale yellow solution was concentrated

to 10 ml., and 50 ml. of benzene were added. The resulting white crystalline

deposit was recrystallized from water to give 1.51 g. of plates, m.p. 225-226° ,
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identical with the first product. The total yield was 34%. The residual
mother liquors were oily, and chromatography on alumina failed to yield

any further product.

C. The Oxidation of cis-4-Cyclohexenedioic Acid

by Neutral Permanganate

A solution of 8.5 g. (50 mM) of cyclohexenedioic acid and
6.9 g. (50 mM) of potassium carbonate was diluted to 1000 ml. with water,
cooled to 100, and a solution of potassium perm;:anganate, 15.8 g. (100 mM),
in 500 ml. of water was added all at once. The reaction mixture was stirred
for two minutes, and excess oxidizing agent was then precipitated by addition
of 200 ml. of 3% hydrogen peroxide solution. The manganese dioxide was
filtered with the aid of Celite, and the filtrate was concentrated to a yell-
owish-brown syrup. Extraction of the syrup with hot acetone or ethanol failed
to yield any material. The syrup gave a positive test with 2, 4~dinitrophenyl-
hydrazine reagent. A portfbn of the syrup was heated on the Leitz melting
point apparatus; at 1300, the material appeared fo evolve water and appeared
to polymerize to an amorphous solid.
| The main portion of the syrup was then passed through Amberlite~

IRC -~ 50 - H cation exchange resin and the column was eluted with 1000 mi.
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of water. The eluate was degassed by sweeping with nitrogen, and was then
concentrated to a clear brown syrup. This was dried by azeotropic distillation
of the water with benzene and ethanol to yield a yellow amorphous resin,

m.ps 250°.
D. The Oxidation of Qleic Acid

(i) By Permanganate in. Alkaline Solution. Oleic acid,

282.4 mg. (1 mM), and potassium hydroxide, 56 mg. (1 mM), were dissolved
in water, and the solution was diluted to 250 ml., cooled to 0° by the addition
of ice, and the pH was adjusted to 12 by the addition of solid potassium hyd-
roxide. A solution of potassium permanganate, 316 mg: (2 mM), in 50 rﬁl .

of ice~cold water was added all at once and, dfter two minutes, the green
reaction mixture was decolorized by the addition of 5 g. of sodium sulphite
and 10 ml. of 6 N sulphuric acid. The precipitate was filtered, washed with
water, air dried and weighed. The yield was 285 mg. (90%), m.p. 126-128°,
For purification, the erythro-9,10-dihydroxystearic acid was dissolved in 1 ml.
of ethyl alcohol, and the solution was diluted to 100 ml. with ether and cool-
ed to =10°. One recrystallization raised thg melting point to 132-134°,

(Lit., m.p. 132-134° (2)).
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(i1) By Manganate in Alkaline Medium. To a solution of

157.8 mg. (0.558 mM) of oleic acid in 250 ml. of 0.2 N potassium hydroxide
was added a solution of 0.9 mM of potassium manganate in 15 ml. of 0.2 N
potassium Eydroxide. The green reaction mixture was stirred at 25° for 12
minutes, and 25 ml. of ethyl alcohol were then added to stop the reaction.
The manganese dioxide was removed by filtration and the filtrate was acidified
with 15 ml. of 6 N sulphuric acid. The resulting precipitate, on recrystalliza-
tion from ethanol-water, was erythro-9, 10~dihydroxystearic acid, m.p.
130-1310, undepressed on admixture with an authentic specimen melting at
132.5-134°. The yield was not determined due fo some loss on ;fvorking up
the reaction.

In a second experiment, 291.4 mg. (1.04 mM), of oleic acid
were dissolved in 250 ml. of 0.1 N potassium hydroxide. A solution of 1.0 g.
(ca. 5.0 mM) of potassium manganate, dissolved in 50 ml. of 0.1 N pot-
assium hydroxide , was added all of once, and the reaction mixture was left
at room temperature for three hours, by which time precipitation.of manganese
dioxide was complete. Working up the reaction in the usual way gave 180
mg. (55%) of the 9, 10-dihydroxystearic acid, m.p. 128-130". The acid fil-
trate was treated os described on page 82 to determine the composition of

the cleavage products of the reaction; These products are shownon page 262 .
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(iii) With Periodate=Permanganate in Alkaline Medium .

Oleic acid, 144.6 mg. (0.509 mM), was dissolved in 350 ml. of 0,01 N pot~
assium hydroxide. This solution was stirred, and a solution of 39,5 mg.

(0.25 mM) of potassium permanganate and 427.8 mg. (2.0 mM) of sodium meta-
periodate in 100 ml. of water was added all at once. The pH of the resulting |
solution was 11.5. After stirring for 90 seconds, 15 ml, of 6 N sulphuric acid
and 5 g. of sodium bisulphite were added. The white solid product was sep~
arated by filtration and air~dried. The yield was 133.1 mg., m.p. 56-65".
Two recrystallizations from 70% ethanol yielded a total of 106 mg. (70%)

of the 9, 10-ketohydroxystearic acids, m.p. 63.5-65" , undepressed on

admixture with an authentic specimen (3).

(iv) By Excess Permanganate ot Various pH. Oleic acid,

500 mg. (1.77 mM), was dissolved in 500 mi. of 0.001 N potassium hydroxide,
and the pH was adjusted to 10,2. The solution was cooled to 5°, and an
ice-cold solution of 1.106 g. (7.0 mM) of permanganate in 100 ml. of water
was added all af once. The mixture was stirred for 90 seconds, and the react-
ion was then stopped by the addition of bisulphite and sulphuric acid. The
white solid was collected and air-dried, Extraction of the material with 300
ml. of cold ether gave 487 mg. (87.5%) of the 2, 10-ketohydroxystearic acids,

identified by melting point and mixture melting point determinations and prep-
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aration of the semicarbazones (3). The ether=-insoluble material was recry-
stallized from ethanol —ether to give 16'mg. (3%) of erythro-9, 10-dihydroxy~
stearic acid, m.p. 128-1300, which was identified by melting point and
mixture melting point determinations.

An experiment conducted using the same conditions, except
that the pH was 9.3, gave an 88% yield of the ketols and a 5% yield of the

glycol.

(v) At Elevated Temperature. Four solutions were prepared,

each confcining\l mM of oleic acid in 200 ml. of 0.001 N potassium hyd-
roxide; two of these were adjusted to pH 9.6 and the other two were adjusted
to pH 13 by the addition of small amounts of 6 N sulphuric acid or 12 N pot-
assium hydroxide. The solutions were then heated either to 50° or to 100°,
and solutions of 0.63 g. (4 mM) of permanganate in 100 ml. of water, heated
to the same temperature (either 50° or IOOO) , were added all at once to each
of the olefin solutions. The resulting reaction mixtures were maintained at the
desired temperatures until the permanganate was completely reduced to the
tetravalent stage. At pH 9.6 and 50°, some permanganate was still present
after 12 hours, cujd the reaction was stopped af this time by the addition of
acid and bisulphite. The relative rates of these oxidations are indicated by

the data shown in Table IX.
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TABLE [X

The Reaction of Permanganate (4 mM) with

Oleate lon (1 mM) at Elevated Temperatures

Time after Addition

pH Temp. of Permanganate
13 52 1 min.
7 min,
24 min.
110 min.
13 95-100 1 min,
4 min,
9.6 50 12 hr.
3 min,

9.6 95-100

QObservations

The reaction mixture contained
manganate and permanganate.
The reaction mixture contained
manganate, permanganate and
precipitated manganese dioxide.

The reaction mixture contained

_only manganate and manganese

dioxide.
The reaction mixture contained

only manganese dioxide.

The reaction mixture contained
only manganate and manganese

" dioxide.

The reaction mixture contained
only manganese dioxide.

The reddish-brown system was
decolourized with bisulphite.

The permanganate was completely
reduced to colloidal manganese
dioxide.
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The oxidations at pH 13 resulted in the formation of precipitated
manganese dioxide. The reaction mixtures were filtered with the aid of Celite,
and the filter cakes were washed with 100 ml. of hot water. The filtrates
were acidified and cooled. In the case of the oxidations at pH 9.6, colloid-
al manganese dioxide was formed and, since this material was difficult to re-
move by filtration, acid bisulphite was added to decolorize the reaction mix-~
tures.

The precipitates were collected, washed with water, air-
dried, and the composition determined by fractional crystallization of the
glycol and ketol fractions from ethanol-ether. The aqueous filtrates were
continuously extracted with ether for 24 hours, and the exiracts, after dry-

ing over anhydrous sodium sulphate and treatment with ethereal diazomethane,
were evaporated to dryness and weighed. The composition of the mixtures of
methy| esters obtained in this way was determined by vapour phase chromato-
graphy on a Podbielniak instrument, the column being packed with 20%
D.C. high vacuum silicone grease on Celite. *

The aqueous phases remaining after the ether extraction were
concentrated to approximately 75 ml. and were tested for the presence of
oxalic acid with resorcinol and. concentrated sulphuric acid.

The results of the above analyses are 'given in Table XXXII{

* The author wishes to acknowledge the assistance of Mr. F, Cooper of the

Division of Applied Biology, National Research Council,in carrying out
these determinations, '




(vi) At High Concentrations. Oleic acid, 565 mg.
(2.01 mM) was dissolved in 30 mi . of 6.001 N potassium hydroxide, and the
pH was adjusted to 9.6 by the addition of sulphuric acid. The solution was
cooled to zero degrees, and an ice-cold solution of 4.74 g. (30 mM) of per-~
manganate in 100 ml. of water was added all af once. The reaction v'vas stopped
after 60 seconds by the addition of 10 g. of sodium bisulphite and excess
sulphuric acid. The insoluble material, 488 mg. (77%), was yellow=coloured,
and melted at 80-]000. The solid was dissolved in 2 ml. of hot ethanol, and
250 ml. of ether were then added. This solution was cooled to -10° and depo-
sited 153 mg. (24%) of pure erythro-9, 10-dihydroxystearic acid, m.p. 130-
132°. The ether filtrate was evapotated to dryness, and the yellow solid,
m.p. 60-68°, was separated into the 9, 10-ketohydroxystearic acids and 9,10~
diketostearic acid in the following way. The solid was dissolved in 5 ml. of
hot ethanol, and water was added dropwise to the first sign of turbidity. Thé sol=-
ution was then cooled at 0° to give a product, m:p. 65-85°, which was rich
in the aiketo compound, The filtrate was diluted with water and was filtered
‘to yield material, m.p. 55—_600, rich in the ketohydroxy compounds. Each
solid fraction was treated ag;:in in the same way unfil pure 9, 10-dikefo-
stearic acid, m.p. 82-84° R ’]40 mg. (22%) and 9,10-ketohydroxystearic acid,
m.p. 62-640, 142 mg. (22%) were obtained.

The aqueous filtrate obtained after removal of the 488 mg. « ©
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of solid material was analyzed for cleavage products as described on page 82.

The results are shown on page 262 .

Oxidations of 9,10-Dihydroxystearic Acid and

the 9,10-Ketohydroxystearic Acids

The compounds, about 0.75 mﬁ/\, in 0.001 N potassium hyd-
roxide , 150 ml., were treated at pH 9.5 and 100° with a 4:1 molar excess
of permanganate in 50 ml. of water. The ketols were also treated at room
temperature at pH 13, The reaction mixtures were worked up as déscribed
on page 82, and the products of these oxidations which could be identified

are reported in Table XXXII} page 262 .

3. Kinetic Methods

A. Photometric Experiments

(i) Oxidation of Oleate lon by Permanganate. The addition

of telluric acid to alkaline mixtures containing permanganate or manganate
dnd an organic reductant caused these mixtures to remain homogeneous due to
the complexing action'between tellurate ion and tetravalent manganese (see

page 73; also references 121=124). When the concentration of permanganate
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was of the order of 3x10 M, the mixtures also remained homogeneou$ in the
absence of telluric acid, but the colour of uncomplexed manganite was much
more intense. This is seen by the data plotted in Fig. 2. Since, in the pre-
sence of tellurate ion, there was an appreciable change in the optical density
during a run, and the system remained homogeneous, it seemed worthwhile to
try to develop a photometric method of following the reaction, based on the
addition of telluric acid to the reaction mixtures.

Oleic acid was the olefin used in most of the kinetic runs.
A stock solution, 0.015 M in potassium oleate, was prepared from the oleic
acid and, kept in a well-stoppered container, was shown to be stable for sev-
eral weeks. The photometric data were obtained on a Coleman Junior
Spectrophotometer at 525 m /L. The reaction of permanganate with the olefin
was so fast that the mechan.icul manipulations prior fo taking readings had to
be kept to a minimum, and this instrument, while perhaps not as precise as
might have been desired, helped in the fulfillment of this requirement.

The following procedure was used in carrying out a run. The
desired amounts of olefin and telluric acid were pipetted into a 50 ml. bedker
and the solution was diluted to about 45 ml., and was magnetically stirred while

the pH was adjusted to the desired value by the addition of either potassium

 hydroxide-or sulphuric acid, using a Beckmann glass electrode pH meter. The

resulting solution was transferred to a 50 ml. volumetric flask, and the volume
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Fig. 2 - Effect of tellurate ions on the optical density of reaction mixtures
containing pémmgmafe (3x10” 4M) and oleate ion (3x10_ 4M)
at pH 9.5. Plot 1, no added tellurate ions; plot 2, tellurate

concentration, 5xI1 0-3M.,
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was made up fo a calibration ot 48.5 ml. The flask was then stoppered and
placed in a constant temperature bath controlled to 4_-0.050 for at least one
hour.

.Rapid and reproducible introduction of the permanganate was
possible using a 10 cc. syringe, fitted onto a metal holder, which could be
adjusted so that the syringe delivered a known volume of solution. The reactions
were started by rapidly syringing 1.500 ml. of the permanganate solution into
the volumetric flask containing the olefin solution. Time readings were made
with a "Time-it" electric timer, manufactured by the Precision Scientific
Company, and the reaction was always started with the timer run.ning. Add-
ition of the permanganate required less than one-half second, and the force of
the addition was genérally sufficient to provide complete mixing of the two -
reactants. Nevertheless, the reaction flask was stoppered, rapidly shaken, and
the solution was poured into a photometer tube for reading, Stabilized read-
ings could be taken about six seconds after fhé photometer tube was placed in
the spectrophotometer, and the initial handling usually required about 10 sec-
onds. The first readings were, therefore, recorded twenty seconds after beginn-
ing the reaction.

Since the half-life of the reaction was generally between 20
and 30 seconds, this method enabled the réacﬁon to. be followed only from
40-100% of reaction. The experimental method was modified in the foll-

owing way in order to obtain readings in the first part of the reaction. The
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desired ‘amounts of olefin and telluric acid were placed in a 10 ml. beaker
and the solution was diluted to about 8 ml. The pH was adjusted to the des-
ired value and the solution was made up to volume in a 10 ml. volumetric
flask. These volumes could be scaled upwards if desired. The solution was
transferred to a burette, 8.50 ml. was added to a photometer tube and the
tube was set in thé temperature bath for 30 minutes. The tube was then re=
moved, dried and inserted into the spectrophotometer, and the instrument was
adjusted to zero. Then the permanganate (1.50 ml.) was syringed in as before,
and readings were taken. The syringing provided complete mixing of the two
solutions.

In the pH region 7=10.5, the only manganese species present
in the reaction mixture were permanganate and the manganite-tellurate comp-
lex. Since the manganite=tellurate complex, the product of the oxidation

reaction, had a finite absorption at 525 m /M, the expression, _
(3]).4:. X = XO (Df - DOO)/(DO -.DOO)’

was used to calculate the permanganate concentration, X , at any fime, where
D, s D and D were the optical densities at times t, infinity and zero,
respectively. This expression is derived in the following manner.

Let X and X be the molar concentrations of permanganate at

m
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times zero and t, respectively, and X* the molar concentration of the mangan-

ite=tellurate complex at time t. Then,

(32) esc X + Xl = Xo -

Let E and E! be the extinction coefficients of permanganate and the manganite-
tellurate complex at 525 m e Then, since Beer's Law could be shown to be
valid for these solutions (see below), the optical densities ( D ) can be expressed
in terms of the extinction coefficients ( E ) and concentrations ( X ),

D = EX.
The extinction coefficient for the permanganate can be expressed as,

E = Dy/X, ‘
while that ( E?) for the manganite-tellurate complex is related to the optical
density of the solution ( D) when all the permanganate has disappeared,

E' = D,/ Xo ¢
It is assumed that the optical density ( D;) af any time t is the sum of the ép—
tical densities of perman‘ganafe and the manganite-tellurate complex.
Therefore,

D, = EX + EX!
DoX/Xy + Dw/Cq (X5 = X)

= X/X, (Dy = D) + Doo

When X, the initial concentration of permanganate, was

| fi32darariina
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greater than 4 Yo/ 3, where Y is the initial concentration of oleate ion,
this expression had to be modified for the presence of excess permanganate in
the reaction mixture ot the end of the reaction. To calculate the concentra-

tion of permanganate under these conditions, the expression,
(33)... X = X, - (4Y°/3)(Do ~ Df)/(Do - DDO),

was employed. This may be derived as follows, where the symbols have the

same meaning as in equation 31,
(34)... Doo=4YoE'/3 + E(X, - 4Y°/3)

E' = 3/4Y, (D, - D, +4D,Y,/3X,)

Do/X, + 3/4Y, (D, = Do .

D, = EX + EX
= D X/X, + (Dgo = Dy ) Xy = XN3/4Yy) + Do( X, = X/s
(35). .. = D, + 3/4Y, (D - D)X, = X).

At pH values higher than 12, manganate was also a product
of the reaction. Under fhe;se reaction conditions, the concentrations of per-
manganate, manganate and the manganite-tellurate complex could be deter-
mined by following the reaction at both 525 m /A. and 600 m /.L. In the con-

centration range studied (1--5x10_4 M), Beer®s Law was obeyed by all three
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of these' manganese species. The extinction coefficients of permanganate,
manganate and the manganite~tellurate complex were determined at 525 m Vs
and at 600 m/.k/, and these values are shown in Table X. The extinction
coefficients of the manganite~tellurate complex were determined by adding

a known amount of manganate or permanganate to excess oleate ion, and

allowing the reaction to run to completion; the optical density was then read

at both wavelengths.

TABLE X

Extinction Coefficients

Extinction Coefficient

Species 525 m. 600 mic

permanganate 2940 535
manganate 747 2160
manganite~tellurate 498 127

The concentrations of each of these three species at a given

time t could then be calculated by solving the following equations,

(36):.. X + Xt o+ X o= X
(37)... . EX + EUXM + BEX = D,
(38)... . EX + EMXM 4 EX

1 1 = by
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where X , X! , and X® are the concentrations of permanganate, manganate
and the manganite-tellurate complex, respectively. These species have ex-
tinction coefficients E , E}* and E* at 525 m/l,b and E] ’ E‘]' and E‘] af
600 m/w; D, and Dfl are the optical densities at time t read at 525 myit-

and at 600 r‘r}u« , respectively.

(i) Oxidations by Manganate. For kinetic runs with man-

ganate, potassium manganate was dissolved in N potassium hydroxide solu-
tion, and the concentration of this solution was adjusted until the syringe
(set at 1.50 ml. ) delivered the desired amounf of. -oxidant. Otherwise the

technique was the same,

(iii) Disproportionation of Hypomanganate to Manganate

and Manganite . The rate of the disproportionation of hypomanganate was

followed at 670 n/lkb, using tellurate ion to solubilize the products of this
reaction. The reactions were conducted at 0° , using a 5x'l0-3 M solution
of hypomanganate in 10 N sodium hydroxide. To start the reaction, 2 ml.
of this solution were diluted to 10 ml. with a solution containing 0.25 mM
of tellurate ion and sodium hydroxide of known concentration. The result=-
ing mixture was transferred to a photometer tube and the optical density was

read.
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B. Titrimetric Experiments

The high rate of the reaction of permanganate with olefins,
and the fact that manganese dioxide was often precipitated from the reaction
mixtures precluded the use of the usual chemical means for following the
reaction. Therefore, a quenching method was used in this work. In a typ~
ical experiment, 6 ml. of 0.015 M potassium oleate solution were pipetted
into a 400 ml. bedker and, after the pH was adjusted to the desired value,
the solution was diluted to 291 ml. and was set in the temperature bath for
equilibration to the desired temperature. Aliquots (48.5 ml.) of this solution
were then removed to 125 ml. erlenmeyer flasks, and each of these aliquots
in furn was allowed to react with permanganate. The solutions were stirred
magnetically and, with the timer running, the desired amount of permanganate
( 1.50 ml. ) was syringed into this stirred solution. To stop the reaction, an
excess of acidified potassium iodide solution was poured into the reaction
flask. The iodine thus liberated was titrated immediately, using’a micro
syringe pipette manufacfun:ed by Burrell Corporation and N thiosulphate
solution. The concentirations for the titrimetric experiments were the same

as those used in the photometric work, and experiments were conducted in the

‘presence and absence of telluric acid. End points in the presence of telluric

acid were not sharp; ‘but were reproducible. The results of these experiments,
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using this quenching technique, were also reproducible to within about 2%.
It was estimated that the addition of the permanganate and the mixing of the
two reactants required less than half a second, and the quenching of the react-
ion required about the same length of time.

The results were plotted ( Figs. 14 = 16) as equivalents of
oxidant consumed per mole of olefin against time in seconds. In the pH
range where permanganate and manganite were the only manganese species
present, the concentration of permanganate could be calculated from the
following expression ( equation 39 ).

If the titrations at times zero, t and infinity are Vo r Vi
and Voor respectively, and N/50 represents the normality of the thiosulphate

solution divided by the volume of the reaction mixture, then

Xo
Xf = N/50 (V, - V,)/3,

NV°/5x50

where X_ and X! are the initial concentration of permanganate and the con=
centration of tetravalent manganese at fime t, respectively. The concentra-

tion of permanganate, X , at time t.is given by

X = X, - X

= (Vo/5 - Vo/3 + V,/3)(N/50)
39)... = N/350 (V, - 2V /5) .
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This equation was used by Wiberg and Stewart (7) in their study of the oxida~
tion of aromatic aldehydes by permanganate.
When manganate was used as the oxidizing agent, the concentra-

. tion , Z , of this species, derived in the same way, was given by the equation,

(40)... Z = N/50 (2v; -V, )/4 .

4, The Oxidation of Ethylene and 1,1-Dideuteroethylene

A. Apparatus

An apparatus was desired in which the oxidation of small
amounts of gas by an aqueous solution of periodate~permanganate could be
studied. The vacuum line shown in Fig. 3 was constructed for this purpose.
The ethylene used in these experiments was reagent grade material supplied
by the Matheson Company in a lecture bottle. The 1, 1-dideutercethylene
(99% isotopically pure) was provided by Dr. L.C. Leitch of the National
Research Council at atmospheric pressure in a one=litre round-bottomed
flask. The cross-sectional area of the burette of Fig. 3 was determined by

"attaching a stopcock to the bottom; with the column filled with mercury,

and using a cathetometer to measure the difference in height, various
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Fig. 3 = Vacuum line. constructed for the oxidation of ethylene and

. .1, 1-dideuteroethylene.
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quantities of liquid were run out of the burette and weighed. A uniform area

of 1.85 cm .‘2 was obtained.

"B, Procedure

(i). In the initial experiments, a measured volume of gas
was introduced into the reaction flask containing periodate~permanganate
solution buffered at the desired pH. The flask was sealed and mechanically
shaken for the desired length of time, opened and the contents were analy-
zed for consumption of oxidant and yield of formaldehyde .

" The following procedure was employed to measure the gas
into the reaction flask. The mercury reservoir was raised, with all stop-
cocks open, until the mercury level was at F. Then stopcock E was closed,
and the reservoir was lowered. With stopcocks E and C closed and stop-
cocks A and B open, the system was evacuated ot A. Then E was opened
and the burette was partially evacuated. E was then closed, and the
ethylene cylinder was attached at C. With A, B and C open, some gas was
allowed to pass through the system. B was closed and E was opened, admitting
some gas to the burette. E and C were then closed, ‘and the cylinder was

"replaced by a 500 ml. round-bottomed flask, attached to the system by means

of the adaptor D. The flask contained the periodate-permanganate solution,
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previously frozen at =70°. With E closed and A, B, C and D open, the
system was evacuated for two or three minutes to degas the contents of the
reacfion flask. Then A and D were closed and E was opened, pemitting

the gas to circulate through the system up to stopcock D. The initial

burette reading was taken, and the periodate-permanganate solution was
allowed to thaw. D was opened, admitting some gas to the reaction flask,
then closed and the burette reading was taken again after readjustment to
atmospheric pressure. The volume of gas introduced into the reaction flask
was 1.85 &h cc., where Ah was the difference, in cm, in the two catheto-
meter readings at atmospheric pressure. This volume was correct~ed to S.T.P:;
the number of millimoles of gas used was then this corrected volume divided by 22.4.}
The flask and adaptor were removed from the line and the contents were mech-
anically shaken for the desired length of time. The ground glass joints were

sealed with Kronig cement during this period.

(ii) Since procedure (i ) required 12 days for complete
oxidation of the gas, the apparatus was modified fo enable the reaction to be
conducted wi