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FOREWORD

ACS MONOGRAPH SERIES was started by arrangement with the interallied
Conference of Pure and Applied Chemistry, which met in London and
Brussels in July 1919, when the American Chemical Society undertook
the production and publication of Scientific and Technological Mono-
graphs on chemical subjects. At the same time it was agreed that the
National Research Council, in cooperation with the American Chemical
Society and the American Physical Society, should undertake the pro-
duction and publication of Critical Tables of Chemical and Physical Con-
stants. The American Chemical Society and the National Research
Council mutually agreed to care for these two ficlds of chemical progress.

The Council of the American Chemical Society, acting through its
Committee on National Policy, appointed editors and associates to sclect
authors of competent cluuwlily in their respecuve fields and to consider
critically the manuscripts submitted. The first Monograph appeared in
1921. Since 1944 the Scientific and Technological Monographs have been
combined in the Series.

These Monographs are intended to serve two principal purposes:
first, to make available to chemists a thorough treatment of a selected
area in a form usable by persons working in more or less unrelated fields
so that they may correlate their own work with a larger area of physical
science; and second, to stimulate further research in the specific field
treated. To implement this purpose, the authors of Monographs give

+L.c. litarnts
LIIC IteTature.
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PREFACE

FOUR YEARS after my book Reductions in Organic Chemistry was pub-
lished by Ellis Horwood in Chichester, England, I submitted its pendant,

e wam F e vamr £l azass sy Tha sarnontad o saweasmbh 1w d e
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become an aid to a bench chemist. That means that its scope is exper-
imental rather than theoretical, and emphasis is laid on the preparative
aspects and synthetic usefuiness of individual reactions rather than on
the historical developments and mechanisms. This is the only way to
compress a critical survey of countless oxidations into a book of reason-
able size. The criteria for inclusion of oxidation reactions were simplicity
of the reactions, clarity of their descriptions, availability of the oxidants,
and yields of the products. The last aspect is somewhat problematic,
because analogous compounds may give widely varied results.

To compare the results of oxidations by various oxidants, fairly simple
types of compounds are shown to illustrate reaction conditions. After all,
these compounds were selected by the researchers who tried to advertise
their new methods. More sophisticated examples were avoided, especially
because of lack of space.

The systematic literature coverage, initiated by screening Organic
Syntheses, Theilheimer’s Synthetic Methods, Harrison and Harrison’s
Compendium of Synthetic Methods, Methods in Organic Synthesis, Syn-
thetic Pathways, and my own files, includes original papers in some 50
major chemical journals through the end of 1986 (with a few more recent
additions). Quotations of patents and cyclopedias were avoided, because
these sources are generally not very readily available in chemical libraries.
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DISCLAIMER

THIS BOOK CONTAINS information and materials involving chemicals and
chemical reactions, and included within some of the chaptcrs are certain
pTOCE:uHTE:S for prepauug oxidation agents and pt“:i'lﬁi‘mii‘lg oxidation re-
actions. These materials and procedures have been compiled carefully,
and introductory safety statements precede the preparative procedures
section of this book. There are aiso indications of the preparations and
reactants that should be noted as particilarly hazardous. The running
notice at the bottom of each page alerts each reader to the fact that
oxidations are strong reactions. The safety information is included
within this book by the American Chemical Society as a precaution to the
readers.

The materials, safety information, and procedures contained in this
book are believed to be reliable. This information and these procedures
should serve only as a starting point for laboratory practices, and they
do not purport to specify minimal legal standards or to represent the

policy of the American Chemical Society. No warranty, guarantee, or
representation is made hv the American Chemical Societv as to the ac-
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curacy or specificity of the information contained herein, and the Amer-
ican Chemical Society assumes no responsibility in connection therewith.
The added safety information is intended to provide basic guidelines for
safe practices. Therefore, it cannot be assumed that all necessary warnings
and precautionary measures are contained in this document and that other
or additional information and measures may not be required. Users of
this book and the procedures contained herein should consult the primary
literature and other sources of safe laboratory practices for more ex-
haustive information.
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THE SYSTEM OF THE BOOK
(HOW TO USE THIS BOOK)

IN ADDITION to the subject index with entries of several aspects, such as
oxidation with . . . ,oxidationof . . . ,or. . . by oxidation of, the desired
oxidation can be located in the following ways.

The first part of the book surveys oxidizing agents and their scopes
and limitations in the oxidation of different functional groups. The ar-
rangement is indicated in the table of contents: first, oxygen and ozone;
then, hydrogen peroxide and its inorganic and organic derivatives; then,
oxidants according to the sequence in the periodic table; and, finally,
organic oxidants, chiral agents, and microorganisms.

The second larger part of the book lists oxidations of individual func-
tional groups and types of compounds. The system is remotely reminiscent
of Beilstein’s Handbuch der Organischen Chemie (with certain modifi-
cations), and the oxidations of organic compounds are discussed according
to the following order: alkanes and cycloalkanes; alkenes and cycloal-

kenes: aromatic (includine heterocvclic aromatic) comnounds: halogen

I\‘v’llvu AL WALALRAL ALY \lll\i’l““lll& J.l\./twl.uv‘y 'l AN MI.UIAJMLI\.-} UUIAJPUHAI“\J jj“l\)b‘b‘ll

derivatives; alcohols; ethers; aldehydes and ketones and their derivatives;
carboxylic acids and their derivatives; nitrogen compounds; phosphorus
and arsenic compounds; sulfur compounds; selenides; iodo compounds;
and compounds of boron, silicon, tin, magnesium, and mercury.

If two or more functional groups are present, the oxidation of either
group is described in the place where the functional group higher up in
the system is discussed. For example,the oxidation of hydroxy aldehydes
to oxo aldehydes or hydroxy acids is dealt with in the section on aldehydes
(not alcohols). Sometimes, especially if one functional group is far enough
from and unaffected by the other, such oxidation may be described in
the place where the lower functional group is reviewed. For example, the
epoxidation of oleic acid is discussed under “Alkenes” rather than “Car-
boxylic Acids.” The discussion of the oxidation affecting a particular
functional group precedes that of the oxidation in a more distant part of
the molecule. Thus the oxidation of propene to its epoxide is described
prior to the oxidation of propene to allyl hydroperoxide or acrolein.

The relative importance of individual oxidants is shown in different
fonts: the most common oxidants are printed in boldface type, and the
less frequently used ones are set in italic type. Normal type is used for
agents with which there is not yet enough laboratory experience. No
distinction is made between yields of products as found by gas-liquid
chromatography, by derivatization, or by isolation.
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Frequent cross-references should help locate the searched-for reac-
tion. Despite all these provisions, there will certainly be reactions that
cannot be found in this book, simply because this monograph contains
only a few parts per million of all oxidations described in the chemical
literature.
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Chapter 1
Oxidation Agents

AIR, OXYGEN, OZONE, AND ELECTROLYSIS

Air, the cheapest oxidant, is used only rarely without irradiation and
without catalysts. Examples of oxidations by air alone are the conversion
of aldehydes into carboxylic acids (autoxidation) and the oxidation of acyl-
oins to a-diketones. Usually, exposure to light, irradiation with ultraviolet
light, or catalysts are needed. Under such circumstances, dehydrogenative
coupling in benzylic positions takes place at very mild conditions [/]. In
the presence of catalysts, terminal acetylenes are coupled to give diacet-
ylenes [2], and anthracene is oxidized to anthraquinone [3]. Alcohols are
converted into aldehydes or ketones with limited amounts of air [4, 5, 6,
7]. Air oxidizes esters to keto esters [§], thiols to disulfides [9], and sulf-
oxides to sulfones [{/0]. In the presence of mercuric bromide and under
irradiation, methylene groups in allylic and benzylic positions are oxidized
to carbonyls {/1].

Oxygen, O,, exists in two states. Stable ground-state oxygen (triplet
oxygen) has two odd electrons with parallel spins. It behaves like a diradical
and is paramagnetic: 7+0:0-1 . In excited-state oxygen (singlet oxygen),
the two odd electrons possess antiparallel spins: 1+0:0- | . Such a mol-
ecule is unstable, with a half-life of 10~® s, and is diamagnetic. Each form
reacts differently with organic molecules.

Singlet oxygen [{2] is formed by irradiation of gaseous oxygen with
ultraviolet light in the presence of sensitizers that absorb the light of the
particular wavelength: benzophenone, methylene blue, rose bengal, chlo-
rophyll, and others. It reacts with organic compounds in the same way as
singlet oxygen generated chemically by several reactions, such as the treat-
ment of hydrogen peroxide in alkaline medium with sodium hypochlorite
[13, 14, 15], calcium hypochlorite [/4], bromine [/6], or organic peroxy
acids [16]. Singlet oxygen can be also obtained by the decomposition of
aromatic endoperoxides, such as 9,10-diphenylanthracene endoperoxide
[17] or rubrene peroxide {18], and by the decomposition of triphenyl phos-
phite ozonide [19, 20] (equations 1-4).



2 Oxidations in Organic Chemintry

[13] 1

I
H,0, + NaOH + NaOCI: 0=0—H CI — Oy + HCI
e
o H—O\ /O—H ,
[16] o
J ;/0  — nc\ + OH + O
H
Cs“s csHs
heal
CeHs CeHs
[19] o
CeHs0)sp s AN
(CeHs0)s —m (CgHs50)3P, 0 —— (CgH50)3PO + O3
\"*/

(o

A reaction peculiar to singlet oxygen is the formation of hydroper-
oxides in the a positions with respect to double bonds [14, 15, 19, 21, 22,
23, 24, 25, 26] or aromatic rings [23, 27, 28, 29, 30] (equation 5).

[151  cn, CH, CH, CHy >
\ / O2 \ /
c—-c e C—Cw_
\'\ 54-63% J \"~CH,
CH, ) oCHs CH, ©
(' / H— O
0,
ArCH,p ————> Ar(l:HFI
OOH

Instead of the fully accepted concerted mechanism via an ene reaction,
a mechanism with perepoxides and dioxetanes as intermediates for hydro-
peroxides and carbonyl products, respectively, was proposed [2/] (equa-
tion 6).

Another type of oxidation typical of singlet oxygen is the forma-
tion of oxides or endooxides from conjugated dienes by 1,4-addition
(Diels—Alder reaction) [I13, 15, 17, 19, 24, 31, 32, 33, 34, 35] (equa-
tion 7).
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A less frequent reaction is the formation of dioxefanes from com-
pounds containing double bonds [20, 36, 37, 38, 39, 40, 41, 42]. Such
compounds are not stable and disintegrate to dicarbonyl compounds (equa-
tion 8).

[39] 8
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Other oxidations with singlet oxygen are conversions of alkenes into
epoxides [43], of secondary alcohols into ketones via alcohol hydroper-
oxides [44, 45] (equation 9) and the oxidative degradation of tertiary amines
to secondary amines [46] (equation 10).

[44] O ~—OH 9
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[46] \N—CH3 02, \NH+coz+Hzo 10
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Ground-state oxygen alone rarely oxidizes organic compounds. A clas-
sical example is the autoxidation of benzaldehyde to benzoic acid, a usually
undesirable reaction that takes place even in the absence of light. Other
examples of autoxidation without illumination are oxidations at the a po-
sitions with respect to aromatic rings or at tertiary carbons [47, 48, 49, 50]
and the formation of alkyl hydroperoxides from alkyl dichloroboranes [5/].
Some oxidations take place when a compound is treated with oxygen in
the presence of bases [9, 52, 33].

Because oxidations with oxygen are free-radical reactions, free radicals
should be good initiators. Indeed, in the presence of hydrogen bromide at
high enough temperatures, lower molecular weight alkanes are oxidized
to alcohols, ketones, or acids [54]. Much more practical are oxidations
catalyzed by transition metals, such as platinum [5, 6, 55, 56], or, more
often, metal oxides and salts, especially salts soluble in organic solvents
(acetates, acetylacetonates, etc.). The favored catalysts are vanadium pent-
oxide [3] and chlorides or acetates of copper [2, 57, 58, 59, 60, 61, 62, 63,
64, 65, 66], iron [67], cobalt [68, 69], palladium [60, 70], rthodium [10],
iridium [/0], and platinum {3, 6, 56, 57].

Oxidations by oxygen and catalysts are used for the conversion of
alkanes into alcohols, ketones, or acids [54]; for the epoxidation of alkenes
[43]; for the formation of alkenyl hydroperoxides [22]; for the conversion
of terminal alkenes into methyl ketones [60, 65]; for the coupling of ter-
minal acetylenes [2, 59, 66]; for the oxidation of aromatic compounds to
quinones [3] or carboxylic acids [68]; for the dehydrogenation of alcohols
to aldehydes [4, 55, 56] or ketones [56, 57, 62, 70]; for the conversion of
alcohols [56, 69], aldehydes [3, 6, 63], and ketones [52, 67] into carboxylic
acids; and for the oxidation of primary amines to nitriles [64], of thiols to
disulfides [9] or sulfonic acids [53], of sulfoxides to sulfones [10], and of
alkyl dichloroboranes to alkyl hydroperoxides [57].

Ozone, 0, (0=0-0¢), a blue gas or a dark blue liquid (bp -106,
-116, or —125 °C, depending on the source of data), is used in a mixture
with oxygen. Such mixtures are commercially available but are usually
prepared in the laboratories. For microscale ozonization that is suitable
for handling 0.01-0.1 mL of solutions, a microozonizer is assembled by
using an electrical vacuum tester as a source of high-voltage electricity [7]].

To prepare larger amounts of ozone, oxygen i1s passed through a silent
electrical discharge with a potential drop of 11,000-15,000 V in an espe-
cially designed apparatus [72, 73]. Although the conversion of oxygen into
ozone was reported to be as high as 6-8%, the commonly reached con-
centration of ozone in oxygen is 2-3%. Some compounds tend to decom-
pose ozone, for example, dilute sodium hydroxide and phosphorus
pentoxide [74].

Ozonizations are carried out by passing ozone-containing OxXygen
through solutions of organic compounds in solvents that do not react with
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ozone and are liquid at low temperatures. Cooling with dry-ice—acetone
baths (-78 °C) is frequently needed to prevent the decomposition of ozon-
ides, some of which are unstable at room temperature. The most common
solvents are pentane, cyclohexane, dichloromethane, chloroform, metha-
nol, acetic acid, and ethyl acetate.

To avoid an excess of ozone, the gas is metered by using conventional
flow meters. Otherwise, the introduction of ozone is maintained until ozone
appears in the exit gas. The presence of ozone is easily recognized by the
starch-~iodine reaction. The exit gas is passed through an aqueous solution
containing 5% of alkaline iodide, 5% of sulfuric acid, and a few drops of
a starch solution. lodine, which is liberated by ozone, forms a dark blue
color with starch [71]. Another sign of the end of ozonization is the light-
blue tinge of the ozonized solution.

By far the most common reaction of ozone is that with alkenes, which
first add ozone to form unstable molozonides. The molozonides break
down into two separate species, which recombine to form true ozonides
|75, 76] (equation 11).
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Ozonides are rarely isolated [75, 76, 77, 78, 79]. These substances
tend to decompose, sometimes violently, on heating and must, therefore,
be handled with urmost safety precautions (safety goggles or face shield,
protective shield, and work in the hood). In most instances, ozonides are
worked up in the same solutions in which they have been prepared. De-
pending on the desired final products, ozonide cleavage is done by reductive
or oxidative methods. Reductions of ozonides to aldehydes are performed
by catalytic hydrogenation over palladium on carbon or other supports {80,
81, 82, 83], platinum oxide [84], or Raney nickel [85] and often by reduction
with zinc in acetic acid [72, 81, 86, 87]. Other reducing agents are tri-
phenylphosphine {88], trimethyl phosphite [89], dimethyl sulfide (DMS)
{90, 91, 92], and sodium iodide {93]. Lithium aluminum hydride [94, 95]
and sodium borohydride [95, 96] convert ozonides into alcohols.

The oxidative cleavage of ozonides to carboxylic acids is achieved
with hydrogen peroxide in sodium hydroxide solution {97], in formic acid
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[98, 99, 100], or in acetic acid [81, 101, 102, 103] and, less often, with silver
oxide