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This book is dedicated to the thousands of scientists cited in the
references who constructed our present knowledge on the
oxidation of primary alcohols to carboxylic acids. Thanks

to their collective effort, the preparation of medicines,
pesticides, colorants, and a variety of chemicals that make life
more enjoyable, is greatly facilitated.



Preface to the Series

There is natural selection in the synthetic organic laboratory. Successful reagents
find their way into specialized journals and tend to populate researchers’ benches.
Sometimes, old species—like active manganese dioxide in the oxidation of
unsaturated alcohols—are so well adapted to a certain reaction niche that they
remain unchallenged for a long time. On other occasions, a successful new
species—like Dess Martin periodinane—enjoys a population explosion and very
quickly inhabits a great number of laboratories. On the other hand, the literature
is filled with promising new reagents that fell into oblivion because nobody was
able to replicate the initial results on more challenging substrates.

This series, which consists of a collection of monographs on basic reactions
in organic synthesis, is not primarily aimed at specialized researchers interested
in the development of new reagents. Rather, it is written with the objective of
being a practical guide for any kind of scientist, be it a chemist of whatever sort,
a pharmacologist, a biochemist, or whoever has the practical need to perform a
certain basic synthetic operation in the quickest and most reliable way. Therefore,
great emphasis is given to those reagents that are employed most often in
laboratories, because their ubiquity proves that they possess a greater reliability.
Reagents appearing in only a few publications, regardless of promising potential,
are only briefly mentioned. We prefer to err on the side of ignoring some good
reagents, rather than including bad reagents that would lead researchers to lose
precious time.

The books from this series are meant to be placed near working benches in
laboratories, rather than on the shelves of libraries. That is why full experimental
details for important reactions are provided. Although many of references from
the literature are facilitated, this series is written with the aim of avoiding as
much as possible the need to consult original research articles. Many researchers
do not have scientific libraries possessing numerous chemical journals readily
available, and, many times, although such libraries might be on hand, it is
inconvenient to leave the laboratory in order to consult some reference.

Our aim is to facilitate practical help for anybody preparing new organic
compounds.

vii



Preface

There is a common view among organic chemists that simple functional group
transformations are a mature technology away from the forefront in the Art
of Organic Synthesis. This is undoubtedly not the case in the conversion of
primary alcohols into carboxylic acids. An ideal reagent for such transformation
should be (1) reliable and efficient with regard to all molecules, including
complex structures possessing oxidation-sensitive functional groups, (2) cheap,
and (3) environmentally friendly. There is no such reagent, even if we limit
ourselves to the more mundane need of anything able to provide a certain much-
needed carboxylic acid, regardless of price and ecology. This state of affairs is
highlighted by the fact that in forty percent of cases the oxidation of primary
alcohols to acids is performed using a two-step procedure via the corresponding
aldehydes; something that proves that the oxidation of alcohols to aldehydes is a
much more mature technology than the oxidation of alcohols to carboxylic acids.

This monograph is a laboratory guide for the transformation of primary
alcohols into carboxylic acids. It displays a panorama of the state of the art
for this functional group transformation, highlighting the weaponry currently
available for scientists and areas where further progress is needed. In conformity
with the rest of the series, a selection is made to include those procedures that
have proved more reliable in many laboratories around the globe.
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Permanganate

O=|Vllln-O‘

1.1. Introduction

Potassium permanganate is a very strong oxidant that was recurrently employed
at the end of the 19th century and the beginning of the 20th century for the
determination of organic structures by oxidative degradation. During these degra-
dation studies it became clear that potassium permanganate was able to oxidize
primary alcohols to carboxylic acids, and, in 19074 and 1909,2 Fournier proposed
the use of aqueous potassium permanganate under strongly alkaline conditions
for the oxidation of alcohols to acids. Obviously, these conditions are appro-
priate for oxidation of alcohols with a certain solubility in water and possessing
resistance to degradation by aqueous alkali. In order to broaden the scope of
the permanganate oxidation, a number of modifications were later introduced,
including:

e Using diverse pH from highly alkaline, as proposed by Fournier, to
strongly acidic.2

e Adding an organic cosolvent? to facilitate the mixing of the alcohol with
permanganate.

e Running the reaction in a solvent2 possessing high solubilizing capacity
for both potassium permanganate and alcohols.

e Performing the reaction in a biphasic system with an added phase-
transfer catalyst.?

e Adding a crown ether! that forms a complex with potassium perman-
ganate and facilitates the dissolution of permanganate in organic
solvents.

e Employing a tetraalkylammonium permanganate? that is soluble in
organic solvents thanks to the lipophilic properties of the tetraalkylam-
monium cation.

The available data are consistent, for most alcohols, with the following
mechanism for the oxidation of alcohols to acids using permanganate.

A hydride is transferred—from an alcohol or from the corresponding
alkoxide—to either a permanganate anion (MnO,”) or to permanganic acid

1
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(HMnO,). For obvious electronic reasons, an alkoxide is a much better hydride
donor than an alcohol. On the other hand, permanganic acid is a better
hydride acceptor than the permanganate anion. In a conjectural situation in which
the concentration of starting species played no role, the plausible mechanism
would involve a hydride transfer for an alkoxide—the best hydride donor—to
permanganic acid—the best hydride acceptor. The pH substantially alters the
relative concentration of alcohol versus alkoxide, and permanganic acid versus
the permanganate anion, and leads to different pathways depending on proton
concentration. Thus, under acidic conditions, in which alkoxide concentration is
low and alcohol concentration is high, a hydride is transferred from the alcohol
to permanganic acid. Correspondingly, under basic conditions, in which the
permanganic acid concentration is low, a hydride is transferred from alkoxide to
permanganate anion. This pattern of reactivity causes the oxidation of alcohols
with permanganate to be catalyzed both by basic and acidic conditions. Regarding
the subsequent oxidation of aldehyde to acid, most experimental evidence shows
that this is a very quick transformation that proceeds via aldehyde hydrate, the
previous alcohol-to-aldehyde transformation normally being the rate-determining
step. This explains the fact that intermediate aldehydes are very rarely isolated
from oxidation of primary alcohols with permanganate.

Nonetheless, some electron-rich aromatic aldehydes possess a certain resistance to
oxidation with permanganate under basic conditions,? and are occasionally isolated
during the oxidation of primary alcohols.L® Oxidation of benzyl alcohol with perman-
ganate in 20% acetic acid leads to benzaldehyde as the main product.

Information regarding the exact dependence of oxidation speed on pH
can be gathered from Figure [[} in which benzhydrol (Ph,CHOH) is oxidized
with permanganate at different pH values. This figure represents the oxidation
of a secondary alcohol to ketone, rather than a primary alcohol to acid. The
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Figure 1. Effect of variation in pH on the bimolecular rate constant, k,, for the
permanganate-benzhydrol reaction; T = 25°C.12 Reproduced by permission of the American
Chemical Society.

oxidation of both primary and secondary alcohols with permanganate is controlled
by a rate-determining hydride transfer. Therefore, it is expected that the kinetic
behaviour of the oxidation of primary alcohols parallels the behavior observed
during the oxidation of benzhydrol. Figure [[] shows that at a pH ca. 10 there
is a minimum of oxidation speed, a small increase of oxidation rate occurring
at acidic pH and a drastic increase at very basic pH, particularly above 12.

Figure [] attests to the convenience of using strongly alkaline conditions
for maximum velocity during the oxidation of alcohols with permanganate as
originally recommended by Fournier,!-2 regardless of the risk of many organic
molecules suffering decomposition under strong alkali.

On the other hand, functional groups other than alcohols, such as ethers, 3
can be oxidized by permanganate via mechanisms involving a hydride transfer.
As alkoxides are much better hydride donors than alcohols, under strongly basic
conditions in which alkoxides exist at a greater concentration, a better selectivity
for the oxidation of alcohols relative to other hydride donors is expected. This is
another reason why oxidation of alcohols with permanganate must first be tried
by default under strongly basic conditions.

According to ordinary experimental practice, oxidations in which permanganate is
brought into an organic solvent by using phase-transfer catalysts or crown ethers, are
not normally performed under conditions in which the alcohol is present as an alkoxide,
a fact that might lead to a decreased speed and selectivity in the oxidation.

However, useful yields of carboxylic acid can sometimes be obtained
employing permanganate under mild basic!? or acidic? conditions, particularly
in substrates sensitive to strong alkali.
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Research needed

A protocol for oxidation of alcohols in which an alkoxide, formed quantitatively in
situ, and permanganate ion are dissolved in the same phase must be studied,
because it is expected that oxidation of an alkoxide, rather than an alcohol,
would guarantee an improved speed and selectivity. A permanganate ion can be
brought into an organic solvent by, for instance, an organic counterion, a crown
ether, or an organic solvent—such as acetone or pyridine—able to dissolve
potassium permanganate.

Normally, the oxidation of alcohols with permanganate is carried out
by adding potassium permanganate—either solid or dissolved in water—to a
stirred mixture of the alcohol and a highly alkaline aqueous solution prepared
by dissolving KOH or NaOH in water. The reaction is normally performed at
room temperature, although it is occasionally run at lower? temperatures or in
boiling!2 water. The success of the oxidation depends critically on the alcohol
having a certain solubility in water.32° Ideally, the alcohol must be dissolved in
the aqueous phase, although the reaction can succeed employing a suspension
of the alcohol, provided that some alcohol is dissolved. Sometimes, a cosolvent
such as dioxane,"1¢ pyridine,2¢ acetone,'2%f or -BuOH,2%2%18 j5 added to
facilitate the mixing of the alcohol and permanganate in the same phase.

Although the use of strong aqueous alkali is greatly preferred because
it promotes speed and selectivity, useful results can occasionally be obtained
employing (a) a mild base—such as Na,CO,,2%° or NH;Z2—in water,
(b) neutral conditions;2 or (c) aqueous sulfuric acid.2

Me 1.4 eq. KMnO, Me
e\)\/\/\
Me\)\/\/\/OH 20% H2804 M COZH
60%
Although permanganate in strong aqueous alkali provides optimum speed and selectivity in

the oxidation of most alcohols, this simple aliphatic alcohol fails to deliver a useful yield of
acid using alkaline permanganate, while the oxidation succeeds in aqueous sulfuric acid.3*

In order to secure the alcohol and permanganate in the same phase, the
oxidation is occasionally performed in an organic solvent, such as acetone,2*f
pyridine,2®" or AcOH,3~* in which potassium permanganate possesses a
certain solubility. A two phase system consisting of water and an apolar
organic solvent can also be used, in which case a phase-transfer catalyst,
such as tricaprylylmethylammonium chloride,® n-Bu,NBr,2 n-Bu,PCl &
(BnEt,N(+)CH,CH,),0-2Cl(-),£® BnEt;NCI,&* Adogen 464,22 cetrimide,2 or
n-Bu,NHSO,,2 must be added.
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Potassium permanganate suffers decomposition in water, resulting in
formation of MnO, and O,. This decomposition is strongly accelerated in the
presence of acid, base, or MnO,; the latter being produced not only during
the aqueous decomposition of permanganate, but also during the oxidation of
alcohols. That is why the decomposition of potassium permanganate can be
autocatalytic.2 Therefore, potassium permanganate must be used in excess
during the oxidation of alcohols in the presence of water, especially when
strongly basic or acidic conditions are employed.

Zinc permanganate, Zn(MnO,),, is a strong oxidizing agent2 that can explode in contact
with organic matterZ and is occasionally used for the oxidation of primary alcohols
to carboxylic acids.2 In one difficult substrate zinc permanganate was more efficient
than ruthenium tetroxide or Jones oxidation, possessing the advantage of maintaining
neutral conditions in the reaction medium.2

1.2. General Procedure for Oxidation of Primary Alcohols
to Carboxylic Acids with Potassium Permanganate

Potassium permanganate (MW 158.04)—either as a ca. 0.2-1 M aqueous
solution, or as a finely divided solid—is slowly* added to a stirred mixture®
of 1 equivalent of the alcohol with a ca. 0.1-2.5 N—typically 1 N—NaOH
or KOH aqueous solution.>¢ Approximately 0.4—10 mL of alkali solution per
mmol or alcohol are used. The quantity of permanganate employed must be
adjusted as the reaction proceeds because it is decomposed with water under
acidic, basic, or MnO, catalysis at a speed which is difficult to estimate. A
sufficient concentration of permanganate must be secured by adding more
reagent as long as a substantial quantity of alcohol remains unreacted. Normally,
a total of between 1 and 4 equivalents of permanganate must be used. It
may be difficult to verify directly the presence of purple permanganate in the
solution due to the formation of a thick precipitate of manganese dioxide. The
presence of even traces of permanganate can be easily tested by placing a drop
of reaction mixture on a piece of filter paper and checking the appearance
of a pink ring surrounding the brown spot of manganese dioxide precipitate.22

When most of the alcohol is consumed,® the excess of potassium
permanganate can be optionally destroyed by adding aqueous Na,SO; or
an excess of an alcohol such as methanol. The precipitate of manganese
dioxide is filtered® and the filtrate is optionally washed with an organic
solvent such as chloroform, when no risk of extraction of the acid from
the alkaline aqueous solution exists. The aqueous solution is acidified
by the addition of hydrochloric or sulfuric acid. This sometimes results
in the formation of a thick precipitate of the desired organic acid that
can be easily separated by filtration. Alternatively, the resulting mixture
is extracted with an organic solvent such as ethyl acetate or diethyl
ether, and the organic solution is dried (Na,SO, or MgSO,) and concen-
trated, giving a residue of crude acid that may need further purification.




General Procedure for Oxidation

* Normally, the addition is performed over a period between 3 and 30 minutes.

b Ideally, the alcohol must be dissolved in the aqueous solution. The reaction can succeed using a
suspension of the alcohol provided that some amount is dissolved. The addition of a cosolvent
such as dioxane, pyridine, acetone, or -BuOH can help to bring both the permanganate and the
alcohol into the same phase.

The oxidation is catalyzed by both acid and base, being greatly accelerated under a very basic
pH, hence the routine use of a 1 N aqueous solution of NaOH or KOH. A very basic pH also
guarantees a greater concentration of alkoxide, which is expected to be oxidized with a greater
selectivity than an alcohol. Nevertheless, in the case of alcohols with sensitivity to alkali, it
may be advisable to perform the reaction under a lower pH. Regardless of decreased velocity
and selectivity, useful oxidation yields can sometimes be achieved using a ca. 0.1-1 M—
typically 1 M—Na,CO; or K,CO; aqueous solution, plain water or a ca. 1.5-2.5M H,SO,
solution. The oxidation is sometimes performed—with no pH adjustment—in a nonaqueous
solvent such as acetone, pyridine, or acetic acid, in which potassium permanganate and most
alcohols are soluble.

o

Normally, the oxidation is carried out at room temperature. The reaction flask is sometimes
cooled with a bath at 4-10°C. For resistant substrates it may be necessary to heat at reflux
temperature.

¢ Normally, it takes between 20 minutes and 12 hours.

Sometimes, a substantial quantity of acid is strongly adsorbed on the MnO, particles. In such
cases, it may be advisable to perform the filtration on a hot mixture or to thoroughly wash
the MnO, precipitate with plenty of solvent. Boiling a solution containing a suspension of
MnO, particles may help to coagulate the precipitate and facilitate the filtration. In difficult
cases, it may be advisable to dissolve the MnO, particles by reduction with sulfur dioxide,
either passed through the suspension or generated in situ by addition of NaHSO5 and HC1.2

h)?\MS&OH 0.85 eq. KMnO,, NaOH Q M<=><Me
P N PN 00H

N water, <40 °C
91-93 %

According to the authors: “A number of oxidizing agents were tried in order to ascertain, whether
any of them possessed advantages over alkaline permanganate for the oxidation of the
benzoylated amino alcohols to the corresponding amino acids. Among those examined and
found to react were lead dioxide, sodium dichromate and sulfuric acid, chromic acid,
ammonium persulfate, and nitric acid. None of them were as good as

alkaline permanganate.”3

Me/Y\OH 1.3 eq. KMnO,, Na;CO5 Me/\|/002H
Me water, 12h,0 °C Me
55%
While KMnO,-KOH, CrO;—AcOH, and Na,Cr,0,-H,SO, produce some degree of

racemization during the oxidation to carboxylic acid, potassium permanganate under mild

basic conditions secures a reasonable yield of acid without appreciable racemization.14¢
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(\O/h (\O/}/COQH
(0] H 24.eq. KMnO,4, NaOH _ O
{ ) water, 18 h, r.t. (\ §
LS 38% UL
This oxidation failed under a variety of conditions, including Jones oxidation, chromium
trioxide in aqueous H,SO,, KMnO, in benzene and KMnO, in aqueous H,SO,; while

alkaline potassium permanganate provided a useful yield of
carboxylic acid.32

4 KMnQO,, NN H
Bocw z/OH 99 FM0,, QO NNAOH_ Boes zc
N"CO.H

H tBuOH, overnight, r.t.
92%
While Jones oxidation delivers some aldehyde under mild conditions and side products
under more drastic conditions, the use of basic KMnO, in the presence of

t-BuOH as cosolvent allows the isolation of a very good yield
of acid.4?

1.3. Functional Group and Protecting Group Sensitivity
to Potassium Permanganate

Quite expectedly, functional groups with a certain sensitivity to aqueous
base, such as esters are sometimes hydrolyzed during oxidations with
basic permanganate.2 Functional groups with a greater resistance to base,
such as urethanes—including the ubiquitous Boc2*34 and Cbz3 protected
amines—remain unchanged during oxidations with basic permanganate. It is
sometimes possible to adjust the oxidation conditions to avoid the hydrolysis of
esters by using neutral permanganate3® or acetic acid.2" 3% 3

Seq KMnO4
Me ™ AcOH, 3 h, r1 o

OAc OAc 74% OAc OAc

This alcohol—containing base-sensitive acetates—can be oxidized to a carboxylic acid with
no interference from the acetates, by using potassium permanganate in acetic acid rather than
the more common protocol involving permanganate under strong alkaline
conditions. 2!




8 Group Sensitivity to Potassium Permanganate

Potassium permanganate is a very strong oxidant3¥ able to perform the
following transformations:
Oxidation of secondary alcohols to ketones. 1432
Breakage of 1,2-diols to carbonyl compounds.
Oxidation of aldehydes to carboxylic acids.2!
Breakage of alkenes to acids,®? aldehydes,® and ketones.
Oxidation at benzylic positions to aromatic ketones® or benzoic acids.4
Conversion of oximes to carbonyl compounds.¥
Oxidation of sulfides to sulfones.48
Oxidation of thiols to disulfides.®

35b. 40

Because of its very strong oxidizing power, potassium permanganate may
not be the best choice for the generation of carboxylic acids in very complex
substrates.

It is sometimes possible to selectively oxidize a primary alcohol in the
presence of a secondary one with potassium permanganate, when steric or
electronic factors play an important role by deactivating the oxidation of the
secondary alcohol. 2

OH H
KMnQ,, ag. NaOH
OH > H02 02H

NHBoc >61% NHBoc

MeO,

A primary alcohol is selectively oxidized with alkaline potassium permanganate while a
secondary alcohol, which is deactivated by neighboring electron-withdrawing groups, remains
unreacted. Observe that the basic conditions, quite expectedly, cause the hydrolysis of the

methyl ester.22

On the other hand, potassium permanganate can be employed to oxidize

both primary and secondary alcohols for synthetic convenience. 4% 31
H OH
Q
4.8 eq. KMnO,
J \ 10% Na,CO,
N / > 7\ I\
— — water, 4 h, r.t _ _
95% CO,H HOC
HO OH 2 2
Both primary and secondary alcohols are oxidized by using alkaline potassium permanganate,
resulting in an excellent yield of a
diketodicarboxylic acid.L#
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Aldehydes are so easily oxidized by potassium permanganate that it is
possible to do so in the presence of unreacting alcohols.22

Although alkyl chains linked to aromatic rings can be attacked by
potassium permanganate, as these oxidations normally require quite energic
conditions, it is usually possible to perform the transformation of a primary
alcohol into a carboxylic acid in the presence of aromatic compounds containing
alkyl side chains.f® 202 24, 33¢, 33

N 1.3. eq. KMnO N
Mef \ i ‘> Me@—C@H
N=

N= OH Wwater, 0.5h, r.t.
76%

A benzyl alcohol is oxidized with potassium permanganate, in the presence of a methyl group
linked to an aromatic ring.2%

The selective oxidation of alcohols in the presence of benzylic sites can
be done in cases including the ubiquitous benzyl protecting groups,2*° and even
the very oxidation-prone p-methoxybenzyl protecting groups.2" 18

Quite interestingly, there are several published instances in which
primary amines resist the action of potassium permanganate while a primary
alcohol is transformed into a carboxylic acid, which is quite anomalous because
permanganate is a very strong oxidant that oxidizes amines very easily, 3 4236
It must be mentioned that in all published cases in which alcohols are oxidized in
the presence of amines, those are aromatic ones linked to very electron-deficient
aromatic rings that render the amine group quite resistant to oxidation.

19,54, 55

NH, NH,

¢ J ¢ J >

N HO N N
HO_\{Y Ng( s ZC\@/ Nﬁkc
cl water, 3 days, r.t. - '

°><O 74% Og("
Me Me M Me

An alcohol is oxidized to a carboxylic acid with basic potassium permanganate in the presence
of a primary amine, which is deactivated to oxidation by an electron-deficient purine ring.2*

<

n!

1.4. Side Reactions

Sometimes, the intermediate aldehydes are isolated during the oxidation of
primary alcohols to carboxylic acids with permanganate.®® This side reaction is
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quite uncommon because aldehydes are normally very quickly transformed into
carboxylic acids by permanganate. Exceptionally, some electron-rich aromatic
aldehydes are oxidized with permanganate under basic conditions very slowly,
resulting in incomplete oxidation of some benzylic alcohols.1?

F F
2 eq. KMnOy,, KZCO;K
H water, 5h,rit.
OH 41% OH H

This is an unusual case in which an aldehyde, obtained by treatment of an alcohol with
potassium permanganate, resists further oxidation. This is probably due to the presence of a
phenol at the ortho position that strongly deactivates the oxidation of the aldehyde under basic
conditions. It is possible to obtain the desired carboxylic acid by employing Ag,O as
oxidant.4® Quite probably, a permanganate oxidation under neutral or acidic conditions
would allow the direct obtention of
carboxylic acid.2

Racemization at the a-position sometimes occurs during the formation of
carboxylic acids. Apparently, this is caused by the strong alkaline conditions
normally used in oxidations with potassium permanganate, because racemization

can be avoided by employing mildly basicl4® or acidic2® conditions. In fact,

potassium permanganate can be the oxidant of choice!4¢ when racemization must

be avoided (see second example on page 6).
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Jones and Other CrO;-Based
Oxidations

2.1. Introduction

Chromium trioxide (1) is a red solid with a very strong oxidizing power that can
explode in contact with organic matter.:

WARNING: because of the danger of explosion, assays must conform to
well-tested protocols during oxidations with CrO;. Experimental modifications
involving less common solvents or temperatures higher than recommended can
be particularly dangerous.

Chromium trioxide reacts with water under acidic conditions resulting in
an equilibrating mixture containing chromic acid (2) and oligomers thereof.2

H,0, H* Q qQ 9

Crl03 —x= HO-(ﬁr—OH —_— Ho-ﬁ:lr—o-%r—OH
—H,0, H* o] O O

chromium trioxide (1) chromic acid (2) dichromic acid

N P 2 9

higher oligomers e Ho-(ﬁr—o-(l:lr—o-(flr—OH
o} O O
trichromic acid

In 1946, Jones et al. reported? that secondary alcohols can be oxidized to
ketones by pouring an aqueous solution of CrO; containing sulfuric acid—often
described as either Jones reagent or chromic acid solution—over the alcohol in
acetone. Shortly after,? Jones et al. showed that this oxidation protocol is also
useful for the transformation of primary alcohols into carboxylic acids.

Mechanism

The available experimental data2 are consistent with a mechanism for oxidation
of primary alcohols to acids with Jones reagent, involving the initial formation of

13
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a chromate ester (3) that evolves to an intermediate aldehyde (4). This aldehyde
equilibrates with its hydrate (5) that reacts resulting in the formation of a new
chromate ester (6), which decomposes to a carboxylic acid (7).

Q
HO-Cr-OH
H  H o) H_H H
><> CrO3H /&
R® OH R O4s R” S0
3 4
o) —Hzo L+H20
HO-Cr-OH
OH HO><I}-I o) |-|o><|-|
R N0 R” "0<GOsH R” “OH
7 6 5

The oxidation of the aldehyde to the corresponding carboxylic acid via
hydrate 5 is normally quicker than the oxidation of the starting alcohol to the
aldehyde. Therefore, erosion of yield of carboxylic acid due to oxidation being
partially suspended at the aldehyde level is usually not a matter of concern.

In fact, stopping the oxidation of a primary alcohol at the aldehyde stage using Jones
oxidation is normally quite difficult. It can be done by distilling volatile aldehydes as
they are generated,® or by using ethyl methyl ketone—a less polar solvent that averts
the building of high concentrations of aldehyde hydrate—instead of acetone.Z

Jones oxidation sometimes terminates at the aldehyde level using the
standard protocol, when the aldehyde is hindered or belongs to a benzylic or
allylic kind.2% % 12 This happens because these aldehydes tend to equilibrate with
a small proportion of hydrate.2

a) Jones oxidation, 97% Br
\e ) NaCIO; NH;SOH, HBUOH, H;0, 84% Lo

O,H
Me OH M

This is a rare case in which a Jones oxidation finishes at the aldehyde stage. Consequently, it
is necessary to perform an additional oxidation with NaClO, to obtain the desired carboxylic
acid.L? The resistance of the aldehyde to react under Jones conditions is most probably due to
its benzylic and hindered nature, which is responsible for the existence of a very small
percentage of aldehyde hydrate.

@©
’H&
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Inverse Addition

A common side reaction during the chromic acid oxidation of primary alcohols
is the formation of dimeric esters.l! Craig and Horning proved!? that this side
reaction, already observed in 1953,42 proceeds via an intermediate hemiacetal,
as shown in the equation below.

R—CH,OH
2 R—GH: R—GH.
H,CrO,
R-CH R-GQ
R é OH 0]
H intermediate

. dimeric ester
hemiacetal

Under experimental conditions promoting a high concentration of hemi-
acetal, itis possible to obtain very good yields of dimeric esters using Jones reagent.

A _OH Cr0,, H,80,, acetone Me/\/\/YO
Me Ti<10°C, 15 Min—>10C,15Min |\ SO

72%
A 72% yield of dimeric ester is obtained by dropping chromic acid over a concentrated
solution of heptanol. Under these conditions a high proportion of intermediate hemiacetal
builds up during the oxidation.1?

In 1974, Holland and Gilman proved!? that using an “inverse addition”
procedure allows much better yield of carboxylic acids due to a much lower
concentration of hemiacetal formed in the medium. Thus, rather than pouring
a chromic acid solution over a solution of the alcohol, it is the solution of
the alcohol in acetone that is slowly added over the chromic acid solution.
This causes a quick transformation of alcohol—in contact with great excess of
chromic acid—into carboxylic acid. This prevents buildup of a high concentration
of intermediate aldehyde in contact with starting alcohol and therefore avoids
the formation of substantial amounts of hemiacetal. As expected, experimental
factors favoring quick oxidation of the alcohol and low concentration of inter-
mediate aldehyde lead to greater yield of carboxylic acid.

Thus, as shown in the scheme below, an increased yield of carboxylic acid
can be achieved by the following experimental conditions, which promote low
concentration of intermediate aldehyde:

e Low concentration of starting alcohol in acetone.
e High concentration of sulfuric acid in the chromic acid solution.
e [ong addition time of the alcohol solution.
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1M CrO;, H,SO, Me—(CHp)s—= CHZ—Z
Me—(CH,)s—==—CH,~CH,O0H ————» Me—(CHj)s—==—CH,-CO,H +
acetone Me—(CHz)s—==—CH,"CH,
Concentration Acid Addition % Yield

Alcohol/Acetone  Strength  Time Acid_ Ester

oM 3N 4h - >50
10N 2h 18 50
7h 73 12

It must be mentioned? that a higher concentration of sulfuric acid in the
chromic acid solution causes an increase in oxidizing power of Jones reagent,
leading to quicker oxidation of the intermediate aldehyde that is not able to build
up a high concentration.

In spite of the fact that other researchers.® confirmed the efficiency of the
“inverse addition” protocol advocated by Holland and Gilman, nowadays, the
obtention of carboxylic acids by Jones oxidation is customarily done using
the “normal” addition procedure as originally described by Jones et al. We
recommend employing the “inverse addition” protocol as the default procedure
for Jones oxidation to carboxylic acids, rather than using an experimental
tradition that is probably retained as a result of the prestige of the highly cited
foundational papers. The use of the “normal” addition seems to be appropriate
only in substrates possessing functional groups, other than primary alcohols,
with a high sensitivity to oxidation. In such cases, it is not advisable to let the
substrate be in contact with great excess of oxidizing agent.

Solvent

In the vast majority of cases Jones oxidation is carried out by mixing a chromic
acid solution with a solution of the alcohol in acetone between 0°C and room
temperature.

Very rarely, solvents other than acetone, such as ethyl methyl ketone, 1 acetone:benzene
(1:1),2 acetone:AcOH (2:1), THF,L or Et,0,2 are used.

Primary alcohols are sometimes transformed into carboxylic acids using CrO; or
K,Cr,0,2 in AcOHZ or pyridine.2 When AcOH is used, sometimes, it is mixed with
water2*> 220 2 or gulfuric acid.2 2°

Occasionally, less common experimental protocols offer the best results.2

OMe Me OMe Me
3 H 3M Jones reagent o Y CO.H
o Celite® , THF, 1h, 0 °C o
78%

This Jones oxidation is carried out in a solution of starting compound in THF containing
Celite®. These uncommon experimental conditions avoid problems associated with
a-epimerization and ketal hydrolysis.12
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Acidity

An obvious limitation of Jones oxidation is the presence of sulfuric acid that
may cause reactions on acid-sensitive functionalities and protecting groups. Due
to the biphasic nature of Jones oxidation, the contact between the organic phase
containing the substrate and the aqueous phase containing sulfuric acid can be
quite limited. This allows the survival of protecting groups, such as those present
in THP ethers and Boc-protected amines that normally would be cleaved in the
presence of acid. Moreover, the quantity of sulfuric acid can be decreased—at
the cost of causing certain reduction in the oxidizing power of chromic acid—in
order to preserve acid-sensitive moieties. 2

BocHNXOH 2 eq. Jones reagent BocHNXZH
AllocHN NPht ~ acetone,5h,rt. AjocHN NPht
54%

In this oxidation, the concentration of sulfuric acid was carefully tuned to avoid any cleavage
of the Boc protection while maintaining the oxidizing power of chromic acid.2®

On the other hand, the acidity of Jones reagent can be employed for
synthetic advantage to perform additional transformations in sifu.2

Bn
BnO BnO QBn
2.9 eq. Jones reagent, acetone
BnO. > O,H
Bn 0.5h,0°C— rt;3h,rt. Bn 2
BocN OBn
MeMe 93% NHBoc

The acidic properties of Jones reagent cause hydrolysis of the oxazolidine, delivering a
primary alcohol that is oxidized in situ to carboxylic acid. Observe the subsistence of
Boc protection. 2

Jones reagent is able to oxidize functional groups other than primary
alcohols. Most notably, it is routinely employed for the transformation of
secondary alcohols into ketones.2 Molecules containing both primary and

secondary alcohols can be oxidized in one step to ketoacids.Z

Me
Jones reagent»
2h,0°C COH
60%

H

Me Me

The simultaneous oxidation of a primary alcohol to a carboxylic acid and a
secondary alcohol to a ketone is carried out using Jones reagent.2*
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Zhao’s Catalytic CrO, Oxidation

In 1998, Zhao et al. reported the use of catalytic CrOs;, in the presence of periodic
acid (Hs5IOg4) as secondary oxidant, for the transformation of primary alcohols
into carboxylic acids.2? A stock solution of reagent is prepared by dissolving
Hs104 (11.4 g, 50 mmol) and CrO; (23 mg, 1.2 mol%) in wet MeCN (0.75 v%
water) to a volume of 114 mL. Carboxylic acids are normally obtained in very
good yield by adding over a period of 30-60 minutes 11.4 mL of the stock
solution to a solution of 2.0 mmol of alcohol in wet acetonitrile (10 mL, 0.75 v%
water) kept at 0-5 °C. Under these conditions, the oxidation is normally complete
in less than 30 minutes.

Although Zhao’s catalytic CrO; oxidation has certain limitations, such as
causing decomposition of electron-rich aromatics, it offers a number of advan-
tagesi® over Jones oxidation, including the use of a very limited amount of
toxic and environmentally objectionable chromium compounds and suitability
for large-scale reactions.3!

Zhao’s research group made two important synthetic contributions to the oxidation of
primary alcohols to carboxylic acids. They described both the use of catalytic CrOj; in the
presence of periodic acid as secondary oxidant3®—Zhao’s catalytic CrO; oxidation—
and catalytic TEMPO and bleach in the presence of excess of sodium chlorite22—Zhao’s
catalytic TEMPO-bleach oxidation (see Chapter [6)).

Me., CO,H

o OMe

1.1 eq. H5lOg, cat. CrO5 Or
MeCN, H,O (0.75 v%), -5 to 0 °C "

>90%

Although Jones oxidation provides a reasonable yield of the desired diacid, Zhao’s catalytic
CrO; oxidation is preferred, because it avoids the employment of stoichiometric CrO; which
is not practical on a large scale due to toxicity and waste disposal concerns. RuCl; /H5IO4
delivers a low yield of diacid, probably because of destruction of electron-rich aromatics.
A Swern oxidation followed by sodium chlorite (NaClO,) causes epimerization of a chiral
center. A TEMPO-catalyzed bleach oxidation produces significant chlorination of aromatic
rings. In common with Zhao’s catalytic CrO; oxidation, the use of sodium chlorite in the
presence of catalytic TEMPO and bleach—Zhao’s catalytic TEMPO/bleach
oxidation—also results in good yield of the desired
diacid.3!
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2.2. General Procedure for Oxidation of Primary
Alcohols to Carboxylic Acids with Jones
Reagent

A ca. 0.01-0.3 M solution of starting alcohol in acetone®’ is added® over a
period of 0.5-7 hours® over a solution containing Jones reagent, prepared by
dissolving CrO; (MW 100.0) in a mixture of concentrated H,SO, and water.®
Normally, from 1.0 to 10 equivalentsf'g of CrO; in a ca. 1-8 M solution,
prepared in a 100:58 to 100:7 (v/v) mixture of water and concentrated sulfuric
acid, are used.™ Once the addition is finished, the reaction mixture is left
stirring until most of the starting compound is consumed.) The acid sometimes
precipitates from the reaction mixture and can be isolated in an impure form
by simple filtration. Otherwise, the excess of oxidant is normally destroyed
by the addition of 2-propanol.X The reaction mixture is extracted with an
organic solvent such as diethyl ether, ethyl acetate, or dichloromethane. The
extraction can be facilitated by previous removal of the acetone by vacuum
distillation. Brine is sometimes added to assist the phase separation and the
extraction of acids with high solubility in water. The phase separation can be
simplified by filtration of chromium salts through a pad of Celite®. Normally,
the organic phase—containing the acid—is washed with water or brine. In
the case of acids possessing a very adverse partition coefficient, it may be
necessary to perform a continuous extraction. Finally, the acid can be isolated
by two alternative protocols:

Protocol A: the organic phase is dried with Na,SO, or MgSO, and
concentrated, giving a crude acid that may need further purification.

Protocol B: the acid is extracted with a basic solution, such as aqueous
sodium or potassium carbonate, bicarbonate or hydroxide, and then acidified
to pH 2—4. The resulting aqueous phase is extracted with an organic solvent
such as diethyl ether, ethyl acetate, or dichloromethane, and the collected
organic phases are elaborated as in Protocol A.

% For best results, the alcohol must be completely dissolved in acetone. Although the oxidation
sometimes proceeds satisfactorily starting from a suspension of alcohol in acetone, reduced
chromium material can precipitate on the particles of suspended alcohol resulting in decreased
yield of carboxylic acid.3

The use of high concentration of alcohol in acetone may promote the generation of ester
dimers. 1%

The oxidation of alcohols to carboxylic acids employing Jones reagent is most commonly
carried out by a “normal addition” protocol, whereby Jones reagent is added over a solution
of alcohol in acetone. We are describing the so-called “inverse addition” protocol, because—
although less commonly used—it normally guarantees better yield of carboxylic acid. In
our opinion, the normal addition protocol must be employed only when some degree of
overoxidation, due to the presence of oxidation-sensitive functional groups other than the
alcohol in the molecule, is suspected.
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General Procedure for Oxidation

The mixing of the solutions of alcohol and oxidant is sometimes carried out over a period
of only a few minutes. We recommend a much longer mixing time to avoid the formation
of dimeric esters. Thus, Holland and Gilman foundX* that a mixing time as long as 7 hours
may be necessary to minimize the formation of dimers. When the reaction is performed on
a multigram scale, a long mixing period is necessary to avoid overheating.

(]

The oxidation must be carried out under some kind of temperature control. The reaction is
most often performed at 0°C, although temperatures as low as —25°C are possible. The
control of reaction temperature sometimes consists simply of adjusting the addition rate so
as to prevent overheating above room temperature.

-

In substrates very sensitive to overoxidation, best results are often obtained employing only
1.0 equivalent of CrO;.

o

Sometimes, the quantity of oxidant is adjusted using a titrating protocol in which a “normal”
addition is employed and Jones reagent is added to the solution of alcohol in acetone until
persistence of Jones reagent color is observed. This may lead to incomplete oxidation, because

the consumption of Jones reagent during the oxidation is not instantaneous.3

Jones reagent is very often prepared as detailed by Djerassi e al.l2 by diluting a solution
of 26.72 g of CrO; in 23 mL of concentrated sulfuric acid with water to a volume
of 100 mL.

Higher concentration of sulfuric acid leads to Jones reagent possessing greater oxidizing power.
On the other hand, this may promote side reactions on acid-sensitive functional groups.

(o

It normally takes from 20 minutes to 6 hours.

~

The quenching of Jones reagent is readily noticed by a conspicuous color change from reddish
to green. The reaction is sometimes quenched with methanol.

H

H
N excess Jones reagent
> j/\ tone, 120 Cb{NY\
(CHz)n-NHBoc acerons, - HO,C  (CH,),-NHBoc
HO 87-92% n

In this challenging substrate, best conditions for obtention of acid were met with Jones
oxidation. According to the authors: “The presence of a reactive double bond and its
propensity to isomerize from the 3, y-position to the o, B-unsaturated position precluded the
use of many oxidation procedures such as RuCl;/NalO,, KMnO,/AcOH, silver oxide,
TEMPO radical-based methodologies and sodium bromite. In most cases, degradation of the
substrate was observed or o, B-dehydroamino acids or the starting alcohol was isolated. To
prevent scrambling of the easily racemizable chiral center, oxidations under basic conditions
had to be avoided (e.g. KMnO,/NaOH).”3

— Cr0O,, H,SO,
— oy acetone,5h,<20°C H——=——CO.H
60%

A Jones oxidation on a multigram scale is described.>
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3.8 eq. CrO;, H,SO,4

acetone, 2h, rt.
67%

While oxidation with PDC in DMF provides low yield of the desired 3, y-unsaturated

carboxylic acid, the use of Jones oxidation with the “inverse addition” protocol at low

temperature allows the obtention of a reasonable yield of the
desired acid.1¢®

MEMO-(CHj)g—==—CH,-CH,OH > MEMO-(CH,);—==—CH-CO,H

OMe OMe
Pr FPr
CrOs, H,SO, HO,
acetone, 2 h, r.t.

HO

O
‘Me Me Me Me

This hindered alcohol is not oxidized with hydrated copper permanganate in CH,Cl,, solid
sodium permanganate, or potassium ruthenate. It is possible to achieve the desired oxidation
to acid employing Jones reagent at room temperature, resulting in an additional oxidation at
the benzylic position. Increasing the reaction time leads to a mixture of
compounds. 3

P 19 eq. Jones reagent P

H  acetone,3 h,0°C

ZNH 100% ZNHZ >CO,H

Jones reagent was chosen for this oxidation because it produced very little racemization.
Alkaline potassium permanganate was not effective because of lack of solubility of the
starting alcohol in aqueous sodium hydroxide. A two-step oxidation via the corresponding
aldehyde was discarded because CrO;/Py and DCC/DMSO yielded a substantially racemized
aldehyde. 38

2.3. Functional Group and Protecting Group Sensitivity
to Jones Oxidation

Information regarding functional group and protecting group sensitivity to Jones
oxidation, when it is employed in the transformation of secondary alcohols into ketones,
can be found in the first volume of this series.2

Functional groups with some sensitivity to oxidative or acidic conditions
are sometimes affected by Jones oxidation during the obtention of carboxylic
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acids. However, due to the segregation of organic substrate and sulfuric acid in
different phases, protecting and functional groups with sensitivity to acids are
sometimes able to survive Jones oxidations.

0OBn Bn

BnO., o (G _opmB BnO., 0t _opmB
ﬁo CrO3, H,S0,
BnO (Hzo)sYMe H acetone,20min, 0 °C  BnO (Hzc)s\rMe CO,H
93%
AcO OBn AcO OBn

AW
AW

A primary alcohol is successfully oxidized to carboxylic acid with Jones reagent without
interference with a number of sensitive protecting and functional groups, including a
p-methoxybenzyl ether that is very sensitive to acids and oxidants.

TBDPS ethers resist Jones reagent during the oxidation of alcohols to
carboxylic acids.2 Regarding TBS ethers, depending on substrate and exact
reaction conditions, it is possible to oxidize alcohols to carboxylic acids in the
presence of unreacting TBS ethers; also, it is possible to perform the hydrolysis

of a TBS ether and the in sifu oxidation of the resulting alcohol to carboxylic
acid. 42> 8

o8 OTBS Bn HO,
n Jones reagent o
acetone, 0 °C
88% o

A TBS ether is hydrolyzed under Jones conditions and the resulting alcohol is oxidized
in situ to carboxylic acid.22®

Both the robust benzyl ethers®# and the less robust p-methoxybenzyl
ethers, 22 which possess more sensitivity to oxidative and acidic conditions,

are able to withstand the action of Jones reagent.

Benzyl ethers are known to be oxidized under the action of Jones reagent under immod-
erate conditions.4® As the oxidation of alcohols requires much milder conditions, benzyl
ethers do not normally interfere with the oxidation of alcohols to carboxylic acids.

Both MOM# and benzyloxymethyl#¥ ethers resist Jones oxidation, while
the more acid-sensitive THP ethers are hydrolyzed and the resulting alcohols are
transformed into carboxylic acids.®
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THPO " HO.
HO Cr0,, H,S0, HO O,H o CH O:H
D —————— D ——
Ci2Hes “acetone, 2, rit. 12H2s 12728

45%

The very acid-sensitive THP ether is hydrolyzed under the acidic conditions of Jones
oxidation, resulting in an alcohol that is transformed in sifu into a carboxylic acid that can be
isolated as lactone.%

Regarding acetals protecting 1,2- and 1,3- diols it has been reported that
benzylidene,2 isopropylidene,2! cyclohexylidene,2 and methylene2? acetals
resist the action of Jones reagent while an alcohol is oxidized to a carboxylic acid.

Depending on substrate and exact reaction conditions, dioxolanes
protecting aldehydes and ketones can both be hydrolyzed2 or remain
unchanged during the oxidation of primary alcohols with Jones reagent.

\@_\ CrOS’ o m

z acetone, 2h,rt. Me P

i Me M COzH
62% Ve e 2

A dioxolane protecting group is removed while an alcohol is oxidized to an acid with Jones
reagent. Observe that acid-catalyzed migration of the alkene into conjugation with the ketone
does not occur.33"

Most amine protecting groups resist the action of Jones reagent. These
include the ubiquitous acetyl, benzyl, Fmoc,2 Z,3-28:3¢ and even the acid-
sensitive Boc¢ 3 groups.

Free secondary alcohols are normally oxidized to ketones during the
treatment of primary alcohols with Jones reagent.22* 38 Nevertheless, it is possible
to oxidize primary alcohols in the presence of unreacting secondary ones,
resulting in formation of hydroxyacids in yields fluctuating from modest to fair.2

CrOg, H,SO,
» MeOQ,
acetone, 2.5 h, 20 °C
80%

MeO

Jones reagent performs the simultaneous oxidation of a primary alcohol to carboxylic acid and

a secondary alcohol to ketone.22*
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Sometimes, 1,4-2 and 1,5-diols® are transformed into lactones by the
action of Jones reagent. This transformation can be explained either by the
intermediacy of a hydroxyaldehyde forming a stable cyclic hemiacetal that is
oxidized to lactone, or by formation of a hydroxyacid that suffers cyclization.

CrQ;, H,S0,
acetone, 45 min, ri.
63% H

l"|Me

During the oxidation of a primary alcohol with Jones reagent, a secondary alcohol, rather

than being transformed into a ketone, forms a stable lactone. 822

It is important to note that lactones are only formed under very favorable
thermodynamics during Jones oxidation, and a variety of 1,4- and 1,5-diols are
known to be uneventfully oxidized under Jones conditions.&

Me 2.3 eq. CrOy, H,SO Me
EtO_ _O oH _=°8 e MoV 6 0

acetone, 2 h, 0-5 °C
Me 70% Me

A 1,4-diol is uneventfully oxidized to a ketoacid with Jones reagent, with no formation of a
lactone, which otherwise would look stable, being reported. ¢

CO.H

Acetals, belonging to diverse structural types, normally resist the action
of Jones reagent. Examples include glycosides®®-#-% and spiroacetals. ¢
Nonetheless, some cases are reported in which a cyclic acetal is transformed
into a lactone by Jones reagent.&

Me 2.3 eq. CrOs, H,SO Me
EtO_ _O oH _ =284 PMeobs 5 0o

acetone, 2 h, 0-5 °C
Me 70% Me

This is a rare case in which an acetal is oxidized during the transformation of a primary
alcohol into carboxylic acid with Jones reagent.&

CO,H
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Aldehydes are very quickly oxidized with Jones reagent. In fact, it is
possible to perform the selective oxidation of an aldehyde in the presence of free
alcohols.® That is why intermediate aldehydes are very rarely isolated during
the obtention of carboxylic acids with Jones reagent. Quite expectedly, by using
excess of Jones reagent, it is possible to oxidize both aldehydes and primary
alcohols to carboxylic acids.£

<

. “"NcHo  Jones reagent HO "m\\COZH
“IOHNZ > Cco,Me HO™ N “OH NZ o, Me

OH OH

An aldehyde is oxidized to a carboxylic acid with Jones reagent while one primary alcohol
and three secondary alcohols remain unchanged. £

Epoxides normally resist Jones oxidation during the preparation of
carboxylic acids.&

Amines, including the quite oxidation-prone primary amines,®® normally
resist2- 49 Jones reagent during the preparation of carboxylic acids. This
happens probably due to protection of the amines by protonation. This result
is quite useful, because very few oxidants are able to preserve primary amines
intact during generation of carboxylic acids.

NH, NH,
Jones reagent N

N
N
acetone, 1 h, r.t. N
° / COzH
\ ) <:> o 25% \ N> <:>

An alcohol, in a substrate possessing a primary amine with a high sensitivity to oxidation, is
transformed into the corresponding carboxylic acid in moderate yield. The amine remains
unchanged possibly because of protection by protonation.

=z

~ 2

z

2.4. Side Reactions

Information regarding side reactions during the oxidation of secondary alcohols with
Jones reagent can be found in the volume of this series entitled Oxidation of Alcohols
to Aldehydes and Ketones.Z
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Primary alcohols occasionally suffer an incomplete oxidation with Jones
reagent, resulting in formation of aldehydes.! As aldehydes are transformed into
carboxylic acids with Jones reagent via the corresponding hydrates, aldehydes
possessing a low proportion of hydrate in equilibrium are more likely to
remain unchanged. Aldehydes with a low proportion of hydrate include hindered
aldehydes and aldehydes conjugated with alkenes or aromatic rings.2

OMe OMe OMe

MeO O OH MeO. O HO MeO. O OH
MeO Jonesreagent MeO' MeO
> +

O.Me  acetone, 15 min, r.t.

OMe OMe OMe
51.0% 29.4%

A 51% yield of aldehyde is isolated from the oxidation of an alcohol with Jones reagent. The

following factors favor an incomplete oxidation of the alcohol: (1) short reaction time, (2) an

intermediate aldehyde possessing steric hindrance that disfavors formation of hydrate, and (3)

the presence of electron-donating methoxy groups on the benzene ring preventing the buildup
of a high concentration of aldehyde hydrate.ZL"

Sometimes, dimeric esters are obtained from the oxidation of primary
alcohols with Jones reagent (see page 15).1X These compounds are formed from
the oxidation of intermediate hemiacetals, whose generation is favored by the
buildup of a high concentration of starting alcohol and intermediate aldehyde.
As demonstrated by Holland and Gilman,? the formation of dimeric esters can
be mitigated by the use of an “inverse addition” protocol rather than the more
common ‘“direct addition” procedure.

Jones reagent

=z 7z CH2 3‘(
« OH "direct addition" “

+ (¢]

(CHz)3~ acetone, 15 min, 0 °C (CHz)3~CO-H Br J

Br Br (CHz)

P

Q

70% 18%

A 70% yield of the desired acid is accompanied by 18% of an undesired dimeric ester during
the oxidation of an alcohol with Jones reagent employing a “direct addition” protocol.
Probably, the use of the “inverse addition” protocol recommended by Holland and Gilman
would lead to a decreased amount of dimeric ester.1®
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During the oxidation of primary alcohols with Jones reagent, the interme-
diate chromate ester normally evolves as in path a below, leading to an aldehyde
that is further oxidized to acid. On the other hand, sometimes, the intermediate
chromate ester evolves as in path b, resulting in a carbon—carbon bond breakage
in which formaldehyde and a carbocation R* are formed.Z2 This side reaction is
facilitated by the stability of carbocation R*.

H

patha [ =Q | —> q/(::o

H H /

) o | B

R OH \
L

,(?—O
+
® side
R products

OH

1

NHBoc

3 eq. Jones reagent, acetone
0°C,2h rt.ovemight H 0,H

B —
O\ OH a NHBoc NHBoc
Ha 37%
H X <o
———’

CrogH

Bu—— [e] —
[ NHBocJ - Bu-—:—< B

NHBoc
NHBoc

1%
The treatment of an alcohol with Jones reagent leads to 37% of the desired carboxylic acid,
accompanied by 11% of an N-Boc amide, formed from an intermediate carbocation stabilized
by a nitrogen atom and by conjugation with an alkyne.Z2®

It is important to note that a carbon—carbon bond breakage during the
oxidation of a primary alcohol with Jones reagent depends not only on the
stability of the resulting carbocation, but also on a proper orbital alignment in
the preceding chromate ester, the likeness of which is difficult to anticipate.
Therefore, an attempt to perform a Jones oxidation to carboxylic acid must not
be avoided due to the sole concern for this side reaction.

Sometimes, because of the acidic nature of Jones reagent, acid-catalyzed
migrations of alkenes facilitated by favorable thermodynamics are observed
during the oxidation of alcohols to carboxylic acids.Z
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Jones reagent
acetone, 20°C, 2h
23%

An alkyne is isomerized to a highly conjugated allene during the oxidation of an alcohol with
Jones reagent.Z2

HO, C—C=C~CH,~CH,OH > HO,C-CH=C=CH-CO,H
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Pyridinium Dichromate (PDC)
in Dimethylformamide.

The Method of Corey

and Schmidt

o o
Il Il
pyH® @o—cllr—o—clzlr—o@ PyH

3.1. Introduction

In 1969, Coates and Corrigan published in a brief paper! the use of pyridinium
dichromate (PDC) as an alternative to the complex CrO5-2Py in the oxidation
of alcohols to aldehydes and ketones. Ten years later, Corey and Schmidt wrote
a much-cited paper? in which full details on the oxidation of alcohols with
PDC were provided. PDC is a stable bright-orange solid that is easily prepared
by collecting the precipitate formed when pyridine is added to CrO; dissolved
in a minimum amount of water. Normally, PDC transforms primary alcohols
into aldehydes in a very effective manner.2 On the other hand, when PDC is
employed in DMF as solvent, it is able to transform saturated primary alcohols—
but not allylic and benzylic ones—into the corresponding carboxylic acids in
a very effective manner under essentially neutral conditions. The reaction is
normally performed by adding PDC—either as a solid or dissolved in DMF—on
a solution of the alcohol in DMF, and stirring the resultant mixture at room
temperature.

Very often, experimental descriptions of oxidations of alcohols to acids using PDC/DMF
specify that dry DMF is used, and in some cases molecular sieves? are added, apparently
for the purpose of avoiding epimerizations at the a position. On the other hand, many
times the use of dry DMF is not specified in the experimental descriptions, and it is
known that the oxidation can succeed employing a 40:1 DMF:water mixture.2 Most
oxidations of alcohols to acids proceed via an intermediate aldehyde hydrate that is
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Method of Corey and Schmidt

formed by reaction of an aldehyde with water. This raises the question of the potential
intermediacy of an aldehyde hydrate, whose formation would need the presence of some
amount of water, in oxidations of alcohols to acids using PDC/DMF.

Research needed

The mechanism of oxidation of primary alcohols to carboxylic acids with PDC in
DMF must be studied. Particularly, the influence of water, molecular sieves, and
some potential accelerants such as organic acids must be clarified, regarding
reaction speed, yield, and possible epimerization at the « position.

Most times, oxidations of alcohols to acids with PDC/DMF are carried out

at room temperature, although, on resistant substrates, the reaction mixture is
sometimes heated at 40-50°C.2

a

b

o

o

-

3.2. General Procedure for Oxidation of Aliphatic

From 1.2 to 10—typically 4-6—equivalents of pyridinium dichromate
(MW = 376.2), either solid or dissolved as a ca. 0.2—1.3 M solution in DMF,?
are added® to a ca. 0.04—0.3 M solution of 1 equivalent of the alcohol in DMF.*
The resulting mixture is stirred at room temperature! until most of the starting
alcohol is consumed.® Water is added’ and the resulting mixture is extracted
with an organic solvent such as EtOAc, Et,0O, or CH,Cl,. Optionally, the
organic phase can be washed with brine. The organic solution is dried with
MgSO, or Na,SO, and concentrated, giving a crude carboxylic acid that may
need further purification.

Primary Alcohols to Carboxylic Acids with
Pyridinium Dichromate in Dimethylformamide.
Method of Corey and Schmidt

The solubility of PDC in DMF is ca 0.9 g/mL at 25°C.2

Some heat is evolved during the mixing, therefore, particularly on a multigram scale, it may
be advisable to cool the reaction mixture with an ice-water bath during the addition of PDC.
Dry DMF is very often used and 3-A molecular sieves? are sometimes added. On the other
hand, the use of dry DMF is not specified in many experimental descriptions of this oxidation,
and it is known that this oxidation can succeed employing a 40:1 DMF: water mixture.2
For the oxidation of resistant substrates, it may be advisable to heat at 40-50°C.8

It normally takes between 3 hours and 2 days.

In order to facilitate the extraction of the carboxylic acid from the aqueous phase, aqueous
acetic acid or aqueous saturated NH,Cl is sometimes added. In some cases, when the acid
possesses a high solubility in water, it may be necessary to saturate the aqueous phase with
sodium chloride.Z
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6eq. PDC
_ >

DMF, rt, 7h
81%

This difficult transformation was tried with many oxidants including Pt/O,, Swern followed
by Ag,0, RuCl;/cat. NalO, and RuO,. Best results were obtained employing
PDC in DMF.$

81%

The use of RuCl; /H;104 or PDC-Celite®, rather than PDC/DMF, provided the desired
carboxylic acid, but in lower yields.2

H 4.5eq. PDC
DMF, 25 °C, 10 h CO-H
| |

BocHN on  5eq PDC, 3AMS  BocHN O:H
\(\ DMF,DCAA, r.t, 12 h
P(S)Ph, P(S)Ph,
46%

According to the authors, “Oxidation of the alcohol to the corresponding acid without
racemization of the adjacent chiral center was a non-trivial challenge. The Moffatt oxidation
has been used in similar situations where stereochemical integrity is an issue; this step,
followed by further oxidation of the aldehyde produced using buffered permanganate, gave the
corresponding Boc-protected amino acid in 94% ee. The best method identified for oxidation
of the alcohol, however, was a pyridinium dichromate oxidation in the presence of molecular
sieves, giving the product in > 99% ee.”4®

o)

‘o, w vayy, O CO2H
Meozc/j/\l\OH 10 eq. PDC, 4A MS Meozc/j/\l ©.
BnO ~

OBn DMF, r.t, 16 h BnO OBn
OBn 87%

OBn
While a TEMPO-based oxidation fails to deliver a useful yield of carboxylic acid, the reaction
succeeds employing PDC in DMF in the presence of
molecular sieves.L
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3.3. Functional Group and Protecting Group
Sensitivity to PDC in DMF

As PDC oxidations in DMF are performed under essentially neutral conditions,
protecting groups resist the action of PDC with very few exceptions. Although
silyl ethers most often endurel! oxidations with PDC/DMF, there are cases in
which they are transformed in carbonylic compounds.2

TBDPS 7 eq. PDC TBDPS
Me OTBS — —  » Me O,H
DMF,rt.,48 h
— OMEM 72% — OMEM

PDC in DMF produces the conversion of the TBS ether in a carboxylic acid. Observe that the
more robust TBDPS ether resists the action of PDC.12°

Nevertheless, as the cleavage of silyl ethers with PDC in DMF is relatively
slow, it is possible to oxidize free primary alcohols in the presence of unreacting
silyl ethers.

PDC, DMF o
——
OH 46%

Me Mé Me Me Mé Me
A primary alcohol is oxidized with PDC/DMF with no interference

from two silyl ethers.1l¢

PDC is able to oxidize aldehydes to carboxylic acids, secondary alcohols
to ketones,2 and lactols to lactones* under very mild conditions. Therefore, it
is normally not possible to make selective oxidations of primary alcohols in the
presence of those functional groups.

OH 6 eq. PDC 0
CsHy Y AN Cs"hv\)l\ CO,H
— DMF, r.t, 14 h — 2
(CHyJ; “OH 7’;0/’ (CHY7
(-]

PDC in DMF is used for the simultaneous oxidation of a primary alcohol to carboxylic acid

and a secondary alcohol to ketone.12
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During the oxidation of certain diols with PDC in DMF, partial formation
of lactones sometimes occurs.X® This happens when the formation of the lactone
is greatly favored for thermodynamical reasons.

b co,H
8eq. PDC
—_—
DMF,r.t., 70 h H
H
Me Me
23% 16%

A diastereomeric mixture of two 1,5-diols is treated with PDC in DMF. The reaction products
can be explained by the action of very subtle thermodynamical factors, whereby one of the
diastereomers is uneventfully oxidized to a ketoacid while the other diastereomer is

transformed into a lactone.12®

PDC is able to transform tertiary allylic alcohols into transposed enones,
a reaction that is normally carried out with PCC because it is more efficient.18
Normally, it is possible to oxidize a primary alcohol in the presence of a tertiary
allylic alcohol, because the reaction on the latter is slower.X2

OMOM H OMOM

R= TBDPS-protected disacharide

An uneventful oxidation of a primary alcohol with PDC in DMF occurs, regardless of the

presence of a tertiary allylic alcohol that could suffer an oxidative transposition to enone

under more drastic conditions.L2

Although PDC reacts with amines2® and sulfides,2 it is normally possible
to oxidize selectively primary alcohols in the presence of tertiary2? amines—
which are less reactive than primary ones—or in the presence of sulfides.2
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NHPhF 6 eq. PDC NHPhF
> O,H
BnO,C” Y~ “OH DMF,rt,24h BnO,C~ Y 2
Me 64% Me
A primary alcohol is selectively oxidized with PDC in DMF in the presence of a secondary
amine. 22

PDC is able to oxidize allylic positions in alkenes resulting in formation of
enones.2* This reaction normally demands heating; and ¢-butyl hydroperoxide2
is very often added. Therefore, it is possible to oxidize selectively primary
alcohols in the presence of alkenes,2® because the oxidation of the former
proceeds under milder conditions.

Me e
N LOAc xn OAc
H PDC
IIIII\_P D mn
DMF, 25 °C \_co,H
= i~
Me Me
An uneventful oxidation of a primary alcohol to a carboxylic acid with PDC/DMF occurs,
regardless of the presence of alkenes that could suffer oxidation to enones under more drastic

conditions. 2

3.4. Side Reactions

Epimerization at the o position of carboxylic acids can occur during oxidations
with PDC in DMF.2% 2 In fact, this side reaction can happen employing almost
any other oxidizing agent, and it is sometimes very difficult to avoid completely.
Sometimes, PDC in DMF is found to be particularly advantageous because it
tends to produce less epimerization than other oxidants.2% 25 28

_/OH 3.5eq. PDC = C_;OZH
: DMF, r.t, 24 h . _OAc
M e/\/OAC Me/\/

45%
Although Jones reagent provides a better yield, PDC in DMF is preferred because it produces

less racemization.2Z®
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Normally, aliphatic primary alcohols are easily oxidized to carboxylic acids
with PDC in DMF, while the oxidation of allylic and benzylic alcohols pauses
at the aldehyde stage.2 On the other hand, during the oxidation of aliphatic
primary alcohols, carboxylic acids are occasionally obtained contaminated with
minor amounts of aldehydes,?™2 and in some rare cases, the oxidation of
aliphatic alcohols stops at the aldehyde stage with no carboxylic acid being
isolated. 2

»

OH B  COH

This is an uncommon case in which a primary aliphatic alcohol is treated with PDC in DMF
resulting in an unfinished oxidation to carboxylic acid that must be completed by treatment
with potassium permanganate. The electronic similitude between alkenes and cyclopropanes
may explain this fact, because the primary alcohol in this molecule possesses a certain
allyl-like character and it is known that allyl alcohols are oxidized to aldehydes by PDC
in DMF.°

HBoc 1-PDC, DMF, 4A MS NHBoc
2- KMnOy,, NaH,PO,, t-BuOH, 3 min.
Et

Occasionally, dimeric esters are formed during oxidation of primary
aliphatic alcohols with PDC in DMF.Z This can be mitigated by the use of excess
of PDC and avoiding high temperatures.Z

Me o“"~0 0
M i OHDMF, rt, 24 h M wied oM M ]3 >
Mé
8

>62%

A good yield of carboxylic acid is obtained by performing the oxidation at 18 °C and using 6
equivalents of DMF. A 10% yield of the undesired dimeric ester 8 is formed if the reaction is
run at higher temperature and employing less equivalents of DMF.Z
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Heyns Oxidation

Oy, Pt

4.1. Introduction

In the 1940s, Heyns et al. reported! that 2-keto-L-gulonic acid (10) can be
obtained in high yield by bubbling oxygen through an aqueous solution of
L-sorbose (9) containing suspended finely divided platinum.

OH O OH O
/\/E\)J\/OH —02‘ i /\/E\)J\
HO™ Y % H,0, base > HO : T TCOH
OH OH OH OH
L-sorbose (9) 2-keto-L-gulonic acid (10)

This remarkable transformation involves the selective oxidation of one
primary alcohol in a molecule containing two primary alcohols and three
secondary ones. Because of its mildness and selectivity, these reaction conditions
were tested in other sugars and resulted in highly efficient oxidations of primary
alcohols to acids.?

Although Heyns must be credited for his early very important contributions to the
development of the oxidation of alcohols using oxygen in the presence of catalytic
platinum, it must be mentioned that the catalytic effect of platinum in the oxidation
of cinnamic alcohol with oxygen was already noted by Strecker in 1855.2 Other

early contributions to the oxidation of alcohols with oxygen in the presence of platinum
6

were made by von Gorup—Besanez,i‘ Dafert,2 and Grimeaux.®

The experimental data,? for the platinum-catalyzed oxidation of primary
alcohols to carboxylic acids using molecular oxygen, are compatible with a
mechanism, shown below, beginning with complexation of the alcohol with
an active site of the catalyst and transfer of hydrogen atoms from the alcohol
to the surface of the platinum particles. This step—which is the reversal of
catalytic hydrogenation of aldehydes—Ileads to an intermediate aldehyde and
hydrogen being adsorbed on platinum particles. Next, the hydrogen atoms
react with oxygen under platinum catalysis resulting in formation of water,

43
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probably via formation of hydrogen peroxide.’® The intermediate aldehyde
is hydrated resulting in formation of a gem-diol that is further oxidized to
carboxylic acid through a pathway resembling the transformation of alcohol into
aldehyde.

I )

777 T77 /777 /77
Pt Pt Pt Pt
H,0 0, H,0 O,

During the optimization! of the platinum-catalyzed oxidation of L-sorbose
(9) to 2-keto-L-gulonic acid (10) with molecular oxygen in aqueous solution,
Heyns et al. established the following experimental facts:

e The pH must be neutral or slightly basic. The oxidation is very slow
under acidic conditions. Although basic pH results in acceleration of
the reaction, the pH must be kept below 11 to avoid base-catalyzed
decomposition of sugars. The reaction runs satisfactorily between pH
8 and 10. As the reaction proceeds, there is a decrease of pH due
to generation of carboxylic acid, until a value of ca. 2.4 is reached.
This can lead to cessation of the reaction unless a base is added. In
order to keep the reaction advancing, the pH can be adjusted to a
value of 8-10 by the periodic addition of base. Alternatively, 1 to 3
equivalents of base can be added at the outset resulting in a high pH
that decreases as the reaction proceeds and produces a deceleration of
reaction speed that helps to prevent overoxidations. Dibasic sodium
phosphate, NaOAc, potassium oxalate, Na,CO,, NaHCO;, and KOH are
suitable bases.

® In order to reach an appropriate reaction velocity, the oxygen must be
thoroughly mixed into the medium by bubbling it through a solution
subject to energic shaking or stirring. Air can be employed instead of
pure oxygen at the cost of a much decreased oxidation rate, although
the milder oxidation conditions can lead eventually to better yield
of acid.

e Not surprisingly, heating causes an increase of velocity, 60—70 °C being
a suitable reaction temperature, although better yield can be obtained at
28-35°C because of milder reaction conditions.
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e The concentration of L-sorbose (9) must not exceed 5-6%.

e Metallic platinum must be present in finely divided form. Black platinum
generated by reduction of PtO, with hydrogen can be employed. Alterna-
tively, platinum deposited on a carbon support can also be used; 5-10%
platinum on active carbon provides best yields.

e For best results, a generous amount of catalyst must be employed. For
example, in order to oxidize 18 g of L-sorbose (9), good yields are
obtained using 10 g of 10% platinum on carbon. Fortunately, the costly
catalyst can be recovered and reused{®# more than 20 times with no
noticeable loss of activity.

Heyns et al. tried many catalysts for the oxidation of L-sorbose (9) with oxygen,
including around 30 different elements. Apart from platinum, only palladium and
osmium delivered some 2-keto-L-gulonic acid (10).1°

After the initial studies by Heyns et al. on the oxidation of L-sorbose (9),
the platinum-catalyzed oxidation of primary alcohols with oxygen was tested
on numerous substrates by many researchers. As a rule, subsequent studies
confirmed the early observations; nonetheless, small changes of the original
protocol very often allow some improvements in the yields.

Solvent

These reactions are most often carried out in water, in which case the alcohol
must have a certain solubility for the reaction to proceed. Ideally, the alcohol
must be completely dissolved in water, although the reaction very often
succeeds employing a suspension of the alcohol.2 In any case, the reaction
medium must be completely uniform and the catalyst must be able to move
without obstruction inside the liquid. Traces of oil droplets in water can
cause the coagulation of catalyst particles and arrest the continuation of the
oxidation.2

When an alcohol possessing a low melting point is oxidized as a suspension
in water, the reaction temperature must not exceed the melting point in order to
avoid clotting of the catalyst.2¢

OMe OMe
B0~ o 0.4 8. 10% PYC, 0,20 g, NaHCO;  2"ON
Bno\‘“ "’:,/OH Naz COS, water, 76-78 OC, 9h Bno\‘\‘ Il"COzH
OBn 65% OBn

During this oxidation, oxygen is bubbled through a suspension of starting alcohol in water.
For greater reaction velocity, it is better to use high temperature, but it must not exceed the
melting point of the starting alcohol, because the resulting oily drops would cause coagulation
of the catalyst particles and interruption of the oxidation.2¢
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Heyns oxidation can be performed in an organic solvent, such as EtOAc,%
glacial acetic acid,X! or heptane,!2* instead of water. In such cases an aldehyde
is obtained, something that is not surprising because, in the absence of water, the
aldehyde cannot be transformed into a gem-diol that could be further oxidized
to acid. On the other hand, in regular Heyns oxidations carried out in water,
the addition of an organic cosolvent can sometimes be beneficial because it
can promote better mixing of reagents. Solvent combinations employed for this
purpose include: acetone and water;2 dioxane and water;12 EtOAc and water;
diglyme and water;12 isopropyl alcohol, EtOAc, and water;1¢ and isopropyl
alcohol, acetone, and water.Z The addition of a surfactant such as Dow Corning
Antifoam A{2 or sodium lauryl sulfate!2 may help to facilitate the solubilization
of the alcohol and increase the yield.

Supercritical carbon dioxide can be used as solvent in Heyns oxidations.L2

pH

Figure [2] shows the correlation between pH and reaction speed during the
oxidation of L-sorbose (9) to 2-keto-L-gulonic acid (10).22 While there is hardly
any oxidation below pH 6, there is an approximate sixfold increase in velocity
from pH 7 to pH 9. On the other hand, there is a decrease in selectivity of
oxidation of the primary alcohol with increasing pH, due to base-catalyzed

89 r 80
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Figure 2. Influence of pH on average reaction rate and selectivity in the oxidation
of L-sorbose (9) to 2-keto-L-gulonic acid (10) measured at 30% conversion (5 mass%
Pt/Al,O, water, 50°C, O,). Selectivity refers to the percentage of consumed L-sorbose
(9) transformed into 2-keto-L-gulonic acid (10). Reproduced by permission of The Royal
Society.
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decompositions. Because of these factors, oxidation of sugars is normally better
performed at pH ca. 7-8.

Heyns oxidations are normally carried out in the presence of NaHCO;, to
avoid acidification due to generation of a carboxylic acid, which would cause a
very substantial decrease in oxidation speed. Sometimes, all the base is added
at once at the beginning of the oxidation, although it may be more satisfactory
to fine-tune the pH continuously by the sequential addition of several portions
of base. Other bases less commonly employed include NaOAc,1¢2l KOH,1?
potassium oxalate,!? potassium oxalate plus NaHCO,,1? phosphate buffer,1% 22
NaHCO, plus K,CO; (pH 7.5-9.0),2* KHCO,,2 BaCO,,2" K,CO,,2 and
NaHCO; plus Na,CO, (pH 8.8).2

Secondary alcohols can also be oxidized under Heyns conditions,2
although generally at a much slower rate than primary ones. On the other hand,
at acidic or neutral pH, in which primary alcohols are slowly oxidized and
their oxidation tends to stop at the aldehyde stage,? the oxidation of secondary
alcohols may occur at a substantial speed. Therefore, in order to accomplish
good selectivity in the oxidation of primary alcohols to acids in the presence of
secondary alcohols, it is advisable to operate at a basic pH. On the other hand,
Heyns oxidation of primary alcohols to carboxylic acids can occasionally be
successful at low pH.2- 2

| | OH air, PYC, water | |
MeO pH: 5-6, 65 oC, 39 h MeO
le} 22% 0

The obtention of this carboxylic acid under Heyns conditions must be done under acidic
pH—something that is unusual in Heyns oxidations—due to sensitivity of the pyranone
ring to base. The acidic conditions lead to a decrease in oxidation rate, which results
in moderate yield of acid in spite of prolonged reaction time in the presence of
generous quantities of catalyst (1.25 g Pt/C per g starting alcohol).ZI*

HOXOH O, PVC . HO CO,H
— (o]
HO OH water, pH=5.8-7.0, 35°C HO >< OH
50%
In this remarkable monooxidation of a symmetrical compound possessing

four primary alcohols, it is important to run the reaction under mild acidic
conditions and moderate temperature to avoid overoxidation,2®

It must be mentioned that successful Heyns oxidations of primary alcohols
are sometimes carried out with no addition of base.12¢ 1628
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Oxygen

The oxidation of alcohols with oxygen and platinum is normally quite slow.
Therefore, it is usually practical to speed up the reaction by (a) using high
temperature—normally close to the boiling point of water; (b) bubbling? pure
gaseous oxygen, rather than air, in the most energetic way; (c) and stirring® 2

or shaking the reaction medium in the most vigorous manner.

OBn OBn
ZAN A 0,, Pt, water _ 2N ~o
K\ ", H= 7'8.2, 80 oC, 2 h AW ",
HO ..~OH P 20-80% HO "CO,H
OH ° OH

In this oxidation it is possible to raise the yield from 40% to 70-80%, simply by
quickening the stirring speed and the bubbling of
oxygen. &

It can be proved that above a certain stirring velocity no further acceleration of
oxidation occurs.Z! Likewise, increasing the amount of oxygen can in fact produce a
reduction of oxidation rate due to oxygen blocking the active sites of the catalyst,2
something that is unfortunate because it prevents an efficient acceleration of this
oxidation by working under high oxygen pressure.2'3 As these severe conditions
are difficult to implement in a normal laboratory, it is normally advisable to run
Heyns oxidations with as much oxygen and stirring/shaking as possible with the
equipment available.

Research needed

Oxygen is not very efficient in removing hydrogen atoms from the surface of
platinum particles. Alternative oxidants such as methylene blueZ® or hydrogen
peroxide22 were briefly tested. A more efficient and practical secondary oxidant
than gaseous oxygen is needed.

Platinum

Heyns oxidations are performed using either platinum deposited on a carbon
support or black platinum generated by reduction of Adams’ catalyst, a highly
reactive form of hydrated platinum dioxide. It must be mentioned that the
effectivity of a certain platinum on carbon catalyst greatly varies depending
on the kind of carbon support employed.1>32 Some authors claim that reduced
Adams’ catalyst is superior to platinum on carbon.li20¢33 Although reduced
Adams’ catalyst is expected to provide more consistent results, certain kinds
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of platinum on carbon may work more efficiently, especially on a platinum
weight basis.

Platinum deposited on Al,0,2™2 and platinum-containing hyper-cross-linked

polystyrene32 have also been used.

WARNING: during Heyns oxidations in which black platinum is prepared
in situ by reduction of platinum dioxide with H,, the gaseous hydrogen must
be completely evacuated and replaced by an inert gas like nitrogen or argon
before oxygen is introduced. The simultaneous presence of hydrogen and oxygen
in the reaction flask must be rigorously avoided, particularly considering that
platinum is present. Platinum may catalyze an explosive reaction of hydrogen
with oxygen.

Poisons

In common with other platinum-catalyzed reactions, such as catalytic hydro-
genation, the platinum catalyst may be poisoned by traces of certain compounds
that easily block the catalytic sites. As expected, sulfur compounds such as
dithioacetals3¢ and H,SZ strongly inhibit Heyns oxidations. Some metallic ions
such as calcium and aluminum cations also inhibit the oxidation. The inhibition
produced by Ca”" is particularly strong and common.2 Stagnant distilled water
normally contains Ca’* ions dissolved off the glass cylinders, and therefore it
is recommended that Heyns oxidation be done in freshly bidistilled water. By
employing freshly bidistilled water instead of stagnant distilled water, it was
possible to shorten the oxidation of isopropyl alcohol to acetone from 7000 to
50 minutes.13?

Amines poison the platinum catalyst because they strongly bind to the
catalytic sites. 22 31

Interestingly, amines in very small amounts can favor Heyns oxidations
because of the accelerating effect provided by a local increase of the pH on the
surface of platinum particles. The quantity of amine must be finely adjusted in
order to keep this beneficial effect while sufficient active sites remain available for
complexation of substrate.Z™

The inhibitory effect of phenols is open to debate.

2a,b, 23,27

When the oxidation is performed using compressed air, poisoning from
oil coming from pumps is possible. Therefore, it is recommended that air be
washed,2! for example, by passing through concentrated sulfuric acid.? This
problem is not so common when compressed oxygen is employed.

Hydrogen adsorbed on the platinum particles inhibits the oxidation.2® That
is why, when clean platinum is used, the velocity of the oxidation is very high
on the first contact with the alcohol. This is followed by a slower oxidation rate
while the oxygen has to remove the hydrogen from platinum particles.Z! In fact,
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excess of platinum in the absence of oxygen would have been a magnificent
oxidant were it not for its price.

When black platinum is generated by treatment of PtO, with hydrogen,
the resulting particles are covered with hydrogen, and it is important to remove
rigorously this hydrogen to achieve a high initial oxidation rate.

The products of Heyns oxidation are sometimes adsorbed on the platinum
surface stronger than the substrate.ZX In such cases of product-poisoning of the
catalyst, it is very difficult to achieve full conversion of the starting compound,
and, for best yields, it is better not to prolong the oxidation. An efficient complex-
ation of product with active sites, which hinder the oxidation, can depend on very
subtle structural features.2? Therefore, the speed of the oxidation of a certain
primary alcohol may be very difficult to anticipate, based on comparisons with
similar substrates.

Selectivity

The most remarkable property of Heyns oxidation is its ability to selectively
oxidize primary alcohols in the presence of secondary ones.32* 3438 This allows,
for example, very effective transformations in unprotected polyols.

H  _OH CO,H  COH
HO, A OH air, 5% PYC | MOy oSO
H"/ _ 7. o 1y ",
HO g vy I"’OH water, pH_g772:y7O C,24h HO : " "OH
:OH OH 7e OH OH

Heyns oxidation allows a selective and almost quantitative oxidation of two
primary alcohols in a molecule containing six unprotected secondary
alcohols. 22

On the other hand, it must be mentioned that under Heyns’ condi-
tions secondary alcohols can also suffer oxidation.2 13 26a.cf.32a Tn fac,
during the oxidation of many sugars, secondary alcohols react resulting in
oxidative breakages of carbon—carbon bonds that lead to low-molecular-weight
compounds that remain undetected in many experiments. Very often only the
product, resulting from the oxidation of the primary alcohol and possessing
higher molecular weight, is detected, leading to the view that the reaction is
highly selective. When care is taken to isolate low-molecular-weight products,
a picture emerges in which, although the major pathway is the selective
oxidation of the primary alcohol, substantial oxidation of secondary alcohols also
occurs.2
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O,H

H,CO4 HO o
2

o CHO OH O.H 1% o
Oy, 5% PYALO; HO

OH OH HO, ,COgH
—
HO water, pH= 9 HO OH + HO * _?—OH * HO,C

CO,H HO 4%
HO HO
COH g

D-Xylose 58% 12% 8% Co,H
1%

During an oxidation of D-xylose, optimized for obtention of the dicarboxylic acid resulting
from reaction of both the aldehyde and the primary alcohol, many low-molecular-weight
compounds, resulting from oxidative breakage of secondary alcohols,
are obtained.3*

As expected, higher selectivity on oxidation of primary alcohols in the
presence of secondary ones is achieved operating under milder conditions.28?
While the oxidation of primary alcohols is accelerated at basic pH and is
greatly suppressed under acidic conditions, secondary alcohols are oxidized at
a substantial rate under acidic conditions. Therefore, it is advisable to operate
at basic pH to achieve an optimum selectivity in the oxidation of primary

alcohols.

NHSO,Ph 0, Pt NHSO,Ph
-M H —mm - M
5 water, 55 °C T COH
OH 55% OH

In this oxidation of a primary alcohol in the presence of a secondary one, it is important not to

increase the temperature to maintain good selectivity. 28

Due to the mildness of Heyns oxidation, it is often possible to selectively
oxidize certain primary alcohols in molecules possessing more than one alcohol
of this kind.2

HQ  ©OH 0,, 5% PY/C HQ ©LH
MeO,., OH water, pH=9 MeO,., COH
Ho—/ © 80% Ho—/ © 2

The less hindered primary alcohol is selectively oxidized in 80% yield in a
molecule containing two primary and two secondary

alcohols. 42"
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Application

Heyns oxidation is quite demanding from the experimental point of view;
therefore, it must not be recommended for the routine oxidation of primary
alcohols to carboxylic acids. On the other hand, this oxidation is extremely well
suited for cases in which primary alcohols must be selectively oxidized in the
presence of secondary ones or when a very mild oxidant is needed.

4.2. General Procedure for Heyns Oxidation of Primary
Alcohols to Carboxylic Acids

Oxygen® is bubbled® over a vigorously® stirred or shaken suspension?
of black®! platinum (ca. 0.6-2.1 equivalents) or platinum on carbonf2
(ca. 95-210g/mol alcohol) in hot" water', containing 1 equivalent of
alcohol; in a concentration of ca. 0.01-0.25 mol/liter, and approximately
1-11 equivalents®* of NaHCO,.! When most of the starting compound is
consumed,™ the catalyst is filtered using either paper or a pad of Celite®.
The basic aqueous solution can be optionally washed with an organic solvent
such as EtOAc. The aqueous phase is acidified with hydrochloric or sulfuric
acid. In some cases this produces crystallization of the acid that can be
filtered. Alternatively, the acid can be extracted with an organic solvent
such as EtOAc, and the organic solution can be dried (Na,SO, or MgSO,)
and concentrated, giving a crude acid that may need further purification.
Optionally, the basic aqueous solution containing the acid can be treated with
an acidic resin in order to remove the metallic cations, and water can be
removed by (in vacuo) distillation or lyophilization leading to a crude acid
that may need further purification.

2 Air can be used instead of oxygen, although this leads to decreased reaction rate. It is advisable
to wash the air by passing through concentrated sulfuric acid, to avoid poisoning of the catalyst
from residues of oil from an air compressor or from amines. Poisoning is not so likely when
oxygen from a cylinder is employed.

Bubbling must be as energetic as possible to achieve optimum oxidation speed.

¢ The experimental setup must guarantee maximum mixing and contact among the solution, the
catalyst particles, and oxygen. Oxygen can be bubbled through the reaction medium in a standard
setup with magnetic or mechanical stirring. Alternatively, the oxygenation can be made using a
hydrogenation apparatus. WARNING: in such case it is extremely important to remove any trace
of hydrogen before oxygen is introduced, because platinum may catalyze an explosion of oxygen
in contact with hydrogen. The mixing must be done so that most of the catalyst particles remain
in suspension in the liquid rather than deposited on the walls of the flask.

The catalyst particles must be able to move freely inside the liquid. The presence of even
small oily drops from residues of organic solvents or starting alcohol very easily causes the
coagulation of the catalyst particles, leading to near cessation of the reaction.

Black platinum is normally prepared in sifu by reduction of Adams’ catalyst—a highly
reactive form of hydrated platinum dioxide—with gaseous hydrogen. Hydrogen is admitted
into a stirred or shaken supension of Adams’ catalyst in water. This produces a change from
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a heavy granular powder of brown Adams’ catalyst to a much finer suspension of black
particles of metallic platinum, the so-called black platinum. In the absence of organic matter
or added salts, the generation of black platinum normally takes from several seconds to 2 or 3
minutes.2. WARNING: after the preparation of black platinum, it is very important to replace
the unreacted hydrogen by an inert gas like nitrogen or argon before bringing oxygen in,
because platinum may induce an explosion if hydrogen is allowed to be in contact with oxygen.
Black platinum freshly prepared by hydrogenation of PtO, is covered by hydrogen atoms that
block the active sites. Failure to remove these hydrogen atoms may lead to an induction period
in which no oxidation of alcohols takes place while oxygen cleans the catalytic particles.

Both black platinum and platinum on carbon can be reusedi®$ in many oxidations with no

substantial loss of activity. Due to the very easy poisoning of catalyst with traces of sulfur
compounds, amines, and certain inorganic cations such as Ca’*, all components of the reaction
mixture must be of the highest purity.

-

o

Normally, 5% or 10% platinum on carbon is used. There may be substantial differences
in performance depending on carbon support.1® 32 Therefore, it is important to disclose the
source and type of carbon-supported platinum when reporting a certain experiment.

Water at a temperature between 50 and 90°C is normally employed. The reaction can be
performed at room temperature, resulting in better selectivity on the oxidation of primary
alcohols at the cost of much reduced oxidation rate.

Stale distilled water stored in glass containers is often contaminated with Ca*" ions leached
from the walls that can retard substantially the reaction by poisoning of the catalyst.2 Therefore,
it is recommended to employ freshly bidistilled water.

s

Ideally, the alcohol must be completely dissolved in water. The oxidation may succeed with
the alcohol suspended in water, provided that the alcohol possesses certain solubility. The
segregation of some liquid alcohol as oily droplets very often causes the coagulation of catalyst
particles, resulting in the termination of the reaction. Therefore, this must be avoided either
by lowering the reaction temperature or by adding a suitable organic cosolvent that causes no
clotting of the catalyst. Coagulation of the catalyst can also be produced by residues of some
organic solvents. Solvent combinations employed in Heyns oxidation include acetone and
waterd2; dioxane and waterl3; EtOAc and water?; diglyme and waterL2; isopropyl alcohol,
EtOAc, and wateri®; and isopropyl alcohol, acetone, and water.

A trace of a surfactant such as Dow Corning Antifoam A1% or sodium lauryl sulfatel? is
sometimes added to facilitate the solubilization of the alcohol.

~

The speed for the oxidation of primary alcohols increases with the pH and it is very low
under acidic conditions. As the oxidation advances, the generation of a carboxylic acid would
produce an acidic pH that would eventually cause the reaction to halt before conclusion.
This is avoided by the addition of base. When just 1 equivalent of base is added, there is a
decrease of the pH—and of oxidation velocity—as the carboxylic acid is generated that helps
to avoid overoxidations at the cost of a lower overall oxidation rate. The base is often added
sequentially as the reaction advances in order to maintain a pH of ca. 7-9, which secures
a suitable oxidation speed while base-sensitive functional groups may remain unchanged. It
must be mentioned that when a selective oxidation of a primary alcohol in the presence of
a secondary one is sought, better results are expected under basic pH, because while the
oxidation of primary alcohols is greatly suppressed under acidic conditions this may not be

the case with secondary alcohols.2?

Other bases are occasionally employed, including NaOAc,+* 2 KOH,1? potassium oxalate,12
potassium oxalate plus NaHCO,,2 phosphate buffer,* 22 NaHCO, plus K,CO, (pH 7.5-9.0),2%
KHCO,,2Z BaCO,," K,CO;,2 and NaHCO; plus Na,CO; (pH 8.8).2 Heyns oxidations of
primary alcohols are sometimes carried out with no base added.=" =% = =% 2

™ It normally takes between 1 and 48 hours.
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General Procedure for Heyns Oxidation of Primary Alcohols

CszN% 0,, 0.06 €q. 10% P1/C CbzHN
O=p_ water, aq. NaHCO,, 50 °C, 36 h O:m
MeG © 89% mMe$ O COH

Heyns oxidation secures 89% of the desired acid, while the reaction fails with chromium
reagents, and Swern followed by permanganate gives a 40% yield.22

Ph/\/Y\OH 0,, Pt . P Z O-H
NHBoc 65% NHBoc

According to the authors£3: “However, although the oxidation of analogous protected
aminoalcohols by chemical reagents such as pyridinium dichromate or Jones’ reagent has
been reported, in our hands these methods were rather inefficient. We then attempted to
exploit the oxidation catalyzed by molecular oxygen in the presence of platinum, and were
pleased to find that this approach led to the acid that could be obtained in satisfactory yield
(65%) and high optical purity.”

1- H, (50 psi), 0.7 eq. PtO,
NHSOPh 2- 0, water, 55 °C, 20 h Me\/\)"fsofh
Me\/\)\/OH —— > COH

While Heyns oxidation provides a 72% yield of the desired acid possessing optical purity
above 99%, Jones oxidation, Sarett reagent, and PDC in DMF gave unsatisfactory results.28?

COzH

0y, Pt, NaHCO,

water/acetone, 50 °C, 1-2 h

87% Me

In this complex and sensitive substrate it is possible to perform the selective oxidation of a
primary alcohol in the presence of two secondary ones using platinum and oxygen.Z
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4.3. Functional Group and Protecting Group Sensitivity

to Heyns Oxidation
Heyns oxidation normally transforms aldehydes into carboxylic acids®* % under
quite mild conditions, so that selective oxidation of aldehydes in the presence of
primary alcohols is possible,2%: 4434

OH OH OH OH OH OH
0,, 5% PYC
HO' CHO HO on + 1Oz CHO
: water, NaHCO, (pH= 6.5), 35 °C : 2 :
OH OH OH OH OH OH
92% 7%

In the patent where this reaction is described, overoxidation is avoided by using an apparatus
in which freshly formed monocarboxylic acids are continuously separated from the reaction
medium by electrodialysis. Most of the aldehyde functionality (92%) is selectively oxidized

in the presence of five alcohols, while minor amounts (7%) of product resulting from
selective oxidation of the primary alcohol are also obtained.4

Secondary alcohols can be oxidized under Heyns’ conditions. 2> 13 26a.c—f. 32a

Nevertheless, as the oxidation of primary alcohols can be made under milder
conditions, Heyns oxidation is in fact one of the best methods to achieve selective
oxidation of primary alcohols in the presence of secondary ones.32% 34:38

Heyns oxidation is normally carried out under basic conditions. This
does not need to cause any interference with base-sensitive functional groups,
because experimental conditions are normally quite mildly basic. In fact,
oxidation of primary alcohols with platinum and oxygen can take place in the
presence of base-sensitive functional groups such as esters,i % amides, 48
urethanes, 2% £-23. 382 and epoxides.i29 In some cases a too basic pH causes
interference with some base-sensitive functional groups.%

OH OH
HO.,, wOH 0O, Pt -~ HO.,, WOH
H water, pH=7-8,87-88 °C, 35 h )Oj\
Me;C™ "O” O 60% MeC™ "O° "O° "CO,H

During the selective oxidation of a primary alcohol in the presence of three secondary ones,
the pH must not be raised above 8 to avoid the hydrolysis of the base-sensitive ester.2Z

Although amines are reported to poison the platinum catalyst,22I¢ 31
experimental conditions can be devised allowing the selective oxidation of

primary alcohols in the presence of amines,2 including pyridines.12¢
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4
N \ 0O,, Pt iy
water/acetone, 50 °C
60% Cshrs
OH OH

C5H11

The oxidation of this primary alcohol using platinum and oxygen succeeds regardless
of the presence of a pyridine ring that could poison the
catalyst,12¢

On the other hand, protection of amines as urethanes38®32-43.22

or
amides!?- 28 prevents any possible poisoning. N-Methylamines can be oxidized
to a formamide2! or demethylated2? with platinum and oxygen.

Although low-valent sulfur compounds are known to poison the platinum
catalyst,Z" 3¢ there is one report in which an oxidation is made with platinum and
oxygen in the presence of a thioacetal.2 Sulfur compounds of high oxidation
state are normally not able to coordinate with active sites in platinum and
therefore cause no poisoning. Thus, oxidation of alcohols to carboxylic acids
employing Heyns’ method can be carried out, for example, in the presence of
sulfones. 28 10

Due to the mildness of Heyns’ conditions, the oxidation of alcohols
to acids can take place in the presence of many functional groups and
moieties sensitive to oxidation, such as alkenes,i2>®33% phenols,2 and
aromatic compounds, including very oxidation-prone electron-rich aromatic
compounds.22® Nonetheless, indoles, which are normally very sensitive to
oxidation, are known to react with oxygen in the presence of platinum.22

4.4. Side Reactions

Aldehydes are sometimes isolated from the reaction of primary alcohols with
platinum and oxygen.? This may be purposefully achieved by performing the
oxidation in the absence of water.l!-132 The isolation of aldehydes is quite
difficult in the presence of an excess of water, because they are very quickly
oxidized to carboxylic acids via the corresponding hydrates.

During the oxidation of primary alcohols, secondary ones present in
the same molecule can also suffer oxidation in a minor proportion.2* When
the oxidation of a secondary alcohol leads to an a-hydroxyketone, this is
further oxidized resulting in a carbon—carbon bond breakage that many times
results in generation of low-molecular-weight acids,2"34 which may remain
undetected.
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A secondary alcohol such as sec-butanol®® or isopropyl alcohold is
sometimes added to the reaction medium, apparently with the purpose of
mitigating the oxidation of secondary alcohols in the presence of primary ones.

OH OH
AcHN WOH 0O,,10% Pt/C, NaHCO3 (pH=7.0-7.8)  AcHN ~OH
H water, sec-butyl alcohol, 89-93 °C
BnO" O 51% BnO™ ~O~ “CO,H
According to the authors: “over-oxidation was controlled by the addition of
sec-butanol.” 482

Sometimes, due to the basic medium, epimerization at the carbon adjacent
to the carboxylic acid can occur.2 This can be avoided by a proper choice
of base.

M air, Pt/C, NaHCO, M
3( > 3( wCO,H
Me ™%, “oH 60-65°C, 2h Me™y
95% (97% ee€)
According to the authors: “Catalytic oxidation with Pt/C and air (or oxygen) in aqueous and

basic medium gave excellent chemical yields of the acid. However, the choice of base was
critical in avoiding any racemization of the chiral centre.”22

The oxidation of 1,4- and 1,5-diols sometimes leads to formation
of stable five- and six-membered lactones, instead of the corresponding

hydroxyacids.2 3
HoHOMe Me Me,
3 ~~OH  O,blackpt PO PhO§
H —_— N O + )\j OH

Mé OH water, 60 °C, 2 h me / mé /

Nme Me™% % Me™% ~
PhO,S OH OH OH OH
91% traces of lactols

The treatment of the starting tetrol with oxygen in the presence of black platinum leads to the

selective oxidation of the primary alcohol. A stable six-membered lactone is isolated instead

of a free carboxylic acid. Traces of lactols in equilibrium with an aldehyde resulting from an
incomplete oxidation are also obtained.2?
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O, Pt, trace of sodium lauryl sulfate
water/diglyme (1:1), 55 °C, 20 h 5
100% oH

In this remarkable transformation, a five-membered lactone is quantitatively obtained by the
selective oxidation of the primary alcohol. One of the secondary alcohols is transformed into
a ketone, while the other secondary alcohol is protected in situ by the formation of a lactone.
Notably, not even a trace of epimerization at the a position of the lactone is observed.
According to the authors: “In the absence of the surfactant the reaction proceeded sluggishly,
due to the insolubility of the starting alcohol, affording the product in ca. 50% yield after
40h at 55°C.” 12
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Ruthenium Tetroxide and Other

Ruthenium Compounds

Q
0=Ru=0
0

5.1. Introduction

Ruthenium tetroxide (RuQ,) is a golden-yellow volatile solid with an acrid
odor, sparingly soluble in water and freely soluble in CCl,, in which it
forms stable solutions. In comparison with the analogous compound OsO,,
ruthenium tetroxide is a stronger oxidizing agent that reacts violently—resulting
in explosion and/or flames—with most common organic solvents such as ether,
alcohols, benzene, and pyridine,! and also with filter paper.

Ruthenium tetroxide sublimes very easily at room temperature, possessing a melting
point of 25.4°C and a boiling point of 40°C. While it is very soluble in CCl, and
other nonflammable organic solvents, a saturated solution in water at 20°C reaches a
concentration of 2% wi/v.

WARNING: RuO, is a toxic and explosive compound, and, although it is
less toxic than OsQO,, it must be handled in a well ventilated fume hood using
goggles and gloves. It can be destroyed with a sodium bisulfite solution, resulting
in the much safer and less toxic ruthenium dioxide, which is a dark insoluble
solid with very low vapor pressure.

Ruthenium tetroxide can be conveniently handled as a carbon tetrachloride
solution that is easily prepared by stirring an aqueous solution of sodium
periodate (NalO,) with a suspension of hydrated ruthenium dioxide in CCl,.2
Ruthenium tetroxide partitions between CCl, and water, resulting in a 60:1
concentration ratio.2

Procedure of Pappo and Becker

In 1953, Djerassi and Engle! reported the reaction of stoichiometric RuO, in
CCl, with a number of organic compounds. Three years later, Pappo and Becker
published in a journal of limited distribution? the use of catalytic RuO, in
the presence of NalO, as secondary oxidant, in the oxidation of alkenes and

61
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alkynes. In 1958, Berkowitz and Rylander2 described the oxidation of n-hexanol
to hexanoic acid using a stoichiometric solution of RuO, in CCl,.

06 eq. RuO,, CCl,
/\/\/\OH - /\/\/COQH
rt,12h
10%
The first oxidation of a primary alcohol to carboxylic acid using RuO, was reported by

Berkowitz and Rylander in 1958. They obtained a modest 10% yield of hexanoic acid by
treating n-hexanol with a stoichiometric quantity of RuO, dissolved in CCl,.2

In 1969, during the synthesis of a mold metabolite, Roberts et al.f
employed for the first time catalytic RuO, in the oxidation of primary alcohols to
carboxylic acids. The use of catalytic RuO,, normally in the presence of NalO,
as secondary oxidant, became very quickly routine in the oxidation of organic
compounds with RuO, because of economy and safety.

H H"~~oH
Me cat. RuO,, NalO,
H—fr s >58% "
HO Me Me

The first use of catalytic RuO, for the oxidation of primary alcohols to carboxylic acids was
reported by Roberts et al. in 1969 during the preparation of the mold metabolite culmorin.$
They employed the catalytic RuO, oxidation procedure of Pappo and Beckerd—consisting of
the use of a small amount of RuO,, generated from RuO,, in the presence of excess of
NalO,— to achieve the simultaneous oxidation of two primary alcohols to carboxylic acids
and one secondary alcohol to ketone.

Sharpless’ Modification

In 1981, Sharpless et al. noted in a repeatedly cited paper? the eventual inacti-
vation of the RuO, catalytic cycle in oxidations in which carboxylic acids are
produced. This was attributed to formation of complexes between carboxylic
acids and low-valent ruthenium compounds, in which ruthenium resisted the
reoxidation to RuO,. They found that acetonitrile prevents the inactivation of the
RuO, catalytic cycle, something that they attributed to acetonitrile competing
efficiently with carboxylic acids for complexation with low-valent ruthenium
compounds, resulting in complexes in which the reoxidation to RuO, can be
effective. They proposed the use of the solvent mixture water/MeCN/CCl, in a
3:2:2 ratio for oxidations carried out using the procedure of Pappo and Becker
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with catalytic RuO, and excess of NalO,. Although they reported in the first
publication a single example of oxidation of a primary alcohol to carboxylic
acid employing their modified protocol, Sharpless’ modification of the procedure
of Pappo and Becker found very quickly a widespread use in the preparation of
carboxylic acids from primary alcohols because of its consistent efficiency and
very easy experimental conditions.

Ph/V\OH 2.2% RUC|3, 3eq. NalO4 o Pl(vcozH
H Y9 “H water/MeCN/CCl, (3:2:2), r.t, 1h H % “H
75%

After observing that, in oxidations in which carboxylic acids are produced, the catalytic effect
of RuO, ceases due to complexation of carboxylic acids with low-valent ruthenium
compounds, Sharpless et al. proposed the use of the solvent mixture water/MeCN/CCl, in a
3:2:2 ratio, which gives optimum results in the oxidation of (E)-5-decene to pentanoic acid.Z
Although this oxidation protocol was not optimized for the oxidation of primary alcohols to
carboxylic acids, and Sharpless et al. included in their first paper only the above example of
this functional group transformation, Sharpless’ modification of the protocol of Pappo and
Becker? for oxidations with catalytic RuO, found very quickly extensive use in the

preparation of carboxylic acids from primary alcohols.

Mechanism

The rate-determining step in the oxidation of alcohols with RuO, consists of
a hydride transfer from the alcohol to RuO,, leading to a protonated carbonyl
group.? The experimental data are consistent with the mechanism shown below
for the obtention of carboxylic acids, in which RuO, oxidizes the alcohol to an
aldehyde, that is hydrated to a gem-diol before a second oxidation delivering a
carboxylic acid occurs.

||'| R ® ©® +H,0 (PH H ® ®
—-H 2 )
R-CID—OH —_— R4/2) _— R—é) «—=_ R-C-OH R—/g) — R-CO.H
A m H H H OH
RO low-valent RUO. Iovx;]—va]ent
uQs  ruthenium . uO,  ruthenium
Complexation of low-valent
compourids ™ ruthenium compounds with compounds
carboxylic acids can inhibit
the regeneration of RuOj,.
This can be avoided by
addition of acetonitrile that
secondary competes with carboxylic secondary

oxidant acids for complexation. oxidant

Solvent

In the vast majority of cases, Sharpless’ modification of the procedure of Pappo
and Becker for catalytic oxidations with RuO, is followed, and a solvent mixture
consisting of water, acetonitrile, and CCl, in a 3:2:2 ratio is employed.
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Slight variations of the water/MeCN/CCl, (3:2:2) ratio are sometimes used to fit diverse
solubilities of substrate, resulting in successful oxidations.2 Thus, the proportion of water
is sometimes decreased to a ratio between 3:2:2 and 1.5:2:2. Sometimes, CH,Cl, 1 or
CHCI, Y is used in the place of CCl,. On occasions, no CCl, is added and a mixture
of water and acetonitrile, containing a water/MeCN ratio ranging from 1:142 to 1:6,43
is employed. It must be mentioned that the use of acetonitrile as the main solvent, with
the addition of a few equivalents of water, promotes the isolation of the intermediate

aldehyde.#

Carbon tetrachloride is a poisonous and environmentally objectionable
solvent. This prompted the quest for alternatives, resulting in the proposals
of a water/dimethyl carbonate mixture by Dragojlovic et all and a
water/acetonitrile/ethyl acetate (3:2:2) mixture by Prashad et al.X® The solvent
choice is severely limited by the strong oxidizing power of RuO,.

0.02 eq. RuCls, 4.1 eq. NalO
H q 3 q 4 COLH
water/MeCN/EtOAc (3:2:2), r.t, 2 h
93%

The oxidation of phenethyl alcohol using the water/MeCN/CCl, (3:2:2) solvent mixture
proposed by Sharpless et al. results in an 80% yield of phenylacetyl acid. The substitution of
CCl, for EtOAc, which is less toxic and less damaging to the environment, following the
recommendation of Prashad et al., allows the obtention of an improved 93% yield of

carboxylic acid. Alternatively, the more expensive solvent PhCF; can be employed in place of
CCly, resulting in 90% yield of carboxylic acid.4¢

A water/acetone mixture is very often used, resulting in successful
oxidations with no apparent inactivation of the RuO, cycle. Normally, a
water/acetone ratio between 2:142* and 1:512 is used. The inactivation of the
RuO, cycle by carboxylates, first described by Sharpless et al., was later
confirmed by Boelrijk and Reedijk, who conducted some very convincing experi-
ments.# The successful implementation of oxidations, with no acetonitrile being
added to prevent the inactivation of the RuO, cycle, proves that either not
all carboxylates deactivate the RuO, cycle, or acetone is able to prevent the
inactivation.

0.08 eq. RuO,, 10 eq. NalO,

o water/acetone (4:6), r.t., 24 h MeO™ o
H NHBoc >75% H NHBoc

The alcohol is successfully oxidized with no inactivation of the RuO, catalytic cycle despite

the absence of acetonitrile. According to the authors “We did not experience any difficulty

with the oxidation, performed here in aqueous acetone, due to the formation of (inactive)
lower valent ruthenium carboxylates.” 2
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Buffering

A buffer phosphate solution is sometimes employed instead of plain water, in
order to avoid side reactions.2

BS 0.002 eq. RuCls, 3 eq. NalO, BS
M > M CO,H
OH  phosphate buffer (pH=7), MeCN/CCl, (1:1),r1.,6 h
Me 90% Me

This alcohol oxidation is done in the presence of neutral phosphate buffer to prevent cleavage
of the TBS ether. 22

Some equivalents of NaHCO,,2 or less commonly K,CO5,1" are often

added, because this leads to the stabilization of the acid as the sodium (or
potassium) carboxylate.

b

(o) 0.03 eq. RuCl3, 3 eq. NalOy4 0}
o~ \OH NaHCO,, water/MeCNICCl,, 20 °C, 44 h phACOZH
>84%

The yield of this oxidation is much higher in the presence of a few equivalents of NaHCO;
that serve to stabilize the acid, as it is formed, as its
sodium salt.22

Interestingly, oxidations with catalytic RuO, can also be carried out under
slightly acidic conditions using an EtOAc/water/CF;CO,H mixture containing a
small proportion of CF,CO,H.2

RuO, Source

In the majority of cases, RuCl;—normally in hydrated form— is employed as
the source of catalytic RuO,. Hydrated RuO, is less often used.

During the generation of stoichiometric RuQ,, it was observed that hydrated RuO, from
different vendors possesses diverse reactivity, RuO, with higher content of water being
the one with the greatest reactivity.*2# No such diverse reactivities of hydrated RuO,
have been reported during the generation of catalytic RuO,, although such outcome
would not be unexpected.

During the oxidation of some sensitive alcohols, Falorni et al. reported that the use
of RuO, instead of RuCl; caused oxidative decomposition of the substrates.2

Sabbatini et al. prepared a form of RuO, deposited on Teflon2 that can be employed
as a very convenient recyclable catalyst in the oxidation of alcohols.Z
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Secondary Oxidant

In the vast majority of cases sodium periodate (NalO,) is used as secondary
oxidant in the transformation of primary alcohols into carboxylic acids employing
catalytic RuO,. Potassium periodate is also effective. 24

On the other hand, Chong and Sharpless recommend2 the use of periodic
acid (Hs1O), first employed by Stock and Tse,2 in place of NalO,, because it
leads to a quicker and more facile reaction. The effectiveness of periodic acid
as secondary oxidant was confirmed by other authors.2® Periodic acid is not
compatible with substrates that exhibit high sensitivity to acidic conditions.3¢

2 mol% RuClg, 2.5 eq. H5IOG‘

B N T erMeCN/CCl, r, 2 h B NCO,H
According to the authors “We have recently found that the use of periodic acid instead of
sodium periodate in this procedure provides for a more facile reaction. Typically, use of 2.5
equivalents of HsIO4 and 2 mol% RuCl; in the described CCl,-CH;CN-H,0 system effects
complete conversion to the acid (with no trace of intermediate aldehyde) within 2 h at room
temperature. The superiority of periodic acid over sodium periodate in the

acetonitrile-modified RuO, oxidations of aromatic compounds was brought to our attention by
Mr. Kwok Tse and Professor Leon Stock.”2

Other secondary oxidants occasionally mentioned in the oxidation of
alcohols to carboxylic acids with catalytic RuO, include hydrogen peroxide,3!
sodium bromate (NaBrO,),2¢ bleach (NaOCI)22 and Oxone® (potassium peroxy-
monosulfate). 2

Ruthenate and Perruthenate Oxidations

The ruthenate (RuO,*~) and perruthenate (RuO, ") anions are reagents in which
ruthenium exists in lower oxidation state than in RuO,. As expected, they behave
as milder oxidants than RuO, and find occasional use in oxidation of primary
alcohols to carboxylic acids in sensitive substrates.

In 1972, Lee, Hall, and Cleland described3? the oxidation of primary
alcohols to carboxylic acids employing stoichiometric sodium ruthenate in
basic aqueous solution. In 1979, Griffith and Schréder reported? the use of
catalytic potassium ruthenate in the presence of potassium persulfate (K,S,0y)
as secondary oxidant. The catalytic procedure was rediscovered by Varma and
Hogan in 1992,3 and other authors32 confirmed its efficiency in sensitive
substrates. In contrast to RuO,, potassium ruthenate is compatible with function-
alities like alkenes, which react readily with RuO,.

Oxidations of primary alcohols to carboxylic acids with potassium
ruthenate are normally carried out by stirring at room temperature a solution of
the alcohol in ca. 0.2—-1 M aqueous KOH, containing ca. 0.007-0.02 equivalents
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of RuCl; and ca. 3-5.3 equivalents of potassium persulfate. It is necessary to
use basic pH to guarantee the stability of the ruthenate anion.3% 32

/\/\/\OH cat. RUC|3, 4.6 eq. K28208‘ /\/\/CO2H
= 02 MKOH, r.t, 20 h 7

74%
An alcohol is efficiently oxidized to carboxylic acid22® in the presence of an alkene and an

alkyne, employing potassium ruthenate—a milder oxidant than RuO,—generated by oxidation
of catalytic RuCl; with potassium persulfate, using the method of Griffith and Schroder.

Research needed

An efficient method for oxidation of primary alcohols to carboxylic acids,
employing catalytic ruthenate in an organic solvent under neutral conditions,
must be developed. It would serve as a milder alternative to the use of catalytic
RuQ,.

The perruthenate anion in the form of its tetra-n-propylammonium salt,
the so-called TPAP (n-Pr,NRuO,), is a very common oxidant for the trans-
formation of alcohols into aldehydes and ketones, in which case it is used in
catalytic amounts and in the presence of N-methylmorpholine N-oxide (NMO)
as secondary oxidant.2® When this oxidation was first developed by Ley, Griffith
et al., they focused on the obtention of aldehydes and ketones. Therefore, they
recommended the addition of molecular sieves to remove the water, which
otherwise could promote overoxidation of primary alcohols to acids. On the
other hand, when TPAP is used in the absence of molecular sieves over an
extended time, it is many times possible to isolate the corresponding acid. The
water necessary for the transformation of the aldehyde into carboxylic acid may
have originated from the oxidation of the primary alcohol to the aldehyde, from
the NMO secondary oxidant, which is normally sold hydrated, or may enter
adventitiously into the reaction medium.

Ac H OAc
H O,H
0.3 eq. TPAP, 3.6 eq. NMO
acetone, r.t, 16 h
M Mée
Me >40% Me
e o) 0%

OMe ©

According to the authors: “surprisingly, the TPAP oxidation did not stop at the aldehyde stage
but went on to give the corresponding acid.”3Z Observe that additionally a secondary alcohol
was oxidized to ketone.
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Two protocols can be utilized when TPAP is employed for the transfor-
mation of primary alcohols into carboxylic acids. The reaction can be performed
simply in the absence of molecular sieves over a prolonged time.3Z*38 Alterna-
tively, a few equivalents of water can be added once the primary alcohol has
been transformed (mainly) into the corresponding aldehyde.®

Research needed

TPAP is very rarely used for the oxidation of primary alcohols to carboxylic
acids. TPAP is a very mild oxidant compatible with many functional groups. A
detailed study of the potential and scope of catalytic TPAP for the oxidation of
alcohols to carboxylic acids must be carried out.

Application

RuO, is a very strong oxidant that transforms very efficiently primary alcohols
into carboxylic acids in robust substrates. It is particularly useful during oxida-
tions in which the stereochemical integrity of the carbon atom being oxidized
must be maintained. Due to the strong oxidizing power of RuO,, this reagent
is not suitable for substrates possessing functional groups, other than primary
alcohols, sensitive to oxidation.

5.2. General Procedure for Oxidation of Primary
Alcohols to Carboxylic Acids with Catalytic RuO,

WARNING: ruthenium tetroxide, which is a very volatile (b.p. 40°C) and
poisonous compound, is generated during the reaction. Therefore, the reaction
must be performed in a well-ventilated fume hood using gloves.

A biphasic mixture is prepared by dissolving 1 equivalent of the alcohol
in a 3:2:2* mixture of water®, acetonitrile,® and carbon tetrachloride.® This
mixture must contain approximately from 8 to 56 g—typically 14 g—of
alcohol per liter. Approximately, from 0.02 to 0.15 equivalent of RuCl;* and
ca. 2.25-6 equivalents of NalO,” (MW 213.89) are added, and the resulting
mixture is vigorously stirred® untill most of the starting alcohol is consumed."

WARNING: the workup must begin with the addition of excess of an
alcoholic solvent, such as isopropanol or ethanol, in order to transform the
poisonous and volatile golden-yellow RuQO, into the much safer RuO,, which
exists as an insoluble black solid with no volatility.

The organic phase is separated and the aqueous phase is washed with
an organic solvent such as CH,Cl, or EtOAc. Optionally, some organic
solvent such as CH,Cl,, Et,O, or EtOAc and/or some water can be added
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to facilitate the separation of the organic phase. If the reaction is performed
in the presence of NaHCO; or the resulting acid is very soluble in water, it is
necessary to acidify the aqueous phase before separating the organic one. The
precipitated RuO, can be optionally filtered. The collected organic phases
are dried (Na,SO, or MgSO,) and concentrated, yielding a crude acid that
may need further purification. Optionally, some degree of purification of the
acid can be attained by extracting the collected organic phases with a basic
aqueous solution such as 1 M NaOH or 5% NaHCOj;, and acidifying the basic
aqueous phase. This sometimes leads to the crystallization or precipitation
of the acid that can be separated by filtration. Alternatively, the acidified
aqueous phase can be extracted with an organic solvent such as EtOAc,
CH,CI, or Et,0, and the organic phase can be dried (Na,SO, or MgSO,)
and concentrated giving a crude acid that may need further purification.

* Slight variations of this volume ratio can be employed to accommodate the solubility of the
alcohol.2 Thus, the proportion of water can be decreased to 1.5:2:2. Sometimes no CCl, is
added and a simple mixture of water and acetonitrile in a ratio from 1:142 to 1:643 is utilized.

&

A neutral phosphate buffer is sometimes used instead of plain water to prevent alteration of
sensitive functional groups.2

Alternatively, ca. 6.5-7 equivalents of NaHCO, 2 are very often added to favor the oxidation
by the stabilization of the resulting acid as the sodium carboxylate. K,COj; is less often
added. U®

Acetonitrile must be added in order to prevent the inactivation of the RuO, catalytic cycle
by complexation of the generated carboxylic acids with low-valent ruthenium compounds.
Nevertheless, the oxidation can sometimes be successfully performed in a mixture of water
and acetone in a 2:147% to 1:518 ratio. A mixture of water and methyl carbonate, in which
inactivation of the RuO, cycle does not occur, can also be employed.L2

[}

Because of environmental concerns, ethyl acetated® is sometimes utilized rather than CCl,.

Less common solvents used in place of CCl, include CH,Cl,1? and CHCl;.1!

¢ Normally, RuCl; is sold as a hydrate. Hydrated RuO, can be used in place of RuCl;. Although
RuCl; and RuO, are normally equally effective in the generation of RuO,, some authors
reported different behavior of these two reagents.2

f K10, is equally efficient. L2254

& The reaction is normally performed at room temperature. It can be carried out at 0°C for
milder conditions. Mixing of reagents is sometimes done at low temperature and the reaction
mixture is left to reach (slowly) room temperature. Attempting to accelerate the reaction by
heating can be dangerous and counterproductive due to the poisonous and highly volatile
nature of RuO,.

B

It normally takes between 1 and 12 hours—typically 2 hours.

M
Me eOH 0.03 eq. RuO;,, 3 eq. NalO, Me Me H
BocHN N N Ve > BocHN N/YN%O

waterMeCN/CCl, (3:2:2),23°C, 24 h Me
Me 0 Me
OH 87% O CO.H

This oxidation, which fails using potassium permanganate, can be efficiently carried out with
catalytic RuO,. 4
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0.1 eq. RuCls, 5.5 eq. NalO,, NaHCOs‘ (

(Boc), N, H Boc),Nx,, CO,H
:7 waterMeCN/CHCIs, r.t, 2 h V

74%
This oxidation could not be satisfactorily performed with Jones reagent or with PDC, probably
due to opening of the cyclopropane ring. However, the acid could be cleanly produced with

catalytic RuO,.2L¢

VAV 2% RuCl,, NalO,, EVAVE
OH water/MeCN/CCl, COH
TBDPSO 79% TBDPSO

According to the authors “The oxidation of the epoxy alcohol was not a trivial matter. While
many oxidants afforded only traces of carboxylic acid, pyridinium dichromate in wet DMF
produced a 30-50% yield of the desired epoxy acid and Jones’ reagent gave up to 60% epoxy
acid but only with substantial epimerization to the trans isomer. It was found however that the
new ruthenium-catalyzed oxidation of Sharpless and co-workers led cleanly to [the acid] in
79% yield without detectable epimerization.”2!

o)
. HN\(O NHBoc 0.025 eq. RuCly, 4.1 eq. NalO, 5 HN\( NHBoc
N

water/MeCN/CCl,, rt. 14 days
,N\)\/OH 95%4 Yy COLH

This transformation, which fails employing Jones reagent, PDC, or KMnO,, can be
carried out in a very good yield utilizing
catalytic RuO,.42

5.3. Functional Group and Protecting
Group Sensitivity to Oxidation
with Catalytic RuO,

Ruthenium tetroxide is a very strong oxidant able to react with many functional
groups including aldehydes2, amines,2 alkenes and alkynes,2% sulfides,!
aromatic rings,% and oximes.2 It is also capable of reacting with groups that are
normally difficult to oxidize such as amides,2 ethers,2'%® and even unfunction-
alized alkanes.¥! Fortunately, many of these groups are oxidized under relatively
harsh conditions and selective oxidations of primary alcohols with RuO, are

possible. Thus, although normally it is not possible to oxidize primary alcohols

in the presence of amines,® selective oxidations of alcohols are possible with

amines protected as urethanes'® £ or amides.2
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Ph Ph

cat. RuCls, 5 eq. NalO,
N “n, /OH  \waterMeCN/CCl, (3:2:2) oi NS"”COZH

Bn 65% Bn

Under the action of catalytic RuO,, a primary alcohol is transformed into a carboxylic acid
and a tertiary amine into an amide. 8

Alkenes normally suffer oxidative breakage producing two carboxylic acids
under the reaction conditions used to oxidize primary alcohols, something that
can sometimes be employed for synthetic advantage when both transformations
are desired.2!

o HO,C
cat. RuO,, 7.2 eq. NalO,4 HO.C 0
water/MeCN/CCl, (1.5:1:1),2 h
OH 80% CO.H
Catalytic RuO, is able concurrently to transform a primary alcohol into a carboxylic acid

and to produce the oxidative breakage of an alkene to two
carboxylic acids.2!

On the other hand, it is sometimes possible to oxidize a primary alcohol
in the presence of electron-deficient and hindered alkenes, which are less prone
to suffer oxidation.2

0.1 eq. Ru0,, 59 eq. NalO,
water/TFA/EtOAc, 6 h
66%

A primary alcohol is oxidized with catalytic RuO, in the presence of an alkene with a low
reactivity to oxidation due to steric hindrance and electron deficiency, produced by
conjugation with a carbonyl group.2

It must be mentioned that it is possible to oxidize primary alcohols in the
presence of normal alkenes utilizing the ruthenate anion (see page 67), which
possesses a lesser oxidation power than RuO,.
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Although RuO, is routinely employed to degrade phenyl groups into
carboxylic acids under quite mild conditions,% normally it is possible to oxidize

primary alcohols in the presence of phenyl groups.32¢ 32

® ®
1- CH,N,, Et,0 :

: RuCl,, Nalo, : 2- RuCls, NalO,
81% > 5% "
1, OH N”""CO,Me
N N” “CO,H CO.Me
CO,Me COs,Me

In this interesting example, a primary alcohol is selectively oxidized to a carboxylic
acid with catalytic RuO, in the presence of a phenyl group, which later in the
synthetic route is degraded to carboxylic acid using also

catalytic RuO,.32¢

As expected, electron-rich aromatic compounds are more easily oxidized
with RuO, than simple phenyl groups, and sometimes interfere with the oxidation
of primary alcohols.22 Nonetheless, sometimes it is possible to oxidize selectively
primary alcohols in the presence of electron-rich aromatics.2*

Me Me
! ! H
OH Oz
0.25 eq. RuCl;, 4 eq. NalO,

P OMe ter/MeCN/CCl, (3:1:1), r.t 1h‘ P OMe

" o OMe water/Me 4 (B:1:1), r.t., M o OMe
AcO 60% AcO

MeO OAc MeO OAc

A very hindered primary alcohol is selectively oxidized with catalytic RuO, in the presence of

a very electron-rich benzene ring, which fails to be oxidized probably due to steric

hindrance.2#?

When a phenyl group is integrated inside a benzyl group protecting an
alcohol, treatment with RuO, can lead to oxidation at the benzylic position. In
other words, benzyl ethers are transformed into benzoates with catalytic RuO,.32
Regarding the relative sensitivity of benzyl ethers versus primary alcohols against
RuO,, examples are found in the literature with all possible outcomes. Thus,
primary alcohols are sometimes oxidized in the presence of unreacting benzyl
ethers.3® Other times, the reverse happens and benzyl ethers are transformed
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into benzoates in the presence of unreacting primary alcohols.23* Additionally,

in some cases both benzyl ethers and alcohols are oxidized.32"

Yy,
nw

Ph/\O/\é{'Ns P'io/\@/N;;
—OH RUC|3, Na|O4 > ‘/COZH

o_ O rt., 15 min. N
Me><Me >45%

T

o)

Me Me

Treatment with RuO, leads to the simultaneous oxidation of a primary alcohol to a carboxylic
acid and a benzyl ether to a benzoate.2®

Secondary alcohols are oxidized to ketones with RuO,,2 and molecules

containing both secondary and primary alcohols are normally oxidized to
ketoacids with RuO,.% 38

H O,H
Me Me Me Me
o RuCl;, NalO, N
O Water/MeCN/CCI, (3:2:2), r.t, 2h
‘M€ Me OH 75% Me Me O
Both a primary and a secondary alcohol are oxidized with RuO,.28

Interestingly, it is possible to oxidize selectively primary alcohols in the
presence of secondary ones with RuO,2¢ by adjusting carefully the reaction
conditions, something that is seldom employed for synthetic advantage.

HQ OH HQ O,H
/ cat RuO,, NaBrO,, 05 h /
HO i % » HO
Nl ‘. 600/0 ~ %
HO  O(CH,);Me

HO  O(CH,);Me

A primary alcohol is oxidized to a carboxylic acid with RuO, in the presence of three
secondary alcohols, using RuO, in aqueous solution with NaBrO; as secondary oxidant.
Interestingly, a much better selectivity is found using RuO, rather than ruthenate or

perruthenate, which are weaker oxidants.8¢
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Although selective oxidations of primary alcohols are possible in the
presence of other functional groups that would be oxidized by RuO, under more
drastic conditions, RuO, is sometimes employed for the purposeful oxidation of
several functional groups including primary alcohols.2

Y H .
= Me 0.25 eq. RuCl,;, 11.2 eq. NalQ, &Ae y
~ e
waterMeCN/CCl, (1.5:1:1), r.t, 18 h O.
e OH 58% MeO H  CO.H

RuOy is used for the concurrent oxidation of a primary alcohol to acid and a methyl ether to
ester.2 It must be mentioned that there are very few procedures for the clean transformation
of methyl ethers to methyl esters.

5.4. Side Reactions

In very rare cases, oxidation of primary alcohols with RuO, stops at the interme-
diate aldehyde stage. This happens only with aldehydes very resistant to further
oxidation, and the transformation into carboxylic acid can be accomplished by
extending the reaction time. Many times, RuO, succeeds in completing these
oxidations when other oxidants fail to oxidize aldehydes.8

M

MeO. MeO.
cat. RuO,, 2.1 eq. NalO. 45h
NCO,E 2 el Meo NOOE B o NCO,Et
MeO water/acetone (1:5), r.t., 3 h wé H 64% Me
Mé OH Me COzH

[¢)

According to the authors: “The oxidation of this primary alcohol was now examined.
Treatment with Jones’ reagent or with a variety of other common oxidizing agents afforded
the aldehyde, which was seemingly impervious to further oxidation. Eventually it was found
that oxidation to the carboxylic acid could be effected by treatment with ruthenium dioxide

and sodium periodate.” The alcohol is transformed initially into aldehyde and then, much
more slowly, into carboxylic acid.<® Observe the failure to react of the very electron-rich
aromatic ring.

A very common side reaction during the transformation of primary alcohols
into carboxylic acids using many oxidizing agents consists of the epimerization
at the carboxylic acid center. Compared with other oxidants, RuO, is remarkable
because of its very low tendency to induce such epimerizations.&
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Br cat. RuCls, 4 eq. NalO,

water/MeCN/CCl, (1.5:1:1), r.t COH
73%

According to the authors: “Concerning the oxidation step, a major problem associated with
our compound is the presence of a readily epimerizable position next to the newly formed
carboxylic function. Among the methods described in the literature for the oxidation of
alcohols, Sharpless oxidation was considered the most suitable, due to its well precedented
compatibility with epimerizable stereogenic centers. Thus, under the standard reaction
conditions for the process, [the] alcohol was oxidized to [the] bromoacid without racemization

at C-2 in 84% yield.”%0?

Br

OH
Me(HxC)13

Me(H2C)13

Side products are sometimes isolated, which can be explained by
intramolecular attack by nucleophiles at intermediate carbocations generated

during the oxidation.

OAc CO.Me
AcO,
ACHN-

AcOTAC

Ac
:\a
O-H
:C]iz

0.07 eq. RuCly, 3.6 eq. NalO,

water/MeCN/CCI, (1.2:1:1),
0°C, 40 min.

H
NHCbz

CbzHN p

—
25%
CbzH

EE— Y

H
47% 0

CbzH CbzH

The oxidation of the primary alcohol with RuO, leads to a carbocation that may suffer either
an intramolecular attack by a closely positioned oxygen atom (path a) or attack by water (path
b). Path a eventually leads to the formation of a lactone, while path b results in the desired

oxidation to carboxylic acid. The formation of the lactone can be minimized by proper tuning
of the reaction conditions. Thus, according to the authors, “temperature control and the amount
of the catalyst were critical in the RuCl;-based oxidation step to prevent lactonization.

261
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TEMPO-Mediated Oxidations

6.1. Introduction

In 1965, Golubev, Rozantsev, and Neiman reported-1 that treatment of oxoam-
monium salt 11 with excess of ethanol led to the formation of acetaldehyde.

CH; CH,OH » CH,CHO
) OH
Cl
Me—l. ® L-Me
Me h‘ Me
(0]
11

In 1975, Cella et al. demonstrated? that alcohols can be oxidized to
carboxylic acids by treatment with m-chloroperbenzoic acid in the presence of
a catalytic amount of 2,2,6,6-tetramethylpiperidine (12).

MeO OH MCPBA - MeO O,H
OMe cat. Me7(NjVMe OMe
Me H Me 60%
12

Apparently, MCPBA oxidizes the amine 12, resulting in a catalytic quantity
of the stable radical 2,2,6,6-tetramethylpiperidine-1-oxyl (13), normally called
TEMPO, that is further oxidized to the oxoammonium cation 14 that operates
as the primary oxidant.
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MGQMe —MCPBA » MG{N}MB MCPBA » Me{@DrMe
N Mé T Me Me I Me
o- o)
14

Me H Me
TEMPO (13)

Cella made a very important seminal contribution to the TEMPO-mediated
obtention of carboxylic acids by showing that oxoammonium salts can be
employed catalytically in the transformation of primary alcohols into carboxylic
acids. On the other hand, Cella’s procedure involves the use of a peracid
as secondary oxidant, which is a strong oxidant that interferes with many
functional groups.

In 1987, Anelli et al. published? a landmark paper in which they showed
that primary alcohols can be oxidized either to aldehydes or to carboxylic
acids in a highly efficient and convenient manner, by treating the alcohol in a
CH,Cl,—water biphasic mixture with chlorine bleach (sodium hypochlorite) in
the presence of sodium bicarbonate, potassium bromide, and a catalytic amount
of the TEMPO derivative 4-methoxy-2,2,6,6-tetramethylpiperidine-1-oxyl (15)
(4-MeO-TEMPO). The oxidation can be stopped at the aldehyde stage by running
it for a short time. Alternatively, it can be brought to the carboxylic acid stage by
adding a phase-transfer catalyst that causes a great acceleration of the oxidation.

Anelli’s oxidation of primary alcohols to carboxylic acids

Me

NaClIO, cat. 15

Me Me

Me b Me
R-CH,OH - > R-COH
CH,Cl,water, NaHCO,, KBr
phase transfer catalyst

One important limitation of Anelli’s procedure is the need to utilize sodium
hypochlorite as stoichiometric oxidant, a compound that has a great tendency to
produce chlorinations in some sensitive substrates. This tendency to chlorination
can be mitigated by employing Zhao’s modification of Anelli’s procedure, which
was published? in 1999. In this modification, the secondary oxidant—sodium
hypochlorite—is used in catalytic amounts rather than in excess, the reagent
being regenerated by addition of stoichiometric sodium chlorite, a compound
that lacks the strong chlorinating tendency of sodium hypochlorite.
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Zhao' s modification of Anelli's oxidation

NaClO,, cat. NaClO, cat. TEMPO
R-CH,OH » R-CO,H
MeCN/sodium phophate buffer

In 1999, Epp and Widlanski described? the oxidation of alcohols to
carboxylic acids using catalytic TEMPO, with bis(acetoxy)iodobenzene—
PhI(OAc),, commonly referred as BAIB—as secondary oxidant in an
acetonitrile—aqueous buffer mixture. This procedure for the oxidation of primary
alcohols possesses the distinctive advantage of producing the rather benign
iodobenzene and acetic acid as side compounds. Furthermore, in contrast to
other oxidation procedures, it is possible to perform the oxidation of Epp and
Widlanski in the absence of metallic salts.

Procedure of Epp and Widlanski for oxidation of
primary alcohols to carboxylic acids

cat. TEMPO, Phl(OAc),
R-CH,OH » R-CO,H
MeCN/aqueous buffer

Mechanism

The available experimental data are consistent with a mechanism,? £ as shown
below, in which the secondary oxidant transforms TEMPO, or a related stable
radical, in an oxoammonium salt that operates as the primary oxidant, trans-
forming the alcohol into the corresponding aldehyde. This results in the formation
of a hydroxylamine that is oxidized to a TEMPO radical, thus completing the
catalytic cycle.

R-CH,OH — \ » R-CHO
Primary oxidant: Q
Oxoammonium salt | ',\‘ Me Hydroxylamme

@
Secondargk J Secondary
oxidant 27(} oxidant
Me
N

TEMPO radical

The catalytic cycle can in fact be more complex, because TEMPO radicals can dispro-
portionate into oxoammonium salts and hydroxylamines under acidic catalysis.&*
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Introduction

The aldehyde, in the presence of water, equilibrates with the corresponding

hydrate that can be oxidized via a similar mechanism to the corresponding acid,
as shown below.

M ® L -Me
Me (l)'\ll Me
RCHO , —» R—CID—OH » R-CO,H

H

The oxoammonium salt operates as primary
oxidant in a catalytic cycle as above

Interestingly, TEMPO inhibits the oxidation of aldehydes to carboxylic acids when this
oxidation proceeds via a radical mechanism. That is why Anelli’s oxidation can be
carried out under air and be easily stopped at the aldehyde stage with no competing
overoxidation due to the presence of gaseous oxygen.Z

While in all TEMPO-mediated oxidations of primary alcohols to carboxylic acids,
oxoammonium salts are the primary oxidants for the transformation of alcohols into
aldehydes, the subsequent oxidation of aldehydes to carboxylic acids may sometimes
be effected by the oxidant present in excess rather than by oxoammonium salts. In such
cases, the secondary oxidant for the transformation of alcohols into aldehydes is the
primary oxidant for the oxidation of aldehydes to carboxylic acids.

The oxidation of primary alcohols with oxoammonium salts can work

either via a compact five-membered transition state under basic conditions or
via a linear transition state under acidic conditions, as shown below. Under basic
conditions the oxidation is quicker and possesses a greater selectivity for primary
alcohols versus secondary ones.

I~
H @(')
—_— R'RO D) —_—
H i
Basic conditions N
R-CHpOH —————————— —> R-CHO + HO :
Me— ® _L-Me By 69
mé N e AR
o L H O i —
X
Primary oxidant Acidic conditions
The five-membered transition state under basic conditions is more compact, leading to a
quicker reaction rate and greater selectivity for oxidation of primary alcohols relative to
secondary ones.
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Stoichiometric Oxidants

The most common stoichiometric oxidants in TEMPO-mediated transformations
of primary alcohols into carboxylic acids are sodium hypochlorite (NaOCl)—
Anelli’s oxidation—,2 sodium chlorite (NaClO,)—Zhao’s modification of
Anelli’s oxidation—,2 and PhI(OAc),—oxidation of Epp and Widlanski.2
Other stoichiometric oxidants less commonly used include MCPBA,2 Ca(CIO),
(swimming pool bleach),® #-BuOCI,2 CuCl — 0,,22 NaBrO,,1 Cl,,12 Br,42, and
trichloroisocyanuric acid.22 It is possible to perform the oxidation under electro-
chemical conditions in the presence of catalytic TEMPO.14

Amino 1-Oxyl Radicals

TEMPO and analogue compounds can be prepared starting with a simple conden-
sation of ammonia with acetone,X2 and their cost is quite affordable. They are
stable radicals because they are flanked by two quaternary carbons that provide a
bulky environment. For these reasons, TEMPO and analogue compounds, that is,
2,2,6,6-tetramethylpiperidine-1-oxyl radicals, are almost exclusively employed
in oxidations mediated by amino 1-oxyl radicals.

TEMPO is a volatile compound soluble in organic solvents and water. It can be recovered
by extraction with Et,0X or by azeotropic distillation with water.¢

Although some differences in the chemical behavior of different TEMPO
derivatives were noticed,I the selection of a particular derivative is normally
dictated by price and convenience. As far as the authors are aware, no profound
study of the efficacy of different TEMPO derivatives in the oxidation of alcohols
has been carried out.

TEMPO entrapped within a silica matrix has been employed as a recyclable
catalyst in the selective oxidation of primary alcohols using NaOCI as stoichiometric
oxidant. 1

6.2. Anelli’s Oxidation

In 1987, Anelli et al. made a key contribution to TEMPO-mediated oxida-
tions by showing that the very cheap reagent chlorine bleach (aqueous NaOCl)
can function very effectively as a stoichiometric oxidant for alcohols in the
presence of traces of 4-MeO-TEMPO.2 They established a protocol involving
a reaction run at 0°C in a biphasic CH,Cl,—water mixture in the presence of
excess of NaOCl, NaHCO,, KBr, and catalytic 4-MeO-TEMPO for oxidation
to aldehydes. Under these conditions the oxidation to acids is quite slow. If the
acid is desired, it is advisable to add a phase-transfer catalyst to speed up the
oxidation.
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Anelli’s Oxidation

0.01 eq. AcNH-TEMPO, 1.1 eq. NaOClI p HO
NaHCOj3, NaBr, water/EtOAc/PhMe, 0 °C, 15 min. NHBoc 9
74%
9 OH
NHBoc
0.01 eq. AcNH-TEMPO, 2.5 eq. NaOCI _p O,H
NaHCO,, NaBr, Bu,NHSO,, water/CH,Cl,, 0 °C, 20 min. NHBoc 9

91%
The oxidation of a primary alcohol using Anelli’s procedure without the addition of a
phase-transfer catalyst allows the preparation of 74% of the corresponding aldehyde. The
addition of 1 mol% of tetrabutylammonium bisulfate as phase-transfer catalyst produces a

great acceleration of the oxidation that allows the isolation of the corresponding
acid in 91%.22

The following experimental data are relevant regarding Anelli’s

oxidation:

e Primary alcohols are transformed into the corresponding aldehydes—

with no need to add a phase-transfer catalyst—normally in only about 3
minutes. The oxidation of benzyl alcohols possessing electron donating
groups in the aromatic ring can be much slower, a fact that can
be explained by the presence of a negative charge in the transition
state for the oxidation involving oxoammonium salts under basic
conditions.

The addition of some KBr produces a substantial acceleration of the
oxidation, because of the generation of HOBr.2 This reagent is formed
from HOCI and KBr, and is apparently a much better oxidant for the
regeneration of oxoammonium salts than HOCI.

The reaction is rather slow at the pH of commercial bleach (ca. 12.7),
being much quicker at a pH of ca. 8.6, generated by the addition
of NaHCO; as buffer. This fact can be explained assuming that at a
very high pH the regeneration of the oxoammonium salt, rather than
the oxidation of the alcohol by the oxoammonium salt via a five-
membered transition state, becomes rate-determining. At a very basic
pH the concentration of HOBr, which is the oxidant regenerating the
oxoammonium salt, becomes very low relative to the concentration of
the hypobromite anion (BrO™).

The reaction can fail in substrates possessing a high hydrophilicity.
Apparently, the oxidation takes place in the organic phase, where such
substrates are present in a very low concentration.

The oxidation can be substantially accelerated by the addition of
quaternary ammonium salts as a phase-transfer catalyst. Thus, while in
the absence of phase-transfer catalyst the reaction is easily stopped at
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the aldehyde stage, the addition of catalytic amounts of a quaternary
ammonium salt normally allows the oxidation to carboxylic acid
to be completed in 5 minutes at 0°C. As in the oxidation to
aldehydes, electronic effects can be very important, and oxidations
yielding benzoic acids possessing electron donating groups can be much
slower.

Somehow unexpectedly, the reaction speed decreases by increasing the
temperature, a fact due to the decomposition of oxoammonium salts,
which are very stable at 0 °C, but decompose very quickly in the presence
of water at 25°C.

The transformation of aldehydes into carboxylic acids is apparently
mediated by oxoammonium salts, rather than by some other oxidant
in excess; for, in the absence of TEMPO radicals, this reaction is
rather slow.

The above facts are illustrated in the following scheme:

Catalytic primary
oxidant:

oxoammonium salt
""97%)( Q
(0]

Oxidation of primary alcohols into carboxylic acids by Anelli’s procedure

R-CH,OH basicoonditions , R.CHO <2 R-CHOH), —_» R-CO,H
Mechanism as in the

oxidation of alcohols

into aldehydes

The oxoammonium

salt is unstable in

. The oxidation is greatly accelerated by the
i i Catalytic secondary addition of a phase-transfer catalyst
water above ca. 15 °C oxidant: HOBr

HOBr === BrO

The HOBr concentration decreases
under very basic pH producing a
. X retardation in oxidation speed
Stoichiometric

oxidant HOCI

HOCI can produce chlorination
in some functional groups
such as alkenes

Solvent

Anelli‘s oxidation is most often carried out in a biphasic system consisting
of CH,Cl, and water. As the oxidation takes place in the organic phase, this
biphasic system fails in water-soluble substrates. That is why when Anelli’s

oxidation is applied to sugars, water is normally employed as the sole solvent.

A

Furthermore, acetone/water is a solvent combination quite often utilized,2 while
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MeCN/water2 and EtOAc/water? are less used. When water or an aqueous
mixture is employed as solvent, the reaction may fail in lipophilic substrates
because of lack of solubility.22

6 eq. TEMPO, 24 eq. NaOCI, KBr

< ""0}'7 NaHCO,/NaOH (pH=10), water/MeCN, 0-25 °C, 1 h /
Me 93% MeO  OMe

Med O
The primary alcohols, in a cyclodextrin possessing the secondary alcohols protected as methyl
ethers, are oxidized in a monophasic MeCN-water mixture providing 93% of the
corresponding heptacarboxylate. Under these conditions there is no oxidation in substrates
where the secondary alcohols are protected as benzyl or allyl ethers, due to their much greater
lipophilicity. 2

Catalyst

Simple TEMPO is usually employed as catalyst in the Anelli’s oxidation of
primary alcohols to acids, although other TEMPO derivatives such as 4-MeO-
TEMPO,2' 2 4-HO-TEMPO,Z or 4-AcNH-TEMPOZX are equally effective.
A trace quantity of 1mol% of catalyst is normally enough for an efficient
oxidation, although because of the low price of TEMPO and its very easy elimi-
nation during the workup, the use of ca. 4-10mol% is common. TEMPO is
sometimes added in amounts as high as 1-1.5 equivalents; this may help to

prevent side reactions produced by excess of HOCl.22%b- 28
Bn BnO,
OH 1.1 eq. TEMPO, 19 eq. NaOCI O,H
MeO / - ———> MeO /
“NHC bz 5% NaHCO,, KBr, acetone, 0°C, 2h “NHCbz
BnO 78% BnO

According to the authors: “Direct oxidation of the primary alcohol to the desired sensitive
carboxylic acid was accomplished best using N-oxoammonium salts in combination with
NaOCl in a buffered solution (2 equivalents of 4-6% NaOCl, 1.1 equivalents of TEMPO, 0.1
equivalents of KBr, acetone-5% aqueous NaHCO;, 0°C, 2h, 78%). In the optimization of
this reaction it was found that 1.1 equivalents of TEMPO were necessary to obtain the desired
oxidation product. If a catalytic amount (ca. 0.1 equivalents) of TEMPO was employed or
Ca(OCl), was substituted for NaOClI, the chlorinated aromatic derivative was isolated as the
major product. Presumably the TEMPO scavenges any chlorine which is liberated during the
reaction.” Observe that no phase-transfer catalyst is needed in this reaction performed in a

single acetone-water phase.2?
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Phase-Transfer Catalyst

Although no phase-transfer catalyst is needed in oxidations carried out in a single
phase—such as in water, MeCN/water, or acetone/water— an ammonium salt
such as n-Bu,NCL,2 n-Bu,NBr,2 n-Bu,NHSO,,2 or Aliquat® 336 (tricapry-
lylmethylammonium chloride)3! is normally added in oxidations performed in a
biphasic CH,Cl,/water mixture.

pH

Commercial chlorine bleach is prepared by reacting chlorine with an aqueous
NaOH solution, and contains ca. 3-6% of NaOC]l. Excess of NaOH is employed
to stabilize the NaOC]l, which otherwise would disproportionate into NaCl and
NaClO;. This results in bleach possessing a pH between 11 and 13, which is too
basic for a normal Anelli’s oxidation. The addition of NaHCO; allows lowering
the pH to a value of ca. 8.6-10, which is normally ideal for Anelli’s oxidations.
Some NaOH is sometimes added additionally to fine tune the pH to a value of
ca. 10.2-2

Figure 3 shows the influence of pH on the rate of oxidation of methyl
a-D-glucopyranoside. There is a very sharp increase in speed from pH 8
to pH 10, while a higher pH produces no further acceleration of reaction
speed.

The generation of carboxylic acid during the oxidation may cause a
lowering of pH that produces a decrease of oxidation speed and of selectivity

1.00 -

Relative reaction rate
=
N
S
T

0~00 1 1 1 1 1 1 Il 1 1 ]
pH

Figure 3. Influence of pH on the rate of oxidation of methyl a-D-glucopyranoside using
0.007 eq. of TEMPO, 2.2 eq. of a 15% NaOCI solution, and 0.4 eq. of NaBr at 2°C, adding
4 M HCI to adjust the pH.®® Reprinted from Carbohydrate Research, Vol.269, Nooy, A.E.J.;
Besemer, A.C.; van Bekkum, H., “Highly selective nitroxyl radical-mediated oxidation of
primary alcohol groups in water-soluble glucans,” pages 89-98, ©1995, with permission from
Elsevier.
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for oxidation of primary alcohols versus secondary ones. This may be avoided
by continuous adjustment of the pH by addition of NaOH.2!" 33

Some functional groups, such as esters, may be sensitive to the
mildly basic pH normally used in Anelli‘s oxidations, and in some cases
it may be necessary to adjust the precise reaction conditions to avoid

interferences.2?

0.01 eq. TEMPO, 3.25 eq. NaOClI, KBr
NaHCO,, nBu,NCI, NaCl, CH,Cl /water, 0 °C, 45 min. AcO
83%

The reaction time must be kept to a minimum to avoid the hydrolysis of the acetate under the

basic reaction conditions.22?

In some cases, Anelli’s oxidation must be carried out under acidic condi-
tions to obtain an optimum yield.Z

., 0.050q.4-HO-TEMPO, NaOC|
" CO,, H,0, pH<7, <10 °C H—==—COH

44%

In this oxidation the pH is adjusted below 7 by bubbling CO, into the sodium
hypochlorite solution. The reaction fails when it is performed at a pH above 7, due to
the sensitivity of propargyl alcohol to NaOCI under basic conditions. It is possible to

increase the yield to 50-66% by performing a
continuous oxidation.

Selectivity

One of the most useful features of the oxidation of primary alcohols to carboxylic
acids under Anelli’s conditions is the great selectivity achieved for the oxidation
of primary alcohols versus secondary ones.# 23 This selectivity is the result of
the steric hindrance around the oxoammonium functionality in the oxoammonium
salts derived from TEMPO-like radicals, resulting in a much easier attack by the
relatively less hindered primary alcohols.
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Research needed

The employment of amino oxyl radicals, yielding oxoammonium salts with a
greater steric hindrance than those derived from TEMPO-like radicals, in the
selective oxidation of primary alcohols must be investigated.

MeQ OH MeQ O,H
y 0.01 eq. TEMPO, 2.2 eq. NaOCI %
HO NaBr, 0.5 N NaOH, 0°C, 1 h HO
HO OMe 90% HO ©OMe

Treatment of the starting triol under Anelli’s conditions in water at pH 10-11 allows the
selective oxidation of the primary alcohol in 90%. The use of gaseous oxygen in the presence
of platinum on carbon under Heyns’ conditions provides a more modest 50% yield of the
desired carboxylic acid.2*

Under basic conditions there is a compact and sterically demanding five-
membered transition state for the oxidation of alcohols with oxoammonium salts,
while under acidic conditions a less sterically demanding linear transition state
operates. This results in both greater oxidizing speed and greater selectivity for
oxidation of primary alcohols under Anelli’s conditions at high pH. Furthermore,
under less basic conditions hypohalous acids may compete with oxoammonium
salts for the direct oxidation of alcohols®® resulting in even less selectivity.
In fact, under acidic conditions the selectivity greatly decreases and secondary
alcohols may even be oxidized more rapidly.?

H
HO O,Na
OH TEMPO, NaOCI HO QOZNa
- s + +
HO NaBr, water, 5 °C OH CONa
WwOH NaO,C
H
. sodium sodium sodium sodium
D-glucitol gluconate glucarate tartrate oxalate
pH=10.5 24% 27% 18% 14%
pH=117 1% 89% 5% 3%

It is possible to oxidize selectively the two primary alcohols in D-glucitol in 89% under
Anelli’s conditions at pH 11.7, with minor formation of side compounds resulting from
incomplete oxidation or oxidative breakage at the secondary alcohols. Lowering of the pH to
10.5 produces a much less selective oxidation, resulting in only 27% of the desired diacid that

is isolated as the disodium salt.34®
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Cl C|
BnO CbzHN,, 4-MeO-TEMPO, NaOCI, KBr _ BnO CbzHN,, CO.H
o w sat. NaHGO,/CH,Cl;, 0 °C o i o
BnO,C N 67% BnO,C N
Nz CO2Bn Cbz CC2Bn

A primary alcohol is selectively oxidized in a complex molecule containing a secondary
alcohol, using Anelli’s conditions in a CH,Cl,~water biphasic system.2

6.2.1 General Procedure for Oxidation of Primary Alcohols
to Carboxylic Acids by Anelli’s Oxidation

A mixture of 1 equivalent of alcohol with ca. 0.002-0.1—typically 0.01—
equivalent of TEMPO (MW 156.25),%° ca. 1.75-8—typically 2—equivalents
of NaOCl (MW 74.44),¢ ca. 0.1-0.7 equivalent of KBr (MW 119.01),¢ and
ca. 0.05-0.12—typically 0.06—equivalent of a phase-transfer catalyst® in
a biphasic buffered™# system containing water and CH,Cl,," is vigorously
stirred at 0°C' until most of the starting alcohol is consumed.) The reaction
mixture is optionally quenched by addition of methanol or ethanol. When the
reaction is carried out using a mixture of acetone and water, the removal of
acetone in vacuo may facilitate the rest of the workup. The elimination of
acetone sometimes causes the crystallization or precipitation of the sodium
salt of the acid that can be isolated by filtration. Generally, the remainder of
the workup of the reaction can be made according to three alternative protocols:

Workup A: The reaction mixture is optionally washed with an
organic solvent like Et,O or CH,Cl,. When the product—even as a sodium
carboxylate—is very lipophilic, it may be convenient to adjust the pH above
12 by the addition of concentrated NaOH before the washing with an organic
solvent. The pH is brought to ca. 2-6 by the addition of hydrochloric acid
or 10% aqueous citric acid. WARNING: this may cause the evolution of
poisonous chlorine gas. The mixture is extracted with an organic solvent like
EtOAc or CH,Cl,. The collected organic phases can be optionally washed
with water or brine. The organic phase is dried with Na,SO, or MgSO, and
concentrated, giving a crude acid that may need further purification. This
workup may not be suitable for products like many sugars, possessing a
very low solubility in organic solvents. The acidification sometimes causes
the precipitation or crystallization of the acid that can be isolated by simple
filtration. Alternatively, in the case of organic acids with a high solubility
in water, the precipitation of the organic acid from an acidic aqueous phase
may be induced sometimes by addition of an organic solvent miscible with
water such as ethanol.

Workup B: The reaction mixture is fractioned between EtOAc and
water. The organic phase is separated and can be optionally washed with
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water, 10% HCI, or brine. The organic phase is dried with Na,SO, or MgSO,
and concentrated, giving a crude acid that may need further purification.
This workup is suitable for lipophilic organic acids possessing a very low
solubility in water even when present as sodium salts.

Workup C: The reaction mixture is optionally neutralized by the
addition of hydrochloric acid. The solvent is removed either by concentration
at reduced pressure or lyophilization. The resulting residue containing the
desired acid—either free or as a sodium salt contaminated with inorganic
salts—is purified by chromatography.

* Other TEMPO derivatives such as 4-AcO-TEMPO (MW 214.28), 4-HO-TEMPO (MW
172.24), or 4-AcNH-TEMPO (MW 213.30) are equally effective.

A quantity as high as 1-1.5 equivalents of TEMPO is sometimes employed in order to
mitigate some side reactions induced by the stoichiometric oxidant, such as unwanted
chlorinations. 224-b- 28

b

Sodium hypochlorite is sold as a ca. 3-13% aqueous solution (chlorine bleach) containing
some NaOH to provide a pH of 11-13, which helps to stabilize the reagent against dispro-
portionation in NaCl and NaClO;. Household bleach is perfectly effective.

KBr is added to generate HOBr, which is a more effective secondary oxidant than HOCI.
Failure to add KBr leads to a slower oxidation that nevertheless may prove useful. NaBr is
equally effective.

Quaternary ammonium salts such as n-Bu,NCI (MW 277.9),2 n-Bu,NBr (MW 322.37),3
n-Buy,NHSO, (MW 339.53),L or Aliquat® 336 (tricaprylylmethylammonium chloride, MW
404.17)3L are used as phase-transfer catalysts. Failure to add a phase-transfer catalyst results
in a much slower reaction that may lead to isolation of aldehyde. No phase-transfer catalyst
is needed when the oxidation is performed in a monophasic system.

®

=

The addition of bleach causes the mixture to reach a very basic pH that may prove detrimental
for many substrates. Thus, although the oxidation velocity increases under basic conditions,
the pH is normally lowered to ca. 8.5-10 in order to attain a good balance of oxidation
speed versus base-induced deleterious side reactions. The optimum pH is very substrate
dependent. When the selective oxidation of a primary alcohol in the presence of a secondary
one is desired, a pH as high as 11.7 may be advisable.22® On the other hand, in oxidations
occurring in the presence of esters the pH must be lowered to 8-9 to avoid unwanted
hydrolysis.

& The pH is normally lowered to 8.6-10 by the addition of an aqueous solution of NaHCO;
possessing a concentration between 5% and saturation. A higher pH can be adjusted by the
subsequent addition of aqueous NaOH. A final fine tuning of the pH can require the addition
of some HCI. A phosphate buffer is sometimes used. The formation of carboxylic acid in the
course of the oxidation leads to lowering of pH as the reaction proceeds, causing a decrease
in the oxidation rate. This can be avoided by the sequential addition of some aqueous NaOH.

A ca. 7:2 to 3:5 water:CH,Cl, mixture is normally employed. Normally, ca. 15-60 mL of
solvent mixture is used per mmol of alcohol. Sometimes, ca. 2-19 mL of brine per mmol of
alcohol is also added. The reaction can also be performed in a monophasic system consisting
of water, water:acetone (ca. 3:4 to 7:4), or water:MeCN (ca. 29:26 to 9:5). In a water:CH,Cl,
biphasic system the oxidation takes place in the organic phase, therefore, this system is very
suitable for lipophilic substrates but fails in substrates—like most sugars—possessing a high
solubility in water. In such cases the oxidation is best carried out in water or in a monophasic
solvent mixture.
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i The primary oxidants, which consist of oxoammonium salts, are very quickly decomposed
by water at room temperature, leading to an actual decrease of oxidation rate with increasing
temperature. Therefore, the reaction temperature must be kept close to 0°C during the mixing
of the reagents as soon as oxoammonium salts are generated. This may demand the slow
addition of some reagents.

I It normally takes between 30 minutes and 20 hours.

H 0.01 eq. TEMPO, 2.5 eq. NaOCI
Av/\/o 0.75 M KBr, Aliquat 336, NaHCOy, rt., 10 min. AV/\COZH
92%
An attempted oxidation using Jones reagent resulted in extensive decomposition due to the

acid-sensitivity of the spiro system. The employment of Anelli’s oxidation under mildly basic
conditions allowed the isolation of the desired acid in very good yield.3!?

0.02 TEMPO, NaOClI, NaHCO, -~
BnO\/&\/OH 0.2 eq. KBr, Aliquat 336, 0 °C, 20 min. BnO\/ngOZH
88%

According to the authors: “Oxidation of the hydroxymethyl function to a carboxylic acid,
without simultaneous oxidation of the benzyl to a benzoyl group, proved to be a challenging
problem. Neither pyridinium dichromate in dimethylformamide nor Jones oxidation gave the
desired product in acceptable yield. Oxidation with ruthenium tetraoxide predictably gave a
mixture of the benzyl- and the benzoylepoxy acids. The problem was overcome by oxidation
with hypochlorite in the presence of catalytic amounts of oxoammonium salt generated from

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, free radical). The product, (2R,
3R)-3-(benzyloxy)methyloxirane-2-carboxylic acid, was obtained in excellent yield (88%) and
high purity.”3®

NO, NO,

OH

K TEMPO, NaOClI w
BocHN' —a> BocHN' HO,

-5t00 °C

HN (0] HN
L4 v
OMe OMe
MeO OMe MeO OMe

According to the authors: “Problems were encountered in the attempted oxidation of the
primary alcohol to a carboxylic acid. After screening of various oxidation methods, the
oxoammonium salt mediated oxidation using a couple TEMPO-NaOC]l was selected for
further optimization. Chlorination of the electron-rich aromatic ring was found to be the major
side reaction. However, when the reaction temperature was carefully maintained between
—5°C and 0°C, the desired acid was obtained in good yield.”32




Chapter 6 93

Ph Ph
1.06 eq. TEMPO, 1.75 eq. NaOCI
B°°\r'\1 H 5% NaHCO,, KB, acetone, 0°C, 2 h B°°\1\1 O,H
Me OMOM 80% Me OMOM

This oxidation under Anelli’s conditions in which a quantity of TEMPO as high as 1.06
equivalents is utilized, probably to avoid side reactions, proved to be superior than the
PDC/DMF system. 22"

'"‘O)' 21eq. TEMPO, 84 eq. NaOClI ""O>—
7 0.5MNaHCO,, KBr,pH=10, r.t, 2h 7

" b\_/)H 94% HO,c— c<—002H

In this remarkable transformation, a total of 21 primary alcohols in one molecule are oxidized
to carboxylic acids in a 94% yield, which means that each individual alcohol oxidation is
performed in greater than 99.7% yield.32

6.3. Zhao’s Modification of Anelli’s Oxidation

In 1999, Zhao et al. published a variation of Anelli’s procedure for the transfor-
mation of primary alcohols into carboxylic acids, in which side reactions induced
by the presence of sodium hypochlorite were lessened by using this reagent in
catalytic rather than stoichiometric quantity. In this modified procedure sodium
chlorite (NaClO,) is employed as stoichiometric oxidant, which serves both to
regenerate NaOCl and to operate as the primary oxidant2® for the transformation
of the intermediate aldehyde into carboxylic acid. The mechanism represented
in the following scheme indicates the catalytic cycles in this oxidation:

Oxidation of primary alcohols to acids by Zhao's modification of Anelli' s procedure

OH
Q" Nacio, . o PN
R-CH,OH————————» R-CHO 4*—R-Q-OH — H_?A_ \ — R 70

H
/\ b ’c-)/,Cl H\dol
Me{@j(Me Me Me
N

Me_ 1l Me Me I\l Me
60 OH
X Stoichiometric NaClO, is the primary
oxidant for the transformation of
aldehyde in carboxylic acid
Catalitic - ’ .
NaCl NaOCl secondary A catalitic oxoammonium salt is the

primary oxidant for the transformation

>< oxidant of alcohol in aldehyde

NaClO, NaOClI Catalitic NaOCl is the secondary oxidant for

L . the transformation of alcohol in aldehyde
Stoichiometric

oxidant
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Interestingly, there is no need for sodium chlorite to regenerate directly NaOCl by
oxidation of NaCl, because as soon as some aldehyde is formed, the aldehyde is very
quickly oxidized by sodium chlorite resulting in the formation of NaOCI. Thus, NaOCl
is in fact regenerated via oxidation of the aldehyde. If the reaction is carried out in
the absence of added NaOCI, there is a long induction period during which NaClO,
generates the aldehyde in a very inefficient way. Once some aldehyde is formed,
it is very quickly oxidized by NaClO,, resulting in the formation of NaOCI that is
very efficient in the generation of an N-oxoammonium salt, resulting in a very quick
acceleration of the whole oxidation.

Zhao et al. optimized the reaction conditions seeking to minimize unwanted
chlorinations rather than increasing the oxidation speed. This resulted in an
oxidation protocol involving the simultaneous addition of NaClO, and catalytic
NaOCl in the form of dilute bleach to a stirred mixture kept at 35 °C, containing
the alcohol, acetonitrile, an aqueous phosphate buffer at pH 6.7, and catalytic
TEMPO. WARNING: sodium chlorite and bleach must not be mixed before
being added to the reaction, because the resulting mixture is unstable. Subse-
quent authors tended to follow very closely the original oxidation protocol of
Zhao et al.

Zhao’s modification of Anelli’s oxidation is reported? to give generally
better yields of carboxylic acids than the original Anelli’s procedure.
WARNING: Zhao’s procedure involves the use of stoichiometric NaClO,, which
is a very powerful oxidant that can explode in the presence of organic matter.
Therefore, Zhao’s procedure must be employed, particularly on a big scale, only
on substrates for which it proves to be clearly superior.

6.3.1 General Procedure for Oxidation of Primary Alcohols
to Carboxylic Acids by Zhao’s Modification of Anelli’s
Oxidation

WARNING: NaClO, and NaOCI must not be mixed before being added to
the reaction because the resulting mixture is unstable.

Approximately, from 2 to 5S—typically 2—equivalents of aqueous ca.
1.1-2 M NaClO, (MW 90.44)* and ca. 0.02-0.32—typically 0.02—equivalent
of NaOCl (MW 74.44) contained in ca. 0.28-0.65%—typically 0.30%—
bleach® are slowly® added over a vigorously stirred mixture, kept at a certain
temperature between room temperature and 45 °C, typically 35 °C, containing
1 equivalent of the alcohol, ca. 0.07-0.125—typically 0.1—equivalent of
TEMPO (MW 156.25), acetonitrile,® and a phosphate buffer at pH 6.6-6.8.52
The resulting mixture is stirred at a certain temperature between 35 and 50 °C
until most of the starting alcohol is consumed."

The reaction mixture is cooled to room temperature. At this point the
addition of some (cold) water may help to carry out the rest of the workup.
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The reaction mixture is basified to pH 8-9 by the addition of 0.05-2 M NaOH,
and is quenched by mixing with a cold sodium sulfite (Na,SO;) aqueous
solution, followed by stirring for 30 minutes. The mixture is washed with
an organic solvent such as methyl 7-butyl ether (MTBE), EtOAc, or Et,O.
The organic solutions must be checked for the presence of product, because
very lipophilic organic acids can be washed away by organic solvents even
from very basic aqueous solutions. The aqueous phase is acidified to a pH
of 2—4 by the addition of 1-2M HCI and extracted with an organic solvent
such as EtOAc, Et,0, MTBE, or CH,Cl,. If the organic phase from the
washing of the aqueous basic solution contains product, all organic phases
must be united for further workup. After optionally washing the organic phase
containing the product with water and brine, it is dried (Na,SO, or MgSO,)
and concentrated, giving a crude acid that may need further purification. The
workup can be simplified by avoiding the quenching with sodium sulfite and
the washing of the basified aqueous solutions with an organic solvent. This
may lead to a more impure crude product.

# WARNING: NaClO, can explode in contact with organic matter.

Household chlorine bleachis perfectly effective. The desired concentration of NaOClis normally
attained by diluting commercial bleach with some water.

o

¢ The NaClO, and NaOCI solutions can be added either simultaneously or sequentially
beginning with NaClO,. The addition is normally performed over a period between 15
minutes and 2 hours.

Zhao et al. recommend a temperature of 35°C. Other researchers utilize a slightly higher
temperature of ca. 45-50°C. It must be mentioned that the oxoammonium salts primary
oxidants are unstable in hot water and increasing the temperature may lead to decreased
reaction rate.

°®

A quantity of ca. 2.2—11.5—typically 5—mL of acetonitrile per mmol of alcohol is normally
employed.

An amount of ca. 1.7-5.5—typically 3.75—mL of phosphate buffer per mmol of alcohol is
normally used.

2 A phosphate buffer at pH 6.8 (35°C) consists of an aqueous solution containing 0.025 M
Na,HPO, and 0.025M KH,PO,.

It normally takes between 4 and 24—typically 5S—hours.

B

O\/OH 0.1 eq. TEMPO, 0.02 eq. NaOCI, 1,9 eq. NaCIO, &
£BU" N MeCN/sodium phosphate buffer, 35°C, 18 h U N\ COH

Boc 84% Boc

Although the oxidation could be carried out in 86% yield using RuCl; and NalO,4, Zhao’s
modification of Anelli’s procedure was preferred on a big scale.3!
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0.15 eq. TEMPO, 5% NaOCI, NaCIlO,
MeCN, r.t.,9h
OMe good yield

T

.

A good yield of acid is obtained with catalytic TEMPO in the presence of stoichiometric
NaClO, and catalytic NaOCl; other oxidations like PDC/DMF or Dess-Martin followed by
NaClO, were found to be less effective.3

Me NHBOC © 0.1eq. TEMPO,0.02 eq. NaOCI, 2 eq. NaCIO, . NHBOC
OH >
M 38\/ MeCN/phosphate buffer, 35 °C, 12 h " y\COzH
.Me 5
OH 96% OH

While employing Zhao’s modification of Anelli’s oxidation leads to a 96% yield of carboxylic
acid, a more expensive oxidation with oxygen in the presence of platinum results in a 76%
yield. 2

6.4. Oxidation of Epp and Widlanski

In 1997, Margarita, Piancatelli et al. reported®® the oxidation of alcohols to
aldehydes and ketones using catalytic TEMPO in the presence of 1.1 equiv-
alents of bis(acetoxy)iodobenzene (BAIB)—that is, PhI(OAc),—as stoichio-
metric secondary oxidant. According to the authors, under those conditions no
noticeable overoxidation to carboxylic acid is detected, even when the reaction
is carried out without employing an inert atmosphere and a dry solvent. In
fact, Margarita and Piancatelli described one successful oxidation to aldehyde
in which a MeCN:water (1:1) mixture is utilized as solvent. Two years later,
Epp and Widlanski reported? that it is possible to obtain a carboxylic acid from
a primary alcohol using the procedure of Margarita and Piancatelli, when the
reaction is performed with at least 2 equivalents of BAIB in the presence of
excess of water. They reported a successful protocol for the oxidation of primary
alcohols to carboxylic acids involving 2.2 equivalents of BAIB and catalytic
TEMPO in MeCN:water (1:1). This oxidation procedure for the obtention of
carboxylic acids is rather unique, because it is carried out in the total absence
of any inorganic salt and the by-products are the rather innocuous iodobenzene
and acetic acid.

Mechanism

A mechanism consistent with the experimental facts is shown in the following
scheme.
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Oxidation of primary alcohols to acids by the procedure of Epp and Widlanski

HO  GH
RCH,OH ————————» R-CHO <«2=— R—Q—OH ——— > R-CO,H
/_\ Mechanism as in the
H transformation of
alcohol to aldehyde

M (B Me
Primary oxidant: Me O Me
oxoammonium 6 I(OAc)z
salt
Secondary
oxidant
TEMPO bismutation is Me The initial AcOH necessary for the
catalized by AcOH Me b Me bismutation of TEMPO can be
+ 2AcOH generated by ligand exchange of
TEMPO BAIB with the alcohol

Apparently, BAIB does not oxidize directly TEMPO to the corresponding
oxoammonium salt primary oxidant. Rather, TEMPO suffers an AcOH-catalyzed
bismutation to an oxoammonium salt and hydroxylamine, the latter being
oxidized to TEMPO by BAIB, resulting in the generation of AcOH. The
initial AcOH necessary for the formation of the first molecules of oxoam-
monim salt can be generated by ligand exchange of PhI(OAc), with the
alcohol.

Selectivity

Although at the time of this writing the reports of selective oxidation of primary
alcohols in the presence of secondary ones with TEMPO/BAIB are rather
scarce,? it seems that this oxidation system shows a great potential for this
selective transformation. The resulting hydroxyacids are very often isolated as
lactones, and TEMPO/BAIB is a very good reagent for the conversion of 1,4-

and 1,5-diols to lactones.20b 41

PMB OH
TEMPO, Phi(OAc),
OH OH
. : CH,Cly, 20 °C, 12 h A
TIPSO" > 579% TIPSO* :
Me Ve

A primary alcohol is selectively oxidized in more than 79% in the presence of two secondary
alcohols using BAIB with catalytic TEMPO. The resulting dihydroxyacid is isolated as a
lactone. 212




98 Oxidation of Epp and Widlanski

6.4.1 General Procedure for Oxidation of Primary Alcohols
to Carboxylic Acids by the Protocol of Epp
and Widlanski

Approximately, from 0.2 to 0.3—typically 0.2—equivalent of TEMPO
(MW 156.25) and ca. 2.2-4.2—typically 2.2—equivalents of bis(acetoxy)
iodobenzene® (BAIB, MW 322.1) are added to a solution of the alcohol in
a MeCN:water (1:1) mixture,>° containing ca. 0.06-0.28 mmol of alcohol
per mL of mixture. The resulting mixture is stirred at room temperature’
until most of the alcohol or the intermediate aldehyde is consumed.® The
carboxylic acid sometimes precipitates from the reaction mixture and can
be very easily isolated in high purity by simple filtration. Otherwise, the
reaction can be optionally quenched by addition of 5-10% aqueous Na,S,0;
and the rest of the workup can proceed according to two alternative
protocols:

Workup A:

The reaction mixture is concentrated, giving a crude acid containing
iodobenzene! and other by-products that must be separated for example by
chromatography.

Workup B:

The reaction mixture can be optionally acidified by the addition of
hydrochloric acid. It is extracted with an aqueous solvent such as EtOAc
or Et,0. The organic phase can be optionally washed with water and brine.
The resulting organic solution is dried (Na,SO, or MgSO,) and concentrated,
giving a crude carboxylic acid that may need further purification.

& BAIB possesses the following '"H-NMR (8, CDCl;, ppm): 8.13-7.45 (m, 5H, ArH), 2.01
(s, 6H, MeCO,).%2

® A CH,Cl,:water mixture can also be employed.%2

° Tt is sometimes beneficial to add 1 or 2 equivalents of NaHCO; to the reaction mixture.2

4 Better yields are sometimes obtained performing the reaction at 0°C, a temperature at which

the oxoammonium salt primary oxidant shows a greater stability in the presence of water.

®

It normally takes between half an hour and 1 day.
f Todobenzene possesses the following 'H-NMR (8, CDCls, ppm): 8.19 (s, 1H), 7.81 (s, 1H).%

HO, & HO, SNs
j\ WOH 0.18 eq. TEMPO, 2.2 eq. Phi(OAC), ﬁ\ WOZH
HN™ N MeCN/water (1:1),r.t.,27 h HN™ N
O)\/ >65% O)\/I

A primary alcohol is selectively oxidized in the presence of a secondary alcohol and a
sensitive uracil residue, using BAIB and catalytic TEMPQ. 4
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Bz OH Bz O,H
0.2 eq. TEMPO, 2.5 eq. Phl(OAc),

CH,Cl,/water (2:1), r.t., 45 min. /
BzO ‘SePh 61% BzO ‘SePh

A primary alcohol is oxidized to carboxylic acid with BAIB and catalytic TEMPO in the

presence of a very oxidation-sensitive selenoether,42¢

BzO

1y,
“ty,

6.5. Functional Group and Protecting Group
Sensitivity to TEMPO-Mediated
Oxidations

The transformation of primary alcohols into acids using Anelli’s protocol
involves more severe conditions than the analogous oxidation of alcohols to
aldehydes and ketones.22°

TEMPO-mediated oxidations using Anelli‘s protocol are normally
performed at a pH of ca. 8.6-10. This moderately basic pH is compatible
with acid-sensitive functional groups and with most base-sensitive ones. Esters
normally resist>2 the conditions of Anelli’s oxidation, including the very
base-sensitive acetate esters.22 However, it is sometimes advisable to minimize
the reaction time to prevent hydrolysis of acetates.Z2* Not surprisingly, esters
are fully compatible with the almost neutral conditions of TEMPO-mediated
oxidations by the method of Epp and Widlanski.40¢ 48

Normally, Anellis‘s oxidation is not compatible with the presence of
olefins, because usually they react very easily with NaOCI. Nevertheless, there
is one report22° in which a primary alcohol is oxidized to acid in the presence of
an alkene due to the use of stoichiometric—rather than catalytic—TEMPO that,
therefore, is able to act as a chlorine scavenger.

Alkynes remain unchanged under TEMPO-mediated oxidations.4- £

oBn 1.1 eq. TEMPO, 4-6% NaOC, KBr Bn
Bno,,, I il IR ‘ BnO, _A_OBn
5% NaHCOs/acetone, 0 °C, 1h —r.t.,,20h
Z 0 H 67% Z CO,H

The oxidation of a primary alcohol to carboxylic acid under Anelli’s conditions is performed

using stoichiometric TEMPO that operates as a scavenger of chlorine that otherwise would

react with the alkene.22¢
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Olefins conjugated with carbonyl groups are much less reactive
against HOCI, and, therefore, remain unchanged under TEMPO-mediated
oxidations. 34 48

It is possible to transform primary alcohols into acids in the presence of
sulfides and selenides, which fail to react in spite of their general sensitivity to
oxidation.4°

Formation of neither lactones nor lactols has been reported when
1,4-820.342.29 554 1 5-diols® 13230 are oxidized under TEMPO-mediated
conditions, unless the condition of Epp and Widlanski are used. In this case,
good yields of lactones can be obtained. 0%

6.6. Side Reactions

A very common lateral reaction in oxidations under Anelli’s protocol is the
chlorination of aromatic rings and alkenes, due to the presence of HOCI. This
reaction can be mitigated by:

e Addition of a stoichiometric quantity of TEMPO, which acts as
scavenger of chlorine. 2% 28¢

e Addition of a secondary oxidant different from NaOCI, such as
t-BuOCl.2°

e Lowering the reaction temperature to —5 to 0°C.3

e Using Zhao’s modification of Anelli’s oxidation, in which NaClO,—
a much weaker chlorinator than HOCIl—serves as stoichiometric
secondary oxidant; HOCI being present in catalytic quantities and,
therefore, much less able to produce undesired chlorinations.4

For obvious reasons, no chlorinations are possible in TEMPO-mediated
oxidations performed under the protocol of Epp and Widlanski, in which
PhI(OAc), is used as secondary oxidant, rather than HOCL.

NHCbz NHCbz
H 1.06 eq. TEMPO, 1.75 NaOCI, 0.1 eq. KBr o H

OH
/©/\/ 5% NaHCOs/acetone, 0 °C, 2h /©/\COZH
BnO 86% BnO'

According to the authors “In optimizing this reaction it was found that one equivalent of
TEMPO was needed. When a catalytic amount of TEMPO was employed, a chlorinated
aromatic derivative was isolated as the major product (presumably the TEMPO scavenges any
chlorine which is liberated during the reaction provided that ca. 1equiv is
present).”28¢
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H H
0.01 eq. TEMPO, 3.5 eq. t-BuOCI
HO., A F d & > HO,
ag. NaOH, pH=10-105,rt.,2.5h
PhO O H 40% PhO 0O~ "COH
This oxidation is performed using ~-BuOCI as secondary oxidant, rather than the more
common HOCI, because the latter produces chlorination at the para position of the phenyl

group. The similar benzyl and methyl glycosides can be oxidized uneventfully using HOCI as
secondary oxidant.2®

wF

Sometimes, carboxylic acids obtained by Anelli’s oxidation suffer in

situ decarboxylation. This can be avoided by proper adjustment of pH and

maintaining low temperature.2¢

HO 0,H
NaOCl, cat. TEMPO, KBr 4

HO ] 5
| "y " sat. ag. NaHCO,/CH,Cl,, Bu,NClI o Me
oot "’D e 62% FmocHN 3
o

Me Me

According to the authors: “To prevent decarboxylation during the TEMPO oxidation, it was
crucial to keep the pH between 8.5 and 9.5, and the temperature below 0°C.”Z¢
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Oxidation of Alcohols to Carboxylic
Acids via Isolated Aldehydes

7.1. Introduction

Not surprisingly, the oxidation of primary alcohols to acids involves more
rigorous experimental conditions than the oxidation to aldehydes, which possess
a lower oxidation state than acids. Therefore, the milder oxidizing conditions
needed for obtention of aldehydes offer better prospects for selective oxidations,
particularly in sensitive and complex molecules possessing oxidation-sensitive
moieties other than primary alcohols. Consequently, a two-step oxidation of
primary alcohols to acids, via an intermediate aldehyde that is isolated, is a
valuable synthetic alternative in some difficult substrates. The transformation of
aldehydes into acids usually does not interfere with other sensitive functional
groups because aldehydes are normally very easily oxidized under quite mild
conditions. In fact, an inspection of the modern literature shows that, in a
proportion as high as ca. 40%, the conversion of alcohols to acids is carried
out using two separate synthetic operations, with isolation of the intermediate
aldehydes. This highlights the fact that the direct oxidation of primary alcohols
to acids is an immature technique in need of more selective reagents.

A listing of instances in which a two-step transformation of primary
alcohols into acids is preferred over a direct one-step oxidation is shown
below.

HO O,H

S, 4, Br 3
“NHPhE 34 eq.NCS, Mezsb “NHPhE 7.7 eq. NaClO,, NaH,PO, “NHPhF
toluene, 25°C,6 h MeCN/tBuOH/water A\
Et;N, 25°C, 10 min 0°C, 10 min N
Boc 86% Boc 69% Boc

Initial attempts to oxidize directly the primary alcohol to carboxylic acid led to poor yields.
A stepwise procedure secured the desired acid in a 59% overall yield.4
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e~y Me MOM e~Me o
HN OH HN OH

i 0 Me BocHN, Y Me
OTES N0 OTES
M e a) TFAA, DMSO, CH,Cly, Et;N M e

gbZHN e b) KMnOy, 5% NaH,PO,, tBuoH M€ CozHN  Me

o

MeO MeO

In this molecule possessing an inordinately complex structure, it was possible to achieve a
remarkable 90% overall yield in the oxidation of a primary alcohol to acid, due to the use of a
two-step oxidation via aldehyde. According to the authors: “Initially, direct conversion to the

carboxylic acid was accomplished by using the Sharpless oxidation protocol employing
ruthenium (IV) oxide as catalyst. However, the yield varied according to the scale used, and
removal of the ruthenium salts was difficult. Therefore, a stepwise oxidation was chosen.
Conversion of the alcohol to the aldehyde was accomplished by a Swern oxidation with
trifluoroacetic anhydride as the DMSO activator. The unstable aldehyde was immediately
oxidized to the carboxylic acid, by using a procedure developed by Masamune for oxygen-rich
molecules containing acid-sensitive groups. Treatment of the aldehyde with potassium
permanganate in ¢-butyl alcohol with use of 5% sodium hydrogen phosphate, gave, after
30 min, the carboxylic acid in 90% yield”.2

G OH 15 eq.NCS, Me,S ‘O CHO__ 21eq AgNOg ‘O COH
_—— _——
‘ toluene, 25°C, 2h 5N NaOH, EtOH, r.t, 4 h
O EtsN, 2500 °C, O O
95% 81%

The direct oxidation of the alcohol to acid was thwarted by the tendency of the alcohol to
suffer an oxidative carbon—carbon bond scission at the hydroxyethyl side chain. For example,
treatment with PDC resulted partially in removal of one carbon atom with generation of the
corresponding arylcarboxylic acid. The desired acid could be secured by the combination of
two very mild oxidations, consisting of the generation of the aldehyde by the Corey—Kim
method, followed by treatment with Ag (I).2
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Me Me
O OMe O OMe
a) 8.4 eq. DMP,
BocHN " CHyCl,,25°C,0.5h BocHN
OH b) 4.1 eq.NaCIO,, resorcinol,
BnO HN )41 SNACIO,, resorcin BnO HN™ COH

0N o

HCO,CH,CCly

O 89%
HCO,CH,CCly

Zun
Zun

F

During the oxidation of the primary alcohol in this complex substrate, it was very difficult to
avoid a very facile epimerization at the o position that occurred at the intermediate aldehyde
stage. Eventually, it was possible to achieve the desired oxidation to acid, with little or no
epimerization, by performing an oxidation to aldehyde with Dess—Martin periodinane,
followed by treatment with NaClO, in the presence of resorcinol. The workup of the
Dess—Martin oxidation had to be performed at 0°C to avoid epimerization. It was possible to
obtain the acid by direct oxidation of the alcohol with TEMPO-NaOCI/KBr, also resulting in
little or no epimerization; however, this method was not preferred, because it delivered lower
and erratic conversions (0—43%).4

Swern
oxidation
—_— >

77% overall

According to the authors: “Attempts to effect the direct oxidation of the C(1) hydroxyl to a
carboxyl group failed, but a convenient stepwise procedure was devised that entailed Swern
oxidation followed by oxidation of the intermediate aldehyde under conditions that proceed
with concomitant hydrolysis of the carbonate moiety (Ag,0, 1IN NaOH, 25°C, 12h) to
furnish the acid in 77% yield.”2

wOTBS WOTBS ~OTBS

(COCl),, DMSO NaClO,, 2-methyl-2-butene
H Et;N, CH,Cl,, 78 °C CHO  tBuOH/water (1:1),NaH,PO, rt. CO,H

NHFmoc NHFmoc NHFmoc
90% overall

While a direct oxidation to acid using catalytic RuO, furnished the acid in 70% yield, a
two-step oxidation via aldehyde, using Swern oxidation followed by NaClO,, provided the
acid in 90% overall yield.¢




108 Introduction

a) (COCl),, DMSO, Et;N, CH,Cl,, 60 0°C
b) NaClO,, NaH,PO,, 2-methyl-2-butene, t-BuOH/water, r.t.
>67% overall

The starting alcohol could be oxidized to acid in a stepwise manner by a Swern oxidation
followed by NaClO,. It was possible to make a direct transformation from alcohol to acid
using Zhao’s procedure (TEMPO-NaOCI-NaClO,), but this method was not preferred because
it delivered a lower yield of acid due to concomitant oxidation at the furan ring.Z

(COCl),, DMSO, Et;N NaClO,, NaHPO,, 2-methyl-2-butene
Oonw " ono,-mc 2OH tBuOH, .t 4h = el

2Vl HO FBuR, L, CO,H

70% overall

A successful two-step protocol, consisting in a Swern oxidation followed by treatment with
NaClO,, was applied, after an attempted direct conversion of alcohol to acid by Jones
oxidation resulted in oxidative cleavage of a carbon—carbon bond in the starting diol.#

THPO(CHy) 101, oH (€OCN),, DMSO TpO(CH,)ygr, _CHO___NaCI0, THPO(CH,)es, _COH
g/\ EtyN, CH,Cl, Y £BUOH, rt, 12 H Y

quantitative quantitative

According to the authors: “The one-step oxidation procedure with RuO, was not possible in
this case due to the vulnerability of the THP protecting group. The Swern oxidation to the
aldehyde, followed by further oxidation with sodium chlorite to the carboxylic acid was a

perfect alternative.” The authors claimed a quantitative conversion in both steps.2
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NHBoc . NHBoc
= H 2 equiv. PDC CH,Cl,,4AMS, 25°C, 4 h =
CHO
OTBS OTBS
6 equiv. PDC
6 equiv. MeOH
DMF 25°C, 36 h
NHBoc o NHBoc
P 1.1 equiv. LiIOH, THF:H,O (9:1),25°C, 18 h
CO,H ~95% COxMe
OTBS OTBS

50% from alcohal
A direct oxidation to carboxylic acid using PDC in DMF was unsuccessful. Therefore, the
authors opted? for a three-step procedure beginning with oxidation to aldehyde with PDC in
CH,Cl,. This is followed by an interesting two-step oxidation of the aldehyde to acid via a
methyl ester—obtained with PDC in DMF in the presence of methanol after O‘Connor and
Justdl— that is hydrolyzed to acid under basic conditions.
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A Allylic positions
Acetals sensitivity to PDC in DMF, 38
normally resist Jones oxidation, 24 Amides
4-AcNH-TEMPO, in Anelli’s oxidation, 86, 91 resist Heyns oxidation, 55-56
Aldehydes, as isolated intermediates in resist Jones oxidation, 23
oxidation of alcohols to acids, 105-09 sensitivity to ruthenium tetroxide, 70
Aldehydes, isolation Amines
from Heyns oxidation, 56 normally resist Jones oxidation, 25
from Jones oxidation, 14, 26 react with ruthenium tetroxide, 70-71
from oxidation with PDC in DMF, 39 sensitivity to Heyns oxidation, 55-56
from potassium permanganate sensitivity to PDC in DMF, 37-38
oxidations, 9-10 sensitivity to potassium permanganate, 9
from ruthenium tetroxide oxidation, 74 Anelli’s oxidation, 83-93
Aldehydes, oxidation catalyst, 86
under Heyns conditions, 55 experimental procedure, 90-92
with Jones reagent, 25 mechanism, 85
with PDC in DMF, 36 pH, 87-88
with potassium permanganate, 8-9 phase-transfer catalyst, 87
with ruthenium tetroxide, 70 selectivity, 88-90
Aliquat® 336, phase-transfer catalyst in solvent, 85-86
Anelli’s oxidation, 87, 91 Aromatic rings, sensitivity
Alkene migration during Jones oxidation, 27-28 to Anelli’s oxidation, 100
Alkenes to ruthenium tetroxide, 70, 72

oxidative breakage with potassium
permanganate, 8

resist Heyns oxidation, 56 B
resist potassium ruthenate, 66—67 BAIB, secondary oxidant in the procedure of
sensitivity to Anelli’s oxidation, 99—-100 Epp and Widlanski, 81, 96-99
sensitivity to Jones oxidation, 23, 27 Benzyl ethers
sensitivity to PDC in DMF, 38 resist Jones oxidation, 22
sensitivity to ruthenium tetroxide, 61, 70-71 resist potassium permanganate, 9
sensitivity to TEMPO-mediated oxidations, sensitivity to ruthenium tetroxide, 72-73
99-100 Benzylic positions

Alkynes sensitivity to potassium permanganate, 8-9
react with ruthenium tetroxide, 61-62, 70 Benzylidene acetals
resist potassium ruthenate, 67 resist Jones oxidation, 23
resist TEMPO-mediated oxidations, 99 Benzyloxymethyl ethers
sensitivity to Jones oxidation, 28 resist Jones oxidation, 22
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Bis(acetoxy)iodobenzene. (See BAIB)
Bleach. (See Sodium hypochlorite)
Boc-protected amines
resist potassium permanganate oxidation, 7
sensitivity to Jones oxidation, 17, 23
Bromine, secondary oxidant in
TEMPO-mediated oxidation, 83
t-Butyl hypochlorite, secondary oxidant in
TEMPO-mediated oxidation, 83, 100-01

C
Carbon-carbon bond breakage
by Heyns oxidation, 50-51, 56
by Jones reagent, 27
Cbz-protected amines
resist Jones oxidation, 23
resist potassium permanganate oxidation, 7
Chlorine, secondary oxidant in
TEMPO-mediated oxidation, 83
m-Chloroperbenzoic acid, secondary oxidant in
TEMPO-mediated oxidation, 79, 83
Chromium trioxide, 13
Corey and Schmidt oxidation. (See Pyridinium
dichromate in dimethylformamide)
Cyclohexylidene acetals, resist
Jones oxidation, 23

D
Dimeric ester formation
during Jones oxidation, 15-16, 20, 26
during oxidation with PDC in DMF, 39
1,2-Diols, oxidative breakage
under Heyns oxidation, 50-51
with potassium permanganate, 8
1,4-Diols, sensitivity
to Jones oxidation, 24
to Heyns oxidation, 57
to TEMPO-mediated oxidations, 100
to the oxidation of Epp and Widlanski,
97, 100
1,5-Diols, sensitivity
to Heyns oxidation, 57-58
to Jones oxidation, 24
to PDC in DMF, 37
to procedure of Epp and Widlanski, 97, 100
to TEMPO-mediated oxidations, 100
1,3-Dioxolanes, sensitivity to Jones
oxidation, 23

E
o-Epimerization
during Anelli’s oxidation, 107
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during Heyns oxidation, 57-58
during Jones oxidation, 70
during oxidation with PDC in DMF, 33, 38
during oxidation with ruthenium tetroxide,
74-75
during potassium permanganate oxidation, 10
Epoxides
normally resist Jones oxidation, 25
resist Heyns oxidation, 55
Epp and Widlanski, oxidation of, 96-99
experimental procedure, 98
mechanism, 96-97
selectivity, 97
Esters
resist the oxidation of Epp and
Widlanski, 99
sensitivity to Anelli’s oxidation, 88, 91, 99
sensitivity to Heyns oxidation, 55
sensitivity to potassium permanganate
oxidation, 7-8
Ethers
react with potassium permanganate, 3
react with ruthenium tetroxide, 70, 74

F
Fmoc-protected amines, resist Jones
oxidation, 23

Functional group sensitivity
to Heyns oxidation, 55-56
to Jones oxidation, 21-25
to PDC in DMF, 36-38
to potassium permanganate oxidation, 7-9
to ruthenium tetroxide oxidation, 70-74
to TEMPO-mediated oxidation, 99—100

G
Glycosides, normally resist Jones
oxidation, 24

H
Heyns oxidation, 43-58
application, 52
experimental procedure, 52-53
functional group sensitivity to, 55-56
mechanism, 43-44
oxygen, 44, 48
pH, 44, 4647
platinum, 45, 48-49
poisons, 49-50
protecting group sensitivity to, 55-56
selectivity, 50-51
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side reactions, 47, 56-58
solvent, 45-46
surfactant addition, 53
temperature, 44
4-HO-TEMPO, in Anelli’s oxidation, 86, 91
Hydrogen peroxide, secondary oxidant in
ruthenium tetroxide oxidation, 66

I
Isopropylidene acetals
resist Jones oxidation, 23

J
Jones and other CrOs-based oxidations, 13-28
Jones oxidation, 13-28
acidity, 17
experimental procedure, 19-20
functional group sensitivity to, 21-25
inverse addition, 15-16
mechanism, 13-14
protecting group sensitivity to, 21-25
side reactions, 25-28
solvent, 16
Jones reagent, 13

L
Lactols, oxidation with PDC in DMF, 36

M
MCPBA. (See m-Chloroperbenzoic acid)
Mechanism of
Anelli’s oxidation, 85
Epp and Widlanski, oxidation of, 96-97
Heyns oxidation, 43-44
Jones oxidation, 13—-14
potassium permanganate oxidation, 1-2
ruthenium tetroxide oxidation, 63
TEMPO-mediated oxidation, 81-82
4-MeO-TEMPO, in Anelli’s oxidation, 80, 83
p-Methoxybenzyl ethers
resist Jones oxidation, 22
resist potassium permanganate, 9
Methylene acetals, resist Jones oxidation, 23
N-Methylmorpholine N-oxide, in
tetra-n-propylammonium perruthenate
oxidation, 67
MOM ethers, resist Jones oxidation, 22

N
NMO. (See N-Methylmorpholine N-oxide)
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Oximes
react with potassium permanganate, 8
react with ruthenium tetroxide, 70
Oxone®, secondary oxidant in ruthenium
tetroxide oxidation, 66
Oxygen and platinum. (See Heyns oxidation)

P
Pappo and Becker, procedure of, 61-62
Periodic acid
in ruthenium tetroxide oxidation, 66
in Zhao’s catalytic CrO; oxidation, 18
Permanganate, 1-10
Perruthenate oxidation, 66—-68
Phenols, resist Heyns oxidation, 56
Potassium permanganate oxidation
cosolvent, 4
decomposition in water, 5
experimental procedure, 5—6
functional group sensitivity to, 7-9
mechanism, 1-2
pH, 2-3
phase-transfer catalyst, 4
protecting group sensitivity to, 7-9
side reactions, 9-10
solvent, 4
Potassium peroxymonosulfate. (See Oxone®)
Potassium persulfate, secondary oxidant in
potassium ruthenate oxidation, 66—67
Potassium ruthenate oxidation, 66
Protecting group sensitivity
to Heyns oxidation, 55-56
to Jones oxidation, 21-25
to PDC in DMF, 36-38
to potassium permanganate oxidation, 7-9
to ruthenium tetroxide oxidation, 70-74
to TEMPO-mediated oxidation, 99—-100
Pyridinium dichromate (PDC) in
dimethylformamide, 33-39
experimental procedure, 34
functional group sensitivity to, 36-38
protecting group sensitivity to, 36-38
side reactions, 38-39

R
Ruthenate oxidation, 66—68
Ruthenium tetroxide, 61
Ruthenium tetroxide oxidation, 61-75
application, 68
buffering, 65
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experimental procedure, 68—69
functional group sensitivity to, 70-74
mechanism, 63

procedure of Pappo and Becker, 61-62
protecting group sensitivity to, 70-74
secondary oxidant, 66

Sharpless’ modification, 62-63

side reactions, 74-75

solvent, 63-64

source of RuO,, 65

S
Secondary alcohols
oxidation with PDC in DMF, 36
oxidation with potassium permanganate,
2-3,8
sensitivity to Anelli’s oxidation, 89-90
sensitivity to Heyns oxidation, 47, 50-51, 53,

55-57

sensitivity to Jones reagent, 13, 17, 21,
23,25

sensitivity to ruthenium tetroxide, 62,
67,73

sensitivity to the oxidation of Epp and
Widlanski, 97-98
Secondary oxidants
BAIB, 81, 96-97, 99-100
bleach, 66, 80
bromine, 83
t-butyl hypochlorite, 83, 100-01
chlorine, 83
m-chloroperbenzoic acid, 79-80, 83
hydrogen peroxide, 66
N-methylmorpholine N-oxide, 67
Oxone®, 66
periodic acid, 18, 66
potassium peroxymonosulfate, 66
potassium persulfate, 66
sodium bromate, 66
sodium bromite, 83
sodium chlorite, 80-81, 93-94, 100
sodium hypochlorite, 66, 80, 83-85
sodium periodate, 61-66
trichloroisocyanuric acid, 83
Selectivity in
Anelli’s oxidation, 88-90
Epp and Widlanski, oxidation of, 97
Heyns oxidation, 50-51
Sharpless’ modification of ruthenium tetroxide
oxidation, 62—-63
Side reactions
in Heyns oxidation, 5658
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in Jones oxidation, 25-28
in PDC in DMF oxidation, 38-39
in potassium permanganate oxidation, 9-10
in ruthenium tetroxide oxidation, 74-75
Silyl ethers, sensitivity to PDC in DMF, 36
Sodium bromate, secondary oxidant in
ruthenium tetroxide oxidation, 66
Sodium bromite, secondary oxidant in
TEMPO-mediated oxidation, 83
Sodium chlorite, secondary oxidant in Zhao’s
modification of Anelli’s oxidation, 80-81,
93-94
Sodium hypochlorite, secondary oxidant
in Anelli’s oxidation, 80, 83—-85
in ruthenium tetroxide oxidation, 66
Sodium periodate, secondary oxidant in
ruthenium tetroxide oxidation, 61-66
Sodium ruthenate oxidation, 66
Sulfides
oxidation with potassium permanganate, 8
react with ruthenium tetroxide, 70
resist TEMPO-mediated oxidations, 100
sensitivity to PDC in DMF, 37

T
TBDPS ethers
resist Jones oxidation, 22
resist PDC in DMF, 36
TBS ethers
sensitivity to Jones oxidation, 22
sensitivity to PDC in DMF, 36
sensitivity to ruthenium tetroxide, 65
TEMPO, 79-80, 83
TEMPO-mediated oxidations, 79—-101
amino 1-oxyl radicals, 83
Anelli’s oxidation, 83-93
Epp and Widlanski, oxidation of, 96-99
functional group sensitivity to, 99—-100
mechanism, 81-82
protecting group sensitivity to, 99—100
side reactions, 100-01
stoichiometric oxidants, 83
Zhao’s modification of Anelli’s oxidation,
93-96
Tertiary allylic alcohols, sensitivity to PDC in
DMF, 37
Tetra-n-butylammonium bisulfate,
phase-transfer catalyst in Anelli’s
oxidation, 87, 91
Tetra-n-butylammonium bromide,
phase-transfer catalyst in Anelli’s
oxidation, 87, 91
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Tetra-n-butylammonium chloride,
phase-transfer catalyst in Anelli’s
oxidation, 87, 91

Tetra-n-propylammonium perruthenate
oxidation, 67

2,2,6,6-Tetramethylpiperidine-1-oxyl.
(See TEMPO)

Thiols, oxidation with potassium
permanganate, 8

THP ethers, sensitivity to Jones oxidation,
17, 22-23

TPAP. (See Tetra-n-propylammonium
perruthenate)
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Tricaprylylmethylammonium chloride.
(See Aliquat® 336)

Trichloroisocyanuric acid, secondary
oxidant in TEMPO-mediated
oxidation, 83

Z
Zhao’s catalytic CrO; oxidation, 18
Zhao’s modification of Anelli’s oxidation,
93-96
experimental procedure, 94-95
Zinc permanganate oxidation, 5
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