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Chapter 4. Oxidation

4-1. Oxidation of alcohols to aldehydes, ketones or carboxylic acids

 Oxidants

a. Transition metal oxidants

Cr

O

O

O

1) Cr(VI) - based reagents

Jones' reagent

+ H2O

Cr

O

O

O

+ H2O

chromium(IV) trioxide

(concentration, pH)

O

aicdic aqueous solution of chromic acid

chromic acid dichromic acid

HNNH

CrO3 + aq. H2SO4

CrO3 in AcOH

+ AcOH H2O

Collin's reagent:  CrO3 in pyridine

General Mechanism of Alcohol Oxidation

OH

+ 

R

R

H

+
+

_

+ Cr

O

OHHO

O

good for acid sensitive substrates

CH2Cl2

pyridinium chlorochromate

CrO3 in HCl 

Cr

O

OHO

O

+ pyridine + +
_

R

R

H

pyridinium dichromate

CrO3 in H2O (small amount)

+ H2O

slow

O
R

R

+   pyridine

_ _

+ Cr
O

O

OH

+

solvent: DMF or CH2Cl2

oxidation of 2
o 

alcohols or allylic alcohols

+

_

+ H
+

Dropwise addition of the reagent to an acetone solution of alcohols at 0 oC

PCC

PDC
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O

OH

H

C3H7 CH2C3H7

C O

O

C3H7 CH2C3H7

HO

HO CH3

HO
HO

CH3
O

O

H3C

b. Other Oxidant 

HO

HO CH3

Na2Cr2O7
C3H7CH2OH

O

H2O, H2SO4

OH

C3H7CHO

O

C3H7CH2OH

CH3CHO

S O

H
+

1. CrO3, pyridine

2) Mn(VII), Mn(IV)

Potassium permanganate   KMnO4

Very strong oxidant - overoxidation problem

Manganese dioxide   MnO2

selective for allylic and benzylic alcohol

S O

preparation

MnSO4   +   KMnO4   +   2NaOH 2MnO2   +   Na2SO4   +   KOH   +   H2O

X

1)  DMSO  +  electrophile (X
+
)

DCC,  Ac2O,  Tf2O,  Oxalic chloride

S ORCH2O X

2. H3O
+

35%

MnO2

acetone

RHC O

H

S

<mechanism>

+ _

+ X
+

O X

+ HOCH2R

+
RHC O +

_

+(CH3)2S

base

insoluble in most organic solvents Use 18-Cr-6 or PTCatalyst

[examples]

OH O

Hacetone
(80%)

CrO3, H2SO4
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OH O

S O C C

O O

Cl Cl

S O C

O

C

O

Cl
S Cl

S O

R

R'

H

RR'C O

SCH3 CH3 S Cl

CH2OH

S Cl

CH2OS(CH3)2 CHO

Al

O

H

O

H3C

CH3

R

R

Al

O

H

O

H3C

CH3

R

R

1.

2. Et3N

CH2Cl2, -50 oC

DMSO, (COCl)2

95%

+

HO

+

Cl
_

O

+
+ CO

C CHO OH

+ CO2

Cl
_

RR'CHOH

+

base

+

O
Mn

O
R

R

(CH3)2S

2) Corey - Kim procedure

+
+

R

R

+
+

Cl
_

+

O

O

Cl
_

Et3N

Mn

O

O

O

O

NCS  or Cl2

(93%)

3)  Oppenauer oxidation

Oppenauer

Meerwein-Pondorff-Verley

OH

OHR

R

4-2-1. Perhydroxylation

a) KMnO4

4-2. Oxidation of carbon - carbon double bonds

Al(Oi-Pr)3

H

H

acetone

potassium permanganate

syn - perhydroxylation

_

Mn

HO

HO

O

O

cyclic intermediate

+

_

+

_
H2O

OH
_

control further oxidation (ketol formation) :  glycol formation in alkaline solution

VII V V

Swern Oxidation
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O
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OR
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O

H
O

OR

R

Mn

O

O

O

OHR

R

Mn

O

O
HO

O
Os

O
R

R

R

R O

O

Os

O

O

O

O OH

OHR

R

H

H

Os

HO

HO

O

O

N

O

O

CH3O2C

CH3O2C

_

V

CH3O2C

CH3O2C

ketol formation

H2O

H

OH
OH

_

IV

H2O _

OH

IV

+

Selective and mild glycol formation

OH

OH

OH

b) Osmium tetroxide

Stereospecific syn addition through cyclic osmate ester

+ +

toxic and expensive

Upjohn Process 

Use amine oxide as a stoichiometric oxidant:  N-methylmorpholine-N-oxide

I

H2O

_

NMP

t-BuOOH or BaClO3 can also be used.

OsO4 (cat.)

I

OO

aq. acetone

NMP

OsO4 (cat.)

OO

c)  Iodine and silvercarbonate

Prevost condition (anhydrous condition)             trans-glycol derivative

NMP

Woodward condition (aqueous condition)              cis-glycol derivatives

OO

I2

+

HO

AgOAc
OHO

O
OAc

_

+    AgI

+

H2O

OAc

OAc

OAc
_

 



 - 62 - 

L-(+)-diethyl tartrate

CH2Cl2, -20 oC

O
V

O O

O

O

OO

CH3

O
V

O O

O

O

OO

CH3

C4H9

CH3 OH
H

C4H9

CH3 OH
H

O

OH

C9H19

OH

C9H19
O

OH

C9H19

OH

C9H19
O

OH

R2 R1

R3

EtO2C

CO2EtOH

OH
H

H

CO2Et

EtO2C OH

HO
H

H

4-2-2  Epoxidation

t-BuOOH as a stoichiometric oxidant  

V, Mo, Ti as a catalyst

t-BuOOH

Epoxidation of allylic alcohol

a)  Transition metal oxidants

O

Ti
O O

O

O

Asymmetric epoxidation of allylic alcohol  -  Sharpless epoxidation

>99% selectivity
VO(acac)2

benzene, reflux

Ti(Oi-Pr)4
(+)-diethyl tartrate

EtO2C

CO2Et

t-BuOOH

R

Ti(Oi-Pr)4

t-BuOOH

O

Ti
O O

O

O

90% ee

82%
(-)-diethyl tartrate

CH2Cl2, -20 oC 80%

90% ee

EtO2C

CO2Et

D-(-)-diethyl tartrate

R

(+) (+)

b)  Peroxidic reagents

MCPBA, peracetic acid perbenzoic acid etc.

RCOOH   +   H2O2                H2O   +   RCO3H  
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O
O R

OH

O
O R

O
O

HOAc OAc

O

OH OH

O

O O

O OH

O

O

R R

HO OH

H

R R

H
HO OH

H

R R

H

IHO OH

OO

O

H R

O

H R

I
O O

O O

I
O O

HO OH
IO

O

O

R

R

Stereospecific syn addition

O
O

O

concerted process

rate increased by electron donating substituents on alkenes and electron withdrawing 
substituents on peroxy-acid

MCPBA

O
O

O

R
H

H R

CHCl3
80%

MCPBA

CHCl3

MCPBA

benzene

0 oC

MCPBA

O
O

O

R H
H R

H2O2

0 oC

benzene

NaOH

_

_
O-OH

4-2-3  Cleavage of double bonds

a) Transition metal oxidants

O

O
O

R

H

H

R

or

KMnO4+

OsO4

+

_

NaIO4

_

_

+

O

O
O

R

H

H

R

+H2O
_

b) Ozonolysis

1,3-dipolar cycloaddition

_
+

+
_

+
_

initial ozonide

ozonide

H2O

RCHO  +  H2O2

H2O2

or  RCO3H
RCOOH

RCHO

reducing agent*

* reducing agent:

   1. Me2S

   2. Zn/AcOH

   3. PPh3

   4.Na2SO3

OH
O

R

H
OCH3

RCHO

Me2S

CH3OH
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R H
R
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O Cr

O

O

OH
R

O

OH

OCH3

HO

CHO

OCH3

HO

CO2H

O

R'

H

R

R

Pb(OAc)2

R

O

R'

R

O

O
O

R'
AcO

R R

R R

O

R' O OH

O

c) Pb(OAc)4

Pb(OAc)4

fast

Pb(OAc)4

R

O

R

O O

O

R'

slow

cyclic intermediate

4-3 Oxidation of Ketones and Aldehydes

a) Transition Metal Oxidant

H2CrO4

H2O

+

H

H
+

R O
R

O

+ HCrO3

1. Ag2O, NaOH

2. HCl
(83~95%)

BF3

Pb(OAc)4
+ Pb(OAc)2

O

IIIV

b) Peroxy-acid Oxidants:  Baeyer - Villiger oxidation

O

O

+ +

O

O

R'CO2H

O

Concerted Mechanism

Migratory Aptitude

t-alkyl, s-alkyl > benzyl, phenyl > primary-alkyl > cyclopropyl > methyl

PhCO3H

O

CHCl3

MCPBA

CHCl3

O

O

CH3CO3H

CH3CO2H
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N Cr

O

O

O
N

N Cr

O

OH

O

H

N

N Cr

O

OH

O

Cr

OHO

O

H

OCrHO

O

O

O

CH2

R

H
Se

O

O

CH2

R

SeHO

O
CH

R

Se
O

HO

a) Transition Metal Oxidants

4-4 Allylic Oxidation

H

C

R

CrO3  Py
_

H

O

+
CrO3  3,5-dimethylpyrazole

C

R

=

H

OAc

=

68%

H

b) SeO2

SeO2

Alkenes              -unsaturated carbonyl compounds (major product)

allylic alcohols or esters

"ene" reaction

Catalytic process

1.5-2 mol% SeO2  /  t-BuOOH  (stoichiometric reagent)

allylic alcohol is the major product

OAc
AcOH
Ac2O

OH

AcOH

O

+ +

35% 18% 8%

CrO3  Py
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RHC CHR'

R1

R2 CH2R3

R

H H

H H
H

CH3

CH3

H

CH2OHCH3O CH2OHCH3O

H

CO2CH3CH3O CO2CH3CH3O

H

Rh Cl Rh H

RCH CHR

RCH CHR

Rh H

RCH2 CHR

Rh

Chapter 5. Reduction

5.1 Catalytic Hydrogenation

RCH2 CHR

+ H2

Rh

transition metal

H

catalyst

RCH2 CH2R

"Pt, Pd, Rh, Ru, Ni"

RH2C-CH2R'

Rh

<mechanism>

O

Stereoselective syn addition from the less hindered side of double bond

94% selectivity

85% selectivity

O

Heterogeneous  (may cause double bond migration)

O

OH

Homogeneous catalysts (soluble complex)

Wilkinson's catalyst :  (PPh3)3RhCl

O

OH

minimize the migration process

H2

H

H2

(Ph3P)3RhCl

H2

[R3P-Ir(COD)py]PF4

H2

Directing effect by amide, ester and ether etc.

Lindlar's catalyst:  partial reduction of alkynes to (Z)-alkenes

CH2OR

Pd-CaCO3 (Lead) or quinoline : heterogeneous cat.

Hydrogenolysis

CH3

H2, Pd + ROH

directing effect

steric effect
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HN NH O2C N N CO2

S

O

O

NHNH2

NH2O S

O

O

O

HN NH N

H H

N

H H

HN NH

B

H

H
H

H

O

M

R R

5-2 Diimide

B

H

H

H O

NaBH4

in situ generationunstable

1. Na
+

_

R

R

H

_
Na

+
+   RCO2H

2.

heat

B

O

OO

O

R

H

R

R

H
RH

RR

H

R

R

or THF-H2O, NaOAc

3. NH2NH2, O2, Cu(II)

NH2NH2, H2O2

4. 
_

+ NH2OH

+

nonpolar cyclic T.S.

+   N2

syn addition

5-3 Group III Hydride-donor Reagents

B, Al

LiAlH4

Mild reducing agent
Reacts rapidly with aldehydes and ketones
Reacts slowly with esters
Solvents: EtOH, H2O

Powerful hydride donor reagent
Reacts rapidly with esters, nitriles and amides     
  as well as aldehydes and ketones
Solvents: THF or ether

<No Reaction with Isolated Double Bonds !!!>

R

R H

OH

5-3-1 Reduction of Carbonyl Compounds

<Mechanism of reduction>

+
_

_
M

+

H2O

N
H

O

4

B(OH)4

+

LiAlH4

THF N
H

65 oC, 8 h
67-79%

Selectivity or Reactivity of B/Al hydrides

1. Nature of the metal cation

Li, Ca > Na

Lewis acid strength
 or hardness

LiBH4, Ca(BH4)2 > NaBH4
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H
C

CH3

CH2CH3HB

R R

O

R R

O B H

H

H

Selectivity or Reactivity of B/Al hydrides

2. Effect of Ligands

a. Alkoxy ligand:  Increase solubility of the reagent
      selective reduction @ low temperature

LiAlH(Ot-Bu)3 NaAlH2(OCH2CH2OCH3)2

R

R

O

H

=    Red-Al
TM

b. Nitrile ligand:  Electron withdrawing  group

reduced reactivity Iminium ion                amine

NaBH3CN

c. Alkyl ligand

Size effect             Selective reduction

Selectrides
TM

B

H

H

(stereoselective reduction)

M
+

(

R

R

OH

H

)3

_

Neutral Boron and Aluminum Hydrides

BH3 : Borane AlH3 : Alane

+    BH3

Al

+

H

_

B(OH)3

3

DIBAL

Selective reduction of esters to aldehydes at  low temperature

Carboxylic acid                  primary alcohol
Amide                      Amine

O

B2H6

OH O

Do not react with esters, nitro, and cyano

Reduction of a−unsaturated carbonyl compounds

or

1,2-reduction 1,4-reduction

1,2-reduction 1,4-reduction

Luche condition:  NaBH4  +  CeCl3
DIBAL

9-BBN

Catalytic hydrogenation

"H
 
  "

 
+ Copper salt :  Cu-H

Wilkinson's catalyst  +  Et3SiH  

 

 



 - 69 - 

R

O
H

H

BH
R

R
R

R

OHH
H

H

R

O
H

H

BH
H

H
H

R

HH
H

OH

I

I

O

Ph

H

Ph

H

OH

t-Bu

O

H

H t-Bu

OH

HH

H

Et Et

Stereoselectivity

Cyclohexanone derivatives

Steric approach control  vs  Stereoelectronic control

Et

Et

sterically hindered hydride donor approaches to the equatorial position to give axial alcohol

_

_

steric

stereoelectronic

5-3-2 Reduction of Other Functional Groups

LAH
94%

LAH
3%

O

Cl

Cl

+ 81%

LAH
or   LiBHEt3

O

H

Cl

LAH

LAH

:  super-hydride

120-150 oC

O

O

I

O

CH2OCH3

4.5 h

90%

5-4 Hydrogen Atom Donors

O

1. Replace halogen by H <Free Radical Chain Mechanism>

In     +   Bu3SnH                In-H   +   Bu3Sn

Bu3Sn    +   R-X                R    +   Bu3SnX

R    +   Bu3SnH                RH   +   Bu3Sn

O

O

O

CH2OCH3

84%

Bu3SnH

NaBH4

O

Me3SnCl (cat.)

stoichiometric reagent

n-Bu3SnH
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X
C

X

S

O
C

X

S

R O
C

X

S

R

SnBu3

O
C

X

S SnBu3

X
C

X

S

PhO
C

Cl

S

Im
C

Im

S

R
R'

O

R
R'

O

R
R'

OH

R
R'

OH

R
R'

O

H

R

R'

O O

R'

R

R
R'

O

R
R'

O

H

2. Reductive deoxygenation of alcohols

R-OH

R

OR

R

+

R     +RH       +

/   DMAP

NaH, CS2

R

OR

R

then  CH3I

5-5 Dissolving - Metal Reduction

5-5-1 Addition of hydrogen

R

OHR

R

e
_

s.e.t.

<mechanism>  single electron transfer

R

OHR

R

sol-H e

ketyl

_ _

R

OR

R

dimerization _

_

_

disproportionation

H

_

O

_

+

_

Conjugate Reduction

O

e
_

Br

e

O

_
_

sol-H _

_

Li, NH3

H2O

H H

(1 equiv.)

_

Birch Reduction

H H

partial reduction of aromatic ring

Li or Na in Liquid NH3

Li
H H

H H

sol-H Li
_

sol-H

*Benzene ring with electron-withdrawing substituents reacts too fast !!!

n-Bu3SnH

Bu3Sn

Bu3SnH

• 

• 

• 

Bu3Sn
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OCH3 OCH3 CO2 CO2

OCOCH3

Cl

Cl Cl

ClCl

Cl
OCOCH3

R
R

O

OAc

R
R

O

Regiochemisty for protonation

Li, NH3

R
R

O

EtOH

Li, NH3

EtOH

_ _

5-5-2 Reductive removal of functional group

70%

O

Na

EtOH

O

<Mechanism>

O O

R-X
e

_

HO OH

R-X
-X

O

e
_

R

O

HO

sol-H
R-H

H

Zn

H

_

O

sol-HZn

or Al-Hg

5-5-3 Reductive carbon-carbon bond formation

O

Pinacol coupling

Mg-Hg H
+

pinacol

Mg-Hg

CH3O

O

O

OCH3

TiCl4

Li or K or Zn-Cu or LAHand

TiCl3

Li

O

O

85%

Acyloin condensation

1. Na

2. AcOH

Na

O

OH

Na

H3O
+

Esters           -hydroxyketone (acyloin)

TiCl3

R
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O

O NNH2

N
N

H

H
N

N H
N

N H

H

N
N

H

H H

O NNHTs

N
N

H

Ts

H

N
N

H

TsH

H

N
N

H

5-6 Reductive Deoxygenation of Carbonyl Group

Clemmensen reduction Strongly acidic condition

H H

Zn, HCl

Wolff-Kishner reduction base-catalyzed decomposition of hydrazone 

H2NNH2
base

O

<mechanism>

HS SH

OH

H2O

OH

S

S

H2O N2

+

Tosylhydrazone reduction

H2NNH2
LAH

or NaBH4

O

<mechanism>

H2O

NNHSO2Ar

LAH

N2

+

Thioketal Desulfurization

N

BF3

N

Raney Ni

H

SO2Ar

or n-Bu3SnH 81%

2RLi N

Carbonyl group              Alkene

N

H2NNH2

SO2Ar

or LDA

NLi
N

Li

Li

H2O

Shapiro reaction

RLi

<mechanism>

 


