NPTEL — Chemistry — Reagents and Organic reactions

Module | Oxidation Reactions

Lecture 1

1.1 Osmium Oxidants

1.1.1 Introduction

Osmium is the densest (density 22.59 gcm™) transition metal naturally available.
It has seven naturally occurring isotopes, six of which are stable: '#*Os, *70Os,
1880s, 18905, 1%°0s, and *°%0s. It forms compounds with oxidation states ranging
from -2 to +8, among them, the most common oxidation states are +2, +3, +4

and +8. Some important osmium catalyzed organic oxidation reactions follow:

1.1.2 Dihydroxylation of Alkenes

Cis-1,2-dihydroxylation of alkenes is a versatile process, because cis-1,2-diols
are present in many important natural products and biologically active molecules.
There are several methods available for cis-1,2-dihydroxylation of alkenes,

among them, the OsO,-catalzyed reactions are more valuable (Scheme 1).

OsO4 vapours are poisonous and result in damage to the respiratory tract and
temporary damage to the eyes. Use OsO,4 powder only in a well-ventilated hood

with extreme caution.

Y. Gao, Encylcopedia of Reagents for Organic Synthesis, John Wiley and Sons,
Inc., L. A. Paquette, New York, 1995, 6, 380.
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Scheme 1
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The use of tertiary amine such as triethyl amine or pyridine enhances the rate of

reaction (Scheme 2).
@ 0s0,, Pyridine O-“OH
K,COg, KOH OH

Et,0, 30 min

Scheme 2

Catalytic amount of OsO, can be used along with an oxidizing agent, which
oxidizes the reduced osmium(VI) into osmium(VIIl) to regenerate the catalyst. A
variety of oxidizing agents, such as hydrogen peroxide, metal chlorates, tert-butyl
hydroperoxide, = N-methylmorpholine-N-oxide, molecular oxygen, sodium
periodate and sodium hypochlorite, have been found to be effective (Scheme 3-
7).

HO OH
/—\ 0s0y, H,0, . /_\
HOC  COH  m i Buon, 12h, 1t HO:C  COH
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Scheme 4
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OSO4, NalO4

A aqueous acetone |
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Scheme 7

\

In the latter case, the resultant diols undergo oxidative cleavage to give
aldehydes or ketones. This reaction is known as Lemieux-Johnson Oxidation.
NalO,4 oxidizes the reduced osmium(VI) to osmium(VIll) along with the oxidative

cleavage of the diols.

Mechanism

The reaction involves the formation of cyclic osmate ester, which undergoes
oxidative cleavage with NalO4 to give the dicarbonyl compounds (Scheme 9).

050, O_ 0 NalO,
0sO, + S o< - OHC/\/\/CHO
yay . .
addition to o O oxidative
double bond cleavage

osmate ester

Scheme 9
1.1.3 Sharpless Asymmetric Dihydroxylation

Although osmylation of alkenes is an attractive process for the conversion of
alkenes to 1,2-diols, the reaction produces racemic products. Sharpless group
attempted to solve this problem by adding chiral substrate to the osmylation
reagents, with the goal of producing a chiral osmate intermediate (Scheme 10).
The most effective chiral additives were found to be the cinchona alkaloids,
especially esters of dihydorquinidines such as DHQ and DHQD. The % ee of the

diol product is good to excellent with a wide range of alkenes.
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Scheme 11

If the alkene is oriented as shown in Scheme 11, the natural dihydroquinidine
(DHQD) ester forces delivery of the hydroxyls from the top face (p-attack).
Conversely, dihydorquinine (DHQ) esters deliver hydroxyls from the bottom face

(c-attack).
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The reactions are generally carried out in a mixture of tert-butyl alcohol and water

at ambient temperature (Scheme 12).

M\ AD-mix B M\
e > 0,0
NoF LBUOHH,0 HO/\‘)</
OH

Me Me
H AD-mix o . H
Me Me
t-BuOH-H,0 "IOH
Me Me
OH
Me Me
H AD-mix 3 > H
Me Me
! t-BuOH-H,O ! OH
e e
OH

Scheme 12

Features:

e The reaction is stereospecific leading to 1,2-cis-addition of two OH groups
to the alkenes

e |t typically proceeds with high chemoselectivity and enantioselectivity

e The reaction conditions are simple and the reaction can be easily scaled
up

e The product is always a diol derived from cis-addition.

¢ |t generally exhibits a high catalytic turnover number

¢ It has broad substrate scope without affecting the functional groups
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1.1.4 Aminohydroxylation

Similar to cis-1,2-dihydroxylation, cis-1,2-aminohydroxylation of alkenes has
been developed by reaction with chloroamine in the presence of catalytic amount
of OsO,. In this process, alkene reacts with chloroamine in the presence of OsOg4
to give sulfonamides that is readily converted into the cis-1,2-hydroxyamines by
cleavage with sodium in liquid ammonia (Scheme 13). This process provides a
direct cis-aminohydroxylation of alkenes, but the major problem is the poor

regioselectivity for unsymmetrical alkenes.

K,0s0,(OH), TsHN - R Naflig.NH;  H,N R
/:—\ I > "/ . [
R R Ts-N(Na)Cl, H,O-t-BuOH R OH R o
- OH
K20s0,(0H), (IOH Navlig. NH; (I
@ Ts-N(Na)Cl, H,0O-t-BuOH NHTs NH;
Scheme 13

Mechanism

The catalytically active species in the reaction most likely is an imidotrioxo
osmium(VIIl) complexes, which is formed in situ from the osmium reagent and
the stoichiometric nitrogen source, i.e. chloroamine (Scheme 14). Experiments
under stoichiometric conditions have been shown that imidotrioxo osmium(VI1II)
complexes transfer the nitrogen atom and one of the oxygen atoms into the
substrate. The major regioisomer normally has the nitrogen placed distal to the

most electron withdrawing group of the substrate.

R oR R R
n_ 0 H.0
OO§’O +J — O-Q/sﬂ> R Q)> R HO)> R
NX R o 0=0s~NX XHN

Scheme 14
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1.1.5 Asymmetric Aminohydroxylation

The asymmetric cis-1,2-aminohydroxylation of alkenes with chloroamine has
been explored using the chiral osmium catalyst derived from OsO4 and cinchona
alkaloids, dihydroquinidine ligands (DHQD),-PHAL and dihydroquinine ligands
(DHQ)2-PHAL.

Dihydroquinoline Dihydroquinidine Phtholazine (PHAL)
DHQ DHQD

The face selectivity for the aminohydroxylation can too be reliably predicted
(Scheme 15).

(DHQD),-PHAL

Top (B) Attacl (DHQD),-PHAL  HNXOH OH NHX
> Rsu.. IR + Rsu.. _I,,IRM

7 / RL M RL
Re. U Ry N-Source: XNCINa

N

’ ’ ’

/R / O-source: H,O
Catalyst: 0sO, > Ry Rs Rv . R Re Ru
Bottom () Attack (DHQ)2-PHAL HNX OH OHNHX
(DHQ),-PHAL R_ = larger substituent

R = smaller substituent X =S0O,R, ROCO
Ry = medium substituent

Scheme 15

An alkene with these constraints receives the OH and NHX groups from above,
i.e. from the [I-face, in the case of DHQD derived ligand and from the bottom, i.e.
from the [J-face, in the case of DHQ derivative. For example, the asymmetric
aminohydroxylation of methyl cinnamate gives the following face selectivity

based on the chiral ligand (Scheme 16).
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NHX O OH O

DHQD
Ph OMe + Ph)\l)J\OMe
0 OH NHX
p-TolSO,NCINa
Ph/\)J\OMe 2 X = p-TolSO,
0s0y, H,0 NHX O OH O
DHO Ph/\:)kOMe + Ph/\:)J\OMe
OH NHX
Scheme 16

With respect to the yield, regio- and enantioselectivity, reaction depend on

number of parameters, e.g. the nature of starting material, the ligand, the solvent,

the type of nitrogen source (sulfonamides), carbamates and carboxamides as

well as the size of its substituent. For some examples (Scheme 17):

o K20502(OH)4 TSHN o
(DHQ),PHAL :
Ph/\)kOCHs Ph” " “OCH,
TsNCINa 3H,0 oH
t-BUOH:H,0 _
69% vyield
R.T. 82% ee
o K20500Ms _ooin o
A~ (OHQLPHAL —
Ph OCHs Ph” > “OCH,4
EtO,CNCINa :
OH
n-PrOH:H,O _
78% vyield
R.T. 99% ee
o K20502(OH)4 ACHN o
. (DHQ),PHAL :
Ph/\)J\OIPr 2 Ph ~ OiPr
AcNHBI/LIOH o
t-BuOH:H,0 ,
o >77% yield
4°C 99% ee
Scheme 17
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Mechanism

OsO4 may undergo reaction with chloroamine to give an active imido-osmium
intermediate a that could readily co-ordinate with chiral ligand ‘L’ to afford chiral
imido-osmium intermediate b (Scheme 18). The latter may react with alkene to
yield ¢ via (2+2)-cycloaddition that may rearrange to give d that could undergo

hydrolysis with water to give the target hydroxylamine derivative.

KzoSOZ(O H)4 + Na'}lC|

Scheme 18
1.1.5 Reaction with Alkynes

Alkynes react with OsO, in the presence of tertiary amines such as pyridine to
give osmium(VI) ester complexes, which on hydrolysis with sodium sulfite yield
the corresponding carbonyl compounds (Scheme 19-20). In the case of terminal

alkynes, carboxylic acids are obtained (Scheme 21)
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R
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0s0,, KCIO5 O
Ph—=——ph - Ph)kffph
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/N > Me
Me OH water-Et,0 Me
O OH
Scheme 20
0s0,, KClO3 O
H——H - o M
water-Et,0 OH
Scheme 21
Examples:
@) O
AD OH
o/\ﬂ O/\W:
MeO (DHQD)2-PYDZ ~ MeO OH
Yield: 99%
ee :98%

E. J. Corey, A. Guzman-Perez, M. C. Noe, J. Am. Chem. Soc. 1995, 117, 10805.

O

0 (DHQD),PYDZ
K,CO4,, KsFe(CN
»CO3, K3Fe( )6‘ HO.,.

OMe

| OMe  1pyp

Me
Yield: 86%
ee : 98%
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A. Guzman-Perez, E. J. Corey, Tetrahedron Lett. 1997, 38. 5941.

Give the major products for the following reactions:

0504 NaIO4
A VYRS A B+C
MeO,C 0s0,, NMO
2.
MeO,C
H O O
T OsO, )J\
3 NCOPh D 5 E
: t-BuOH:H,0 H
H ©
) 0s0,, DHQD
/\/P
4 PhTON NMO
t-BuOH:H,O
o) NMO
t-BUOH:H,O
o K20302(OH)4
(DHQD),PHAL
6. Ph/\)J\OCH3 2
TsNCINa 3H,0
t-BuOH:H,O
R.T.
K20502(OH)4
7.
TsNCINa 3H,0
t-BUOH:H,0
R.T.
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Text Book

J. Clayden, N. Creeves, S. Warren, P. Wothers, Organic Chemistry, Oxford
University Press, New York, 2001.

Lecture 2

2.1 Manganese Oxidants

2.1.1 Introduction

Manganese (Mn) is the 12" most abundant element (0.1%) on earth’s crust with
atomic number 25. Though manganese exists with the oxidation states from —3
to +7, the common oxidation states are +2, +3, +4, +6 and +7. The +2 oxidation
state, which has a pale pink color due to spin forbidden d-d transition is found in
living organisms for essential functions. The manganese in the oxidation state +7

is deep purple in colour and a strong oxidizing agent (Mn*’ + 5" — Mn*?).
2.1.2 Manganese(lll) Reagents and Catalysts
2.1.2.1 Selective Oxidation of Benzylic and Allylic Alcohols

A combination of Mn(OAc); and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) has been used for the selective oxidation of benzylic and allylic alcohols.

The reaction works under mild conditions (Scheme 1).
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©\MOH Mn(OAc); (6 equw)‘ ©A\AO
20 mol% DDQ

\

CH2C|2, rt
OH Q
Mn(OAc); (6 equiv) /@)J\/
20 mol% DDQ Ph
Ph
CH,Cly, rt
Scheme 1

2.1.2.3 Oxidation of Sulfides to Sulfoxides

Oxidation of sulfides to sulfoxides is one of the important transformations in
organic synthesis. Sulfides could be selectively oxidized to sulfoxides in good
yields with hydrogen peroxide in the presence of a manganese(lll) Schiff-base

complex 1 under ambient conditions (Scheme 2).

O
< = =N_ /N—
©/ Me  Catalyst 1 ©/S\Me d Mn b clo,
- o © ¢
Hzoz,ACOH

Catalyst 1

Scheme 2

2.1.2.4 Asymmetric Epoxidation of Alkenes

Jacobsen and Katsuki groups have explored asymmetric expoxidation of
unfunctionalized alkenes using chiral Mn(lll)-salen complexes in the presence of
terminal oxidants such as PhlO and NaOCI (Scheme 3-4). The most interesting
feature of the reaction is that simple alkenes are oxidized with high asymmetric
induction. This process has now been extensively used in pharmaceutical

industries.
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M Jacobsen catalyst (2) Me O/c| \O
e >

— NaOCl, DCM, 4 °C S

84%
ee 92%
Jacobsen catalyst (2)

Examples for Applications

Jacobsen
asymmetric MeCN
_epoxidation m ()Q‘
O oleum tartanc aC|d

overall 50% y|eld

>99% ee
Jacobsen
o asymmetric e} O
epoxidation . 2-piperidone
P '
C2F5 C2F5 tBUOK C2F5 i OH
o N__O

BRL-55834 q

Potassium channel activator

Scheme 3
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O2N O._Me
:@;jl\/'e Katsuki catalyst (3)  O2N O ';\AAZ N
AcHN 7 - i _
PhIO ACHN . PE,
0
78%
ee 96% o Me
Me Ph H
Me
Katsuki catalyst (3)
Scheme 4

Mechanism

The mechanism of this reaction is not fully understood but it has been proposed
that the oxidant oxidizes Mn(lll)-salen to Mn(lV)-salen, which oxidizes the alkene
(Scheme 5). There are three possible reaction pathways such as concerted,
metallo oxetane and radical pathway but the most accepted one is the concerted

pathway.

—N N=— —N O N=
N NI (0]
M NaOCl M, N\I{h N
OcI O > Ocl O = Mg
Oc O

Active catalyst
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Ph Me
NE:?I N\ /N Ph Me
Me \|\/|n/ /|\|/|I’1\ +
Ph? o'¢l o oclH O 0
Concerted
Me
NO N PN Ph N. N  Ph Me
NIy Mn N/
Mn > |—t[ _— Mn + \W/
/ | \ O /| \
OcC Metallo Oxetane Me Ocl O @)
[
o
Radical N
Mew
N(?I N N N Me
\ / N/
—_— > /I\I/In\ +
oc| 0 E%tr?t'on Ocl O PhO
Collapse
Scheme 5

2.1.2. 5 Asymmetric Sulfoxidation

The above described Katsuki catalytic system is also effective for the asymmetric
oxidation of sulfides to sulfoxides (Scheme 6). The oxidation of aryl alkyl sulfides

has been extensively studied with moderate to high enantioselectivity.

Katsuki catalyst (4)

MeO OMe |PFg

S.
L
NO,

PhlO, MeCN, -20 °C

Katsuki catalyst (4)

Scheme 6
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2.1.3 Mn(IV) Reagents as an Oxidant

MnO, is a useful selective oxidizing reagent in organic synthesis. It is
commercially available, and it can also be prepared by the reaction of
MnSQO4-4H,0 with KMnO4 in aqueous NaOH.

G. Cahiez, M. Alami, Encyclopedia of Reagents for Organic Synthesis, John
Wiley and Sons, Inc., L. A. Paquette Ed., New York, 1995, 5, 3229.

2.1.3.1 Oxidation of Alcohols

MnO, can selectively oxidize allylic and benzylic alcohols to the corresponding
carbonyl compounds (Scheme 7). The advantage of this method is that the
reaction takes place under mild and neutral conditions, also carbon-carbon
double and triple bonds are unaffected.

O e O
—_ >
solvent free, rt

OSiEt; OSiEt;
HO 7 - - ZZ| &; OHC Z - N
Me Me Me Me CH,Cl, Me Me Me Me
Me Me
Mn02
B —_
= benzene z
HO OH HO CHO
CH,OH CH,OH
Mn02
f OH CHCl, 8 o
Me Me

x-CH,0OH MnO,

Pentane, R.T.

Vitamin A (Retinol)
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Scheme 7

Furthermore, at elevated temperature, saturated secondary alcohols can be

oxidized to ketones (Scheme 8).

OH o)

MnO,

Scheme 8

2.1.3.2 Oxidation of Aldehydes to Esters (Corey-Gilman-Ganem
Oxidation)

The aldehydes can be selectively oxidized to esters in presence of MnO, and
hydrogen cyanide in methanol at ambient temperature (Scheme 9). The
aldehyde undergoes reaction with HCN to give cyanohydrins, which proceeds
further oxidation to acyl cyanide. The latter on alcoholysis leads to corresponding

o,pB-unsaturated carboxylic ester.
CHO
©/ MnO,, NaCN ©/002Me
MeOH, AcOH

MnO,, NaCN
MeOH, AcOH

Mechanism

AcOH + NaCN

0]

l OH
CHO
HCN CN  MnO; CN ROH COR
- — + HCN
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Scheme 9

2.1.3.3 Oxidation of Amines

The oxidation of amines can lead to various products depending on the nature of
the starting compound. This section describes the oxidation of amines to imines

and amides (Scheme 10).

Mn02/C6H6
Ph-CH,-NH-Ph Ph-CH=N-Ph
81°C
AMe, Me. -CHO
MnOZ/CHC|3 ©
18 h/RT
Scheme 10

2.1.3.3 Oxidation of Hydrazo Compounds

Hydrazobenzene can be oxidized to azobenzene with high yield (Scheme 11).

Mn02/C6H6
Ph-NH-NH-Ph Ph-N=N-Ph
24 h/ 81°C .
97% yield
Scheme 11

2.1.3.4 Oxidative Cleavage of 1,2-Diols

1,2-Diol undergoes oxidative cleavage to afford aldehydes or ketones (Scheme
12).
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CHO
MnO,/CH,CI

OH 4hR.T

Scheme 12

2.1.3.5 Aromatization

MnO, has been widely used for the dehydrogenation and aromatization reactions

(Scheme 13).
SOOE-sNS S P
reflux

Scheme 13

2.1.3.6. Conversion of Nitriles to Amides

Nitriles are readily converted into amides in the presence of MnO, under reflux

conditions (Scheme 14).

CN CONH,
© MnOZ/S|02
CgHe/ 4 hireflux
100%
Scheme 14
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HO  CHs3 O  CHs
p = Mn02 =

CH,OH CH,0OH
K. M. Brummond, P. C. Still, H. Chen, Org. Lett. 2004, 6, 149.

CH,OH CH,OH
MnOZ

OH O

CHg CH,

P. C. Mukharji, A. N. Ganguly, Tetrahedron 1969, 25, 5281.

2.1.4 Mn(VIl) Reagents as an Oxidant

Potassium permanganate (KMnQOy,) is a strong oxidizing agent, and its reactivity
depends on whether it is used in acid, neutral or basic conditions. In acid
solution, Mn(VII) is reduced to Mn(ll), while in basic and neutral conditions, MnO

is usually formed.
2.1.4.1 Oxidation of Aromatic Side Chains

Alkyl side chain present in aromatic ring is readily oxidized to carboxylic acids
(Scheme 15).
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O
Me
©/ Alkaline KMnO, OH CTMACI = CH3(CHy)215N*(CH3)sCl
4 h, reflux Phase transfer catalyst
CTMACI 80%
Scheme 15

Application in the synthesis of Saccharin

O

I (@]

/!
@ [ "NH, _ KMno, ('S')\NHZ -H,0 §70
OH E—— NH

O (@)

Saccharin

2.1.4.2 Oxidation of Aromatic Rings

Benzene ring can be cleaved if it is fused to heterocyclic ring system. Thus,
quinonline and isoquinoline can be oxidized to dicarboxylic acids in the presence
of alkaline KMnO,4 (Scheme 16).

X KMnO, X C02H
| |
reflux N/

CO,H

Scheme 16

2.1.4.3 Oxidation of Alcohols

Alkaline KMnO, and barium permanganate selectively oxidize alcohols to

aldehydes and ketones (Scheme 17).

OH KMnO,

@)
OEt
Me)ﬁ( ag. NaH,PO, Me)J\[(OEt
o]

pet ether 0

OH
—— Ba(MnO —
CH,Cl,

Scheme 17
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2.1.4.4 Oxidation of Aldehydes

Aldehydes are oxidized to carboxylic acids with good yield at ambient

temperature (Scheme 18).

KMnO, 0
> MEV\/\)J\
H,S0,, H,0 OH
o)
OH
KMnO,4 . Me
> “OAc

CO,, acetone

Me me!

Scheme 18

2.1.4.5 1,2-Dihydroxylation

The alkaline KMnO, is most commonly used for selective cis-dihydroxylation from

the less hindered side of the double bond (Scheme 19).

alkaline
KMnO, (IOH
—_—
cis-diol

Scheme 19
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The permanganate ion adds to the double bond to form a cyclic ester, which after

alkaline hydrolysis gives the desired cis-1,2-diol (Scheme 20).

addition to o. ~ alkaline OH
KMnO, + @ double bond (I \Mﬁo hydrolysis (I
_— > —_—
o” © OH

cyclic ester cis -1,2-diol
intermediate

Scheme 20

Lemieux-von Rudloff Reagent
Mixtures of sodium periodate (NalO4) and potassium permanganate (KMnQOy,) in
aqueous organic solvent used for oxidative cleavage of a double bond.

Me Me

NalO,4, KMnO,

| oH acetone, HO HO,C OH

Me Me

1. Provide the major product for the following reactions:

:/g KMnO4 Mn02

NaOH

o HCN, MeOH
N
X KMnO, MnO,
2. | 5.
N reflux NH  cH,Cly, RT
OH
OH
3. MnO, 6. © wno,
CHCI3, RT
HO 3 acetone, RT

2. Give suitable reagent and reaction conditions for the following transformations.
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©/CH20H CHO @ A (IOH B CCHO

1. 3. — —
CHO

© on
O
X

2. _ - 4.

g
5

Text Book

M. B. Smith, J. March, Advanced Organic Chemistry, 5™ ed., John Wiley and
Sons, Inc., New York, 2001.

Lecture 3

1.3 Chromium Oxidants

1.3.1 Introduction

Chromium is the 21 most abundant element in Earth's crust with atomic number
24. Naturally occurring chromium composed of three stable isotopes; °Cr, >3Cr
and >*Cr with °°Cr being most abundant. It has an electronic configuration of 3d°
4s' and exhibits a wide range of oxidation states, where the +3 and +6 states are
commonly observed. This section describes some of the important chromium

mediated/catalyzed oxidation of organic substrates.
1.3.2 Chromic Acid Oxidation (Jones oxidation)

The combination of CrO3 and sulfuric acid is often referred as Jones reagent, and
the oxidation of alcohols with this reagent in acetone is called Jones oxidation.
The reagent is selective as it is useful for the oxidation of alcohols, which contain
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carbon-carbon double or triple bonds, allylic or benzylic C-H bonds (Scheme 1).

The reaction is carried at 0-20 °C to give the corresponding carbonyl compounds.

F. Freeman, Encylopedia of Reagents for Organic Synthesis, John Wiley and
Sons, Inc., L. A. Paquette, Ed., New York, 1995, 2, 1261.

)\A)\ﬂ Jones Reagent

0°C
W Jones Reagent
R.T.
OH
/\ 0
P Jones Reagent
74
" /{

R.T. CqHg
Scheme 1

Mechanism

In aqueous acid, CrO3forms chromic acid, which oxidizes the alcohols to

carbonyl compounds (Scheme 2).

CrO3 + H,O
leso4
OH 0
HO. O R._0(_0O
R/§\H oL —— L —>R)J\R.+Cr(IV)
R O OH -H,0 R7L70) OH

chromate ester

Scheme 2

1.3.3 Pyridinium Chlorochromate (PCC) Oxidation

This reagent is obtained by adding pyridine to a solution of CrO3 in hydrochloric
acid. PCC oxidizes primary and secondary alcohols to aldehydes and ketones,

respectively (Scheme 3). As PCC is slightly acidic so it may affect the acid
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sensitive groups. The powdered NaOAc is used along with PCC for the oxidation

of the substrate containing acid labile groups. PCC is commercially available and
could also be prepared.

) ol
® O—(.?r Cl
8
H
PCC

G. Piancatelli,, Encylopedia of Reagents for Organic Synthesis, John Wiley and
Sons, Inc., L. A. Paquette, Ed., New York, 1995, 6, 4356.

Oxidation of Alcohols

O
PCC
R™ “OH RJ\H
CH2C|2, rt
W H
e
CH,Cl,, 1t
— OH Me \.:‘éo
Z : i : O
— >
Me CH,CI,, rt : H Me
Me—\
Me
HO,, PCC O :
> “OTBDMS
H OTBDMS CH2C|2, rt -
CO,Me CO,Me
Scheme 3

Another important use of PCC is the transformation of allylic tertiary alcohols to
a,B-unsaturated ketones (Scheme 4). This reaction is thought to proceed via a

[3,3]-sigmatropic rearrangement of allylic chromate ester to give new allylic
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chromate ester, which then undergoes oxidation to give the a,B-unsaturated

ketone.

Me Me Me Me

A @@ AL - ) o
_— >
H OH H
Bl’l(_? Me _\7CO

PCC

C,H,Cl,, 90 °C .
Me Me (e}

Scheme 4

1.3.4 Sarrett’s Oxidation

The Sarrett’'s reagent is a mixture of CrOz and pyridine. This reagent also
oxidizes the primary and secondary alcohols to aldehydes and ketones (Scheme
5). The acid sensitive groups and other oxidizable groups remain unaffected but

the only problem is the removal of excess pyridine after the reaction.

F. Freeman, Encylopedia of Reagents for Organic Synthesis, John Wiley and
Sons, Inc., L. A. Paquette, Ed., New York, 1995, 5, 2272.

CrO; 0]
OTBDMS —  »
pyridine

OTBDMS

Scheme 5
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O
A N CrO;z * (pyridine), /\AN\)J\
CH,Cl,
0 CrO; » (pyridi Q.
/\/\?}\/OH 3 * (pyridine), » MeO CWWH
MeO,C CH2C|2 2 o
Me Me
“OH o, « (pyridine), \J/V\UO
0] » @)
& CH,Cl, &
O H o H
i
l}! " SOoH CrOg3 « (pyridine), N »“J\H
> I
N, AN chocl, °C N, _~__N-Am
OTHP OTHP

Scheme 6

1.3.5 Collins-Ratcliff Oxidation

A 1.2 mixture of CrO3 and pyridine in dichloromethane (DCM) is known as Collins
reagent or Collin-Ratcliff reagent. It also oxidizes the primary alcohols and
secondary alcohols to aldehydes and ketones, respectively (Scheme 6). This
reaction works under mild reaction condition without affecting other functional

groups and the only disadvantage is the excess use of the reagent.
1.3.6 Pyridinium Dichromate (PDC) Oxidation

Pyridinium dichromate (PDC), (CsHsNH"),Cr,O;*, oxidizes alcohols under
neutral condition without affecting other functional groups (Scheme 7). Primary
alcohols are oxidized to aldehydes with excellent yield. Allylic alcohol can be
oxidized to [][J-unsaturated carbonyl compounds. Excellent yields are obtained
by the oxidation of secondary alcohols by using trimethyl silyl peroxide and PDC
(Scheme 8).
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PDC

AN —— NG
TBDMSO = = CH2C|2 TBDMSO/\/\/\[(

0]
OH 0
PDC
—_—
HO™ CHCl,  Ho
A\ A\
n-Am n-Am

PDC
—» H
CH,CI,
mol. sieves
Me.,
PDC HO
CH,CI,
Me Me/
Me
Scheme 7

OH  ppc, 25°C, 1h

((CH3)3SiO),, CH,CI,

98%

Scheme 8

1.3.7 Oxidation of Alkenes

Chromium based reagents are used for the oxidation of alkenes to afford [](1-
unsaturated carbonyl compounds and epoxides depending the nature of
substrates and reactions conditions. For example, Na,Cr,O4 has been used in

acetic anhydride for allylic oxidation of cyclic alkenes to afford [][]-unsaturated

carbonyl compounds (Scheme 9).
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O
(@]
Nazcr204
AcO Ac,0, AcOH
AcO o

Nazcr204
Ac,0, AcOH

Scheme 8

CrO3 in acetic anhydride or acetic acid has been found to transform alkenes to

epoxides (Scheme 9).

Ph CrO, Ph O
Ph ACZO Ph
85%
Scheme 9

Alkenes can be oxidized by chromyl chloride at low temperature to afford

carbonyl compounds (Scheme 10).

H
W CrO,Cl, ’/{ H Zn/H,0 CHO
CHCl, O:Cr:o W
0-5°C cl cl 75%
Scheme 10

1.3.8 Oxidation of Aromatic Side Chains

The selective oxidation of alkyl chains attached to an aromatic ring can be
carried out with CrOgin acetic anhydride. Thus, p-nitrotoluene is converted into p-
nitrobenzylidine diacetate, which on hydrolysis in the presence of acid gives p-

nitrobenzaldehyde (Scheme 11).

Joint initiative of 1ITs and 11Sc — Funded by MHRD Page 32 of 122



NPTEL — Chemistry — Reagents and Organic reactions

CHj CH(OCOCHs,), CHO
Cr03 H30+
Ac,O
NO;, NO, NO,
55%
Scheme 11

Chromyl chloride can oxidize o-, m-, or p-xylenes to give tolualdehyde in 70-80%

yield (Scheme 12).
CHs CHO
CrOZCIZ/CCI4
H;O"
CHs CH,

Scheme 12

Several studies focus on the oxidation of aromatic alkyl side chains to give

carboxylic acids (Scheme 13).

CHj3 CO2H CHs CO,H
Na,Cr,07, H,SO,4 Na,Cr,05, H,SO,
Reflux Reflux
cXHT, CO,H NO, NO,
p-Aylene Trephthalic acid p-Xylene Trephthalic acid
44% 86%
Scheme 13
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1.3.9 Oxidation of Aromatic Ring

Chromium based reagents are extensively used for the partial oxidation of cyclic

hydrocarbons to the quinones (Scheme 14).

(@]
e ot
AcOH
(@]
Menadione
(@]
o0 —— e
AcOH
(@]
Anthraquinone
Scheme 14

1.3.10 Asymmetric Epoxidation

Chiral chromium(VI)-salen complex has been studied for asymmetric epoxidation
of trans alkenes (Scheme 15). The reaction works in both catalytic and

stoichiometric mode but the stoichiometric mode works slightly well than catalytic

mode.

Catalyst, PhiO Q _N;Q N=
Ph/\/Me yst, . /_l /(Ijr\ NO;

MeCN, 0 °C pf Me oL O

CF,4 FsC
Catalyst
L = PhgPO
Scheme 15
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1. Give the major product for the following reactions:

OH
W PDC
L X OH
OH
2. =~ "CHj PDC
PCC, CH,Cl,
3.
heat
4 4& S
HO H,SO,
OH chr207
5.
O/ H,SO,
>60°C

2. Provide suitable mechanism for the oxidation of aldehyde to carboxylic acid with
chromic acid.

3. How will you transform toluene to benzaldehyde? Discuss with mechanism.

M. B. Smith, Organic Synthesis, 2" edition, McGraw Hill, New Delhi, 2004.

Joint initiative of 1ITs and lISc — Funded by MHRD Page 35 of 122



NPTEL — Chemistry — Reagents and Organic reactions

Lecture 4

1.4 Selenium and Aluminium Oxidants

1.4.1 Selenium Dioxide

Selenium dioxide (SeO,) is a colorless crystalline solid. It is soluble in solvents
like dioxane, ethanol, acetic acid and acetic anhydride. It is extremely poisonous
and should be carefully handled while working with it. However, it is very

selective oxidant.

William J. Hoekstra, Encyclopedia of Reagents for Organic Synthesis, John
Wiely and Sons Inc., L. A. Paquette, Ed., New York, 1995, 6, 4437.

1.4.1.1 Allylic Oxidation

Allylic oxidation is an important organic transformation because it provides a
direct access to the allylic alcohols from the readily available alkenes (Scheme
1). SeO;, is found to be an effective reagent for this transformation. The
stoichiometric as well as catalytic amount of SeO, can be used but the later
requires an oxidant such as t-BuOOH to reoxidize the reduced selenium(ll) to
SeO,. The reactivity order in ethanol solvent is as follows CH; > CH3 > CH but the
order may change depending on the reaction conditions.

Me Me
SeOz
_—
| co,Me FEtOH | CO,Me
OH
Me Me Me
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)\A)\ﬂ Se02 H\A)\ﬂ
\ \ o

- OAc
OAC  { BUOOH, DCM

OH
OH

O/\ SeO, N O/\
t-BuOOH, DCM

Scheme 1

Mechanism

The reaction proceeds via ene reaction of allylic compounds with SeO, to afford
allylic seleninic acid that undergoes [2,3]-sigmatropic rearrangement to give

selenium ester, which on hydrolysis gives the desired alcohol (Scheme 2).

Os QH
Se O:an, .Se OH
Hf\ o Ene ( Se) OH [2,3] 0 H,O )\/ﬁ
Y 2 reaction R/QJ\ R' RMR' R R'

R R'
allylic seleninic acid

Scheme 2

1.4.1.2 Oxidation of Carbonyl Compounds (Riley Oxidation)

SeO, oxidizes active methylene or methyl group present adjacent to the carbonyl
group to give 1,2-dicarbonyl compounds (Scheme 3). This reaction is called
Riley oxidation. It has been widely used for the synthesis of natural products

and biologically active compounds.
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)J\ SeO,, reflux )J\/O

SeO,, AcOH (cat)

H,O-dioxane, reflux

OMe

Scheme 3

Mechanism

The proposed mechanism is similar to that of allylic oxidation i.e. ene reaction
followed by [2,3]-sigmatropic rearrangement and then elimination gives the

desired 1,2-dicarbonyl compounds (Scheme 4).!

HO
Osse e CoH o
O/— O, Epe [2,3] sigmatropic o (5 '
) o H > § — R R 4H,0 +se
H reaction R rearrangement R Y 2
R A o
H R' R
R’
Scheme 4

1.4.1.3 Oxidation of Alkynes

In the presence of acid, SeO, oxidizes alkynes to give 1,2-dicarbonyl
compounds. Internal alkynes can be converted into 1,2-diketones, where as

terminal alkynes are transformed into glyoxylic acid (Scheme 5).

8602 0
Ph—=—Ph Ph)J\[(Ph
H,SO, 0
SeOz 0
Ph———H Ph)J\[(OH
H,SO,4 0

Scheme 5
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1.4.1.3 Benzylic Oxidation

SeO; is also capable of oxidizing benzylic C-H bond to give aldehydes or
ketones (Scheme 6). When the methylene group is flanked by two aromatic

rings, the methylene is readily converted into ketone.
o)
200-210 °C
S SeO, X
= —
N™ CHz 200-210°C N™ "CHO

C2H5 C2H5

Scheme 6

1.4.1.3 Preparation of a,B-Unsaturated Carbonyl Compounds

The reaction involves a selenylation of carbonyl compounds followed by
oxidation of selenium with peroxides or peracids and subsequent elimination

provides the desired a,3-unsaturated carbonyl compounds (Scheme 7).

@] L 0]
LiN'Pr, H.0 O
ph)J\/\/ Ph —> pp Ph L» h = Ph
PhSeBr P
SePh
0 Me  phsecl 0 Me  h,0, 0 Me
Me > Me Me
MeO,C MeO,C MeO,C
H H H
Scheme 7
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Mechanism

O o) O Ph 0
base @ Ph OX|dat|0n (SeQO
o Ph k'r —_— ‘) 4) —_—
H

Me ~ COEt se0,, EtOH  Me ~— COEt

Me H HOH,C H

Yield: 90%
R. W. Curley, Jr., C. J. Thomas, J. Org. Chem. 1986, 51, 256.

Me

Me Me

CH,OH

>98% this isomer

H. Rapoport, U. T. Bhalerao, J. Am. Chem. Soc. 1971, 93, 4835.

1.4.2 Oxidation of Alcohols with Aluminium Alkoxides

(Oppenauer Oxidation)

Aluminium triisopropoxide and aluminium tributoxide have been found to be
effective reagents for the oxidation of secondary alcohols to ketones in the
presence of ketone such as acetone. Acetone acts as a hydrogen acceptor, and
it is transformed into 2-propanol. The presence of excess of acetone drives the
reaction towards the oxidation product. The use of inert solvent such as benzene,
toluene or dioxane minimizes the side products and also helps to raise the

reaction temperature.
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(0]
RR'CHOH + )J\ ———  RRCO + (CH3),CHOH

————

(excess)

The [J,y-double bonds generally migrate into conjugation with the carbonyl group
under the reaction conditions (Scheme 8). For example, cholesterol is oxidized to
cholestenone with the migration of the double bond in the presence of
cyclohexanone, which acts as hydrogen acceptor.

Al(OiPr);

HO toluerh‘ o)
Cfo C _OH 74%

Scheme 8

The reaction conditions are compatible with acetals, acetates and benzoates.
However, formate can be oxidized as free alcohol to give ketone. The oxidation
of equatorial hydroxyl groups are favored compared to the axial hydroxyl groups
(Scheme 9).

c

OA OAc
/()‘ig)\':& Oppenaure J/ijig)\':;
HO Oxidation o)

testosterone Acetate

HO
O -
OH Oppenaure a
0] > O
Oxidation 0

@)

O

Scheme 9
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Mechanism

The reaction is performed by refluxing a secondary alcohol with acetone in the
presence of Al(O'Pr)s. The latter serves only to form the aluminium alkoxide of
the alcohol that is oxidized through a cyclic transition state at the expense of

acetone to a ketone and 2-propanol.

PrOi _OiPr PrOi i
S)J\ \AII \AI\I,OIPI’ o)
_ +
Ve S me * (O o A
R Me
'-iPrOH H,0

RRCHOH + Al(OPr);

skl OH
Secondary H/k Me
Alcohol Me

An important feature of this reaction is the lack of over oxidation

Me O/\\O
-

T. K. M. Shing, C. M. Lee, H. Y. Lo, Tetrahedron Lett. 2001, 42, 8361.

Al(OiPr),

e
Me O Toluene
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New Oxidation System:

N
[Hydride Acceptor ]
OH O
©)\Me Oppenauer ©)J\Me
Yield: 92%
O/OH Oppenauer (jo
Yield: 96%

K. G. Akamanchi, B. A. Chaudhari, Tetrahedron Lett. 1997, 38, 6925.
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Problems

Give the major product for the following reactions:

SeO
LN : Oppeanauer
H,O 7.
HO Oxidation
- O =
O
HO N
SeO
3. 2
8. MeO Oppeanauer
\ . -
P Oxidation
O . N
4, Se0,
Ph)k
9 Oppeanauer
' N x._CH,OH
Se0, Oxidation
5.
|
OH
AN
6. Oppeanauer
Oxidation
Text Book

M. B. Smith, J. March, Advanced Organic Chemistry, 5™ ed., John Wiley and
Sons, Inc., New York, 2001.
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Lecture 5

1.5 Peracids

1.5.1 Introduction

A number of peracids having the general formula, RCO3H have been used for
the oxidation of organic compounds. Some of the common peracids are:
peracetic acid (CH3COzH), perbenzoic acid (PhCOgzH), trifluoroacetic acid
(CF3CO3H) and m-chloroperbenzoic acid (m-CIC¢H4,CO3H). Peracids are usually
prepared in situ by the oxidation of carboxylic acid with hydrogen peroxide.

1.5.2 Epoxidation of Alkenes

Epoxides are useful building blocks in organic synthesis as they react with a
variety of nucleophiles resulting in opening epoxide ring. An effective route for
the synthesis of epoxides is the direct conversion of alkenes to epoxides using
peracids as oxidizing agent. m-CPBA is often used for this purpose because it is
available commercially as a colorless crystalline solid. The reaction is carried out
at ambient conditions in chlorinated solvent such as dichloromethane (Scheme
1). m-Chlorobenzoic acid is produced as a by-product, which can be removed by

washing the reaction mixture with saturated NaHCOj3 solution.

CPBA H
_mereA 0
CH,CI A
212 H

Scheme 1

The reaction is stereospecific leading to the syn addition of the oxygen atom to
alkene. Thus, cis alkene gives cis-epoxide and trans alkene gives trans-epoxide
(Scheme 2). The electron rich alkene shows greater reactivity compared to
electron deficient alkenes toward m-CPBA. Thus, terminal alkenes exhibit slower

reactivity compared alkyl substituted alkenes (Scheme 3). Peracid having
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electron withdrawing substituent exhibits greater reactivity compared to that

containing electron donating group. For an example, m-CPBA is more reactive
compared to PhCO3H.

CPBA O
—\ m A
Ph Ph Ph\“ ’/Ph
cis-epoxide
Ph o
— mCPBA
I R A
Ph Ph" Ph

trans-epoxide

Scheme 2
Me
@Me mCPBA
CHCl, .
Me
OMe OMe
™ R
Me mCPBA B
_—
X CH,CI,
(@]
Scheme 3

In case of cyclic alkenes that are conformationally rigid, the reagent approaches

from the less hindered side of the double bond. This is illustrated in the oxidation

of norbornene (Scheme 4).
PhCO3H o AQH
¥ H
CHCl; H 5

H
95% 5%

Scheme 4
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| m-CPBA

Scheme 5

The isolated alkenes undergo reaction before the conjugated double bond. This

is illustrated by the oxidation of B-myrcene (Scheme 5).

A suitable substituent particularly at the allylic position may control the direction
of the new epoxide group (Scheme 6). This is due to the transition state

electronic interaction between electron deficient m-CPBA and the direction

group.

OH OH
mCPBA
B (@)
CHCl,
Scheme 6

Mechanism

The reaction proceeds through a concerted pathway (Scheme 7). The reaction
involves addition of an oxygen atom to the double bond with simultaneous proton

transfer from oxygen to carbonyl oxygen.
N\ ! H.
R~ O - 0
1" "ol o+ L
IIR \—/ O R "R O R

Scheme 7

1.5.3 Oxidation of Amines

The tertiary amines and the aromatic nitrogen containing heterocycles could be

oxidized to the corresponding N-oxides using peracids, which have great
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synthetic utility (Scheme 8-9). The aromatic primary amines are oxidized to

aromatic nitro compounds.

',? peracids R S}
_N. R'—I@O
R R R
Scheme 8
L N
/@/ NH, peroxyacetic acid /@/ 0,
Me CHC|3 Me
X, trifluoroperoxyacetic acid | A
| ol
N ®N
o]e)
Scheme 9

1.5.4 Oxidation of Thioethers

The thioethers could be oxidized to the corresponding sulfoxides and sulfones
using peracids (Scheme 10).

mCPBA “Me
CHCI3
\\S//
©/ e mCPBA “Me

CHCI3

trifluoroperoxyacetic acid

> \
"0

S °S
N

O

n=0

Scheme 10
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1.5.5 Oxidation of Ketones (Baeyer-Villiger Oxidation)

Ketones undergo reaction with peracids to give esters by insertion of oxygen
(Scheme 11). The reaction is known as Baeyer-Villiger oxidation.

COCH, OCOCH,
PhCO,H
CHClg, RT

Scheme 11

Mechanism

The first step involves protonation of carbonyl oxygen (Scheme 12). The addition
of peracid to the protonated carbonyl group gives a tetrahedral intermediate.
Elimination of the carboxylate anion and migration of R to the electron deficient
oxygen atom occur simultaneously. The resulting protonated form of the ester
loses a proton to yield ester. It is believed that the loss of carboxylate anion and
migration of R are concerted. The labeling study with O® suggests that the

carbonyl oxygen of the ketones becomes the carbonyl oxygen of the ester.

o8 + tie @OH ' - + 180
H*  HO'® R'CO,H e . -RCoO H
L0 R _R R
RJ\R RTR  -H+ chp \cf)]/ R)ko RJ\O/

Scheme 12
Migratory Aptitude

Aryl groups migrate in preference to methyl and primary alkyl groups. The order
of preference for the migration of alkyl groups is 3° > 2° > 1" > methyl. The order
of preference for the migration of aryl groups is p-OMeCgH4 > CgHs > p-NO,CgH4
(Scheme 13).
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O O CH5CO3H Ji j
3 3 O
O,N ACOH, HpSO5 ¢

Scheme 13

Applications

Baeyer-Villiger oxidation has great synthetic applications as the reaction allows
the conversion of ketones to esters. The reaction works well with cyclic and

acyclic ketones (Scheme 14). For some examples, see:

CF5CO3H
[-o (o
O

5-Valerolactone
Me
o MeCO3H h
ACOH o)
MeO
mCPBA
/ 0 -0

CHZCIZ

Scheme 14

Under these conditions, 1,2-diketones proceed reaction to give anhydride
(Scheme 15).

O O O

RCOH
CH, 3
H3C)kf( ch)ko)kcm

O

Scheme 15

Baeyer-Villiger oxidation is a very useful protocol for the synthesis of large ring
lactones that are otherwise difficult to prepare by intramolecular esterification of
long-chain hydroxyacids (Scheme 16). For example, cyclopentadecanone can be

readily oxidized to the corresponding lactone in good yield.
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Peracid
(o ?
(@]

Scheme 16

What major products would expect in the following reactions?

0
Me MCPBA
1.
MeO
0
Me MCPBA
2. ‘
MeO OMe MCPBA
3 0
H
Me
. ZSMe CHsCOzH
Me
CH, CHCOsH
5.

ph  CH3COzH

1]
6. Ph—§—|\|=/

CF3CO5H
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Text Book

R. Brukner, Advanced Organic Chemistry, Academic Press, San Diego, USA,
2002.

Lecture 6

1.5 Peroxides

1.5.3 Peroxides

Peroxides are important oxidizing agent for the organic compounds. Aqueous
H,0O, and t-BuO,H are commonly used hydroperoxides, which are commercially
available. The lecture will discuss some of the important oxidation reactions
performed with peroxide reagents.

1.5.3.1 Epoxidation of Allylic Alcohols

Epoxidation of allylic alcohols is one of the most important processes in oxidation
chemistry. Metal alkoxides with t-BuOOH (TBHP) provide an excellent method
for the epoxidation of allylic alcohols (Scheme 1). The double bond selectively

undergoes oxidation without affecting the OH group.

t-Bu
allyl aIcohoI TBHP ! Ot-Bu

0\ | 5
M(OR)n (RO)n-2 M \/ (RO)n2 M_ §

epoxy alcohol, t-BuOH  allyl alcohol, TBHP

\

Scheme 1
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For examples:

//QjMe

/V\
Me Me
Me VO(acac); Me @) o 9
= X~""OH > = OH ! M
Mé TBHP Mé N ve
Me Me
Benzene

transition state

Mo(CO)s OH

TBHP

Benzene

@]
98% cis epoxide
TBHP
Me\//\j/Me Me Me Me > Me
= + 7
OH Ti(OiPr)4 \<(I)\(|3/H w'Ocl)/H

major minor

In addition to these homogeneous processes, effort has also been made to
develop heterogeneous catalysts for the epoxidation of allylic alcohols with
hydroperoxides (Scheme 2). TiO,-SiO; has been found to be superior to V,0s-
SiO, and MoQO3-SiO; for this purpose. Both TBHP and H,O, (aqueous and urea
H,0,) have been employed as terminal oxidant. These systems also work for the

epoxidation of unfunctionalized alkenes.
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CHg )
Ti(O'Pr),4-SiO, CHg
(0]
TBHP _
Yield: 78
o (@]
)Q TiO,-SIO,
TBHP o)
Yield: 80%
TS-1, H,0,
| o)
™ OH
Qi/ Acetone, Reflux X OH
Yield: 77%
Scheme 2

1.5.3.2 Epoxidation of a,B-Unsaturated Carbonyl Compounds

Alkaline-H,0O is used for the epoxidation of a,B-unsaturated carbonyl compounds

(Scheme 3). The method is straight forward and the products are obtained in

o (@]
JJ\/ Hzoz, NaOH
H MeOH H o)

COZMe H202, NaOH _
MeOH

high yield.

Me

Scheme 3
1.5.3.3 Asymmetric Epoxidation

Asymmetric epoxidation is one of the most selective methods for the formation of
enantiomeric products. The asymmetric epoxidation of allylic alcohols with t-
BUuOOH, Ti(O'Pr), and tartrate ester, called Sharpless asymmetric epoxidation,

provides the epoxides with high enantiomeric excess and yield (Scheme 4). This
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reaction has been used for the synthesis of many important natural products and

biologically active molecules.

(+)-L-diethyl tartrate

Ti(O'Pr),

t-BUOOH
CH,Cl,

(-)-D-diethyl tartrate

Scheme 4

The mnemonic rule for the absolute configuration of the epoxy alcohol is as
follows, if the CH,OH group is in lower right or upper left of the double bond then
the epoxide is formed at the upper face of the double bond when (+)-L-diethyl
tartrate is used and at lower face when (-)-D-diethyl tartrate is used (Scheme 5).
The reaction works catalytically when 3A or 4A molecular sieves are used as an

additive.

Ti(O'Pr),

-/:/_OH (+)-L-diethyl tartrate J—/-OH
C/Hys t-BUOOH, CH,Cl, CHye 5

3A MS

Ti(O'Pr),
(-)-D-diethyl tartrate

HO t-BuOOH, CH,Cl, HO o)
34 MS

SiMe3 SiMe3

Y

Scheme 5
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How to Predict Product Composition

EtO,C |
O
OH
EtO,C
(2S, 39) o
D()DET Me
Place the allylic alcohol
on a generic plane as shown MeMOH
H COzEt o
OH
OH
1 COE
(2R, 3R)
L-(+)-DET
E E
i Pr
FJr\o o/ JT)/
Pr—o_ | O | 1 Pr—o0 o\|/o
STE VOEtLOOH, TE
SN /l /|\
" | Jo” 17, ~0
- O Pr 0]
=0 /O t-Bu/
EtO a E=COzEt EtO b
E
HO
| eo®
EtO

Scheme 6

The diethyl tartrate (DET) and the Ti(O'Pr)4 react to form the dimeric complex a,

which in presence of t-BUuOOH replaces one isopropoxy group to form the
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complex b. The complex b then reacts with the allylic alcohol to form the
intermediate complex c, which is the active transition state intermediate and it
transfers the active oxygen of the co-ordinated hydroperoxide to the allylic double
bond (Scheme 6).

1.5.4 Baeyer-Villiger Oxidation

Alkaline peroxide could be used for the oxidation of ketones to give esters
(Scheme 6).

Cl;C—\
3 o C|3C/\O

y H,0,, KOH _

H,O 0]
o) (@]

Scheme 7

Mechanism

The mechanism for the alkaline hydroperoixde mediated oxidation of ketone to

ester follows (Scheme 8).

oot B o 58 e
H 0™+ OH H’O\o/—\i H-6"0>L j\ + OH
) R 8 o7 R

Scheme 8

1.5.5 Hyderoperoxide Rearrangement

Hyderoperoxide in the presence of strong acid such as H,SO,4, HCIO, and Lewis
acids undergoes rearrangement as Baeyer-Villiger oxidation. For example,
cumene hydroperoxide in the presence of H,SO,4 undergoes rearrangement via
hemiacetal to give phenol and acetone (Scheme 9). The cumene hydroperoxide
can be obtained by autooxidation of cumene. This is the commercial process

used for the synthesis of phenol.
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+
+ OH,*
_ 0= O 2
oo e e |y O

Oxonium ion
‘ _H+

OH
o) Hz0" o OH
Lo G2 o
HyC”~ “CH

Scheme 9

Under these conditions, 1-methylcyclohexyl hydroperoxide rearranges to give 7-
hydroxyhept-2-one (Scheme 10).

Me  O-OH 0

H+ )J\/\A
——— HiC OH

Scheme 10
1.5.6 Dakin Reaction

Phenolic aldehydes and ketones proceed reactions with alkaline H,O to replace
the aldehyde or acetyl group with OH group, which is called Dakin reaction. For
example, salicylaldehyde is transformed into catechol in 70% yield (Scheme 11).

OH OH

Hydrolysis
OMe OMe
@OH H,0,/NaOH @OH
Hydrolysis
CHO ydroly OH
H202/NaOH
HO@COCHg HO OH
Hydrolysis
Scheme 11
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Mechanism

The proposed mechanism is similar to that of Baeyer-Villiger oxidation (Scheme
12).

OH .
/—HFO' OH OH OH Hydrolysis OH
OH
(o J OCHO

Isolated

Scheme 12

O

CUC|2
/\/Me /\/LMG
Me

TBHP/-BuO M€
Yield: 91%

P. Li, W. M. Fong, L. C. f. Chao, S. H. C. Fung, I. D. Williams, J. Org. Chem.
2001, 66, 4087.

TBDPSO (+)-DET, Ti(QiPr), O
2 NCHZOH TBDPSO VAV H
Me t-BUOOH Me H tHon
Yield : 90%

R. M. Garbaccio, S. J. Stachel, D. K. Baeschlin, S. J. Daisshefsky, J. Am. Chem.
Soc. 2001, 123, 10903.

(+)-DET, Ti(OiPr),
3. HO” > "Me HOW Me
t-BUOOH O
Yield: 69%
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J. G. Hill, K. B. Sharpless, C. M. Exon, R. Regenye, Org. Syn. CV7, 461.

O/
Me s N
HO : o HO - Me
(-)-DET, Ti(OiPr),
4_ R \Me
t-BuOOH

BnO : BnO B

Me Me
Yield: 90%

K. Ghosh, C. Liu, Org. Lett. 2001, 3, 635.

Give the major products in the following reactions.

Ti(OiPr),, (+)-DET
2SS
HO t-BUOOH
NHZ H202
2.
CN
C

H,0,

Hs
3.
NaOH
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H,0,
4 R3B >
NaOH
H,0,
5 EtNH, -
H,O
6. 2RSH 272
OH
- H,0,
' CHs
NaOH
o)
H,0,

o NaOH

Text Book

M. B. Smith, Organic Synthesis, 2" edition, McGraw Hill, New Delhi, 2004.

Lecture 7

1.6 Ozone, Lead Tetraacetate and Sodium Periodate

1.6.1 Ozone

R. A. Berglund, Encyclopedia of Reagents for Organic Synthesis, John wiley and
Sons, Inc., L. A. Paquette, Ed., New York, 1995, 6, 3837.

1.6.1.1 Introduction
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Ozone is triatomic oxygen species with a characteristic smell and pale blue color.
It is less stable and highly reactive and slightly soluble in water but more soluble

in non-polar solvents such as carbon tetrachloride.
1.6.1.2 Preparation

Ozone is prepared by passing dry oxygen through two electrode connected with

AC current.

30, electrode 20,

1.6.1.3 Ozonolysis

The reactions of alkenes with ozone can produce alcohols, aldehydes, ketones
and carboxylic acids depending on the reaction conditions (Scheme 2-3). This

degradation of alkenes with ozone

reductive work up CCHZOH

NaBH, CH,OH
@ Og CHyCl, @9 reductive work up _ ~ “CHO
-78°C o Me,S CHO

ozonide
oxidative work up CO,H
H,0, COzH

Scheme 1

is called ozonolysis. The reaction is performed in common solvents such as
dichloromethane, methanol and acetone at -78 °C. A reductive work up with
Me,S or PPh3 or thiourea or zinc dust produces aldehydes and ketones, where
as sodium borohydride (NaBH,) produces alcohols and the oxidative work up

with H,O, provides acids.

Examples:

Joint initiative of 1ITs and 11Sc — Funded by MHRD Page 62 of 122



NPTEL — Chemistry — Reagents and Organic reactions

Me Me
NS NS
OAC  0,, Py, CH,Cl,, -78 °C OAc
| Zn, ACOH, -781023°C )
o)
Me Me
H
o)
E O3, MeOH, -78 °C
o M Me,S, 7810 0°C

Me

O3, ACOH

Scheme 2

The C-nitro group having a-hydrogen can be converted into a carbonyl group by

conversion to the nitronate salt followed by ozonolysis.

S}
.0 ozonolysis ©AO
—

Ozonolysis of simple allenes leads to the formation of two carbonyl fragments

Z
@)
N
| 2
o
(@)
%I 2
o
/i
©0o-Z2®

and carbon monoxide.

R} R ozonolysis RY 9 RS
>:C:< —y> >—:O + C + o:<
R? R* R2 R*

Mechanism

Ozone inserts to the alkene by 1,3-dipolar cycloaddition to form the primary
ozonide, which is highly unstable and undergoes retro 1,3-dipolar cycloaddition
to form the carbonyl compound and a carbonyl oxide (Scheme 3). The carbonyl

oxide, which has a dipole undergoes 1,3-dipolar cycloaddition with aldehyde to
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form the ozonide. The latter reacts with oxidizing or reducing agent to give the

desired product.

® .
o o)  13-dipolar 0. S)

kO/O\\O cycloaddition Or\ (2) retro _ ? 0\8

—\ J 1,3-dipolar > /<

R R R R cycloaddition R o

Me._.Me |||
Me. _.Me 3

R ole) 1,3-dipolar R /O 8 ®

R he) cycloaddition N

- (P < b 0
X Y o—< - (|3 /<)
R O O R R' \\_/ RI

Scheme 3

1.6.1.4 Griesbaum Cross-Ozonolysis

The O-alkyl ketone oxime was ozonide in presence of an added carbonyl
compound to give the cross-ozonide product. This reaction was discovered in
1995 by Karl Griesbaum and co-workers and hence called Griesbaum cross-

ozonolysis reaction.
OMe o 0—0
— 3

This reaction provides a widely applicable synthesis of both symmetrical and
unsymmetrical tetrasubstituted ozonides that are otherwise generally

inaccessible by common ozonolysis.

1.6.2 Lead Tetraacetate(Criegee Reagent)

M. L. Mihailovic, Z. Cekovic, Encylcopedia of Reagents for Organic Synthesis,
John Wiley and Sons, Inc., L. A. Paquette, Ed., New York, 1995, 5, 2949.

1.6.2.1 Introduction
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Lead tetraacetate (LTA) is one of the powerful common oxidizing reagents
available with wide applications for organic synthesis. The reagent is very toxic,
hygroscopic and turns brown due to lead dioxide formation on exposure to air.
Therefore, the reagent is to be handled with extreme care in a chemical hood. It
can be prepared by adding red lead oxide, Pb30,4, to a mixture of acetic acid and
acetic anhydride at ~70 °C. Recrystallization of the crude LTA from AcOH can

give colorless white crystals.

1.6.2.2 Reaction with Alcohols

LTA oxidizes alcohols to aldehydes and ketones in the presence of pyridine at
ambient temperature. The reactions are efficient and over oxidation to carboxylic
acids are not observed. For example, pentanol and cinnamyl alcohol can be
oxidized to give aldehydes in the presence of pyridine with high yield (Scheme
4).

LTA
Pyridine 70%
LTA
Pyridine 91%
Scheme 4

In the case of 1,2-diols, oxidative cleavage is observed to give aldehydes,
ketones or both depending on the structure of the diols (Scheme 5). The reaction
involves a cyclic intermediate and cis-1,2-diols exhibit greater reactivity
compared to trans-1,2-diols. The reactions are performed in organic solvent such
as benzene, toluene, dichloromethane and THF. When three or more hydroxyl
groups are present on adjacent carbon atoms, then the middle one is converted

into formic acid.
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R R R’
CO,Me
HO™ ™ OBz Na,COs, DCM [ ‘OBz
OH -40 °C o)
HO on c\> 0
M
Me Me LTA Me e
> Me
Me  AcOH, PhH 0
Me ! Me j
0O O
Scheme 5

Mechanism
Cis-diols are cleaved more readily compared to trans diols (Scheme 6). Different

mechanistic interpretations are thus proposed for the two processes (Scheme 7):

OH © OH
LTA LTA
HO
Reaction Rate: 1000 0 Reaction Rate: 1 OH

Scheme 6

R O/H\m, (')P(f R )m/OAC 0] 0
T adipione 2ac0H, JEes = Y+ + Poono,
R' R R'

, ;
OH _/OAc R0 OAe

R om%g R of;t;oAC o) o)
I AcO-Pb-OAc ~AOH, :[J CL0Ac ACOH, % 4 ¢+ Pb(OAC),
C '
; . R R
HO R OAc (I)J R
H
Scheme 7

In addition, the reaction conditions can be used for the oxidative cleavage of the
compounds such as (-amino alcohols, 1,2-diamines, a-hydroxy carbonyl and

1,2-dicarbonyl to give similar results (Scheme 8).
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@OH = GO
| CO,Et
o) EtOH 2

Scheme 8

1.6.2.3 Cyclization of Saturated Alcohols

The alcohols having & hydrogen undergoes cyclization in presence of LTA via a
radical pathway to give tetrahydrofuran along with low yield of tetrahydropyrans
(Scheme 9).

) B LTA
H/\/\/OH -
o

(=g

’V'e A
|2 hV

Me Me oH Me Me
Scheme 9

Mechanism

Reaction of the alcohols with LTA may give the intermediate a, which can
undergo thermal or photochemical homolytic cleavage to give alkoxy radical b.
The intermediate b may then lead to the formation ¢ via abstract of & hydrogen
abstraction, which may react with Pb(OAc); to give d. The Pb(lll)-alkyl compound
then undergoes heterolytic cleavage of C-Pb bond to generate alkyl carbocation

that forms the cyclic ether by reaction with hydroxy group (Scheme 10).
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OAc
Aorh Pb(OAc
(), Aco-ph-On A0t _.(\_,(\ O,
MOAC SO OH ~ OH

H H I HC
Pb* (“Pb -OAC
AcO’ 6 "OAC + AcO' /! OAG
Pb(OAc)
a 3 l -OAc

() —dJ
H

o \/O

Scheme 10

1.6.2.4 Reactions of Carboxylic Acids

Generally, the carboxylic acids with LTA undergo decarboxylation to give

products such as esters, alkenes (Scheme 11).

CO,H

nf O
CO,H

Se Ny
CO,H

Scheme 11

However, when a double bond is located nearby, lactone is obtained (Scheme
12).

LTA

@ACOZH 0
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Scheme 12

1.6.2.4 Acetoxylation

Ketones undergo reaction with LTA to give acetylated products at [1-position
(Scheme 13). The yield can be improved with catalytic amount of BF3.

) 0
é LTA ij/OAC
O 0
A one
Scheme 13

Benzene derivatives having electron donating substituents could be acetylated

on the thermal conditions (Scheme 14)

OAc
LTA/AcOH “ “
Heat

Scheme 14

.In case of alkyl benzene, the acetylation takes place at the benzylic C-H bond
(Scheme 15).

©/CH3 LTA/ACOH ©/CH20AC

Heat

Scheme 15

1.6.2.4 Dehydrogenation
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Aliphatic amines readily undergo reaction with LTA to give nitriles, while the
reactions of N,N’-disubstituted hydrazines afford azo compounds (Scheme 16).
These reaction conditions are effective for the oxidation of 4,4’-dihydroxybiphenyl

to afford diphenoquinone.

LTA

S NH e

OO

Scheme 16

OH OH 0 o

LTA OHC J
O CusHa \ﬁo CisHa1

OH OBn EtOAC OBn

1. BnO

Yield : 85%

J. Xia, Y.-Z. Hui, Tetrahedron: Asymmetry, 1997, 8, 451.

H3C  CH,
OH HsC  CH,
2. B 0 LTA/C32C03
H3CO,C
OH CHs CH,Cl, H3CO,C CHO

Yield: 71%

M. G. Banwell, G. S. Forman, J. Chem. Soc., Perkin Trans. 1, 1996, 2565.
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1.6.3 Sodium Periodate

1.6.3.1 Introduction

Sodium periodate (NalO,) is a sodium salt of periodic acid (HIO,). It is soluble in
water and converts to sodium iodate (NalO3) on heating. NalO4 acts as oxidizing

agent and mostly is used as a co-oxidant in oxidation reactions.
1.6.3.2 Oxidation of Sulfide to Sulfoxde

Sodium periodate can oxidize sulfide to sulfoxide by treating sulfide with aqueous
solution of NalO4 at O °C.

1.6.3.3 Cleavage of Glycol

The NalO,4 can cleave 1,2-diol to give carbonyl compounds (Scheme 17). The
LTA can also cleave 1,2-diol but LTA is soluble in organic solvents and sparingly
soluble in water, in contrast, NalO, is soluble in water therefore the NalO4is used
for those compounds, which are soluble in water i.e. most of the sugar molecules
(Scheme 18).

R_ OH o o)
I NalO, i+ L

H,0

R OH

Scheme 17

Na.|04, NaHCO:;,
H,0, 0 °C -

Scheme 18
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NalO,4 forms a cyclic intermediate with 1,2-diol that undergoes cleavage to give

the carbonyl compounds.
1.6.3.4 Sodium Periodate as a Co-oxidant

The NalO4 is mostly used as a co-oxidant for a variety of metal catalyzed
oxidation processes. It oxidizes the reduced metal to its active oxidation state
therefore it reduces the use of stoichiometric amount of metal salt or complex
(Scheme 19)

@] O
Ph  NalO,-RuO, +
RN R)J\OH Ph)l\ Ph
Ph 0
NalO4'OSO4
P PP - o
Scheme 19

Problems:

Write the major products of the following reactions.

@Hz @ Pb(OAc),/HOAc
1. C
OH
Pb(OAC)4/H,0
2.
HO

HO Pb(OAC),
3.
CgHg, reflux
I\I/Ie
4 Me—(IZ—OH Pb(OAc),
' Me—q—OH
Me
5 N O3
Zn/Hzo
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Text Book

J. Clayden, N. Creeves, S. Warren, P. Wothers, Organic Chemistry, Oxford
University Press, New York, 2001.

Lecture 8

1.7 Molecular Oxygen

1.7.1 Introduction

Oxygen is the most abundant element of Earth’s crust. It is tasteless, odorless
and very pale blue diatomic gas. Oxygen is important for oxidation reactions
though molecular oxygen itself is not a good oxidizing agent. Advantage of using
molecular oxygen is that it is abundant in nature and eco-friendly giving water as
by product. A large number of catalysts have been used to activate oxygen for
the oxidation of different functional groups. This lecture will discuss some of the

important catalysts and methods.

1.7.2 Palladium Catalyzed Reactions

1.7.2.1 Wacker Oxidation

Wacker oxidation of alkenes to aldehydes or ketones is one of the most
important industrial processes. In Wacker process, Pd catalyst is used in
combination with O, and copper salt to transform alkenes to aldehydes or
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ketones (Scheme 1). In these reactions, copper(ll) oxidizes the reduced Pd(0) to
palladium (lIl) to regenerate the catalyst, while the reduced copper(l) is reoxidized
to copper(ll) by oxygen. The oxygen incorporated in the alkene to give the

carbonyl compound is obtained from water.

O

PdClz, CUC|2
R/\ > R)J\
0O,, H,O

Me

1.7.2.2 Oxidation of Alcohols

Palladium based catalysts have been extensively studied for the aerobic
oxidation of alcohols to carbonyl compounds. For some examples, Pd(OAc), with
molecular oxygen in the presence of NaHCO; has been shown as effective
protocol for the oxidation of allylic and benzylic alcohols to afford the

corresponding carbonyl compounds (Scheme 2).

Me OH Me O

Me  NaHCO, DMSO Me

Me Me Me Me
NS
N Pd(OAC)z, 02 N
OH > ©
NaHCOs, DMSO
Scheme 2
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OH (@]
PdL,
Me)\/o\/\/ Me > Me)J\/O\/\/Me
Air,100 °C
OH ra (@]
AcO OAc
Me
Me)\/\/Me > Me)J\/\/
DMSO-H,0, O,
100 °C
Scheme 3

Palladium complexes containing electron rich ligands such as phenanthroline
have been found to catalyze the aerobic oxidation of secondary alcohols to give

ketones (Scheme 3).

Mechanism

The palladium catalyzed oxidation of alcohols to carbonyl compounds with
molecular oxygen can be explained as shown in Scheme 4. The palladium
complex acts as an active catalyst and oxidizes the alcohols to carbonyl
compounds. The reduced Pd(0) is reoxidized to Pd(ll) by molecular oxygen to

complete the catalytic cycle.

LnPd(ll)
H,0 RCH,OH

120, + 2H RCHO + 2H*

LnPd(0)
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Scheme 4

1.7.2.3 Epoxidation

Pd(OAc), in combination with azibenzil has been reported for the epoxidation of
alkenes in the presence of molecular oxygen. The aliphatic alkenes undergo
epoxidation with moderate to good yield, while aromatic alkenes undergo C-C

cleavage (Scheme 5).

O/Me Pd(OAc),, azibenzil Me
> 0
0,, DCM, 25 °C (}

Scheme 5

1.7.3 Ruthenium Catalyzed Reactions

1.7.3.1 Oxidation of Alcohols

Ruthenium catalyzed aerobic oxidation of alcohol has been extensively studied.
RuCls-H,0 has been used for the oxidation of secondary alcohols to give ketones

in the presence of oxygen (Scheme 6).

)O\H RuCl; - nH,O )OJ\

—_—

RTR O, R” "R
Scheme 6

Catalytic amount of RuCl,(PPh3), in combination with benzoquinone has been

shown as an effective system for the oxidation of aliphatic, allylic and benzylic
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alcohols to provide aldehydes or ketones in the presence of molecular oxygen
(Scheme 7).

NN NN
or RUC'Z(PPhg)Z or
benzoquinone

X OH - X ~o
or PhCF3, K,CO3

0O, or

Scheme 7

1.7.3.2 Oxidation of Amines

Binuclear ruthenium catalyst has been used for the oxidation of secondary

amines to provide imines in presence of molecular oxygen (Scheme 8).

NH " toluene, O, MeO =N

MeO

Scheme 8

Ruthenium supported on alumina has been used for the oxidation of primary

amines to give nitriles with molecular oxygen (Scheme 9).

OMe OMe
RU/A|203 CN
NH2 —_—
PhCF3, O,
Scheme 9

1.7.4 Cobalt Catalyzed Reactions

1.7.4.1 Oxidation of Alcohols

Cobalt catalyst along with N-hydroxyphthalimide (NHPI) can oxidize alcohols to

give carbonyl compounds in the presence of molecular oxygen. The reaction can
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be performed at ambient conditions in the presence of catalytic amount of m-
CPBA as an additive (Scheme 10).

OH

O
Co(OAcC),, NHPI )J\/\/\/
Me

mMCPBA, EtOAc
O,

Scheme 10

1.7.4.2 C-H Oxidation Alkanes

The oxidation of toluene is one of the important industrial processes. The toluene
moieties could be oxidized to benzoic acid derivatives using cobalt catalyst in

combination with NHPI in the presence of molecular oxygen (Scheme 11).

©/Me Co(OAC),, NHP!I ©/C02H
ACOH, O,

Scheme 11

1.7.4.3 Epoxidation of Alkenes

Cobalt catalysts have been reported for the epoxidation of alkenes with
molecular oxygen as a terminal oxidant. For example, Co(lll) complex has been
investigated for the epoxidation of alkenes in presence of pivalaldehyde and
molecular oxygen (Scheme 12). In these reactions, the cobalt complex catalyzes
the oxidation of the aldehyde to peracid with molecular oxygen and the peracid

transfer the oxygen to alkenes.
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Me Me Q
o) 0
©)
OMe catalyst, O, OMe MeyN 2;'\‘\ /N&
- o) —Co

| t-BUCHO, PhF 0 O 0
Me Me Me Me L
catalyst
Scheme 12

1.7.5 Copper Catalyzed Reactions

1.7.5.1 Oxidation of Alcohols

Copper(l) complexes have been extensively explored for the oxidation of
alcohols to aldehydes and ketones in the presence of molecular oxygen. Several
studies have focused as functional model of galactose oxidase for the oxidation
of primary alcohols to aldehydes. For example, copper(l)-complex with (2,2,6,6-
tetramethylpiperidin-1yl)-oxyl (TEMPO) has been successfully found to catalyze
the oxidation of primary and secondary alcohols to give aldehydes and ketones
in fluorous biphase system (Scheme 13). The fluorous phase having the catalyst

can be recycled without loss of activity.

j.\H CuBr-Me,S j\ CgF17(H2C)4 (CH2)4CgF17
: ~ RTR - _ 7 N/
R R 1EMPO, ligand ligand = 7=\ ,
PhCI, CgF1g, O, N N
Scheme 13

1.7.6 Reactions with Other Catalysts

1.7.6.1 Osmium Catalyzed Reactions

The osmium-catalyzed oxidation of alcohols and dihydroxylation of alkenes has

been explored with molecular oxygen as terminal oxidant. For example,
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K20sO,(HO), in combination with DABCO has been found to catalyze the
oxidation of cyclooctanol to cylooctanone in the presence of molecular oxygen
(Scheme 14). This reaction condition has been demonstrated as effective system
for the dihydroxylation of [J-styrene to afford the corresponding 1,2-diol in high

OH  K,0s0,(OH),, DABCO 0
H,O-tBUOH, O, -
Me Me, OH
K,0S0,(OH),, DABCO ©/Q0H
H,O-tBUOH, O, B}

Scheme 14

yield.

1.7.6.2 Gold Catalyzed Oxidation of Alcohols

Gold nanoparticles deposited on CeO, nano crystals have been used as
recyclable catalyst for the oxidation of alcohols to aldehydes and ketones in the

presence of molecular oxygen (Scheme 15).

OH 'e)
©)\Me Au-CeO, Me
—_—
O,
Scheme 15

1.7.6.3 Nickel and Iron Catalyzed Epoxidation

Nickel and iron based catalysts have been used for the epoxidation of alkenes
using molecular oxygen as terminal oxidant in the presence of aliphatic aldehyde
as a reducing agent. For example, Ni(dmp), and Fe(dmp)s; complexes have been
shown to catalyze the epoxidation of substituted alkenes in the presence of t-
butanal and molecular oxygen (Scheme 16). The aldehyde is oxidized in situ to

peracid that transfers oxygen atom to alkenes to give the epoxides.
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©
(@] (@]
Ni(dmp),, O, —
7 > O dmp =
Me
)\ MeO OMe
Me CHO
Me Me
OH  Fe(dmp)s, O, OH
Me >
| Y ©
Me Me Me CHO Me Me
Scheme 17

1.7.7 Photooxidation

1.7.7.1 Excitation

The ground state triplet dioxygen (°0.) could be excited to give singlet state

dioxygen (*O.) by photolytic energy transfer.

302 hv > 102

Rose Bengal

1.7.7.2 Cycloaddition

The excited singlet oxygen can undergo [4+2]-cycloaddition reaction with 1,3-

diene to give cyclic peroxides (Scheme 18).

=

o e (3

X (@]
L) o ——— [(led

Scheme 18

Cholestodiene does not give the similar expected peroxide but gives

cholestidienone as the product (Scheme 19).
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Me

Me
Me
: Me Me Me
+ 102—>
@)

Scheme 19

1.7.7.3 Oxidation of C-C Multiple Bonds

C-C multiple bonds could be oxidized by the singlet oxygen to give the
corresponding carbonyl compounds or carboxylic acids depending on the nature

of the compounds (Scheme 20).

Ph  Ph PhPh Ph
= + 0, — PhA'—'*Ph — =0
Ph Ph 0-0 Ph
o) O
— 1
Ph———~"Ph + O, ——> Ph Ph  — Ph)J\OH
0
Scheme 20

C-N double bond of nitronate can be oxidized to the corresponding carbonyl

compound (Scheme 21).

O
R 0 R
'>:N@ + 10 —> >=o
R O R'

Scheme 21

1.7.7.4 Oxidative Decarboxylation

The carboxylic acids having a-carbonyl groups can undergo oxidative

decarboxylation to give carboxylic acid (Scheme 22).

O O

O

Scheme 22
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1.7.7.5 Oxidative Cyclization
Oxidative cyclization of chalcone with singlet oxygen gives flavanol (Scheme 23).

HO OH _Ph HO 0] Ph HO @) Ph
| + 10, —— E—— |
OOH

OH O OH O OH O

Scheme 23

Problems:
A. What major products would expect in the following reactions?

02, CU(OAC)z, 10% PdC|2

1. TN X

DMF, H,0O
2. | 0O,, Cu(OAc),, 10% PdCl,
DMF, H,0
0O,, light
3 2, 119
sensitiser
0O,, light
JeOr
sensitiser
RUCIz(PPh3)2
OH benzoquinone
PhCF3, K,CO3
O,

B. Provide suitable mechanisms for the reactions mentioned in A.

Reference

T. Punniyamurthy, S. Velusamy, J. Igbal, Chem. Rev. 2005, 105, 2329.
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Lecture 9

1.8 Other Metal Oxidants (Ag, Ru, Pd, etc.)

1.8.1 Silver (AgQ)

Silver in its metalic state is a grey shining soft metal and has a atomic number of

47. The stable oxidation state is +1.

1.8.1.1 Oxidation of Alcohols

Silver based catalysts are considerably investigated for the oxidation of alcohols
to carbonyl compounds. For example, silver carbonate (Ag.CO3) has been used
for the oxidation of primary and secondary alcohols to give aldehydes and

ketones, respectivley (Scheme 1).

MeO
A92C03
O —_—
benzene
HO"
Scheme 1

Ag,CO3 supported on celite is known as Fetizon’s reagent. This reagent oxidizes
alcohols selectively under mild reaction conditions (Scheme 2). The reaction is
performed under apolar solvents such as benzene, heptane but the polar

solvents hinder the oxidation.

O OH
OH OH Ag,CO3-celite
™ Me Me

Me Me  penzene, reflux

Ag,CO5-celite

HOWSiMEg > o~ SiMe;
benzene, reflux

Scheme 2
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1.8.1.2 Oxidation of Phenols

Phenols could be oxidized to a variety of products depending on the nature of
substituent present in the aromatic ring. For example, 2,6-disubstituted phenols
when treated with Ag,CO3; undergoes dimerization to provide diphenoquinones,
while substituted 1,4-catecols are oxidized to give substituted benzoquinones

(Scheme 3).
R R R
A92C03
0l 2 ol
R R R

R R

A92CO3
HO OH ——> O O
R' R’
Scheme 3

1.8.1.3 Oxidation of Aldehydes to Carboxylic Acids

Silver oxide (AgO) has been found to catalyze the oxidation of aldehydes to give

carboxylic acids in good yield (Scheme 4).

Me Me
x AQO x
o THF-H,0 | HO
o) o)
Me Me

OCOMes OCOMes

Scheme 4

1.8.2 Ruthenium (Ru)

Ruthenium is a rare transition metal and its atomic number is 44. It is
comparatively less reactive metal. The common oxidation states of ruthenium are

+2, +3 and +4. Ruthenium at +8 oxidation state is strong oxidizing agent.

Joint initiative of 1ITs and 11Sc — Funded by MHRD Page 85 of 122



NPTEL — Chemistry — Reagents and Organic reactions

1.8.2.1 Oxidation of Alcohols

A variety of ruthenium catalysts have been used for the oxidation of alcohols to
give carbonyl compounds. Among them, a quaternary ammonium salt of
perruthenate (n-PrsN)RuO4 (TPAP) is one of the most useful catalysts (Scheme
5). Other catalysts such as RuCl,(PPh3)s, RuCl; and K;RuO,4 are also effective

for this functional group transformation.

OH OI
(n-PryN)RuO,
o NMO, CH,Cl, ©
OTBDMS OTBDMS
Me Me
Scheme 5

S. V. Ley, J. Norman, Encyclopedia of Reagents for Organic Synthesis,
JohnWiley and Sons, Inc., L. A. Paquette, Ed., New York, 1995, 7, 4827.

Me TPAP

Me"

" "CH,OH NMO — me™ ™
THPOJ ] CHO
THPO 829%

H. Miyaoka, M. Yamanishi, Y. Kajiwara, Y. Yamada, J. Org. Chem. 2003, 68,
3476.
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L. A. Paquette, H.-J. Kang, C. S. Ra, J. Am. Chem. Soc. 1992, 114, 7387.

Ruthenium on charcoal (Ru/C) has been found to be a very efficient catalyst for
the oxidation of alcohols to give carbonyl compounds in the presence of

molecular oxygen (Scheme 6).

OH Q
Ru/C, O
Me 2 . Me
toluene, 70 °C
Scheme 6
o]
©/\ catalyst ©/<1
2,6-dichloropyridine-
N-oxide, PhH
catalyst
Scheme 7

1.8.2.2 Epoxidation

Ruthenium complexes containing porphyrin based ligands have been used for
the epoxidation of alkenes. For example, ruthenium complex of
tetramesitylporphyrinato (TMP) is very effective catalyst for the epoxidation of
styrene in the presence of pyridine N-oxide as a terminal oxidant (Scheme 7).

1.8.2.3 Dihydroxylation
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RuCls in combination with NalO4 can dihydroxylate the double bond efficiently to
give cis-1,2-diols (Scheme 8). The reaction exhibits greater reactivity in a mixture

RuCl;-nH,0 OH
NalO,, 0 °C B oH

EtOAc-H,0-MeCN

of solvents.

Scheme 8

1.8.2.4 a-Oxidation

The ethers and tertiary amines undergo carbonylation in its a-carbon to give
esters and amides, respectively (Scheme 9).

O

RuCl,(dppp)-
Me” > 07 " Me > Me/\)l\o/\/\ Me
NaOCl, DCM-H,0

[ \._oTepmMs _Ruo, _[ \_orsoms
0

N NalO,, CCl,;-H,0 N

|
Boc éoc

Scheme 9

1.8.2.5 Synthesis of a-Ketols

The double bond could be oxidized to a-ketol depending on the reaction

conditions. Generally,
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Me
AcOOH o OH
O
Me RuClz-nH,0O
Q/ DCM-H,0-MeCN O
NalO,4 _ Me
" OH
@)
Scheme 10

the co-oxidants play a crucial role. For examples, 1-methylcyclohexane can give
2-methyl-2-hydroxycyclohexanone and 6-oxoheptanoic acid depending on the

nature of co-oxidant used (Scheme 10).

1.8.3 Palladium (Pd)

Palladium is the least dense metal in the platinum group and its atomic number is
46. The oxidation states of palladium are 0 and +2 and +4, among them, +4 is

less common. The palladium was discovered by William Hyde Wollaston in 1803.

1.8.3.1 Oxidation of Alcohols

Palladium based catalysts have been successfully used for the oxidation of
alcohols in presence of a base under atmospheric oxygen. The reaction is
selective and works without affecting other functional groups. For example, Pd,
cluster has been used for the selective oxidation of allylic alcohols to give a,B-

unsaturated carbonyl compounds (Scheme 11).

WOH Pd,Phen,(CO)(OAC); @A\Ao
O,, PhH, 50 °C

Scheme 11

Pd(OAc), has been explored for the oxidation of benzylic and allylic alcohols to
afford the corresponding aldehydes and ketones at moderate temperature
(Scheme 12).
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OH O
Pd(OAc),
Me - Me
base, toluene or DMSO
O,
Scheme 12

1.8.3.2 Oxidation of Double Bonds

The alkenes could be oxidized selectively to give 1,2-diols or aldehydes or
ketones depending on the reaction conditions. Pd(OAc), with molecular oxygen
can oxidize alkenes to give 1,2-diols in basic conditions and aldehydes or

ketones in acidic conditions (Scheme 13).

N32CO3 R'
> R

Pd(OAc), OH

H,0, O,
PTSA

PTSA = paratoulenesulfonic acid

Scheme 13
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Problems

For the reactions given below write the major products.

O,, PdCl,/H,0

1. o
CuCl,
HO Me OH
g Ag,CO,/Celite
) Me g,C0; I
Me
OH
3 Ag,0/benzene
COzMe
OH

OH
OH EtOH-KOH
)\/\)\A Ag,CO5/Celite
NS NS
> OH

benzene, reflux

Ag,COgz/Celite

6. S
OH Hexane, reflux

CHO Ag,0

@)

RUCIz'P(Ph3)2
8. )\AA/W\/OH

Ag/air/250 °C

9. ~oH
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Text Books

V. K. Ahluwalia, R. K. Parashar, Organic Reaction Mechaninisms, Narosa, New
Delhi, 2002.

M. B. Smith, Organic Synthesis, 2" Ed., McGraw Hill, New York, 2004.

Lecture 10

1.9 Other Nonmetal Oxidants (Dess-Martin, TEMPO and

Dioxiranes)

1.9.1 Dess-Martin Periodinane (DMP)

The Dess-Martin periodinane (DMP) is a hypervalent iodine compound
developed by Daniel Benjamin Dess and James Cullen Martin. It is a selective

oxidizing agent and works under essentially neutral conditions.
1.9.1.1 Preparation

The DMP is prepared by treating 2-iodobenzoic acid with potassium bromate and
then acetylated with acetic anhydride in presence of catalytic amount of
toluenesulphonic acid (Scheme 1). This reagent has indefinite shelf-life in a

sealed container, however, hydrolysis occurs upon exposure to moisture.
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O o o
OH KBrOz (ji( Ac,0 S
> QO ——
aqueous H,SO, C*I‘)/ 0.5% TsOH -
! 1N ACO/I OAc
HO 8 OAc
L ome
Yield : 93% Yield: 93%
DMP

1,1,1-Triacetoxy-1,1-dihydro-1,2-benz-
iodoxol-3(1H)-one periodinane

Scheme 1

R. J. Boeckman, Jr., Encyclopedia of Reagents for Organic Synthesis, John

Wiely and Sons, Inc., L. A. Paquette, Ed., New York, 1995, 7, 4982.

1.9.1.2 DMP Oxidation

DMP oxidizes alcohols to give aldehydes and ketones under neutral or near
neutral conditions. The reaction is mild and the alcohols can be selectively
oxidized in presence of other sensitive functional groups at room temperature
(Scheme 2). There is no over oxidation of the carbonyl compounds to carboxylic

acids. Furthermore, simple product isolation makes this protocol much useful.

) 0]
DMP 5
O _—
)
MeO OH CH,Cl, MeO Z

MOMO MOMO
MOMO, = DMP MOMO,
’, O ,NO
@ CHCl, CHO o—ﬁ
OH
Scheme 2
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Mechanism

The alcohol replaces labile acetate group from the iodine to give the intermediate
a that can undergo reductive elimination by oxidizing alcohol to give the carbonyl

compound (Scheme 3).

¢} 0 ¢}
(in -AcOH -AcOH
R R PN
/!/\m)\H /!102/\"4\,8AC ’
AcO/Hpc AcO/oac OAc
Scheme 3
Examples:

MMT

y _ Y Ph
MMTO Dss-Martin - MMTO MeO@—'f
1 — Ph
: prem— CH2C|2
HO o

4-Methoxytrityl

Yield : 90%

A. G. Myers, P. S. Dragovich, J. Am. Chem. Soc. 1992, 114, 5859.

OTBDMS

OTBDMS

2. -
: STBDOMS TBDMSO OMe OTBDMS
OSMDBT
Yiled : 88%

D. A. Evans, J. r. Gage, J. L. Leighton, J. Am. Chem. Soc. 1992, 114, 9434.
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Ts,

N TS\N
3 Dess-Martin
\ \
HO o
CHg CHs,
Yield: 86%

M. Mori, T. Tomita, Y. Kita, Tetrahedron Lett. 2004, 45, 4397.

Yield : 55%

Y.-F. Lu, A. G. Fallis, Tetrahedron Lett. 1993, 34, 3367.

QTBS oTBS

OTBS

CH3

Yield : 92%

P. A. Wender, S. G. Hegde, R. D. Hubbard, L. Zhang, J. Am. Chem. Soc. 2002,

124, 4956.

1.9.2 2,2,6,6-Tetramethylpiperidin-1-oxyl (TEMPO)

TEMPO is organic heterocyclic compound bearing a radical oxygen atom. This

compound was prepared by Lebedev and Kazarnowskii in 1960 from the

oxidation of 2,2,6,6-tetramethylpiperidine. In conjunction with other oxidizing

agents, this reagent provides mild conditions for oxidations.
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TEMPO

F. Montanari, S. Quici, Encyclopedia Reagents for Organic Synthesis, John

Wiley and Sons, Inc., L. A. Paquette, Ed., New York, 1995, 7, 4821.

1.9.2.1 Oxidation of Alcohols

TEMPO is a mild catalyst for the oxidation of alcohols to give carbonyl
compounds (Scheme 4). NaOCI is usually used as a co-oxidant for the
regeneration of the catalyst. The reactions with primary alcohols exhibit greater
reactivity compared to secondary alcohols. Thus, primary alcohols could be

chemoselectively oxidized in the presence of secondary alcohols.

v Me
Me._~_OH _EMPO.NaOCl _ . ~~ _o
KBr, CH2C|2
tBu tBu
o~ O OH Oél\o OH
Me\‘/'\/_'\/OH TEMPO, NaOCl Me\‘)v'vo
Ph._N OH CH,Clp, 0-5°C Ph\fN OH
Ph Ph
Scheme 4

Mechanism

The oxidation of nitroxyl radical gives the oxoammonium ion, which is the active

species, in the TEMPO catalyzed reactions (Scheme 4).
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Me Me ~H

-0

S ON. R

WP OH
é}b N
%000 me Me \ Me M
e
Me Me Me Me
NaOCl OH N-OH

RCHO +

R Me
Me
Me Me Me Me /
Me Me R

%
Co 1%y, >O
% 09 _~
Me Me
Scheme 5

Examples:
CH,OH O~|(0Ac)2 CHO
(X SOt
CHs TEMPO, acetone CHs

Yield : 98%
@l(OAC)z = Polystyrene based oxidant

K. Sakuratani, H. Toga, synthesis 2003, 21.

(@]
2. HsC
H,C

~0
sC

TEMPO/CH,Cl,
Cl
o HsC  vield: 98%

H
|
OY N 7
N N.
cl” \ﬂ/ Cl
O
Trichloroisocyanuric acid

J. B. Epp, T. S. Widlanski, J. Org. Chem. 1999, 64, 293.
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NH,
N N N
HO. N NNV
3. TEMPO @]
o._ O

BAIB o_ O
HiC  CH, HsC™ CHg
Yield : 90%

L. D. Luca, G. Giacomelli, A. Porcheddu, Org. Lett. 2001, 3, 3041.

1.9.3 Dioxiranes
Dialkyl dioxiranes are versatile oxidizing agents that can be produced from oxone
(potassium peroxymonosulfate) and ketones. Dioxiranes are extensively used for

the epoxidation of alkenes (Scheme 3).

Me L
9 Oxone Me o Me e O )OJ\
Me” "Me ><l A T Me” “Me
Me O Me
Scheme 6

If the ketones are chiral, chiral dioxiranes can be generated, which can be used
as an effective chiral reagent for asymmetric epoxidation of alkenes with

excellent enantioselectivity (Scheme 7).

o i
(O/\L”O Oxone Yo} Ph/:\l\/le O Me
Oo‘ : 0 SN Ph B
3 87% Yield
91% ee

Scheme 7
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J. M. Crandall, Encyclopedia of Reagents for Organic Synthesis, John Wiley and

Sons, Inc., L. A. Paquette, Ed., New York, 1995, 6, 4265.

Problems:

A. Complete the following reactions.

ODAOH Dess-Martin
1. < —
(@]

O
2 HOHZC\/QX@OTBS Dess-Martin
: o
MeMe Me

B. How will you prepare TEMPO?
C. Give mechanistic explanation for the following transformations.
SPh SPh

Dess-Martin
1 OH ~o

TEMPO (1 mol%)

NaOCI (1 equiv,
2 /\‘AOH (1 equiv) /\‘AO
KBr (10 mol%), CH2C|2/H20

Text Book

M. B. Smith, Organic Synthesis, 2" Ed., McGraw Hill, New York, 2004.
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Lecture 11

1.9 Other Nonmetal Oxidants (IBX and DDQ)

1.9.4 2-lodoxybenzoic acid (IBX)

2-lodoxybenzoic acid (IBX) is an organic compound prepared by oxidation of 2-
iodobenzoic acid with potassium bromate in aqueous sulfuric acid. This is used
for the oxidation of alcohols to give carbonyl compounds. The only drawback is
that it is insoluble in common organic solvents but soluble in highly polar solvent
such as DMSO.

1.9.4.1 Preparation

The oxidation of 2-iodobenzoic acid in aqueous sulfuric acid with potassium

bromate gives IBX (Scheme 1).

(@]
O 0
OH KBrO:;
> O pr—

I aqueous H,SO, 6?’ - I/O

/ \O / \\O

HO e HO
Yield: 93%

Scheme 1

1.9.4.2 Oxidation of Alcohols
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The alcohols are oxidized to aldehydes and ketones when treated with IBX

(Scheme 2). The reaction occurs smoothly without affecting other functional

groups.
O
O e X
R
OH DMSO o)
OH —0
IBX
A\ A\
N DMSO N
H H
Scheme 2
Mechanism

The oxidation mechanism is similar to that of DMP reaction (Scheme 3).

0O 0 0
R ) O
(Lo 8 = (T = 8+ (Lo
’I\\o HO™ "H 5 R !
HO) QOCK OH
H™ R
Scheme 3

1.9.5 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)

Quinones are used for dehydrogenation reactions. Among them, 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) is an important reagent. DDQ is very
reactive and used under anhydrous conditions because it decomposes in the
presence of water. The reaction is carried out in inert solvents such as benzene,
THF and dioxane. Solution of DDQ in benzene is red in colour because of the
formation of charge transfer complex. After dehydrogenation, DDQ is reduced to
hydroquinone that is a yellow solid and insoluble in benzene. Hence, the

progress of the dehydrogenation can be monitored.

1.9.5.1 Preparation
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DDQ is very convenient to handle and is commercially available. It can be
synthesized as described by Thiele and Ganther procedure from the reactions of

benzoquinone with HCN/HCL followed by oxidation (Scheme 4).

i oH o OH
CN
@ HCN ©i Oxidation CN  Hcl CN
C,H=OH/H*
I 215 CN CN cl CN
OH o) OH

Oxidation

O

0] OH
cl CN Oxidation  Cl CN HCl CN
Cl CN Cl CN Cl CN
o) OH
DDQ

O

Scheme 4

D. R. Buckle, Encyclopedia of Reagents for Organic Synthesis, John Wiley and
Sons, Inc., L. A. Paquette, Ed., New York, 1995, 3, 1699.

1.9.5.2 Aromatization

DDQ is an effective reagent for the dehydrogenation of hydroaromatic
compounds to give aromatic compounds. The procedure can be applied for the
synthesis heterocyclic compounds such as pyrroles, pyrazoles, indoles, furans
and thiophenes. Many substituents do not interfere in the reaction. For example,
using DDQ in boiling benzene tetralin and acenaphthene can be converted into

naphthalene and acenaphthylene, respectively (Scheme 5).

Joint initiative of 1ITs and 11Sc — Funded by MHRD Page 102 of 122




NPTEL — Chemistry — Reagents and Organic reactions
Reflux
CO=

Reflux

Scheme 5

In the case of hydroaromatic compound with blocking group rearrangement has
been observed. For example, in 1,1-dimethyl-1,2,3.4-tetrahydronaphthalene, the
aromatization takes place with 1,2-rearrangement of the methyl group (Scheme
6).

Me Me
Reflux
Mechanism
Me Me NC CN Me Me cl Me Me
T L O =
Hi—7d HH NC NC
NC CN
e

¥y %

Scheme 6
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This process has been extensively used in steroid chemistry for aromatization.
For example, DDQ has been used for aromatization in the synthesis of equilin
(Scheme 7).

(@]
Me Me O

AcO
DDQ "
Dioxan O‘
© HO

Equilin

Scheme 7

1.9.5.3 Formation of Conjugated Double Bonds

DDQ is used for dehydrogenation of organic compound for extending conjugation
(Scheme 8). For example, 1,2-diphenylehane can be converted into trans-
stilbene in high yield. In a similar way, ketones can be transformed into [](I-

unsaturated carbonyl compounds, which have been considerably employed in

steroid chemistry. The products are generally obtained in high yield and the
substituents commonly encountered are not affected.
DDQ

%\
ess
%Qi\f\

Scheme 8

I

33
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1.9.5.4 Allylic Oxidation

The oxidation of benzylic C-H bonds can be carried with DDQ to afford carbonyl
compounds. The reactions in aqueous acetic acid proceeds via an intermediate
benzylic acetate, which is hydrolyzed under the reaction conditions (Scheme 9).

In some cases, the benzylic acetate can be isolated (Scheme 10).

0=

93%

Scheme 9
OAc
gMe DDQ, AcOH /©)\Me
73%
Scheme 10

1.9.5.5 Oxidative Cyclization

DDQ has been extensively employed for the cyclodehydrogenation reactions of

phenolic and carboxylic acids. These processes afford effective route for the

synthesis of oxygen heterocycles

Ph. H
CO,H Ph. 6o
Ph Ph
OO DDQ, PhH
Reflux OO
Scheme 11
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Ph
m DDQ, PhH mph
OH O

Relux

DDQ, PhH m
OH Relux O

Scheme 12

such as coumarins, chromones, benzofurans and lactones. For example, 8-
diphenylmethyl-1-naphthoic acid undergoes oxidative cyclization to give[l-lactone
(Scheme 11). Likewise, DDQ can be employed for the cyclodehydrogenation of
phenols (Scheme 12).

1.9.5.4 Isomerization

The compounds that are difficult to dehydrogenate give a mixture of isomeric
products (Scheme 13).

Ph
Ph Ph Ph Ph
O
D
PhCI
Ph
Scheme 13

The isomeric products could be formed due to fragmentation of intermediate
carbonium ion followed by ring closure and dehydrogenation.

1.9.5.5 Deprotection of p-Methoxybenzyl Ethers

p-Methoxybenzyl ether could be deprotected selectively using DDQ in the
presence of other protecting groups such as acetals, RO-Bn, RO-MOM, RO-
MEM, RO-THP, RO-TBS, benzoyl, tosyl, acetate groups or epoxides (Scheme
14).
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DDQ
CH,Cl,, H,0

Y

ROH

DDQ
CH,Cl, H,0

\

Scheme 14

Examples:

. /:/i DDQ, CHCl5

Yield : 100%
S. Cossu, O. DelLucchi, Tetrahedron 1996, 52, 14247.

Ph
(e "
2. ph 3 __ DBpQ /<:S<CH
N Ph N 3
H Dioxane Ph N Ph
Yield : 81%

S. R. Cheruka, M. P. Padmanilayam, J. L. Vennerstrom, Tetrahedron Lett. 2003,
44, 3701.
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Examples:

What products would you expect in the following reactions?

OH
1 1.1 equiv IBX
S
OH
2 1.1 equiv IBX
NH,
1.1 equiv CF3CO5H
1.1 equiv IBX
3. - -
HO
OH
DDQ, Dioxane
108Ve
O
O
DDQ, Dioxane
5.
@)
CO,H
6. Ph DDQ
Ph
Me PH
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Text Books:

V. K. Ahluwalia, R. K. Parashar, Organic Reaction Mechanisms, Narosa, New
Delhi, 2002.

M. B. Smith, Orgnic Synthesis, 2" Ed., McGraw Hill, New York, 2004.

Lecture 12

1.9 Other Oxidants (NMO, I,/RCO,Ag and NBS)

1.9.6 N-Methylmorpholine-N-oxide (NMO)

NMO is a useful and relatively mild oxidizing agent. It is used as a co-oxidant
with OSO, for hydroxylation of alkenes (Scheme 1). In the presence of oxidizing

agent such MCPBA catalytic amount of NMO can be used.

M. R. Sivik, Encyclopedia of Reagents for Organic Synthesis, John Wiley and
Sons, Inc., L. A. Paquette, Ed., New York, 1995, 5, 3545.

0OsO [ j
g : N
Me

Cl

[Oj CO,H
OH
0OsO; N ©/

Me O

OH cl
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Scheme 1

Examples:

OTBS O O OTBS OH OTBSOH O O OH OTBS oOH
: : NMO, 0SO, : ; : :

R : : a
OTBS OTBS 55% OH OTBSOH OH OTBS OH

J. A. Marshall, S. Beaudoin, K. Lewinskit, J. Org. Chem. 1993, 58, 5876.

L

N
QR CHO
CHBI  \vo OC' I}IJ
| | Me — |
Me M Me

CH4CN e

W. P. Griffith, J. M. Jolliffe, S. V. Ley, K. F. Springhorn, P. D. Tiffin, Synth.
Commun. 1992, 22, 1967.

1.9.7 Dihydroxylation of Alkenes (I,/RCO,AQ)

Under anhydrous conditions a solution of iodine in CCl, and equiv molar amount
of silver acetate or silver benzoate transform alkenes into the diacetyl/dibenzoyl
derivatives of the trans glycol, which on hydrolysis give trans diols. This reaction
is known Prevost dihydroxylation of alkenes. In contrast, if the reaction is free
from anhydrous conditions (in presence of water), cis diacetate or dibenzoate is
obtained, which on saponification gives cis diols. This is called Woodward

dihydroxylation of alkenes (Scheme 2-3).
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ROCO OCOR

12 = P ROCO  OCOR
s RCOOAg Y RCOOAg
Saponification Saponification
HO  OH
NN

HO OH
VNANNNNNANNNNN

Scheme 2

Proposed Mechanism

IOH Saponification IOZCR RCO,Ag IO OH
OH

0,CR

cis Diol

NS

o N8 9
OH Saponification O,CR O:
- j/ - / R
OH "/OZCR )®O
trans Diol RCO,
Scheme 3
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Examples:
“ PhCO,Ag, I, ‘OO
O Wees

PhH
PhCO, F
67%

B. Zaje, J. Org. Chem. 1999, 64, 1902.

‘ PhCOzAg, |2
SO

H.-F. Chang, B. P. Cho, J. Org. Chem. 1999, 64, 9051.

! s
PhCO,Ag/1,
NaOMe
Me PhH OH Me
94%

75%

R. G. Harvey, P. P. Fu, C. Cortez, J. Pataki, Tetrahedron Lett. 1977, 3533.

Me
: Me
: OH
Me AcOH/I,/AgOAC .
H OH
o KOH, MeOH H
0

65%

R. B. Woodward, Jr., F. V. Brutcher, J. Am. Chem. Soc. 1958, 80, 209.
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1.9.8 N-Bromosuccinimide (NBS)

S. C. Virgil, Encyclopedia of Reagents for Organic Synthesis, John Wiley and
Sons, Inc., L. A. Paquette, Ed., New York, 1995, 1, 768.

NBS is mostly used as a brominating agent. It can also oxidize alcohols to

aldehydes and ketones.
0

CH3CH20H CH3CHO + HBr + NH

(0]

Scheme 4

In the case of cholestane-3(1,501,6(]-triol, chemoselective oxidation has been

observed.

NBS

z aqg. Di
HO g. Dioxane HO
OH

Scheme 5
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Problems:

A. Predict the major products with mechanism for the following reactions.

1 Ph Cat. 0sO,
.
Me~  Ph NMO, Acetone/water

CO,Me
I Cat. 0sO,

2. .
@ NMO, t-BuOH/aq.THF

Me

Cat. 0s0,/NMO

Acetone/water/t-BuOH

|2/CH3C02Ag
H+

1,/CH3CO,Ag/H,0

H+

NBS

DME, H,O

Text Books:

V. K. Ahluwalia, R. K. Parashar, Organic Reaction Mechanisms, Narosa, New
Delhi, 2002.

M. B. Smith, Organic Synthesis, 2" Ed., McGraw Hill, New York, 2004.
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Lecture 13

1.10 Bio-oxidations (Enzymatic or Microbial Oxidations)

1.10.1 Introduction

Enzyme catalyzed oxidation of organic molecules is one of the important
processes in biological chemistry. In monooxygenase catalyzed processes, one
of the atoms of the oxygen is incorporated in the substrate and the other is
converted into water. In dioxygenase catalyzed reactions, both the atoms of
oxygen are incorporated in the substrate. The advantages of the bio-oxidations
are, (i) it uses the atmospheric oxygen as terminal oxidant, (ii) the reaction is
performed in biological solvent i.e. water and (iii) the reactions are regio- and/or

stereoselective.
1.10.2 Oxidation of Alcohols

The oxidation of alcohol to acetic acid using Bacterium acetic in presence of air is
a very well known reaction (Scheme 1). The process is employed to produce
acetic acid by the well-known quick-vinegar process. Oxidation of cholesterol by

Mycobacterium species affords cholest-4-en-2-one (Scheme 2).

Bacterium acetic

CH3CH20H CH3C02H + HZO
O,
Scheme 1
Me\\ | Me\\
Mycobacterium sp.
HO o
Scheme 2

1.10.3 Oxidation of Sugar
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The oxidation of sucrose to ethanol using yeast under air is also very well known
reaction (Scheme 3). This process is employed to manufacture ethanol.
Likewise, the formation of lactic acid has been shown from lactose in the
presence of Bacillus acidic lactic (Scheme 4). These reactions are referred as

fermentation.

Invertase
C12H22011 CeH1206  + CgH1,04

Sucrose H,0 Glucose Fructose

CeH1,0p IMVerase .o i oH + 2co,
Glucose

Scheme 3

Bacillus acidic lactic
C1oH25,044 4 CH;CH(OH)CO,H

Lactose

Scheme 4

1.10.4 Aliphatic C-H Oxidation

The C-H oxidation of steroids, isoprenoids, hydrocarbons and alkaloids has been
considerably investigated using microbial reagents. For example, progesterone
has been converted into lla-hydroxyprogesterone by Aspergillus ochraceus
(Scheme 5). Likewise, hydroxylation of 9p-10«-pregna-4,6-diene-3,20-dione has
been shown using Sepedonium ampullosporium to afford 16a-hydroxy-9p-
10a—pregna-4,6-diene-3,20-dione (Scheme 6). The reaction can be performed in
Kg

COMe
Me Me COMe

HO.
Me Aspergillus Me
ochraceus
© (@)

Progesterone

11 o-Hydroxyprogesterone

Scheme 5
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COMe
Me Me COMe

Me Sepedonium

Ampullosorium Me “OH

© o

9B, 10a-Pregna-4,6-diene-3,20-dione  16-Hydroxy-9p,10a-pregna-4,6-diene-3,20-dione
Scheme 6

scale with high yield. Furthermore, oestrone can be oxidized by Gibberella

fujikuroi to afford 150-hydroxy oestrone in 75% yield (Scheme 7).

Me @ Me O
Gibberella
Fujikuroi
OH
Oestrone 15 a-Hydroxy oestrone
Scheme 7

Diazepam has been oxidized by Pellicularia filamentosa to give 7-hydroxy

diazepam (Scheme 8).

M

e
I Me
N o N e}
O Pellicularia O K*OH
Cl —N filamentosa —N

Scheme 8

Cytochrome P-450 monooxygenases contain a heme co-factor and a bulky
protein molecule and their name originated from the unusual property of forming
reduced iron (ferrous)-carbon monoxide complex in which the absorption of
heme group shifts from 420 nm to ~450 nm (P-450). It catalyzes the
hydroxylation of (+)-camphor at 5™ position to give 5-exo-(+)-camphor (Scheme
9).
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Me Me Me me
o NMe Pasog,, o \Me
—_—
OH
Scheme 9

1.10.5 Aromatic C-H Oxidation

Enzyme obtained from Arthrobacter species catalyzes the oxidation of meliototic
acid to afford 3-hydroxymeliototic acid in 20% yield (Scheme 10). Similarly,
nicotine has been hydroxylated at position 6 by Arthrobacter species (Scheme
11).

OH

OH
OH Arthrobacter sp.

CO,H
3-(2,3-dihydroxyphenyl)propanoic acid

CO,H

Scheme 10
Arthrobacter sp. X
D L 3
=
2 Me HO™ N ©
N
Nicotine
Scheme 11
OH CO,H OH CO,H
| ~N NH,» P450nike | X NH,
_—
_N Me _N Me
HO
Scheme 12

The hydroxylation of aromatic compound has been reported by P-450 enzyme.
The P-450nir from Streptomyces tendae catalyzes the hydroxylation of 2-amino-

4-hydroxy-3-methyl-4-(pyridine-2-yl)butanoic acid to 2-amino-4-hydroxy-4-(5-

Joint initiative of 1ITs and 11Sc — Funded by MHRD Page 118 of 122



NPTEL — Chemistry — Reagents and Organic reactions

hydroxypyridin-2-yl)-3-methylbutanoic acid, which is an intermediate in

biosynthesis of nikkomycin (Scheme 12).
1.10.6 Oxidation of Aliphatic C=C Bonds

The P-450g,0k from Sorangium cellulosum catalyzes the epoxidation of thiazole
containing macrolactone epothilone D to give epothilone B (Scheme 13). While
oleic acid undergoes oxidation in the presence of Pseudomonas species to give

10-hydroxystearic acid in 14% vyield (Scheme 14).

O OH O O OH O

epothilone D epothilone B
Scheme 13

Pseudomonas sp.

\/\/\/\/:\/\/\/\/COZH

Oleic acid
OH

\/\/\/\)\/\/\/\A002H

Scheme 14
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1.10.7 Oxidation of Aromatic C=C Bonds

n-Bond in benzene and chlorobenzene are converted into a cis 1,2-diol by
Pseudomonas putida in the presence of air (Scheme 15). The cis diol obtained

has been used for the synthesis of conduritol F and pinitol (antidiabetic agent).

© P. putida @OH
O, OH

Cyclohexa-3,5-diene-1,2-diol

Cl Cl
© P. putida @:OH
O, OH

Cyclohexa-3,5-diene-1,2-diol

Scheme 15

1.10.8 Baeyer-Villiger Oxidation

The Baeyer-Villiger oxidation has been reported by P-450 from Arabidopsis
thaliana, which can transform castasterone to brassinolide (Scheme 16). In a
similar way cyclohexanone oxygenase oxidizes cyclohexanones to give the

corresponding lactones (Scheme 17).

OH

OH

Me Me
Me Me
HO Me HO Me
Me Me Me Me

HO.,,. Arabidopsis thaliana HO..

HO" P450 HO 4

O 0
Scheme 16
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9] O
Cyclohexanone oxygenase, FAD
Y Yo Q + NADP* + H,O
NADPH, O,
0]
Cyclohexanone oxygenase
NADPH, O, o
Glucose 6-phosphate
Me Me
Scheme 17

1.10.9 Oxidative Cleavage of Benzene

Micrococcus spheroids catalyze the conversion of benzene into trans, trans-

muconic acid (Scheme 18).
CO,H

© Micrococcus spheroids =
AN

CO,H
trans, trans-Muconic acid

Scheme 18

1.10.9 Oxidation of Amino Group

Amino group can be oxidized into nitro group by Streptomyces thiolutus (Scheme
19).

Streptomyces thiolutus
H,N CO,H OZN@COZH

Scheme 19
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Problems

Complete the following bio-oxidation processes.

CH,OH
CH,O
1 OH © 2Ol_\bH Yeast
OH O
OH on CHeOH
2.

@ pseudomonas putida/air QOH
OH

Micrococcus Spheroids
3 © HO,C—\ —COM

OH OH
4 o HO oH Bacillus acidic Lactic
: OH
HO o o]
OH

OH
Text Books

V. K. Ahluwalia, R. K. Parashar, Organic Reaction Mechanisms, Narosa, New
Delhi, 2002.

M. B. Smith, Organic Synthesis, 2ond Ed., McGraw Hill, New York, 2004.
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