Oxidation = removal of electrones (hydrogen)
e transformation of FGs to a more oxidized derivatives

FG Transformations

(1) oxidation of alcohols

(2) addition of oxygen at double bonds
(3) allylic oxidation

(4) oxidative cleavage of double bonds
(5) oxidative cleavage of other FGs

(6) oxidations of aldehydes and ketones
(7) oxidation at unfunctionalized positions

Oxidative reagents

(1) transition metal oxidants
(2) O,, Oz and peroxides
(3) other reagents



(1) Oxidation of Alcohols

- preparation of aldehydes, ketones, carboxylic acids

A. Transition Metal Oxidants

e Chromium (Cr VI)
H,CrO,, CrO,, Cr,0,%, toxic

CrO,/AcOH
O O
2 CHsCO,H + CrO; =—= CHsCOQgr—OH — CHscoggrOQCCHs + H,0
l I
CrO4/py
O

<_: — I
\ /N + CrO3 — \ /I{I—Cr—O‘



(1) Oxidation of Alcohols

A. Transition Metal Oxidants

Cr(VI):
Mechanism ﬁ ﬁ)
R,CHOH + HO—(l.“l,r(V')O‘ + H* F{QCHO—(HDr(V')OH + H,O
O O
O
R,C O”gr(v')OH — R,C=0 + O\\Cr“V)OH + HF
2V A~ 2~ —
R o”
H O

V) + 2H )
) + 2H*

" R,CHOH + Cr(Vlj —= R,C=0 + Cx(
R,CHOH + Cr(IV) —~ R,C=0 + Cr(
cr(ll) + Cr(Vl)  —.crill) + Cr(V)
R,CHOH + Cr(V) — R,C=0 + Cr(lll) + 2H*

\ 3 RLCHOH + 2 Cr(Vl)—3R,c=0 + 2 Cr(lll) + 6H* /




(1) Oxidation of Alcohols

A. Transition Metal Oxidants

Cr(VI):
- primary ROH (H,CrO,/H,0)
H,CrO,
CH;CH,CH,OH _HE) CH;CH,CH=0
2 45—-49%

- secondary ROH (H,CrO,/H;O*/acetone) - Jones

CH(CH,), CH(CHa)

~OH . cro, ©
acetone
84%

CH, CHj



(1) Oxidation of Alcohols

A. Transition Metal Oxidants

Cr(VI):
- primary and secondary ROH (CrO5;-py/CH,CI,) - Collins
OH @)
H5C CrO5—pyridine HsC
H,Ca CH,Cl, H,C._
CHs CH; CHs CH;  95%

- PCC (primary ROH), PDC (secondary ROH)
C:H:N + HCI + CrO; — [CH:NH]*[CrO,ClI]

CH, CH,
| PCC |
(CH3),C=CHCH,CH,CHCH,CH,OH — (CHj3),C=CHCH,CH,CHCH,CH=0

82%



(1) Oxidation of Alcohols

A. Transition Metal Oxidants

e Manganese (Mn)
- allylic, benzylic ROH (MnO,)

MnO,
PhCH=CHCH,OH __ PhCH= CHCH=O7OO/

0O @)
MnO, I
CH30H2(|3HCCHQCH3 — CHCH,CCCH,CH;

I
OH O

- saturated ROH (MnO,+ RuCl,(p-cymene), + 2,6-di-t-butylbenzoquinone)
OH MnO, O

RuCl,(p-cymene),, 1 mol %
+ Mn02 >
2 ,6-di-t-butylbenzoquinone, 6

20 mol %




(1) Oxidation of Alcohols

A. Transition Metal Oxidants

HsC._ _CHs

- catalytic system:
OH

-Bu -Bu
RQCHOH X RU” Y OH Mnl\/
R,C=0O Ru'l(H), o) v< Mn!'!

-Bu E -Bu

O

CHs

- allylic, benzylic ROH (CrO,)

CHSj CHOH ¢, “Ms  ch=0

CH3 CH20|2 CH3 90% 7



http://upload.wikimedia.org/wikipedia/commons/7/7c/P-Cymol.svg

(1) Oxidation of Alcohols
A. Transition Metal Oxidants

e Ruthenium _— —

- RuO, (RuCl, or RUO,/HI0,), milder oxidants: OCI- s i )
- strong oxidant, mild conditions /TN N
- modern variant (TPAP/NMO, H,0): RCH,0OH - RCOOH @ZRuZ ©
-primary ROH (RI)

H;N H)N
=N

U V2 RuCl;, NaIO,

o N

=N
N
.l" \ /) Q RUClj, H5105 Q
HO N CCl,, MeCN HO,C AN N Fm CCly, MeCN F ot
- Q HN = HN
HQO, 1t I HZOa It
>95% 3 >60% & COH
OXO

OXO

RuCl,, NalO,
RuCly, Ca(OC1),
Ph}W(\OH CCh,MeCNr Ph,s ::-..COEH PI> S PI> —  cno
H OH H,0, rt H OH HO OH MeCN, H:O0.1t  HQO

75% 80%



(1) Oxidation of Alcohols
A. Transition Metal Oxidants
e Ruthenium

-secondary ROH

Q Q
HO RUO, O oft RuCl, NalO, . OEt
- CCly, 1t p
O 0 HO 78% o
) @) @)

- cyclic ethers (MeOR, EtOR, BnOR)

N

RuCl;, NalO,

Cl)CHzph RUO2 OQCPh o ﬂOM CCly, MECN__ )C}I\
CH5CH(CH,)sCHg CH5CH(CH,)sCH,4 — ¢ H,0, 1t CoH 19~ "OMe
NalO, 85% 89%

RuCl,
: 9
O \O/ NaHCO, O\O/g



(1) Oxidation of Alcohols

B. Other Oxidants (organic)

e DMSO (+ electrophilic reagent-TFAA, SO, (COCI),, DCC)

Moffatt oxidation - mechanism:

RNH
|
Cx CHs
H* R,CHOH Of " NR /
RN“zctNR —= RNH—(|3:NR - sli\ > H—= ReC5O =3
— N O 7 |
A S(CH), g Ot c

R,C=0 + (CH3),S + RNHCNHR

10



(1) Oxidation of Alcohols

B. Other Oxidants (organic)

e Swern oxidation (DMSO/(COCI), then Et 3N)

LS :Cl:
. S :0: :Cl ¢
e 20D €K eael: Me, YK £ s
0 . o= .2 Me”+  Me
gd —bl M -’o(\ My —’- +IS_Q: :O: —bl ) H
Me”Me ‘Gl 1O* e MeR.ar BnO” )
R Me Me
Me Me MeH)lliH Me
Et N:/—‘ H.-- ‘S' .e y ‘) Py S :O:
3 Go: ke 5°Sr¢: INE 0
—’. DT Q.. _P j ) _’ Bno r H
BnO A BnO ; BnO r H Me Me
Me Me Me 'IVIe Me Me

Example
DMSO

(CH3),CHCH=CHCH=CHCH,0OH (CH3),CHCH=CHCH=CHCH=O0

clcococl 93%

11



(1) Oxidation of Alcohols

B. Other Oxidants (organic)
e Dess-Martin Oxidation (hypervalent iodine (V) compounds)

- primary, secondary ROH
- inert solvents (CHCI,, CH,CN)

¥ B
0,CCH H O=CR

CH4CO, ,CCHj3 o+t CR

\/ CH3002 2

%ogccH3 I—OQCCHS ogccH3
+R,CHOH —=
O o
R R

0 12



(1) Oxidation of Alcohols

B. Other Oxidants (organic)

e Dess-Martin Oxidation (hypervalent iodine (V) compounds)
¢ |BX oxidation

Examples (0,CCHy)s C,

H
CQHSXO CCH Q:«O SXO CCH
—= = 3

CoHs O C= i o) C,Hs O C=

H.C OH HC O 98%

(0,CCHa)s
OH @[«o OH
CH3 . : OH O CHS - . CH=0
TBDMSO  CHg TBDMSO  CHg 91%

H;C

IBX, DMSO HiC
—_—

85 %

AcO AcO

13



(1) Oxidation of Alcohols

B. Other Oxidants (organic)

e TEMPO A'OL

- TEMPO (cat.)/NaOCI

CHa CHj, CHj,
CH, CHSOH CHj
N+=0 + R,CHOH — N:_;‘O— CRQ—"‘ NOH + O=CR;
CHj CHy CHj
CHj CH, H CHj
Examples
@ AZADO
& TEMPO, 1 mol % & _ “N\G. (1 mol %)
N NaOC ITI CH=0 Wg NaOCI, KBr (cat.), TBAB (cat]
CO,C(CHg)s CO,C(CHg); 82% H CH,Cly, NaHCO; aq.

0°C, 20 min y. 95%
14



(2) Addition of Oxygen at C=C
A. Transition Metal Oxidants

Dihydroxylation of alkenes

e KMnO,/OH-
- syn addition
R H _
+ MnO,/ — n — :
:ﬂ: ‘ o’ Yy “OH
R™ "H R H OH OH
Example

15



(2) Addition of Oxygen at C=C
A. Transition Metal Oxidants

Dihydroxylation of alkenes

e OsO,/MNO (Upjohn dihydroxylation)or t-BuOOH (Milas hydroxylation)
- syn addition

R H
R H 0sO HW_V'E twp R;N*—O~ R H
p— —-‘-4 O O H»T—i?—-R + 0804 + R3N
H R ot O o oH
7
O/ \\o
Example OH
CH CHaie,
3 2 mol % OsOy4 3 X CHg
7 CH 7 &n
/ 3
7 g N CHs 65%

CH; CHy ' >NOr 16



(2) Addition of Oxygen at C=C
A. Transition Metal Oxidants
Formation of Ketols from Alkenes
¢ RuCl;/Oxone (KHSO)

- alkenes —» ketols

O 0
RuCl, I I
PhCH=CHCH,X - PhCCHCH,X  + PhCHCCH,X
Oxone | |
X=0,CCHj;, OCH,Ph, CI, N5 O major OH " minor
Mechanism
OH
Ar HO © A
NNl H Ar X
0 50;2~ "035—0—0—Ru=0 .
Ox.! _d cH.x no” | CH,X O
Ru— 2 O HO
7\ |
O o



(2) Addition of Oxygen at C=C

A. Transition Metal Oxidants

Formation of Diones from Alkynes

e KMNO,
o O
=CCH,CH,CH Ao L2
PhC=CCH,CH,CH,3 R.N*, CHycl, PNC—CCH,CH.CH;
81%
e RUO,/NalO,
O
RuO, I
PhC=CCH —
°  Nalo, PhCCCH

g 80%

18



(2) Addition of Oxygen at C=C

A. Transition Metal Oxidants
Epoxidation of Alkenes

e t-BUOOH/VO(acac) (-)-tartrate —

¢ t-BuOOH/Ti(O-i-Pr), (
R
CH,OH
R)“\“‘(
R
J
(+)-tartrate —
Example

H  CH,OH (4)-diisopropyl tartrate
Ti(O-i-Pr)y,

£BUOOH

CH,=CH(CH,); H

R CH,OH

X

R R

R  CH,OH

R 5 R

H

1/'
’,

STH
CH,=CH(CH,);°

CH,OH

80% yield,
95% e.e.



(2) Addition of Oxygen at C=C

B. Peroxidic Reagents

Epoxidation of Alkenes

e MCPBA, Peroxy Acids, Oxone /OQ(

- solvents: CH,Cl,, MeOH H\“”(O
0"

- ERG substituents of C=C - T reactivity R R

- EWG substituent of peroxy acids - T reactivity (CF;CO3H) F{/ \F{

- electron-poor alkenes (t-BuOOH or H,0,/OH-, CF;CO3H)

O O O(:OH O
[ 1 I o
RCCH=CHCH; + -OOH —= RC=ﬁ_CHCH3—"* RCHH + OH™

H CH,

20



(2) Addition of Oxygen at C=C

B. Peroxidic Reagents
Epoxidation of Alkenes

e MCPBA
- stereoselectivity:
SAC
a-hydroxyl group — syn addition (,hydroxy-directing effect®)

Example
HO |,
’ m-chloroperoxy-
CHs O benzoic acid
CH, H

21



(2) Addition of Oxygen at C=C

B. Peroxidic Reagents
Epoxidation of Alkenes
e Peroxyimidic Acids

- to avoid acidic conditions
- ,hydroxy-directing effect"

rI\IJH
R,CEN + H202 —_— R,C_O_OH
NH o)

R o)
I R I R R
RC—O—OH + R>_<— n RCNH; * RAR

Example

H,0,, CH,CN o
CH4OH, KHCO,

60%

22



(2) Addition of Oxygen at C=C

B. Peroxidic Reagents
Epoxidation of Alkenes

e DMDO (dimethyldioxirane)
- In situ (acetone + peroxymonosulfate)

i 0080, 9
(CH),C=0 HO2895™ (Ghy), ¢ 1y — (CH),C |
AYRA
O -ZH -OH

\

- mechanism similar to MCPBA

- weaker ,hydroxy-directing effect”
- stronger SAC

- EWG substituents - T reactivity

23



(2) Addition of Oxygen at C=C

B. Peroxidic Reagents

Epoxidation of Alkenes

e DMDO
Examples
PhCH,OCH, PhCH,OCH,
/° DMDO =
PhCH,O / PhCH,O' Y/ 'O 999% yield, 20:1 a:B
OCH,Ph OCH,Ph
i
CF,CCHL,
,
KOSO,00H 4 \oHEo,CH,

PhCH=CHCO:CHs -, on Fro
3 » 112

97%



(3) Allylic Oxidations

A. Transition Metal Oxidants

CrO,/py

O
- various bases O — @ ~— @ — @; @

- allylic intermediates

Path A
Chromium Under acidic conditions +
\/\‘/ reagent W e NN
CH, CHs 0

OH O\C';.O Cr0?
@ CrO4—pyridine @ o
CH,CI, O 68% Path B

Neutral conditions

. Concerted pathway
Cu + ligands % ﬁ

. . ‘R:lr

- asymmetric synthesis o
CHs.__CHj
0O

(CH3)3C C(CHS)S

25



(3) Allylic Oxidations

B. Singlet Oxygen

- removal of allylic H + double-bond shift (concerted mechanism)
- reduction of hydroperoxides

Oy o
_O-~_ JoN ] | 0.
o™~ H O H (O H o+ H O H
concerted mechanism perepoXide-intermediate mechanism
- stereoselectivity: ~95
SAC 4
H CHj;

(CH3),C CH,CHg,

(,removal of a hydrogen from the more congested side of the double bond®)
26



(3) Allylic Oxidations

B. Singlet Oxygen

- stereoselectivity: CHy X 10, OOH
strong ,hydroxy-directing effect" >=< — CH3HX
(for all polar groups) H  CHs H CH,

X = CO,CH,, CH=0, C=N,

- chemical generation of singlet oxygen: ,
SOPh, Si(CHa)s, Sn(CHa)5

H,O, + ©OCI — 10, + H,0 + CI

/O\
(RO)3P+03 —_— (RO)SP\O/O —_— (RO)3P=O + 102

Ph Ph
) — TN+
Ph Ph

. 27
(CoHg)gSiH+ 03—~ (C,H,),SI000H — (C2Hs)sSiOH + 10,



(3) Allylic Oxidations
B. Singlet Oxygen

Examples

C;H3 _ CH2 CH3
ocCl \ <
— O—OH

CH; GCH, 292 CHz CHg

CHg

CH3 CH3 /O\ _3500 CH2 CH3
= +(PhO),R_ P T »—-0—0H
CH, CHj O CHs  CHs ooy

O,, hv LiAIH,

——

hemato-
porphyrin

28



(3) Allylic Oxidations
C. Other Oxidants
SeO,

- ,ene” reaction with SeO,
- [2,3]-sigmatropic rearrangement

- solvolysis
non Rl
. Mseo, orc __~ RCH=CHCH=0
=G — [y}, — RCH=CHCH,0SeOH 1
H  en e ™\ RCH=CHCH,OH
° HO O

- practical for:
gem-dimethyl alkenes (E-allylic aldehydes/alcohols are formed)

CH3 CHQCHS Se02 CHS CHQCHS

—_—

CH, H O=CH H ., 29



(4) Oxidative Cleavage of C=C
A. Transition Metal Oxidants — Cleavage of C=C
OsO,/NalO, (Lemieux-Johnson oxidation)

- Lemieux reagent (KMnO,/NalO,)

- crucial H H
| |
F{_CI;_OI_I 10,” R_?\:L?CII)I’:IO_—- 2 RCH=0 + H,0 + 105~
R—C—oH — R—?‘O/c')ﬁ 2 3
Example i "
OCHj Ot

OCHs 5 mol % 0sO,

3 equiv NalO, O N

“CH,CH=CH
(CHg),CH o) ° ° (CH,),CH o



(4) Oxidative Cleavage of C=C

A. Transition Metal Oxidants — Cleavage of Glycols

HIO, or 10, (Malaprade oxidation) [ oo |
N2 0H
HO 77+,
- formation of aldehydes and ketones o P
- mild conditions, high yields (better to ozonolysis) H“g"{:H

- a-hydroxy/keto carboxylic acids not cleaved

.. ) ] . . . E)-C bond cleavag;
- cyclic intermediate crucial for cleavage, otherwise oxidation

OH
CH OH CH {lj; -0
3 —L
20 “OH | H0 2 T IOgHy
j\ + 104" —=CH3—C—0I02 —=CH,—Cy —=2CHsCOsH+ 105 + Hy0
A | |
CHy © C OH

CHy g

O OHC

31



(4) Oxidative Cleavage of C=C
A. Transition Metal Oxidants — Cleavage of Glycols
Pb(OAc), in AcOH (Criegee oxidation)
- not only via cyclic intermediates, (radical mechanism)

- cleave a-amino alcohols, a-hydroxy carbonyls, and a-keto acids
- stereochemistry important

- trans-diols slower then cis-diols (1:100)

OH OH oH oH
sullle:
OH “OH
b(OAc), Pb(OAC), | A
GA_,]




(4) Oxidative Cleavage of C=C

B. Ozonolysis

Mechanism:

- 1,3-dipolar cycloaddition O,

- fragmentation Q CIO

) ot RC~GC H

recombination /7 \
H R

Work up:

- hydrolysis

- reduction (Me,S, Zn, Ph;P, Na,SO,, Nal)
- reduction (NaBH,)
- oxidation (H,0,)

Trapping of intermediates:
- RONa
- reactive carbonyl compounds

33



(4) Oxidative Cleavage of C=C

B. Ozonolysis

Examples
0
HO,C
1) Og, HCO,H ji:COeH
O CO,H
2) H,O 2
) MO HO-C 95%
O
/ O/ ?O_ \
" CHZO™
CI)CHQPh Og, —78°C C|>CH oPh A= RE—OCHS\O
_ 2.5 MNaOH, CH.(CH.)-CHCO.CH + o RCO,CHj
CHa(CHe)sCHOH=CH; iy o cH,cl, o 250002 7y, g SR L,
o : /

O,
CHSCOSOQCHs CHSOQC (C,Hz)sN
CH,Cl, ] >(<\ /9 (CHZ)eCH=0 HO,C(CH,)sCH=0

34




(5) Oxidations of Aldehydes and Ketones
A. Transition Metal Oxidants

Ketones

- vigorous conditions

- oxidative-cleavage products
- oxidative-dimeric product

- etc.

O O

I |
PhcH,CPh ') PhcCPh + PhCH + PhCOLH + PhCH—CHPh

| I | ]
O O CPh CPh

Ll
o O

O O o
OH 0 CO,H
Cr(VI) UOQH

35



(5) Oxidations of Aldehydes and Ketones
A. Transition Metal Oxidants
Aldehydes

KMnO,, H,CrO,
- rate-determining step

c|>H
RCH=0 + H,CrY"0, == RC—~O—CrO;H — RCO,H + [CrV)OzH] + H*

I}

H

- additives: t-BuOH, NaH,PO,

NaClO,
- supported on resins, silica

36



(5) Oxidations of Aldehydes and Ketones

A. Transition Metal Oxidants

Aldehydes

c::_'r ”‘5'

Ag,0 \‘)L \(f‘ \Hr _%T_
- basic conditions

- Tollens
- acidification o Fou o

\“/”\?’-—H LY \“)Lg

H,0
Example
CH—O CO,H
1) Ag,0O, NaOH
HO 2) HCI HO 16
OCHj ® 83-95%

37



(5) Oxidations of Aldehydes and Ketones
A. Transition Metal Oxidants
Aldehydes and Ketones
MnO,/CN

- acidic conditions
- cyanohydrines — acyl cyanides

- solvolysis
T
ACH=0 + “ON+ H* === RCHON MnO, RGON ROH  Rcor
OH O
Pb(OAc),
o R OH CHC™ A\ 2
I }3_ C/ Pb(OAc), O . . R,CCR’
RCHCRT =— 7K _cLé |

R
R R' R 'R O 38



(5) Oxidations of Aldehydes and Ketones
B. Peroxidic Oxidants
Baeyer-Villiger Oxidation of Ketones

- insertion of oxygen
- peroxy compounds + LA (BF;, Sc(OTf);, Bi(OTf),)

39



(5) Oxidations of Aldehydes and Ketones
B. Peroxidic Oxidants
Baeyer-Villiger Oxidation of Ketones
- O-0 heterolysis-migration

- general order of migration:

tert-alkyl,sec-alkyl > benzyl, phenyl > pri-alkyl > cyclopropyl > methyl

CHy — O
57%

C4Ho

O 88% O O
Ayo CH;CO3H 8% T CF,CO4H ]
> CCH, [>—0CcH,
0




(5) Oxidations of Aldehydes and Ketones

C. Other Oxidants

SeO,
- aldehydes, ketones — a-dikarbonyl compounds
Mechanism
OH O O O OH O
I SeO, |l -H,0 |l HO I |  -H,SeO |l
RC=CHR —= RC—(|3HR’ — RC—(ﬁR’ — RC—(|3R’ F{C—(ﬁF{’
/SeOH ﬁe /SeH @)
7 72
O 0 O
Examples
0 0 0
HO HO
= & M M H
i{;\ — PhO.S O e PROS O

Hamigeran B 41


https://www.chem.wisc.edu/areas/reich/syntheses/hamigeran-b-trost.htm
https://www.chem.wisc.edu/areas/reich/syntheses/semperviridine-gribble.htm

