Oxidation of Unsaturated Systems

2 general reactivity patterns:

2 electron oxidation
H+ Yn+2
X—H ——>» X —> X—Y"2 — X"+ YN o+ A
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we will focus on oxidation of aromatic rings and enol/enolate systems

Reduction potentials of oxidants we will look at (bigger number = stronger [O]):

Couple E°
Cu(ll) +e- — Cu(l) 0.16
Fe(ll) +e-  — Fe(ll) 0.77
VV) +e-  — V(IV) 1.00
TI(N) + 2 e- — Th(l) 1.25

Mn(lll) + e-  —3 Mn(ll) 1.56
Ce(lV) +e- —> Ce(lll) 1.6
Pb(IV) + 2 e- — Pb(ll) 1.6-1.7
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Oxidation of electron rich aromatic rings 2 possible mechanisms |

Oxidation of phenols

\ I
2 e- processes : OH o/ \Ph
I(1Il) reagents : R
\ R
review: Pelter, Tet, 2001, 273 : —
2 major reagents:
OAc ' R R
@I/ : e
\ T N
OAc o en o
phenyl iodonium diacetate (PIDA) | S R
AKA (diacetoxy) iodobenzene (DIB) : R
AKA iodobenzene diacetate : ‘\ ,\
OTFA 5 Nu
! ! — ~__ N
\ RN SR
OTFA : 0 0
phenyl iodonium bis(trifluoroacetate) (PIFA) | hu R R
aka bis(trifluoroacetoxy) iodobenzene (BTIB) .
aka lodobenzene bis(trifluoroacetate) \ or + Phl + 2AcOH

Note: Phl 8x10° times better
leaving group than OTf R R Nu



Simplest case: hydroquinone to quinone
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Addition of aromatic ring

OH Q
OCH OCH3;
3 PhI(O,CCF3),
'
CF3;CH,0H
OCH3;
polar, non-nucleophilic solvent 64%
F;C F3C

O
Kita, JOC, 1996, 5857

O ~——~ non-nucleophilic amide

Addition of olefin

OH
)
PhI(OAc), ‘ OCHj3
' —_—
MeOH
HsCO H3CO
OCHj | OCHj ] 92% OCHa

JOC, 1996, 1267



Addition of indole

H3C CHj
0 HsC_ _CHs
ArOZSHN\)]\ =N \)J\
= N ArO,SH
z CO,CH 2 N
: H / 2~ 3 phI(OAC), - N = CO,CH,
O LiOAC : H /)
—_— 0O
HO /
N O /
H b N
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Br
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HsC
Nl CO,CHs ji( CO,CHs
ArO-SHN O / Ar02SHN,,l
2 O + —— Diazonamide A
1:1
/ Br
N
H @)
O ~15% Bf ~30%: 3:1 mix of cis-5,5 diastereomers

Harran, ACIEE, 2003, 4961



Oxidations involving Nitrogen
OTMS

Br\)\/Br
Va

PhI(O,CCF3),
>
\\ CF3CH,OH

\N/
H

O . . O
Unprotecte phenol gave lower yields; Discorhabdin C
Competing reaction at OH and NH Kita, JACS, 1992, 2175

@) — O ]
H3CO H;CO
N N
Phl(O,CCFj3),
'
HN
/
H3CO O B

H,CO
70%
JOC, 2005, 2256

H,CO




Indole oxidation

PhI(OAC),
'

wa’h\ /OAC e ( HOAC™]
| 57’- '-sl
/ : /]
CI_|\_I>/ or Clq\.l)
) N\
HsC N HsC /I_OAC
Ph

Sporidesmin A
Kishi, JACS, 1973, 6493



Trapping the dieneone from I(lll) oxidations

intramolecular cation trapping; intermolecular diene trapping:

CH; O
HsC O
3 OH PhI(OZCCFg)Z> H4C
O
=
OH
intermolecular cation trapping; intramolecular diene trapping

H;CO,C

GH
69% O 3
Wood, OL, 2002, 493
E
j@[OH PhI(OAC),
HCO,C

> E
HO/\ o
O/\/\/\/\ %
@)
N
Wood, OL, 2001, 2435 ©
intramolecular cation trapping; intramolecular diene trapping
OH CHs o
H,CO H.CO $
PhI(OAC), 3 ?
'
HO 66%
HsC

CHs
OTs

S
Danishefsky, TL, 2005, 843

Tashironin



Trapping the dieneone from I(lll) oxidations: Michael addition

PhI(OAc)2
'Pr
'Pr
AIIoc
PS
PS = polystyrene resin Pd(PPhg),
morpholine

Shair, JACS, 2001, 6740



Oxidation of electron rich aromatic rings
Oxidation of phenols
2 e- processes
Special case of o-(hydroxymethyl)-phenols

|VII
OH OH SO\ OH 0
¢ 0
NalO, -V
—_—
nucleophilic
cycloadditions \\ \additiog
examples conjugate addition
OH OH 0O
O
Na|O4 —
_— — TMSOu,, —— Calicheamicin
H.CO Danishefsky
3 H3CO ACIEE, 1994, 858
OH

OH Dpanishefsky

JACS, 1988, 6890 (:)H

H H triptonide
o 1. H,O, O van Tamelen,
2. (NO,),CgH3CO5H JACS, 1980, 5424




Oxidation of electron rich aromatic rings Review: Hirao, Chem. Rev. 1997, 2707
Oxidation of phenols and phenolic ethers Chem Rev. 1994, 519

Le- pr(\)/cr%sasgeesms V can be V(-3) to V(+5)
Usually changes oxidation state in 1e- steps

OH
1
OH
e RF
E » HO OH
OH
OH

8 X X 1
. N Y
_H+ Vlv _H+
\ v
' 'Inner sphere’ OH
- OH - PhOH N —
SET
V|V / o | /
VY OH
BDE for PhO-H = 85 kcal

‘outer sphere'



1st choice: P,P coupling:

OH
VOCI,
HO 75%
2nd choice, P,O
H;CO
OCH;
NCH OH

HO

If no OH, slower, and must be outer sphere

EtO,C CO,Et
<o
0
H,CO OCHj

OCHs

HO

VOF,
68%

JOC, 1978, 2521

CO,Et

—>
45%

H,CO

o)
< CO,Et
VOF; o

Kende,

JACS, 1976, 267 HsCO OCHj,



Oxidation of electron rich aromatic rings
Oxidation of phenols and phenolic ethers
1 e- processes
Other metals

for 1e- oxidations of aromatic rings using TI(O,CCF3), see Taylor and McKillop, JACS, 1981, 6856
1 e- oxidations with Fe(lll): review: Chem Rev 1994, 519 OCHs

OCHg3 OCHs
OCH3 FeC|3
'
Outer sphere 95%
oxidation
CHs H,CO
OCH3;

OCHg

EtO OCHj et

O
FeCI3 OCH3
>
2e-, -HY
HsCO OCHs o

H3C
OC

OCH,
OCH,
OCHs
CHg _ EtO
EtO +CI", -CH5Cl
-
98%
i HsCO ®

Miller, JOC, 1980, 749




Oxidation with Fe(lIl), cont.
cheap, non-toxic

( H,CO

K3Fe(CN)6
-2e-, -2H"

H,CO

>

HsCO
HsCO

\&/\
QWNH
OH

H4CO

l -2e-, -2H+

Py |~ SNH

Chem Comm
1966, 142 HaCO



2 examples for the price of 1:

H-.CO
3 TI(OAC)s
BF3EL,O
HsCO OCH; 5%
OH
K,CO3
o) -
HO 79%
Anderson,
HO OL, 2005, 123




Oxidation of electron rich aromatic rings
Oxidation of arenes
n X 2 e- processes
Ru(VIIl) and oxidative cleavage

RuQ, is very strong oxidizing agent, very expensive.

Usually use catalytic RuO, or RuCl; with stoichiometric cheap [O] e.g. NalO4, NaOCI
Review: Encylcopedia Reagents for Organic Synthesis

cat. RuCl; OH
NaOCI —
20% OH
JOC, 1974, 2468

RUC|3/H5|06 0O
CCl, CH4CN

€- poor HO,C JOC. 1990, 1928

RUC|3/Na|O4
H20/CH3CN/EtOAC

>64%

Clayden, JACS, 2005, 2412

CO,H




Oxidation of electron rich aromatic rings
Oxidation of arenes
n X 2 e- processes
Ru(VIIl) and oxidative cleavage

heteroaromatics

RUC|3/N3.|O4
CCl,/CH,CN
1min

OBz then CH2N2
>90%

OBz Jacs, 1988, 3929

RUOZ/Na|O4
CCl/CHACN

92%

Chem. Comm. 1986, 1319



Oxidation of enols
Introduction

Three general pathways for oxidation of enols and enolates:

Mn+1
X = H, Li o~ OX h i
y - or . Mn+l 'M - )]\.
M+l 1 e- oxidation _
M=V Cu' 1, Get) electrophile
ceV ge'l pp'V.
@) OX @) @)
)’I\ /& 2= - > )k/Mn‘*'z M -
_ M +2 2 e- oxidation .
Nucleophile M =TI ppV electrophile
X = SiRg, CH3
MN+L OX -MP J0)4
s . Mn+l -
M=V cu' ceV 1 e- oxidation *

electrophile




Oxidation of enols
2e- processes
" and TI"

I""and TI"" react with enols to give a-metallo carbonyl intermediates
(recall IV reagents convert enols to enones - see carbonyl oxidation class)

Jo— L —

Nucleophile electrophile
OH
0 PhI(OAC), O\v QCHs i co.  ocH,
)]\ > )]\/I(Ph)(OAc) ’ — ></OH
| b O
examples CH30H
HsCO OCHS;
PhI(OAC
(OA% > Ph)S/\N/\ no Ox at S!
KOH/CH3OH OH K/S
65% TL, 1984, 4745
PhIO
KOH/CH3OH™ H4CO
80%




Oxidation of enols
2e- processes
I"and T

with TI"', often see ring contraction

O
TI(NOg), 1.2 aryl Q
cH, TNOgs ©)‘\/ Shif
CH3OH H5CO
McKillop, Taylor JACS, 1973, 3340

HQ OH NaHCO3
é TINO)s é/Tl(Nos)z (via epoxide) 84%
heat COZH
(ring contraction) 84%

/O McKillop, Taylor, JACS, 1973, 3381
7" TI(NOg)q
— > CO,H

AcOH

95%
Tet, 1974, 1423



Oxidation of enols
2e- processes (except when it's le-)
Pb(OAC),

Pb(OAc), (aka LTA) is versitile, strong oxidant. Also used to oxidize aromatic rings [not usually as clean as Phl(O,CR)]. Can cleave diols to
dicarbonyl compounds (even trans diols!!)

O )
Overall transformation: Pb(OAc)4 5
OAc

le- and 2e- processes compete:

_PbY(0AC)s J il 0
)]\ /& /& T /j )I\/OAC
a I
/K + Pb"(OAC),
bond 2 e- process + ACOH
homolysis A

@) O
+ Pb'"(OAC), + radical recombination
[ ] ° O

‘ chain propagation

yan T\ o
Pb'V(OAC), Pb"(OAc), +
N O)]\




Pb(OAc), examples 9]

CH3
o)

CHj

86%

AcO AcO

75%
OAcC
Phenols are similar to enols:
o O
1. Pb(OAC), Ac,0,
AcOH Ht o
OH O
C3H7 OAcC

CaHy

Pb(OAC)4, B F3-Et20
r o

Pb(OAc),, AcOH
(OAC)s, AcOH __

OAc

JCS, 1965, 6

T

= NOoAC
H CHs
OAcC TL, 1986, 5071
H OAc © OH 0
HO
—
OAcC OH
C3H7 OAcC

CaH-

Pattenden, Perin 1, 1988, 1677



Oxidation of enols
le- processes
Oxidation of dicarbonyl compounds
Mn(OAC)3

Review: Snider, Chem Rev. 1996, 339

Mn(lll) salts convert B-dicarbonyl compounds to electron-poor radicals:
Mn(III)

slow R \

usual application is cyclization onto tethered olefin

Mn(lll)  Mn(ll)
Mn(OAC)s O O
'

outer sphere? @

Corey, JACS, 1984, 5384




Oxidation of enols
le- processes
Oxidation of dicarbonyl compounds
Mn(OAC)3

Cu as co-oxidant

O O O O no Cu OCH3;
H® abstraction

OCH3 Mn(OAc)3> OCH3 /
°

X
Cu’(OAc),
OCHj3
1l

--Cu(Il) oxidizes radical 350 X faster Cu
than Mn(lll) oxidizes radical 0 0 /

--With CuX, (X = halide, SCN) -Cu(l), -H*

get alkyl-X

OCHs

Or, electron transfer could
lead to cation, then olefin

71% |



Oxidation of enols
le- processes
Oxidation of dicarbonyl compounds

Mn(OAC)3
Examples
Tandem, with addition to aromatic ring
@) O
CO,Et CO,Et
Mn(OACc);
HOAC
Ho
Snider, TL, 1987, 845
O
O
Mn(OAC)3 .
Cu(OAcC), o — e
' —
6-endo preferred over CO-R O
5 exo b/c sterics 2 COR 868/:OZR o
0
O
CO,R
Mn(OAC);
Cu(OAc)2> 597

70%




Oxidation of enols
le- processes
Oxidation of enolates
General information

Cu(ll) [usually Cu(OTf), or CuCl,], Fe(lll) [usually FeCl; in DMF], and I, promote enolate dimerization
Proposed mechanistic picture pretty similar for all three:

OLi 'Vl”” M Q

O
LDA dimerize
— > > -
)]\ 1e- OX|dat|on )\\ 1/2

O
umpolung product

Other possibilities exist for Cu(ll) and Fe(lll)
O
Mriz/g "
1/2/£ o _M_ 1
o O
OLi / M"
P (s
OLi _ _
O @)
M”*f\\ /&
[ ]
Mn )&

» 1/2




Oxidation of enols Generic reaction 1. LDA Q

le- processes
Oxidation of enolates )]\ 2. CuCly o 12
Cu(ll) examples

umpolung product O

Saegusa, JACS, 1977, 1487

Examples
@)

73%

46%

Cross-coupling ©

\O/ ) i 2 cucl, )}\5/ W}W

Product ratio

Stereoselective Coupling

OXNEK/\ i >< JW 7<

CHj;
98:2 (no stereochemical model given)
H3C Porter, TL, 1993, 4457



Oxidation of enols Generic reaction 1 LDA O
le- processes O 2' FeCl/DME
Oxidation of enolates . TeLls -1/2
Fe(lll) examples
@)

umpolung product
Frazier, JOC, 1980, 5408

Sample products —

@) O o)
OEt
EtO
O O 69% 5

60% 52%
1. LDA _ N
2. FeCl./DME TolO,S
3 > 7 SO,Tol : =z 7 SO,Tol
Tol
TolO,S S0.To a,y: 16% v,y: 68%

Kochi, JACS, 1974, 3332
TL, 1985, 5923

H3CO cho\\
N 0

OLDA;
Fe(acac); H3C

—_— '
HaC N~ O HaC

. "/
41%
MeO Barran. ACIEE, 2005, 606 °CMs

HsC




Oxidation of enols
le- processes
Oxidation of enol ethers

dimerization

Ph
Ph N

L OSiMe3_ QMS
i 0
(@)

OSiMe3 [O] OSiM63
- — > Ph
-le >
O
[O] yield (%) ref
Cu(OTf),/Cu,0O 55 Kobayashi, Chem. Pharm Bull. 1980, 262
Ag,0 73 Saegusa, JACS, 1975, 649
Pb(OAC), 45 Moriarty, TL, 1987, 873
VO(OEY)Cl, 30 Ohshiro, TL, 1992, 5823

cross-coupling

OSlMe3 OSiMes

VO(OEt)CIZ oh
Ph
(2 equw)

more substituted = easier to oxidize
more substituted = poorer nucleophile

cyclization
OSiMe;

93%

VO(OCH,CF3)Cl,

'l" )k/SiMeB

o

83%
Livinghouse, JACS, 1998, 2658



Oxidation of enols
le- processes
Oxidation of enol ethers

data in conflict with proposed mechanism:

o -
Q\H‘\ph BU3S”S”BU3 ;\)J\ph
([ J

radical intermediate
OSiMej3

@)
g\)\Ph Cu(OTf)ZICuzO Q)J\ph +

6-endo

13%
Ph
O
I
/V\\
Cl

OS|M€3

f OSiMe;

O

Ph Ph

| 6-endo
17%

Curran, JOC, 1989, 3104
@)

| 5-exo
43%

no 5-exo products

=z
N

6-endo-derived

7% )
Snider, JOC, 1990, 4786
Ph
@)
58%y Kurihara,
85%ee Chem. Lett. 2001, 1324



