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Oxidation of Alcohols

d Chromium (Cr) Reagents:

O
R H - fast R.H 0O) slow R OH
oy T HO-Cr-OH e ——— =0 *+ Cro
/Il "OH R
O o OH
(CrO3 + H,O)
@]
fast Cr slow ©
Bu._/ ~_/ OH Bu./ /O [/~0OH ’BUM
ktrans
W
" Cr.
OH H QO/(':'))OH o
H b
fast slow
fBu\M — > By H ’BuM
keis
k ../k =4

cis’ ™ trans
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The Collins Reagent: CrO;°2Py

 CrO4-Pyridine,, alkaline oxidant

L Hygroscopic (IKZ45&E ) , red crystalline complex

4 Can also be isolated and stored, but usually generated in situ by CrO; + pyr
(Sarett Reagent). Note: Add CrO, to pyr, not pyr to CrO, (inflames)

L Good for acid sensitive substrates

J Ratcliff modification: in situ preparation and use in CH,Cl..

CrO3-pyridine

/\/\/\/OH - /\/\/YO )
CH,Cl, Notes:

(70-84%) H > No over oxidation.
. » Double and triple bond
HO o tolerated.
CrO3-pyridine
O - O
oy I T oL
1) CrO3-pyridine O :
RCH,OH - - JU J< ¢ General except for ArCHO
2) CH,Cl,, DMF, R "0
HOAc, t-BuOH
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The Jones Oxidation

L] A standard solution of chromic acid in aqueous sulfuric acid:
CrO; in ag. H,SO,/acetone

[ Acetone solvent serves to protect substrate from over oxidation

L] Not good for oxidations of acid sensitive substrates

Ll Acidic oxidation conditions, H* catalyzed reactions possible

SPh 1) Jones reagent PhS

OH aectone, -10 °C OCH;,
Z c
2) CH,N,, ether, 0 °C = o

Me3Si
75% (two steps)

Me3Si

» Another common side reaction for primary alcohol oxidation:

Jones reagent OCHZR
RCH,OH » RCHO —® R—H — RCOOCH;R
OH
hemiacetal ester
Solution: run under diluted reaction (45 1E)

conditions to circumvent esterification.

---- Synthetic Organic Chemistry-Lecture Note-11-1: Oxidation of Alcohols----



The Jones Oxidation

OTBS
BnO/\‘/\’ Jones reagent BnO/Y\COOH
oS

> o)
CO,Me -10t023°C A co,Me
88-97%
OH
ﬁ\/\f\CHB
S R 1. Jones reagent
-'* CH; 2. HCO2H

96% overall

(—)-CP-263,114
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Pyridinium Chlorochromate (PCC)

ﬂ X [ Chloride facilitates formation of chromate
Cr Cl | +_J| <&— CrO4/6 M HCl/pyridine | ester (slow step in oxidation reaction)
OPCC o N (1:1:1) O Stable, Commercially available reagent
» Reaction usually carried out in CH,CI,
> Rates: R“XNoy > RCH,0H and R,CHOH
o * * No over oxidation

R/\)L . RCHO R,C=0

» Usually only need 1-2 eq. of Cr(VI) reagent (Jones & Collins usually require 6 eq.)
» PCC slightly acidic which can cause side reactions , for example:

pee PCCo
OH
» To avoid H* catalyzed side reaction, use sodlum acetate buffer:

OH NaOAc
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Pyridinium Chlorochromate (PCC)

MesSi
» Can take advantage of acidity in PCC reaction:
SO
_>
55%
~r ! +
) +H -H
— —
+
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/\/\/OH PCC, CHyCly, rt /\/Y
=
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Me3Si 76%




Pyridinium Chlorochromate (PCC)

» Oxidation of 3°, allylic alcohols:

O, OH
.Cr,
/ 1]
y 5 i Z
OH  pcc, silica gel, CH,CI
70% : -

[3,3]-sigmatropic arrangement

> 3 A MS accelatate rate of oxidation (PCC and PDC):

OH

PCC, MS, 25 °C
100%
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Pyridinium Dichromate (PDC)

A CH,CI
|, ~ 2 e RCHO
NZ | Cr07 roc | ovE PDC, DME_
83%
CrO3 + H,O + pyr M RCO,Me

O Stable, commercially available reagent

M Not as acidic as PCC

[ Oxidations slower than PCC or other oxidation reagents

[ Can selectively oxidize 1° alcohols to aldehyde or carboxylic acid depending
on solvent

[ 2° alcohols oxidize only slowly and sometimes require an acid catalyst
(pyridinium trifluoroacetate or 3A MS)

[ Other related reagents include nicotinium dichromate, quinolinium dichoromate,
and imidazolium dichromate

(] Note: Cr based reagents will oxidize amines and sulfides. Substrates with
these functinal groups must be oxidized with other reagents (PDC will sometimes

leave sulfides unaffected).
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S, PDC, CH,CI S,
0 - > O

/ \ 68% / \
CH,OH CHO

1l I
1l I

TBSO H TBSO H
)\y_(k,OH PDC, DIF )\L(LH,OH
'

91%
J—NH A—NH O
o o

---- Synthetic Organic Chemistry-Lecture Note-11-1: Oxidation of Alcohols----



4 Catalytic CrO, (1-2%, industrial scale chromium-based oxidations)

OH O

H5106 (2.5 eq.), CrO3 (1.1 mol%)
Ph » Ph OH
NHCbz wet CH3CN, 0 °C NHCbz
83%

Ph Y » P

OH 98% O
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Manganese Dioxide (MnQO,)

» Very mild oxidizing reagent, special “activated” MnO, preparation required

» Selectively oxidizes allylic and benzylic alcohols to aldehyde or ketone

OH OH
HO HO
MnO,, CHCl;
>

62%

Bu3Sn \/\)\/ o, CHZCI BuzSn \/\)\f

89%
» Requires nonpolar solvent (CH,CI,, CHCI;, pentane, benzene, etc
» Oxidizing reagent : substrate = 10:1 (10 wt. equiv.)
> No isomerization (FFfJ4k) of conjugated double bond. Cr-based reagent will cause
problems due to H* catalysis
» Chemical MnO, (CMD), commercially available, also works well
» NiO,: alternative reagent that behaves similar to MnO,
» Oxidize alcohol to ester, no isomerism of C=C bond

MnO CHO T A~ MeOH CO,M
X “MOH GrHoAe R R’M\H RN CN Y A
NaCN, MeOH CN

-=== JYyrueuc urgdaric Criermistry-Lecture Noe-1ri-1. uxiadauort 01 AICONoOIsS----



Ruthenium Tetroxide (RuQ,)

O Catalytic procedures employ 1-5% of ruthenium metal and a stoichiometric
oxidant, such as sodium periodate (NalO,)
4 In situ generation from RuO,-NalO, (or NaClO) or from RuCl;-Hz1O4

OMOM OMOM
AcHN,, RuO,(H,0),, Nalo,  AcHN,,
OH CH3CN, CCly, HZO> OH

N7 98% N

Boc Boc O
Ru04, Na|04 O

CCly, H,0O, MeCN, rt
O 75% 0
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Ruthenium Tetroxide (RuQ,)

Note: RuO, attacks C=C bonds and will cleave 1,2-diols often used to cleave
aromatic rings:

OH Ru04, NaIO4 (@)
CCly, H>,O, MeCN, rt
Ph OH 4, 112, . Ph
Y~ el
M ° M
© 96% ee © 94% ee
BocHN 0O

1) cat. RuCl;-Nalo,  BocHN g

60%
NH, BHONNH
2) BnBr, 80% 2

OTBS
MeO O OTBS
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Tetra-n-propylammonium Perruthenate

/A

(TPAP, n-Pr,N* RuO,)

MeO MeO
MeO

oTes TPAP,NMO, MeO OTBS
CH,Cl,,Ms, MeO

é\l 23 OC; 78%» é\l
O

TBSO O TBSO O

HO_ _CO,Et 0.__CO,Et on
TPAP N
we’ o e /7 N __
93% o)
NMO

---- Synthetic Organic Chemistry-Lecture Note-11-1: Oxidation of Alcohols----




The Fétizon's Reagent

d Ag,CO; on Celite
[ Reaction Mechanism:

> < v
+ +

H—Q) . H -—-HE“ H — 0O H

il(e : \Le

Ayt Ag Ag®  Ag° Ag® Ag®
chemizorption of alcohol formation of carbanyl group

OMe OMOM
?Me (;MOM Ag,CO; on 5 =

Celite, C;H

B , LgHg
OBn

80 °C, 75%
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The Fétizon's Reagent

Fetizon's Reagent
 _

OH

Ag,CO; on
Celite, toluene
75-85 °C

77%

(+)-mevinolin
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0,/Pt

O Good for oxidation of 1° alcohols directly to carboxylic acids
[ 1° alcohols > 2° alcohols

[ 2° axial alcohols > 2° equatorial alcohols 0O
Bn Bn
z OH O,/Pt \%\‘)LOH
\/Y\ _2>
Boc Boc
OH 70O O 1. O,/Pt
HO ; 2. CH3l
" OMe 2 MeO
2 85%
O NHPf
Pf = 9-phenylfluorenyl
Pt/O,
acetone, water
HO 96% HO

HO

O

OH o)
---- Synthetic Organic Chemistry-Lecture Note-11-1: Oxidation of Alcohols----



The Oppenauer Oxidation

[ A classic oxidation method achieved by heating the alcohol to be oxidized
with a metal alkoxide in the presence of a carbonyl compound as a hydride
acceptor (the reverse of the Meerwein-Pondorff-Verley Reduction).

L The reaction is an equilibrium process and is believed to proceed through
a cyclic transition state.

Q —> |\/|““‘O —> RJLR'
N\

Y Y ;

O Suitable for oxidation of 2° alcohol in the presence of 1° alcohol which do
not react
0 Good for oxidation of substrates containing easily oxidized functional groups
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The Oppenauer Oxidation

cat. Zr(O-t-Bu),, CIsCHO,

CH,Cl,, MS;
e
Y OH 86% : o)
/-\ /-\
CH,OH CFe CHO

¢B\
HO®  “CgF5 (2 mol%)
pivaldehyde, toluene
99%
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Non-Metal Based Reagents

xide (DMQﬂ\-Mpdmfpd Oxidation:

P 9 9V 4

E ,E Nu /
S=0 —» S'-0 —» Nu—S{ + E-O

d E = (CF,C0),0, SOCI,, (COCI),, Cl,, (CH;CO),0, TsClI, MsCl,
SO,/pyridine, F;CSO,H, PO, H;PO,, Br,
0 Nu = R-OH, Ph-OH, R-NH,, RC=NOH, enols ( }%HE )
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The Swern Oxidation

O Typically, 2 equivalents of DMSO are activated with oxalyl chloride in
dichloromethane at or below —60 °C. Subsequent addition of the alcohol
substrate and triethylamine leads to carbonyl formation.

OH
o ¢

\ LR ' \ R)\R'
5'-0° —M 3 S*-0 O —~> S-¢ —\
/ . /

co,

NEt,
Rl i
B:jl SMe2

O DMSO-(COCI),; DMSO-TFAA; DMSO-Ac,0 (Albright-Goldman reagent);
DMSO-SO,/Pyr, DMSO-SOCI,; DMSO-CI,.
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The Swern Oxidation

OH 1) TBSCI, Im, DMAP, CH,Cl, OTBS
2) 10% Pd/C, ACOH, EtOA¢
BNno on  3)(COCI),, DMSO; Et;N .
O -78 to -50 °C: 66% OHC* "0
m (COCI),, DMSO, Et;N YlBiO\/j\
» O A
HO A NS OMe -78 OC, 90% R OMe
H
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The Moftatt-Pfitzner Oxidation (DCC-DMSO)

O The first reported DMSO-based oxidation procedure.

[ Dicyclohexylcarbodiimide (DCC) functions as the electrophilic activating
agent in conjunction with a Brgnsted acid promoter.

DCC, CF;CO,H CeH - OH
\ pyridine N' R)\ R
\
S*-0r N >\ )‘N\H —\
/ /S -0 CeH11
\ o o
PR — I
o R R” R’

B: o
OO
DCC
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The Moftatt-Pfitzner Oxidation (DCC-DMSO)

DMSO, DCC
Cl/\(\osu-t TFA, Pyr - CI/\n/\OBu-t
OH 87% 0
OTBOPS  pmso. EDC, ) OTBDPS
TFA, Pyr
HO % - O
94%
OBz OMe OBz OMe
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The Parikh-Doering Oxidation

O Sulfur trioxide-pyridine is used to activate DMSO

SﬂBUg
SO, Py, DMSO

NEt;, CH,CI,, rt
3 212 :
OH 90%
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The Dess-Martin Periodinane (DMP)

DMP

3 periodinane (A {1 flt) RCH,0O0H —»= RCHO
d CH,CI,, 25 °C R,CHOH —3» R,C=0
©il KBrO3, H,SO, (2 M), 0, OH Ac,0, HOAc, Aco PAC
65 °C, 2.5 h I=*  85°C: 74% 1< oA
! + ) \ C
COOH > o) > o)
o) o)
IBX DMP
— R R' -
AcO\C,)A;C O>k . OAc
OH I\OAC ACO\,/: H JL |\
o T O T
o) + 2 HOAC O
- O -
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The Dess-Martin Periodinane (DMP)

O

DMP; 70%
E fo ( f
OH
MeO
Vi Ph,P= CHCOzMe
CHyCly, DMSQ__
A 94% 221 EEED)
HO —

MGOzc

COzMe
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0-lodoxybenzoic Acid (IBX)

O Precursor (Riif&) to Dess-Martin reagent

[ Insoluble in almost all organic solvents but is soluble in DMSO and oxidation
in this solvent work effectively (25 °C).

0 _
IBX (2.3 eq.) S
toluene, DMSO I
> 0
88%
0
IBX
O H IBX (20eq) S H
é:> toluene, DMSO m
wOTIPS wOTIPS
87%
H H
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N-Oxoammonium Salt

N-oxoammonium salt
L Unstable and are invariably generated in situ in a catalytic cycle using a
stable, stoichiometric oxidant.

2 May be formed in situ by the acid-promoted disproportionation (7{k) of
nitroxyl radicals.

+ +

\N/ N \N/ +H \N/ s \N/
I 1 B S | 11
o O -H* OH @)

nitroxyl radical
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TEMPO

E j  With NaOCl , NaBrO,, Ca(OCl), et. al.
N TEMPO, NaOCI, NaBr
O-

B ) ’ B
#\N' °®  EtOAcitoluene:H,0 (1:1:0.15) #\N' o
: >

TEMPO 0\/"\/0H 90%
J Mechanism:

NaCIO RCH,OH O
+ — — JL
N N R "H

11
O ‘o/

\
O

+NaCIO QH;|\R NaCI02+
H

7(} RCOOH
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TEMPO

TEMPO, Phl(OAc),
CH,Cl,, 23 °C; 70%

CHO
PhS " oH o PIS X

TEMPO, NCS, Buy,N*CI
OH OH

CHyCly, H0,pH8.6 Q
)\(V)E\OH )Wo )LME\OH

82% <0.1%
TEMPO, NaBrO,, O
CH,Cl,, NaHCO, (a
HOT N 0H 2Clo 3 ( 0

94%
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Sodium Hypochlorite: NaOCl

[ Used primarily to oxidize alcohols to carboxylic acids

RCH,OH ——» RCHO ——® RCO,H

[ In acetic acid solution, it selectively oxidizes 2° alcohols rather than 1°
alcohols.

4 A Modified procedure employs Ca(CIO),: stable, easy handled, solid.

1. NaOCI, AcOH
OH 2. MOMCI, DIEA 0
\/\)\/OH > \/\)]\/OMOM
93%
n-C9H19 OH n'C9H19

OH
E;- NaOCI, AcOH E/C—
.1 OH = 0
71% _
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N-Bromosuccinimide (NBS) or Bromine

HO™ “.

NBS, DME, H,0O
'
>98%

) "
) e,
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Oxidation of Aldehydes

d Sodium Chlorite: NaClO,; Calcium Chlorite: Ca(CIO,),

» Good for oxidation of sensitive aldehydes to carboxylic acids

» Becoming the method of choice for the oxidation of RCHO to RCO,H

» Two-step procedures for RCH,OH to RCO,H (i.e., MnO,, Swern, Dess-Martin
for RCH,OH to RCHO and NaClO, for RCHO to RCOOH most often better than
single step reagent conversions.)

> Scavengers (38185) are often added to trap (§##8) or eliminate positive Cl
species leading to byproducts. Typical scavengers are resorcinol ( [Bl&A_EZ ) ,
2-methyl-2-butene, DMSO, H,NSO;H.

NaC|02, N8H2PO4,
2-methyl-2-butene

t-BuOH, H,0O; 80%

T8SO”
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Oxidation of Aldehydes

1. (CF5CO,),IPh,
CH4CN, H,0, 0 °C

'
2. NaCIOz, NaH2P04

2-methyl-2-butene,
OTBDPS t-BuOH, H,0; 82%

1. TPAP, NMO, CH,Cl,  n-Bu3Sn
2. NaC|02, N8H2PO4
2-methyl-2-butene,

THF, t-BuOH, H,O

>52%

n-BusSn
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Potassium Permanganate: KMnQ,

OTBS

KMnO4
NaH2P04
t-BuOH
H,O
OTBS OMe 820,

OBn O

7< 7< : COOH
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Potassium Permanganate: KMnQ,

1) KMnO,4, NaH,PQO,,
’ t-BuOH, H,O, 0 °C

TsN TsN 2) (CH3)3SiCHN,
H >
80%

OHC

d A number of other oxidants (including Jones reagent, NaOClI, and RuO,)
failed.
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Silver Oxide: Ag,0

CHO 1 Ag,0, NaOH COOH
2. HCI

-
HO 90-97% HO
OMe OMe

AgzO, CH3OH, 0°C
'
72%
CHO COOH
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Pyridinium Dichromate (PDC)

1. PDC, DMF ><

2. CHyN, o 9
» 5 5
78%

CHO

O OTBDPS

O OTBDPS

Jj\/\/'\/\ e DMF’ J]\/\/\/\
MeO CHO 100% MeO COOH
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Corey-Gilman-Ganem Oxidation

OH OH
// .\\\\O MnOZ, NaCN // “\\\O
O AcOH, CH;,OH O
< o ll ° 81% > o i ©
© NOBn ’ O NOBn
H OMe
1) NaCN, AcOH,
CH3O0H, 1 h
HO CHO 2) mno,
97% (2Z, 4E)-xanthoxin

--- Synthetic Organic Chemistry-Lecture Note-11-2: Oxidation of Aldehydes----



Bromine

O Direct conversion of aldehydes to ester derivatives.
 Secondary alcohols are not oxidized to ketones.
[ Oxidation of a hemiacetal intermediate is proposed.

O Olefins, benzylidine acetals and thioketals did not work.

H O Br,, H,O, MeOH H OH

O NaHCO; O

~ CHO — = X CO,Me

o)gy l© 94% o-1~0

H H
TBSO o Br,, H,O, MeOH TBSO 0O
NaHCO3 >

l}l H 78% l}l OMe
COzMe COzMe
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Oxidations of Ketones

Bayer-Villiger Oxidation

A. Baeyer received the 1905 Nobel Prize in Chemistry for
his work on dyes (indigo). He also discovered barbituric
acid and named it after his girlfriend Barbara.

Mechanism:

Peracid nucleophilic addition reaction
OYR"
o) 0'0 o)
RCOM,_ ()..p -RCOOH_ g
JL - /\““R N JL
R "R RTMH 0~ "R
v

H
3 Alkyl group that migrates (1F#%) does so with rention of configuration

L The more electron-rich (most-substituted) alkyl group migrates in preference
(in general): t-alkyl > s-alkyl > benzyl > phenyl > n-alkyl > methyl

COR
Qa antiperiplanar

arrangement of C-R_ bond and the
breaking O-O bond

secondary O Secondary effect: Hydroxyl lone
effect pair or O-H bond antiperiplanar to
Proposed TS¥ the migrating C-R,, bond.
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MeO

Oxidations of Ketones

m-CPBA

Cl COsH
NaHCOy, CH;Cly Me© \©/
/ /
95%

o) O™ ™0 m-CPBA

Ph,
Ph.,
e o m-CPBA, ot OMe o
€ N% Li2CO3, CH2C|2 “~161133 4,
>
0

-Crefas J; 99% 0
(0}

O
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Oxidations of Ketones

CH;CO;H
25 °C, 2 h; 88%
0 0~ ™o
. ' 0 |
3 Nucleophilic \ o /u\ )
attack from least '€ (\'0 a Migrating C-C bond
! OH i

and O-O bond must be
antiperiplanar
(stereoelectronic

requirement).
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Oxidations of Ketones

L Nucleophilic attack
from endo face, exo
face blocked by Me's.

O

CH,CO;H
NaOAc, HOAcC

-
25°C, 5d: 94% O

O

/

d In contrast to simple
expectations, the less electron-
rich bond migrates due to
stereoelectronic considerations.

] Reaction much slower than
norbornone.
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Oxidative Cleavage of C-C Multiple Bonds

4 Potassium Permanganate (KMnO,)

KMnO, R__O OH
R\/\R' — Rj)\R' — \? + J\
OH (0) R'
OH
OAc OAc

/\/\)\ KMnO,, HOAC> /\/\/k
X CO.H
A 0 °C: 92% ?
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Ruthenium Reagents

CO,Bn (IZOan
\ RuCl.'3H,0, NalO N.
©‘“\\N~Bn eCNICCIgT0 h B
© 42 COOH
87% HOOC
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Ozonolysis (REF )

P. Crutzen, M. Molina, and F. S. Rowland shared the 1995 Nobel Prize in
Chemistry for their work in atmospheric chemistry, particularly concerning
the formation and decomposition of the protective ozone layer.

3 Ozone: A resonance species with four contributors
+ +
O O. _ O - _ 0
o \\O<—> NG EP AN s No
A Electrophilic reagent, rate: electron-rich > neutral > electron-deficient olefine

O Chemoselectivity:
03, MeOH;

(@) OMe
PN e | SOAMe
85-90%> H Z CO,Me CHO

d O, exhibits very light color, ozonolysis complete when color persists

[ Controlled ozonolysis (very reactive agent): Kl-starch: characteristic blue

color, O, sensitive dyes with varying reactivities and detect color disapperance

d Oxidative workup: H,0,, KMnQO,, Cr(VI), RuO, — ketones, carboxylic acids

d Reductive workup: NaBH,, LiBH, — alcohols

Me,S, Ph;P, Zn/HOAc, NH,C(=S)NH,, H,, Pd/CaCO,; — aldehydes, ketones
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Ozonolysis (REF )

d I\/IeChanist:r (~O carbonyl oxide
R R .O.= o’ 1,3-dipolar '/\(_) (Criegee zwitterion)

. 0° 0 cyclorevers:on
Y= > -’ Rﬁ/\y()(amia%

R R 1,3-dipolar

cycloaddition R R
1,3-dipolar in situ
: OH OH O
cycloadd/t/on R reduction
R » |R R —=
74 )< -Zn/HOAC Rﬂ\ok R™ R
°Z°“'de ':\D/Iﬁzg Note: Alternative recombination
-Fl3 . .
. - i mechanism observed with
Note: Ozonide ( REH) ) explosive ketone vs aldehyde ozonides
when isolated or concentrated '
OMe OMe
05, MeOH, Me,S
CHO
OMe 1) O, OMe

2) PPh
i OHC\/'\
/\)\\\ p— \\
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» The oxidizing power of the epoxide is inversely related to the pKa of the

conjugate acid generated by loss of the leaving group (ROH):
ROOH < H,0, < RCOOOH.
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Peracid Epoxidation

J Mechanism:

[ Peracid Reactivity:

w0

ate Increases: = q = gMg < m- gH4 < = p' 2504 < = 3
Rate | R= CHy < CeH CICeHs < H < p-NO,CeH @’CDQH CE

oK, of acid (RCO,H): 48 4.2 3.9 3.8 3.4 2.9 0

» The lower the pK,, the greater the reactivity (i.e., the better the leaving group).
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Reaction Rates

Krel  1.00 0.55 0.046 0.42

O Reaction rates are governed by olefin nucleophilicity.

MeCO3H, CH2C|2,
reflux; 62%

e
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Stereochemistry

R R m-CPBA R R R R

‘F CH,Cly, 25°C |§ o E |
,,,//=0

R=H 20 min 99% 1%

R = Me 24h <10% 90%

[ Stereochemistry of olefin is maintained: diastereospecific.

[ Reaction rate is insensitive to solvent polarity implying concerted mechanism
without intermediacy of ionic intermediates.

[ Less hindered face of olefin is epoxidized.

---- Synthetic Organic Chemistry-Lecture Note-11-5: Epoxidation of Olefines----



Diastereoselectivity

O Endocyclic Olefins:

[ Destabilizing steric
interaction between
reagent and axial Me

L Attack principally
from this face

H
- O
5 Me 25°C, Et;0
87:13
O Small difference for products: but larger difference
for reagent approach in transition state. R
t ZIca/&o
AAG Me )
| P
N\ Me
H‘“o\/
O“-\. /O _I-_I
p Q
M
| AAG eg
s VS,
\Av‘le
H

\C\)%ﬂe
Q

H
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Diastereoselectivity

| Exocyclic more hindered race

ins: Me g Me Me O
Olefins: \ RCOH o
Me - Me + Me
Me ) Me Me

less hindered face less stable product
- Solvent dependent CCly 75% 25%
CgHg 80% 20%
CH,Cl, or CHCI; 83% 17%

[ The effective size of the reagent increases with increasing solvent polarity, i.e., the
solvation shell ( J&35{{t/Z ) of the reagent increase in size.
O Small reagent prgference: axial attack and 1,3-diaxial interactions vary with size of the

reagent. H H H 0
H N RCO3H H O H
LSJ\PL% = _ + |
HI -\ H H
HoH Q H H H H
41 : 59
J Large reagent preference: equatorial attack and 1,2-interactions (torsional strain) are
relatively invariant with the size of the reagent. ( FHELTK D )
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Directed Epoxidations

Substrate g,%I;\Bn?i (\:gl;g;qc/c\)ﬁtl;l
OH
24:1 50:1
OH
24:1 100:1
Me;C
OH
5:1 100:1
Me;C*

Substrate  guani  Symant
OTBS
1.7 5:1
OTBS
1:8 12:1
MesC
OTBS
1:4 1.6
Me;C"

Ganem, Tetrahedron Lett. 1985, 26, 4895.
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Substrate as H-bond donor (Henbest)

[ Require allylic or homoallylic ( &% A% ) alcohol

R
oﬁk
H\O '-u", /O H\O O ‘--uu

-
-
-
e®
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Peracid as H-bond donor (Ganem)

[ Require more acidic peracid, both allylic alcohols and ethers OK

R
Z ng <
R\O “‘..,," O R\O o S ey
A S

- ~
R - Note
...'
) .
A e’
4
* 4
N ¢
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By

Diastereoselectivity

[ Allylic Alcohols (exocyclic):

Early transition state and the asynchronous bond formation

small

reagent ®
| A
Z m-CPBA
RE\ ]
R1 large
reagent
R’ R?
H H
H OH Equatorial
H OCH; substitution
CHs OCH34

H \OAG
_____»Axial substitution

OH H blocks equatorial
OH CHs reagent delivery
OCHs, H

OCHs  CHs

places the reagent further from 1,3-interactions.

R R’
axial equatorial
x\@ﬁmm
69 31 HO
60 40 A
60 40 |
88 12 i
75 25 !
axial OH directs
11 89 | epoxidation to
13 87 the syn-face of
83 17 the exocyclic
83 17 double bond
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Diastereoselectivity: Directed Epoxidation by NH

Me NHCONHPh Me NHCONHPh Me NHCONHPhH
I§/§\/Ph me A -l I\/\/ l>/\/
CH,Cl, 0°C &9
75% 95:5 dr
0
I
%" m-CPBA
CH,Cl,, 25 °C
) n
n=1X=NH 80% 20 1
X=0 3 1
n=2 X=NH 20 1
X =0 3 1

L Presence of H-bonding, directing substituent enhances rates and yield.
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The Sharpless Epoxidation

[ Reviews: Org. React. 1996, 48, 1-299.

4 Catalysts: VO(acac),, Mo(CO)g, Ti(Oi-Pr),;

4 Oxidants: t-BuOOH, PhC(CH;),O0H;

1 Regioselective epoxidation of allylic and homo-allylic alcohols;
O Will not epoxidize isolated double bonds;

 Epoxidation occurs stereoselectively with respect to the alcohol.

‘BuOOH, VO(acac
HO N\ Ll HO/Y(I)
‘BuOOH

HOM

tBUOH /-" tBLIOOH,

_Bu OR VO(acac),

O 0=V __O
RO., | e

+
V=0 t
HO,l +/Bu O
0 A X
RO..,

slow o)

“tBu
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Relative Rate and Diastereoselectivity

Substrate mCPBA TBHP/Mo(CO)s TBHP/VO(acac)
@ 1.00 1.00 1.00
OH
©/ 0.55 (92:8) 4.5 (98:2) >200 (98:2)
OAc
©/ 0.046 (37:63) 0.07 (40:60) -
OH
O/ 0.42 (60:40) 11.0 (98:2) 10.0 (98:2)

1) The relative rate data apply only to a given column.
2) Values in parenthesis refer to the ratio of syn:anti epoxide.
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Regioselectivity

OH OH
Me  vO(acac),, TBHP, 80 °C

o
Me 2 A Regioselection 20:1 Me A >
Me Me

VO(OEt); (0.2 eq.), HO,
t-BuOOH (3.0 eq.) MeO,C =
>
CH,Cl,, 25 °C, 3 h,

90%

Me
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Diastereoselectivity

Me QH Reagent © CE)H Me (s)H
X Me £ Me Me
o)
threo erythro
Reagent threo:erythro
A X Me___ _H
Y 7\ H”"'c—-— ’ MCPBA 95:5
y ™ Me™ =17 TBHP/VO(acac),  71:29
oo, 5y O TBHP/Mo(CO 84:16
Me’C_/GD\_H YO O\ (©0k
H Me o X
Major TS Minor TS X=H,V, Mo ...
Y = RCO, t-Bu
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Diastereoselectivity

d RCO;H Transition States and Bite Angles:

1,3-allylic strain!

1200 ox H
Hl,,,. _r-\ me
e C & Me’c_\\@_H
Me OX

~120°
Major TS Minor TS
O V Transition States and Bite Angles:
~45° Me
X0
H[, \ Me H'll, C_ H
Me™ = H Me™ = &_ H
H ~45° 77 X0
Major TS Minor TS
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Refined Model for Peracid Mediated Epoxidation

» Trans antiperiplanar arrangement of O-O bond with alkene C=C.

» H-bonding to distal oxygen of peroxide through R

the lone pair out of the plane of reaction. /&

» Lone pair in plane of reaction provides n*-lone O .-\O 0
pair (n-n*)stabilization. R H " Hjﬁ:';
» Secondary isotope effect suggests that the D”@\ _
formation of the C-O bonds is asynchronous. 120° Top View

[ Eclipsed Conformations in m-CPBA Epoxidation:
HO H

, H .R* , R,R*
R e R ~:

R’ HO

OH Q. OH
R2||| | "'R4 R4”' ' "RE
N R ,,BL

R’ H R
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Refined Model for

1. Trans antiperiplanar arrangement “------x.ﬁ:‘oh 0

2. 50° dihedral angle Sl - —Mét

3. In-plane lone pair _/—_

4. Lone pair bisects C=C bond f R Top View
.

[ Bisected Conformations in Metal-Catalyzed Epoxidation:

OMet R’
R4 R*
2 N 2 WA
R R =3 R°H R3
H OMet

OH ° " y O OH 2
2||| I 41 e Ly
¢ /QAW RS)%\R
R H R
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Diastereoselectivity

R! = Me
= Et
=Pr
R'I
¢ oH
R3
RT.R3=Me
Me
Mej//—< OH
Me

m-CPBA
VO(acac),, 'BuOOH

m-CPBA
VO(acac),, ‘BuOOH

m-CPBA
VO(acac),, BuOOH

m-CPBA
VO(acac),, ‘BuOOH

L=

m-CPBA
VO(acac),, BuOOH

threo

60
20

61
20

58
15

threo

95
71

threo

95
86

erythro o
H vs. alkyl eclipsing

interaction with HO H
40 =—— double bond has little H‘®&H‘
30 to no effect on H
selectivity. H eclipsing R
interaction slightly threo
39 more stable.
80
R1
42 H,H eclipsing in H
85 erythro T.S. favored  H—
over H,alkyl eclipsing OMeP
in threo T.S.
erythro
erythro
. HO H .H
e — Large 1,3-_a||yllc H Me
29 strain avoided. Me
threo
erythro OMet

5 «—— Large 1,3-allylic
14 strain avoided.

m?’@:;wle
H

threo



Diastereoselectivity

OH  IBHP, , VO(acac),
R/%(k - 4>H\
SiMe3 SIMe3

R R'" Yield% Ratio

H Bu 84 1:99
CsHq1 Me 70 1:99
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Diastereoselectivity

OH OH
\/l\\)\(\o TBHP, VO(acack (7)\\/('\(\ o
O 60% O
Et0” “OEt \ﬁ ° Et0” “OEt #
only isomer
OH O OH O OH O
W _ O/‘I\E{# + W
H,02 / NaOH /MeQH /0 °C 40 : 60
Ti('PrO)s / BuOOH / CH,Cl, / -15°C >99 : 1
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Homoallylic Alcohols

VO(O"Pr),
{_}H 'BuOOH OH
o WME CH,Cl,, 95%= o /:\I/%ME
Me  Noteops Me  NoTeDPS

0 Alternative chair has two axial substitutes.
O Intramolecular oxygen delivery occurs through most stable chair-like transition state.

VS.
m-CPBA major
OAc CHoCl, 25 °C i Me QAc 4
A Me  94% Ph Me
I:'*‘AI/\]: - \:<H—+\OTBDPS - I
M ::'
OACD:' _ 5:1
minor

 H-Eclipsed conformation
 Epoxidation from least hindered face
 Not a directed epoxidation!

[ Diastereoselectivety still good and through H-eclipsed conformation.
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Homoallylic Alcohols

OH TBHP o OH o OH
; VO(acac s ; ;
- Me ( )2> [ Me + Me
Me 92% Me Me
n-CsH11 N-CsH11 N-CsH11
104:1 dr
OH TBHP o OH o OH
; VO(acac 5 : ;
Z Y Me ( )?> ' Y Me + Y "Me
Me 73% Me Me
n-CsH11 N-CsH11 N-CsH11
1:70 dr
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Homoallylic Alcohols
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The Sharpless Asymmetric Epoxidation

D-(-) dialkyl tartrate [O]

o]
* '‘BuOOH, Ti(O'Pr),, Rg/\/OH
RZIRi MS, CH,Cl,, -20 °C -
I
OH
R1 R2 R3

L-(+) dialkyl tartrate [O]

OH OH
CO,R A~__CO,R
Rozc& 2 ROzC/\=/ 2
OH OH
R =Me, D-(-)-dimethyl tartrate (DMT) R =Me, L-(+)-DMT
R =Et, D-(-)-diethyl tartrate (DET) R =Et, L-(+)-DET
R ='Pr, D-(-)-diisopropyl tartrate (DIPT) R ='Pr, L-(+)-DIPT
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Proposed Transition State

R'O _0 t-Bu
O Match of Ti/Tartrate.
O Ligand acceleration. R'O
[ Steric and stereoelectronic features control enantioselectivity.
» Stereoelectronic: 1) Alkyl peroxide is activated by bidentate coordination to the
Ti(IV) center; 2) The olefin is constrained to attack the coordinated peroxide along
the O-O bond axis; 3) The epoxide C-O bonds are formed simultaneously.
» Steric factors:1) Bulky hydroperoxide is forced to adopt a single orientation
when bound; 2) Allylic alkoxides is restricted to reaction at a single coordination site
on metal center.; 3) Efficient catalytic turnover provided by the labile (AF2EHY)

coodinated ester, permitting rapid alkoxide-alcohol exchange.
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Substrate Scope

R’ R? R3 Tartrate ee%

H H Me (+)-DIPT 92

H H CH,0OBn (-)-DET 92

H H CH,CH=CHCzH,, (+)-DMT 94

H Me H (+)-DIPT 92

R2 R3 H iPr H (+)-DET 94
jl/\/ H CH=CH, H (+)-DIPT >91
R OH H (CH,);CH=CH, H (+)-DET 95
H CH,CH,OTBS Me (-)-DET 95

H CH,CH=CHMe, Me (+)-DET 95

Me H H (-)-DET >95

Me H "Bu (+)-DET 89

Me Me H (+)-DET 94

Me CH,OBn H (-)-DIPT 90

Me Ph Bn (+)-DIPT 94

CH,0Bn H H (-)-DET >95

cyclohexyl H H (+)-DET >95

R', R? =(CH,), H (+)-DET 93

R', R? =(CH,)¢o Me (+)-DIPT 94
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Geometry and Substituents of Olefins

Bu-t Bu-t

W o 0
E/OH O""’L/OH 5%, 25% ee

TBHP, Ti(O'Pr), (1.2 eq.),

t-Bu (+)-DET (1.5eq.),-20°C  BUS
| . o, 52%, 95% ee
OH NOH
o)\/ 42%, 85% ee
OH |
t-BuJI\/ t-Bu OH
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Regioselectivity

y OH Ti(OiPr)4, (+)-DET, 'BuOOH OH
CH,Cl,, -25°C, 4 h
Me 2 Me P Me -2 Me
94% vyield, 91% ee
Me Me

--- Synthetic Organic Chemistry-Lecture Note-11-5: Epoxidation of Olefines----



“Reagent-Control” & “Substrate-Control”

L] “Reagent-control” Strategy: selection of reagent dictates ultimate absolute
stereochemistry of products irrespective of stereofacial bias of substrate.

L “Substrate-control” Stategy: stereochemistry of reaction products dictated by
the inherent stereofacial bias of the substrate.

o —o —o
D\)v/VDH ] O\)\<|\/OH i D\)\/EVDH
"0

O

threo erythro
Reagent Product Ratio (threo:erythro)
m-CPBA 12 14| achiral reagents
VO(acac),~TBHP 1 2 1.8 1 wsybstrate control"
Ti(O'Pr),~TBHP 1 : 2.3 |
Ti(O'Pr)s—(-)-tartrate—TBHP 1 290 “matched pair’
Ti(OPr),—(+)-tartrate—TBHP 22 1 mismatched pair

“reagent control”
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Reagent-Control

BnC=) Bn(:) o
(+)-DET OBn 0SO,CH,CI
BnO BnO
75%

MOH

O8N OSOLHE TBHP, BnO BnO
Tl(ol Pr)4, B e § n,, OH |
(-)-DET; 91% (\/\/\/ (single)

OBn 0S0,CH,Cl
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Reagent-Control

n-C8H17 (+)'DIPT5 Ti(oipr)4! n-CgH17 o
\E . TBHP o\( o ﬂ'; n-C8H17\!>
' i’

Si 60% S 99%
/ \ / \ /2
90% ee 90% ee
Tlo | - (0)
NC%\/OH Ti(O'Pr)y, (+)-DIPT, TBHP» NC\1>\/OH 91% ee

MS, 5°C,10d; 81%
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Kinetic Resolution of Allylic Alcohols

()tartrate R2 RS
slower o
= he OH
R H
T\/OH
[ RZ RS
faster o)
- R1£/OH
R%. RS (+ )-tartrate NAT
o
R (-)-tartrate R2 R3
faster o
* - e OH
R?2_R3® H R
H R
A slower

(+)-ta.rtrate
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Kinetic Resolution of Allylic Alcohols

100

relative rate

90

o
=

|l|1r1r1IrIFIIIIII|-I|I||-

70
60

20

30

%ee of unreacted alcohols

20

10

J‘I‘llllll!lllli‘l]lilI.lI.lIJIJltlll.lllll.llillilllll

0 10 20 30 40 50 60 70 80 90 100
conversion/%
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Kinetic Resolution of Allylic Alcohols

R2 R3 R2 R3 R2 R3 R2 R3 R2 R3
() (' -tartrate (+)-tartrate =
11/% 1 op <ertrate. 1I on B8 0L on | o
R 2 R 2 R R1 . R1 .
R H H R R =% . h
Me Me3Si Me
OH OH OH
Kre =104 k.o =700 Ko =20
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Kinetic Resolution of Allylic Alcohols

NN 65%, 97% ee, 98% de

H
slower
o, O O

slower

OH OH

On

(+)-DIPT, Ti(O'Pr),,
TBHP, MS

2

OH

0O faster

[ The ee of the major anti-epoxy alcohol was observed to increase (84, 93,
>97% ee) as the reaction time was extended (3, 24, 140 h).
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Nucleophilic Opening of Epoxides

3 Nucleophilic opening of terminal epoxides is often highly regioselective.

LiAIH, (CH5),Culi

OH OH OH
Et,O, 0 °C Et,O, -40 °C
Bno\)\/ < BnO bt > B”O\/k/\
83% \)\/c‘, 74% I CHs
OH OH
NaN3, NH4C|, 919, KCN, CH3OH, Li R/OTHP
or.
MeO(CH;),0H i 237°C; 50% Et,0, -40 to 23 °C: 63%
OH OH OH
BnO\/k/\ BnO\)\/\ BnO
e c N L XX __oTHP
OH OH OH

Me,S*I, BuLi, THF, -10~25 °C
Bno” ] » B0~ X
o 99% OH
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Nucleophilic Opening of Epoxides

] Nu OH
e THOPH Ny I
NN » 7SOH * NN oH
C.2 Nu

OH

C-3

Q Ti(OPr-i), can Nu Ti(O'Pr), (eq.) C-3:C-2 Yyield (%)
catalyze th§ addition Et,NH 0 371 4
of nucleophiles to C-3 Et,NH 15 20 - 1 90
of 2,3-epoxy alcohols: i_PrOH 0 - 0
i-PrOH 1.5 100 : 1 88
| (allyl),NH 1.5 100 : 1 96
RS o TiOPr)s allyl alcohol 15 100 : 1 90
S0 NH,OBz 1.5 100 : 1 74
NH,OAC 1.5 65: 1 73
KCN 1.7 2.4:1 76

Caron, M.; Sharpless, K. B. J. Org. Chem. 1985, 50, 1557.
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Nucleophilic Opening of Epoxides

O Dimethylsulfoxonium methylide: heat stability, reactivity, easy preparation.
J Access to 2,3-disubstituted THF.

O Highly diastereoselective and enantioselective fashion.
O The stereochemistry is translated fully.

" /\?'}\/an Me,S*OI", NaH, DMSO, 85 0(:> HOz_)
97% ee 78% BnO.. 5
- Payne 97% ee
~““*1lrearrangement
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Rearrangement

[ Catalyst: a high-valent metalloporphyrin complex, Cr(TPP)OTf (chromium(lll)
tetraphenylporphyrin triflate), 1-20mol% laoding.

. Alkyl migration.

U The yield and regio- and stereoselectivity are generally good to high.

3 )\/\;l— o
X OTBS o X CHO

>99% ee 89%, >99% ee
Cr(TPP)OTf (1 mol%)

CICH,CH,CI, 83 °C
.0 «~OTBS

Ph” 7 "OTBS -

99%, 96% ee
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Internal Nucleophiles

OH

0O 1) PhANCO, TEA
0
/\/Q/\OH 2) 5% aq. HCIO, /\)\E/\O
C5H11-n 710/0 C5H11-n O*O

(HCHO),,, Cs,CO4 OH

CH.CN, 23 °C :
Ph” ~N~""0H 2 » Ph7 Y o
95% o—/
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Open the Epoxy Alcohol In situ

water soluble OH
+ a-NpONa OO
(-)-DIPT, Ti(OPr), /
TBHP
H » OH
88-92% ee NEt3
m-NO,CgH,4SO,Cl ﬂ\,
I, \

J. Org. Chem. 1986, 51, 3710; 5413.
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Intramolecular Ring Opening

- (-)-DET, Ti(O'Pr),

O TBHP oa\ 34(—7(\/
)0 OH  60%
O

’d
Me
J. Org. Chem. 1984, 49, 2582.
+)-DET, Ti(O'Pr
Me *) TBH; )4 HOW
| >
OH 73%, 95% ee o
J. Org. Chem. 1982, 47, 5384.
. o
OBu-t (+)-DET, Ti(O'Pr), JL
TBHP HN o OH
Ry ° o 57%, 87% d )\/k)
0 o ge
’ PMBO,C Y
PMBOQCW ? o

Tetrahedron Lett. 1987, 28, 3605.
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H,0,, NaOH

J Mechanism:

o) o° o)
H,O,. NaOH H
7@\ - >7©<O_O/ ’7@)

70%

] Diastereoselctive, but not diastereospecific: a single stereoisomer of the
product is formed which bears no relationship to the reactant.

Me Me Me, O Me Me_  CO2CHa

E< H-05, NEO|‘=| A |:|202, NaOH ~ {

COEC H3 H COECH;} - Me

via a reversible process:

Me. M
Me_  Me  _ . 34_\%7‘9 _ _ Me_  CO,CHs
= - H OCH. —
CO-CH 0 3
22T H-O O Me
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Asymmetric Phase-Transter Catalysis

168 (1 mol®:)
0 Span 20 (1 mol%) 0

. 0
RVVJ\RE 30% H,0, (10 equiv) R"MRE

50% KOH (1 equiv)
-Pr;O, rt, 0.5-12 h

R'=Ph, RZ = Ph
ﬁﬁ 2Br K% — QE:%, ‘»*EIQ?E ee
7  R'=Ph, R*=4-F-CgH,
94%, 98% ee
R! = 2-F-CgHy, R? = Ph
97%, >99% ee

catalyst (5 mol%) O
i-Pr 30% H,0, WP ‘
C - o

LIOH, CHCl4

with 163 (0 °C, 5 h; r.t., 12 h} : 75%, 84% ee
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Peroxyimidate

R "O" H NH,

H,0 NH : B : 0
RCN 272 Moo - }O + R)J\

O Permits the use of neutral reaction conditions.
] Behaves as a large reagent and approaches from the equatorial face of an exocyclic
double bond.

:Z:/ . O}? + ~—7 ,DO

small reagent <—— m-CPBA

large reagent <—— PhCN/H2;0, 14 86
1,3
ﬁ m-CPBA
H small reagent, but the interaction will increase with the size of the reagent.

H

H PhCN/H,0,

larger reagent, but the interaction will not vary with size, predominately
1o equatorial attack.

---- Synthetic Organic Chemistry-Lecture Note-11-5: Epoxidation of Olefines----



Jacobsen Asymmetric Epoxidation

(S,S)-1 (4 mol %) H-QH
R R NaOCI (aq) R R
\—=/ > \7 =N N=
CH2C|2, 4 OC (@) /Mn\
t-Bu o 1% Bu-t
Cl
Ph Ph  CO,Et Ph Bu-t t-Bu
7 N/ A (5,511
o) ) O CO,Et
77%, 92% ee 52%, 97% ee 15%, 78% ee
H -ulIH
N N
@) =N -
O ’> /Mni
o) t-Bu 0 (|:| 0 Bu-t
NC
O O O Bu-t t-Bu
96%, 97% ee 63%, 94% ee  79%, 84% ee (R,R)-1

Jacobsen, E. N. J. Am. Chem. Soc. 1991, 113, 7063.
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Jacobsen Asymmetric Epoxidation

O Addition of substoichiometric amounts of 4- wEHPV
H
phenylpyridine N-oxide improves both catalyst
selectivity and turnover numbers. Ql
R1 ,,,,, R1

—N. N=

; : M :

disfavored by bulky R O ¢ © R
“ phenyl groups

Ph

'\IH'H

| i <—— b

G’H Me disfavored by
|"|...|"|g/ phenyl group
side-on 1
perpendicular ( FEH ) c
approach to disfavored by ‘Bu groups

metal oxo species
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Hydrolytic Kinetic Resolution (HKR)

(S,S)-1 OH

O (0.2-0.8 mol%) e
]+ HO it R)\,OH

(0.50-0.70 eq.)

R kreI ,,,
Me >400
CH,Cl 50
(CHo)sMe 290 ‘C§: :%3’
Ph 20 Bu-t t-Bu
CH=CH 30 M =Co(OAc)(OHy), (S,S)-1

Jacobsen, E. N. Science 1997, 277, 936.
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Kinetic Resolution of Terminal Epoxides with

Trimethylsilyl Azide

(R7R)-1 OH
O (2.0 mol%) O =
<] + TMSN; > L] + N
R 3
R (0.50 eq.) RN
R krel
CH,CI 100
CH,CN 45 / | \
@) N3
CH(OEt), 44
CH,Ph 71 Bu-t -
(RvR)_

Jacobsen, E. N. J. Am. Chem. Soc. 1996, 118, 7420.
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Asymmetric Catalysis with PTC

0 0
O
N 10 mol% catalyst R
+ 8 M aqg. KOCI -
PhCH,
. 5 equiv 40 °C, 12h X
R X %ee % yield
Ph H 93 96
Ph F o8 a3 Catalyst | Et
p-NO,Ph H 94 90 Br-
pentyl F 91 a0
Gy 4 94 85
p-MeOPh H 95 7o
f-Napht - 93 87

Corey. E. J.: Zhang. F.-Y. Org. Lett. 1999, ], 1287.
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Asymmetric Catalysis with PTC

O 127 (3 mol%) O
o}
. o - - .
RIPNAR 13% NaOCl RPN ge
toluene, 0 °C

R' = R = Ph with 127a - 99%, 96% ee
R' = I-Bu, R = Phwith 127b  : 99%, 92% ee
R‘ = [-Bu, R? = c-Hex with 127b : 80%, 96% ee

[j:g_\ 127a (3 mol%) %ﬂ\
Ph 13% NaOC| Ph

toluene, 0 °C 91%, 99% ee

Ar, A

J Er
127a {AI" =R= 3.5'Ph?'EEH3}
127b (Ar = 3.5-Ph?-C5H3~ R =H)
127¢c (Ar=Ph, R = H)
127d (Ar = 4-CF5-CgH4. R = H)
OH 127e (Ar = 3,5-(MeQ),-CgH3, R = H)

Ar
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Dimethyl Dioxirane (DMDO)

1 Peracid reaction suffers from H* catalyzed epoxide opening. 0-0

%/—-\A\ pupo > WC\A\ )k
0O O acetone, 96% O O DMDO

O .
0 Cycle with DMDO prepared in stitu from acetone-oxone : = Amild ?eutral
reagent.

Rz
)QD/HE O ‘
R, HSO«

Ha d 1 a
R /I%/Fq:i -
‘ 5{}42_4- 0, 503
0-0 ¢ ?
2 HO O
B 2- X
4 SOs 2

o oM
¢ D:) 3 b
I 55
S0.° X

O pH dependence; rate at BH 11 > 7, acetone-oxone. _
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Shi Asymmetric Epoxidation

ketone 1, oxone,

O /o
R2 base, pH 10.5, 2 "”
RNy o R1/<¥/R )

[ Ketone 1 can be used catalytically (20—-30 mol %).

d Oxone (a commercial mixture of 2:1:1 KHSO4;:KHSO,:K,SO,) is used
as the stoichiometric oxidant.

dpH=10.5
O Reaction temperatures range from —10 to 20 °C.
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Shi Asymmetric Epoxidation: Mechanism

oJ o °J.. ° Vvilliger ﬁ_ 0
L/\tu/ oH Oxidation
& —_— +
A0 Y%, v,
0

SO,% S
4 0" Y %

4’ O OI)
SO;
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Spiro and Planar TS

spiro planar

[ The spiro transition state is believed to be electronically favored as a result of
a stabilizing interaction between an oxygen lone pair of the dioxirane with the
" orbital of the olefin.
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Spiro and Planar TS

>N
Planar E'J

H

O, R
| '-':‘:F-: Oxygen non-bonding
A orbital

v

Olefin x* orbital

O. R _
| - Oxygen non-bonding

P, orbital
AW

Olefin x* orbital
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Epoxidation Examples with Ketone 1

o) o) o) o) O
Ph CgH1q3-n
e\~ oL o orEs  npr " ot8s n-CeH13/<" oS
98% ee 95% ee 94% ee 94% ee 95% ee
O @) I:)hO @) i
Bn/<l/ (CH2)2C02MG Phkl/ Ph Ph)<l/C1oH21-n Phkl/TMS n'C10H21/<1/
92% ee 95% ee 97% ee 94% ee 86% ee
Ph
@) \\\O O,,
(CHZ)QCOZMG g Bn
oy TMS o
\\\O TMS
TPSO
94% ee 98% ee 97% ee 93% ee 92% ee
O OH
o) 0 J<Cl)/\ EtAf/\OH O/o\
h” L ~on  np L on OH
94% ee 91% ee 94% ee 92% ee 94% ee
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Conjugated Dienes and Enynes

O O
0O 0 e N c X L TMS
th Ph MCOZE’[ tA}/V\OH t

97% ee 96% ee 90% ee 92% ee
96% ee 89% ee 95% ee 93% ee
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Epoxidation of a,f-Unsaturated Esters with Ketone

2

d The original Shi catalyst decomposes (via the Baeyer-Villiger pathway)
faster than it reacts with electron-deficient o,B-unsaturated esters. A second-
generation catalyst, incorporating electron-withdrawing acetate groups, slows

the Baeyer-Villiger decomposition.

COQEt
O O 96% ee 96% ee 93% ee
v,/
O
\\\“K/\\L COzEt
AcO 2 Ph COEt
94% ee 82% ee
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Epoxidation of cis and Terminal Olefins with

91% ee 97% ee 85% ee
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An Application of Shi Catalyst

|
O_’Ko
3{%
O

catalyst, Oxone,
/

lle)

~INLIL

5 CH,(OMe),/MeCN/H,0,
/ pH 10.5,0°C, 2 h

HYH = YR 3 67%. >10:1 dr
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Chiral Dioxirane from BINOL

D
10 mol% 1,
5 equiv oxone,
NaHCO4 Bh
,Ph CH,CN-H,0, 25 °C ;
.. Ph O
90-95% yield
32=-76% ee
1 X=H 47% ee X = Me 56% ee
2 X=Cl 76%ee 6 X=CH,OCH; 66% ee
O
3 X=Br 75%ee 7 x=—<> 71% ee
O
4 X=| 32% ee 8 X=SiMe; 44% ee
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Dihydroxylation of Olefins

4 Dihydroxylation with Osmium Tetroxide (OsO,)

O, _0 HZO OH HO o
) +  0sZ LT [ ) OS\ ) +  OsZ
o’ OH HO O

Os (VIII) Os (V1) Os (V1)

ectrophilic,
large reagent

d OsO,is an electrophilic reagent, and it behaves as a large reagent.

O Strained, unhindered olefins react faster than unstrained, sterically
hindered olefins.

O Electron-rich olefins react faster than electron-deficient olefins.

] Diastereospecific, with attack on the C=C from the least hindered face.

> 0s0Q, is expensive, volatile ( #FE&%HY ) , and toxic.
Cooxidants: o

K; N\- O K3sFe(CN)g
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Diastereospecific cis-1,2-diol



Diastereoselectivity

(J Endocyclic olefins:
@ X
ﬂ\é "OH

from least hindered side

[ Endocyclic allylic alcohols: 0504
OH 0504 o
- from least hindered side :

O OsOy4 /\U OH
100% ~ \r OH ] (:J:OH

Note: m-CPBA comes in cis, but OsO, comes in trans to the allylic —OH.

f

OH OH
HOL -~ 0s0, HO_~_-OH

0sO, m-CPBA U . ‘C[
OH

/\; HO\/\L > 501
JT\/\OH {T\/ H O@: S ?H . /\

m-CPBA OsO4 M
0504 OH
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Sharpless Asymmetric Dihydroxylation (AD)

J Using NMO as the Cooxidant

R\/\R
O t‘\R
. LR
O L R,,‘ O\ ﬁ/O ‘\R
E\Oé Primary cycle Secondary /08, L
O \\O I O O R
cycle R ~
NMO J
R
ol P \\ low ee L
~
L O”?S‘o R H>0
L
R\/\R HO OH
R R
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Using K ;Fe(CN), as the Cooxidant

20H +2H,0 [yo O - 1% Ho. O > 20H
S lfOH N :O
AN oH Ho’o\i“
\
HO o OO

20H" + 2Fe(CN)g* \4> 2H,0 + 2Fe(CN)g*
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Mnemonic Device ( 181225 )

DHQD: dihydroquinidine
(R=H)

R', __ .H i H,,'_NR’1
R2” “R3 ! R3* “R2 MeO
KEOEDE(OHM or 0504
DHQD KaFe(CN)g, K,CO4 DHQ DHQ: dihydroquinine
' BUOH-H,O (R=H)

R" H H R

RE - > RE RS . > RE

HO OH HO OH

OMe
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C,-Symmetric, Pseudo-Enantiomeric Ligands

Ph

(DHQ),PYR (DHQ),AQN
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AD-mix Reagents

] 1.4 g AD-mix-a. will oxidize 1 mmol olefin, contains: 0.98 g K;Fe(CN); (3
mmol), 0.41 g K,CO4 (3 mmol), 0.0078 g (DHQ),PHAL (0.01 mmol), 0.00074 g
K,0s0O,(OH), (0.002 mmol)

d AD-mix-p contains (DHQD),PHAL as the ligand.

4 Conditions: t-BuOH/H,O (1:1), 0 °C, 6-24 h. For non-terminal olefins, the
addition of MeSO,NH, leads to faster reaction.

MeO OMe

(DHQ),PHAL (DHQD),PHAL
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Sharpless AD of Olefins

olefin ligand ee (%) configuration
YU Bun  (DHORPHAL 9SS
A en pHapPHAL 09 SS
QRIS vl S
Mcon TR BT
(DHQD),PHAL 98 R

n-Bu” N R
/ﬁ/ (DHQ),PHAL 95 S

(DHQD),PHAL 99 R,R
o (DHQ),PHAL 97 S,S

OMe

DHQD),PHAL 97 R

PN ( 2

Ph™ ™ (DHQ),PHAL 97 S (DHQ),PHAL
P (DHQD),PHAL 84 R

n-CeHi7” N (DHQ),PHAL 80 S
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Ligand (DHQD),AQN

(DHQD),PHAL (DHQ),AQN

(DHQD),PHAL  (DHQD),AQN

S 63% ee 90% ee
BnO
\[]/\ 7% ee 88% ee
O
PhM 44% ee /8% ee
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Regioselectivity of AD with Dienes:

Using (DHQD),PHAL as the Ligand

olefin product yield (%) ee (%)
OH
AT )\/%/ 78 93
OH
OH
X COE /k(%/coz'ft 78 92
OH

OH

M/\/COZEt /H/Wcoza 93 95

73 98

70 98

OH
HO
Jon PN
X N OH
HO
)M )kn/\/K
OH
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Origin of the Enantioselectivity

[ The explanation of the high enantioselectivity in the AD reaction has been
divided into two proposals, one by Sharpless and another by Corey.

|
o HE
=08z ¢
[3"'2,1 o= I O
0s0y4 L _ . ?/>
>
+ | / D;CESHD
— L
| 0
(2+2) 4
%aci*s";a}
L
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The Sharpless Model

Facile . 0 O Impeded
rearrangement /Q, O, | ‘\ rearrangement

~*— Repulsion

C-9

Stacking

Stacking
stabilization

stabilization

Ar

U Proposed intermediates in the AD process using DHQD ligands
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3-Dimensional Model

MeO OMe

(DHQD),PHAL

The (DHQD),PHAL-bound osmaoxetane derived from styrene
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The Corey Model

MeO OMe

Corey proposes a U-shaped binding pocket
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The Corey Model

MeO OMe

(DHQD),PDZ

d A 3-dimensional representation of the transition state for styrene in the
(DHQD),PDZ-0Os0O, complex calculated by combined quantum mechanics:
molecular mechanics
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The Double Diastereocontrolled AD

~_ _Ph OH OH
1. 0504/L Ph ~__Ph
B/r?f\/ - oY oYY
* 2. O NH OH NH OH
Boc Boc” Boc”
Ligand Yield (%) Ratio
none 71 4555
(DHQ),PHAL 70 1:99
(DHQD)L,PHAL 60 991
OH OH
. 1. Os0,/L :
Hﬂ/mh Lo P o Ph
Boc™ 2. H:0 foo-NH  OH qooNH OH
Ligand Yield (%)  Ratio
none 92 71:29
(DHQ):PHAL 55 86:14
(DHQD)>,PHAL ) 16:64
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Cyclic Sulfates

OH
o 1.50Cl 0-ST Nu
R™ ™ -
g 2. RuCl; cat Nu'
CCly / H,0 o Ne R/k(

d Nu, Nu' = F, Cl, Br, N;, PhCO,, NO,, SCN, SPh, H, RNH,, ...

1. AD-mix-B 2570
« 2. SOCl, i o
n-CsHy” 7 OTBS 9]
sH11 3. RuCl; (cat.) p.c.H,,
NalO,; 81%
TBSO
TBAF o PhSN %
a

— n-C5H11/'\{c', 86% ”‘C5H“)\é/\sph

OH
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Epoxides from Diols

OH MeC(OMe); ><0Me "Halogen O‘<

/kr R’ PPTS source 0
R ,'\\ >
R HBr-AcOH, R

OH R'  AcCl,AcBr,  x R
TMSCI, TMSBr
e 2 base, MeOH
. , ase, Me ,
. R)\é/R + R/\‘,R /<|/R
X OAc

O (@) (@) O
>_V 0 <z coM
d Ph/\] Ph/\./ olVie PhO\/<I

96% ee 97% ee 99% ee 89% ee
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Epoxides from Diols

1. Hy/Pd-C, EtOH
92%
2. Jones reagent

(X oo
MeO

96% ee

98% ee
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Sharpless Asymmetric Aminohydroxylation (AA):

Sulfonamide Variant

4 a,pB-unsaturated esters:

o ¢ Y4
R_ﬁ_N“N Hr}l.-* ‘-‘R
@] d N
X _-CO,CHj - ~_-CO,CH3
Ph™ cat. K»0sO,(OH)q Ph™
(DHQ),PHAL OH
R = p-Tol 1:1 CHaCN=H2O  81% ee (64%) Reductive cleavage of sulfonamides

. requires harsh conditions (Birch
Me T17PrOH-H,0  95% ee (65%) | reduction, Red-Al, or 33% HBr/AcOH).

MEE.Si\/”‘;éi 1:1 "PrOH-H,0  70% ee (48%) =— Sulfonamide cleaved with BuyNF in CH,CN
83:17 regioselectivity

U o,B-unsaturated amides: no enantioselection, AA gives racemic products.
J Reaction works well without ligand.
TsN(CI)Na Ts

/\)‘i cat. K,0sO,(OH), TSHN O 1) MsCl, EtaN N W

“‘-\_\ o = e2

Ph NMe> ByOH-H,0 Ph)\l)LNMEE 2) EtN or DBU F’h/_\of
OH

5:1 regioselectivity, racemic (94%)
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Sharpless Asymmetric Aminohydroxylation (AA):

Carbamate ( FERESHE ) Variant

U o,B-unsaturated esters:

@]
|
RO N.
o Na HI‘;IJ\OR
L~ -COCHy °© . oy~ COZCH
cat. KQDSDQ(OHL‘ =
(DHQ),PHAL OH
R = Bn 1:1 "PrOH-H;0 94% ee (65%) =—— Amine can be de_protected
Et  1:1 "PrOH-H,0 09% ee (78%) Y hydrogenolysis.
‘Bu 2:1 "PrOH-H-0 78% ee (71%) =— Amine can be deprotected by acid.
oR i
MesSi~ """ "Na HNAOwS'MES
o\ COPr . ot~ CO2PT
cat. KoOsO2(OH)4 E}H 99% ee (70%)
(DHQ),PHAL Carbamate cleaved with

BusNF in CH3CN.
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Reversal of Regioselectivity Using

(DHQ),AQN Ligand

U a,pB-unsaturated esters:

OH
CBZN(CI)Na -
PhWCOECHS cat KzOst(OrHM PthOECHa 957 ee (95%)
' \ 79:21 regioselectivity
(DHQ),AQN NHCBZ

» Reversal of regioselectivity using (DHQ),AQN ligand.

O Styrenes:
Y NHCBZ
3 eq uw

,[:::(xﬁb BnOC(O)N(CI)Na #E::irﬁﬁxf' f[::]/fxv/NHCBZ
cat. K;OsOo( OH
BnO "
15 TPrOR=H,0 97% ee (76%)
88:12 A B

» Influence of ligand and solvent on regioselectivity:

ligand solvent A:B
(DHQ),PHAL "PrOH-H-0 388:12  -However, enantioselectivities for B
(DHQ);AQN CH3CN-H,0O 25:75 regioisomers are poor (0-80% ee).
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Reversal of Regioselectivity Using

(DHQ),AQN Ligand: t-Bu Carbamate

O t-Bu carbamate based AA affords slightly poorer regioselectivities and yields
compared to benzyl carbamate series, but enantioselectivities approach 100%
In both cases.

NHBOC

m 'BuO,CN(CI)Na /@/\/ /@/\/NHBOC
99% ee (68%)
BnO cat. KEOSOE(OH 8317 CD
2:1 "PrOH-H,0
(DHQ)»PHAL

O

X RO:CN(CINa OH
cat. KEDSOQ(OH O‘
(DHQ),PHAL
R= Bn 99% ee (70%)  >10:1 regioselectivity
‘Bu 98% ee (70%)  88:12 regioselectivity

MesSis . 97%ee (48%)  86:14 regioselectivity
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Amide Variant

T';lHAC TSHQ.CI
o X COZPr  AGNHBILIOH 5 A~ _CO/Pr  10%HCI A _COH
cat. KoOsO,(OH)4 C}H &

1:1 BUOH-H,0 9994, ee. 81%
(DHQ).PHAL (>10:1 regioselectivity)

77% overall
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Wacker Oxidation

 Wacker process for the commercial production of acetaldehyde:

= + 120, ———— > CH;CHO

O Mechanism: — T H.0
),_> PdCl, \Q‘z

120, PdCI; O %H.,

2 HCl 2 CuCl Clpd™ >~~~

HC

2 CuCl, '
H20 Pdg /\/OH
CcIPd

CH;CHO N-e-



Wacker-Type Reactions

10 % PdCl,
CuCl or benzoquinone o
— (reoxidant)
Cq:H o > )j\
T DMF/H,0 7:1 CgHi7  CHg
O,-filled balloon or
ambient atmosphere 34%
Me Me Me NMe
= 2 O3, 20 mol % Cu(OAc)2 s = 0
Y 10 mol % Pdcl, YO
07\/0 - OXO Me
Md Me DMA/H,0 (7:1) md Mo

Smith JACS 1999, 727, 10468
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Enantioselective Wacker-Type Reactions

10 mol% cat
ot

BQ, MeOH

Me
0]

90-97 % ee
n=1,2
cat =
Pd(O,CCF3)s
[OO %
= j-Pr, Bn
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Enantioselective Wacker-Type Reactions

L /Pd(O,CCF3), OB
> z

(20 mol%) 0

HO OBz
66% yield, 95% ee

Sasai JACS 2001, 723, 2907
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Using Nitrogen Nucleophiles

= 1-10 % PdCl,(CH5CN), A
: CH,

THF, BQ reoxidant N
NH; [LiCI] RT H

x 1

$|!u:u.n dL.
' B-H
< - Tﬂr
NH,

L,Pd(H)X—» L,Pd(0)
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Using Nitrogen Nucleophiles

O/\ @\ 2% PA(OTNL(DPPF) N(H)Ph

H TfOH or TFA .
>99% yield

L Pd"_J NH,Ph

N{H)Ph

NHzPh
d“
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Catalytic Asymmetric Variant

N TN Pd(PPha)g AN A
u ’ U\Fs PhCHs, AT, 200 U
75% yield
10 mol% 95% ee
)
H H

10 mol% TFA

[ Possible Mechanism of Hydroamination in the Absence and Presence of Acid:

PHHN" = an.j NHLPh PRHN" " | S o~
N /f)/ R/NHEF‘h \{
LnPd— and_%_ L,Pd— | LnPd—
PIHN ™~ g \_..4

NH:Ph

Hartwig, J. J. Am. Chem. Soc. 1996, 118, 7420.
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