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o) o) * Examples
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Ket Est CHzO CH0
etone ster m-CPBA, NaHCO;  /
(4 >
Bayer-Villiger Oxidation CH,Cl, ©
. i o HO H

Reviews 95% (£)-PGFy,

Krow, G. R. In Comprehensive Organic Synthesis, Trost, B. M.; Fleming, I., Eds., Pergamon
Press: New York, 1991, Vol. 7, p. 671-688.

Krow, G. R. In Organic Reactions, Paquette, L. A., Ed., John Wiley and Sons: New York, 1993,
Vol. 43, p. 251-296.

« A classic method for the oxidative conversion of ketones into the corresponding esters or
lactones by oxygen insertion into an acyl C-C bond.

« The migratory preference of alkyl groups has been suggested to reflect their electron-releasing
ability and steric bulk.

« Typically, the order of migratory preference is tertiary > secondary > allyl > primary > methyl.
« The reactivity order of Bayer-Villiger oxidants parallels the acidity of the corresponding

carboxylic acid (or alcohol): CF;CO3H > p-nitroperbenzoic acid > m-CPBA = HCO3H >
CH3CO3H > HOOH > t-BuOOH.

(IZOR'
.0
o] R'COgH O’ A —R'CO,H o
RN %) R.O” R
H'gl
R, = Large Group Criegee Intermediate

* Primary and secondary stereoelectronic effects in the Bayer-Villiger reaction have been
demonstrated.

) COR
primary 6
effect o~
H *
« Primary effect: antiperiplanar alignment of R_ and og_o R
R
* Secondary effect: antiperiplanar alignment of Oy, and o*¢ gy L I secondary

effect
$
Proposed TS

Crudden, C. M.; Chen, A. C.; Calhoun, L. A. Angew. Chem., Int. Ed. Engl. 2000, 39, 2852-2855.

« The Bayer-Villiger reaction occurs with retention of stereochemistry at the migrating center.

Turner, R. B. J. Am. Chem. Soc. 1950, 72, 878-882.
Gallagher, T. F.; Kritchevsky, T. H. J. Am. Chem. Soc. 1950, 72, 882-885.

Corey, E. J.; Weinshenker, N. M.; Schaaf, T. K.; Huber, W. J. Am. Chem. Soc. 1969, 91, 5675-5677.

Ph, PR,
. OCHs/\
oCHs I\ m-CPBA, Li,CO4 N-CieHaz., fN o]
e i S dJ
2%-12
5 o)
0o 99% o)

Miller, M.; Hegedus, L. S. J. Org. Chem. 1993, 58, 6779-6785.

« Selective Bayer-Villiger oxidation in the presence of unsaturated ketones and isolated olefins has
been achieved.

CHs
H,0, (anhydrous),
2 _2( ydrous) BOMO, =
Ti(Qi-C3H5),, ether ” H
DIEA, =30 °C HsC o

>55%

BOMO,

Still, W. C.; Murata, S.; Revial, G.; Yoshihara, K. J. Am.
Chem. Soc. 1983, 105, 625-627.

» Carbamates have been prepared in some cases.

/@,cm
N N
l |
o m-CPBA, CH;OH o
N >
N’go

1
CHjz 70% 1

Azizian, J.; Mehrdad, M.; Jadid, K.; Sarrafi, Y. Tetrahedron Lett. 2000, 41, 5265-5268.
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o OMOM OMOM
Ron RJLOH AchN,, RUO,(H;0),, Nalo,  ACHN..
Alcohol Acid N _OH  CHgCN, CCly, Ho0 N rOH
Boc Boc O

Ruthenium Tetroxide: RuO,

» RuO, is used to oxidize alcohols to the corresponding carboxylic acid. It is a powerful oxidant
that also attacks aromatic rings, olefins, diols, ethers, and many other functional groups.

- Catalytic procedures employ 1-5% of ruthenium metal and a stoichiometric oxidant, such as
sodium periodate (NalOy,).

» Sharpless has introduced the use of acetonitrile as solvent to improve catalyst turnover. It is
proposed to avoid the formation of insoluble Ru-carboxylate complexes and return the metal to
the catalytic cycle.

Djerassi, C.; Engle, R. R. J. Am. Chem. Soc. 1953, 75, 3838-3840.
Carlsen, P. H. J.; Katsuki, T.; Martin, V. S.; Sharpless, K. B. J. Org. Chem. 1981, 46, 3936-3938.

) Examples
RuCls, NaOCI COH
CCly, H0 ©:002H
70%

Sptzer, U. A; Lee, D. G. J. Org. Chem. 1974, 39, 2468-2469.

O RUOz, Na|04
. CCly, 1,0 HO,C  CO.H
68%

Smith, A. B., lll; Scarborough, R. M., Jr. Synth. Commun. 1980, 10, 205-211.

RuCly-Nalo,
CHCN, CCly, HoO

60%

(x)-scopadulcic acid B

Overman, L. E.; Ricca, D. J.; Tran, V. D. J. Am. Chem. Soc. 1997, 119, 12031-12040.

98%
Clinch, K.; Vasella, A.; Schauer, R. Tetrahedron Lett. 1987, 28, 6425-6428.

+ In the following example, sodium periodate cleaves the 1,2-diol to an aldehyde, which
is further oxidized to the corresponding carboxylic acid by RuO4. The amine is
protonated and thereby protected from oxidation.

1. RuCly-NalO,,
CHsCN, CCly, H,O
2. (CH3)gSICHN,

o NO OCH,
N OBz

OBz

78% overall (8)-(+)-cocaine

Lee, J. C.; Lee, K.; Cha, J. K. J. Org. Chem. 2000, 65, 4773-4775.

Molecular Oxygen

« Molecular oxygen in the presence of a platinum catalyst is a classic method for the oxidation of
primary alcohols to the corresponding carboxylic acids.

* Examples
o]
O,/Pt
Bn \/Y\OH 2 Bn \/\)I\OH
~NH NH
Boc 65% Boc

Mehmandoust, M.; Petit, Y.; Larcheveque, M. Tetrahedron Lett. 1992, 33, 4313-4316.

« Primary alcohols are oxidized selectively in the presence of secondary alcohols.

OHO O OH O
Ho A '\HLOCH 1.0/Pt_ CHZ0 ocH,
N 3 2
0l NHPt 2. Ch| O O NHPf
“CH, “ICHg
CH, 85% CHs

Pf = 9-phenylfluorenyl

Park, K. H.; Rapoport, H. J. Org. Chem. 1994, 59, 394-399.
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Jones Oxidation

« Jones reagent is a standard solution of chromic acid in aqueous sulfuric acid.

+ Acetone is often benefical as a solvent and may function by reacting with any excess
oxidant.

* Isolated olefins usually do not react, but some olefin isomerization may occur with
unsaturated carbonyl compounds.

+ 1,2-diols and a-hydroxy ketones are susceptible to cleavage under the reaction conditions.

« Examples:
(o] o}
Jones reagent
- 0 °C g
cHY chY
° 85% °
CO,H

OH

Corey, E. J.; Trybulski, E. J.; Melvin, L. S.; Nicolaou, K. C.; Secrist, J. A.; Lett, R.; Sheldrake, P.
W.; Flack, J. R.; Brunelle, D. J.; Haslanger, M. F.; Kim, S.; Yoo, S. J. Am. Chem. Soc. 1978,
100, 4618-4620.

« Silyl ethers can be cleaved under the acidic conditions of the Jones oxidation.

BnO/Y\/OTBS BnO” > CO,H

0
ONAco,cH, NZC0,CH,

Jones reagent
-10—-23°C

88-97%

Evans, P. A.; Murthy, V. S.; Roseman, J. D.; Rheingold, A. L. Angew. Chem., Int. Ed. Engl. 1999,

38, 3175-3177.

HO,
OH o
Jones reagent

-5°C

N W
>86%, 78-g scale

Thottahil, J. K.; Moniot, J. L.; Mueller, R. H.; Wong, M. K. Y.; Kissick, T. P. J. Org. Chem. 1986,
51, 3140-3143.

NCBz NCBz

« Toxicity concerns inherent to chromium(VI1) species can be minimized by employing CrO3 as a
catalyst in the presence of periodic acid as stoichiometric oxidant.

o}
Ph CrO3 (1.1 mol %) Ph
§ OH H5lO04g OH
90%

Zhao, M.; Li, J.; Song, Z.; Desmond, R.; Tschaen, D. M.; Grabowski, E. J. J.; Reider, P. J.
Tetrahedron Lett. 1998, 39, 5323-5326.

N-Oxoammonium-Mediated Oxidation of Alcohols to Carboxylic Acids

+ A general method for the preparation of nucleoside 5'-carboxylates:

HO \U TEMPO, Phi(OAc), \Q
it CHsCN, H,O i
o>/o o>/o

HaC’ “CH, B = A (90%) HaC’ “CH,
B = U (76%)
B = C (72%, NaHCO3; added)
B = G (75%, Na salt, NaHCO; added)

Epp, J. B.; Widlanski, T. S. J. Org. Chem. 1999, 64, 293-295.

« A brief follow-up treatment with sodium chlorite was necessary to obtain complete oxidation to
the bis-carboxylic acid in the following example.

OBn
o)
CF5CONH Wk
PivO o OQFv
H
Ph. _N_ _NH ©

T @”?O

r N NCHQOBn

HO,C

o]

0o
N_.O
L%
NH
o

4-desamino-4-oxo-ezomycin A,

ZN\n/NH
0]

1. Hp, 20% Pd(OH),-C,
EtOAc, EtOH
2. Phl(OAc),, TEMPO

CHaCN, NaHCO3, HyO \

3. NaClO,, t-BuOH, H,O
NaH,PO,, isopentene

49% overall

HO,G

CFACONHT A0 oo 1

PivO 2 OPiv
NHs, CHzOH H

55 °C NH ©
T N p©

. O O |
65% rNH

0

Knapp, S. K.; Gore, V. K. Org. Lett. 2000, 2, 1391-1393.

Mark G. Charest, Jonathan William Medley
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o o] * Arelated diastereoselective conjugate addition/a-oxidation protocol has been employed on
J\/R‘ —_— R' industrial scale for the synthesis of an HCV protease inhibitor.
R R
OH HsC_-CHs
Ketone a-Hydroxy Ketone
CHs
Davis Oxaziridine =>gqg—N X
: “NBn 0|_| OTRY P NBn O
* Reviews /\)]\ (0] H
—> —_—
Davis, F. A.; Chen, B. Chem. Rev. 1992, 92, 919-934. n-Bu OtBu n-BU OtBu n-Bu OtBu

Jones, A. B. In Comprehensive Organic Synthesis, Trost, B. M.; Fleming, |., Eds., Pergamon 81% (single isomer isolated)

Press: New York, 1991, Vol. 7, p. 151-191. 27-kg scale

Traverse, J.; Leong, W. W.; Miller, S. P.; Albaneze-Walker, J.; Hunter, T. J.; Wang, L.; Liao, H.;
Arasappan, A.; Trzaska, S. T.; Smith, R. M.; Lekhal, A.; Bogen, S. L.; Kong, J.; Bennett, F.; Njoroge,

N-Sulfonyloxaziridines are prepared by the biphasic oxidation of the corresponding sulfonimine
with m-CPBA or Oxone.

‘ m-CPBA or Oxone & R F. G.; Pairier, M.; Kuo, S.-C.; Chen, Y.; Matthews, K. S.; Demonchaux, P.; Ferreira, A. Patent: WO
RSO,N=CHR > rsorN - 2011014494,
2
XD NS
. . "0 1. KHMDS, HMPA, N
Davis oxaziridine: R = R' = Ph :
THF, 10 °C
* Nucleophilic attack by enolates on the electrophilic oxaziridine oxygen furnishes a-hydroxy CHs 2 _78°C

ketones.

TBDPSO CHs TBDPSO

H3C
* Potassium enolates are generally the most successful.

+ Examples

CHy KHMDS, Davis
oxaziridine, THF
_—
2 CH, ~78—>-20°C

73%
taxol

97% at
57% conversion

Smith, A. B., lll; Empfield, J. R.; Rivero, R. A.; Vaccaro, H. A.; Duan, J. J.-W.; Sulikowski, M. M. J.
Am. Chem. Soc. 1992, 114, 9419-9434.

Wender, P. A.; et al. J. Am. Chem. Soc. 1997, 119, 2757-2758.

+ Enantioselective hydroxylation of prochiral ketones has been demonstrated.

OCHz 4 1.NaHMDS
O L oo
CH30 OCH; &
%\&N:CI

0 0 <
1. NaHMDS 0=8-;
CH —_— CH 1o
PhJ\/ 3 2. HaC_CHy Ph)l\{ ¢ °
Cl OH 50% (94% ee)
Cl
o=§f,N
o)

61% (95% ee)
CHZO

Davis, F. A.; Chen, B. J. Org. Chem. 1993, 58, 1751-1753. (+)-O-trimethylbrazilin
Mark G. Charest, Jonathan William Medley

Davis, F. A.; Chen, B. Chem. Rev. 1992, 92, 919-934.
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Molybdenum peroxy compounds: MoOg-pyr-HMPA

0.9
O—Mp:O

((CHg)2N)sP=0 @

- Oxodiperoxymolybdenum(pyridine)hexamethylphosphoramide (MoOPH) is commonly used to
oxidize enolates to the corresponding hydroxylated compound.

* It is proposed that nucleophilic attack of the enolate occurs at a peroxyl oxygen atom, leading
to O-O bond cleavage.

- B-Dicarbonyl compounds are not hydroxylated.

- Examples

OHC pHo’>
Hsc o

1. LDA, THF, -78 °C‘ (o}

2. MoOPH ”

91% HaC CHs

H30+l
OHC OH
HsC \?

3y __CHO

HsC CHg

(+)-warburganal

Jansen, B. J. M.; Sengers, H.; Bos, H.; de Goot, A. J. Org. Chem. 1988, 53, 855-859.

o MC _cH,
HaC
H, 1. LDA, THF, 78 °C _
' 2. MoOPH, —40 °C
CHg
VCHs o

O .3 Ry = H, Ry = OH 45%

Ry = OH, Ry = H 25%
CH,S ! 2 CH,S

Kato, N.; Okamoto, H.; Arita, H.; Imaoka, T.; Miyagawa, H.; Takeshita, H. Synlett. 1994, 337-339.

Rubottom Oxidation

+ Epoxidation of a silyl enol ether and subsequent silyl migration furnishes a-hydroxylated ketones.

+ Silyl migration via an oxocarbenium ion has been postulated.

_SiR,

/S|R3 ,Sle
O s -
Ry
RZ 2

Rubottom, G. M.; Vazquez, M. A.; Pelegrina, D. R. Tetrahedron Lett. 1974, 4319-4322.
Brook, A. G.; Macrae, D. M. J. Organomet. Chem. 1974, 77, C19-C21.
Hassner, A.; Reuss, R. H.; Pinnick, H. W. J. Org. Chem. 1975, 40, 3427-3429.

R\

CHj

‘ \O\("CHs

m-CPBA, NaHCO;
EtOAC -

70%

Clive, D. L. J.; Zhang, C. J. Org. Chem. 1995, 60, 1413-1427.

PMBO,,,

BOMO

OTBS

" YOTBS
OTBS

dimethyldioxirane

camphorsulfonic acid

79%

dimethyldioxirane = (l)>‘\“CH3
0" ¥CH,

PMBO,,

BOMO

Reddy, K. K.; Saady, M.; Falck, J. R. J. Org. Chem. 1995, 60, 3385-3390.

0]

CHj

.‘\O\("CH:3

ot

OTBS

OTBS

OTBS

Mark G. Charest
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OH (0]
HO —> 0
‘—t)n ‘/—U\P)n
diol lactone

* Review

Procter, G. In Comprehensive Organic Synthesis, Trost, B. M.; Fleming, |., Eds., Pergamon
Press: New York, 1991, Vol. 7, p. 312-318.

Fetizon's Reagent

- Silver carbonate absorbed on Celite has been found to selectively oxidize primary diols to
lactones.

Fetizon, M.; Golfier, M.; Louis, J.-M. J. Chem. Soc., Chem. Commun. 1969, 1102-1118.

Fetizon, M.; Golfier, M.; Mourgues, P. Tetrahedron Lett. 1972, 13, 4445-4448.

Kakis, F. J.; Fetizon, M.; Douchkine, N.; Golfier, M.; Mourgues, P.; Prange, T. J. Org. Chem.

1974, 39, 523-533.

OH
(0]
OH Ag,COg on 5
Celite, CgH
CH, . " %  CHs .
N reflux N
>74%

(+)-bukittinggine
Heathcock, C. H.; Stafford, J. A.; Clark, D. L. J. Org. Chem. 1992, 57, 2575-2585.

OH CHO MOMO O0Bn  AgCOzon CH;O MOMQ OBn
Y X VA A y Celite, CGHG X ~
CHs OH CHz CHg CHs 80°C
75%

(x)-macbecin |

Coultts, S. J.; Kallmerten, J. Tetrahedron Lett. 1990, 31, 4305-4308.

* Lactols are oxidized selectively.

HO\G‘J OH
o o

Ag,CO3 on
HsC Celite, toluene
HsC 3
75-85 °C
S\
HsC 77%

Clive, D. L. J.; et al. J. Am. Chem. Soc. 1990, 112, 3018-3028.

Other Methods

Hsc/\Hl\

HsC

HaC™

(+)-mevinolin

+ Platinum and oxygen have been used for the selective oxidation of primary alcohols to lactones.

HsC HsC
Pt/O,
acetone, water
HO HsC OH HO HsC
HO 96% (0]

o damsin O

Kretchmer, R. A.; Thompson, W. J. J. Am. Chem. Soc. 1976, 98, 3379-3380.

« TEMPO has been employed as a catalyst for the preparation of lactones.

TEMPO, (AcO),IPh

.
>

CH,Cly, 23 °C

95%

Hansen, T. M.; Florence, G. J.; Lugo-Mas, P.; Chen, J.; Abrams
Lett., 2003, 44, 57-59.
» Ru complexes have also been employed.

RuH,(PPhg),,
H3C,' 2( 3)4

,J. N.; Forsyth, C. J. Tetrahedron

o]

100%

H.C OH PhCH=CHCOCH; i :o
s OH toluene - HsC

CH,

Ishii, Y.; Osakada, K.; Ikariya, T.; Saburi, M.; Yoshikawa, S. J. Org. Chem. 1986, 51, 2034-2039.
Mark G. Charest, Jonathan William Medley
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Oxidative Cleavage of Diols I

Sodium periodate (NalOy)

* Reviews:

Wee, A. G.; Slobodian, J. In Handbook of Reagents for Organic Synthesis: Oxidizing and Reducing

Reagents, Burke, S. D.; Danheiser, R. L., Eds., John Wiley and Sons: New York, 1999, p. 420—423.

+ One of the most common reagents for cleaving 1,2-diols.

HO

PO ™" PMBOH
0 NalO,, NaOH, EtOH 0
> o)
H Ci X/ “CgHis 0—-25°C,2h HaCal_ X CgHis
30 3
HC © >95% HeC ©

Nicolaou, K. C.; Zhong, Y.-L.; Baran, P. S.; Jung, J.; Choi, H.-S.; Yoon, W. H. J. Am. Chem. Soc.
2002, 124, 2202-2211.

Lead Tetraacetate (Pb(OAc),)

* Reviews:

Mihailovic, M. L.; Cekovic, Z. In Handbook of Reagents for Organic Synthesis: Oxidizing and
Reducing Reagents, Burke, S. D.; Danheiser, R. L., Eds., John Wiley and Sons: New York, 1999,
p. 190-195.

Butler, R. N. In Synthetic Reagents, Pizey, J. S., Ed., 1977, Vol 3, p. 277—419.

Rubottom, G. M. In Oxidation in Organic Chemistry, Trahanovsky, W. S., Ed.; Organic Chemistry,
A Series of Monographs, Vol 5, 1982, Part D, p. 1-145.

+ A common reagent for the cleavage of diols. However, Pb(OAc), is a strong oxidant and can
react with a variety of functional groups.

+ Examples:

HOH\OTBDPS 1. Pb(OAC)4, PhH
HO C)H:3 2. NaBH4, CH3OH

84% (two steps)

(0)
n,, o
Ho” R\OH
OTBDPS

HyC

Takao, K.; Watanabe, G.; Yasui, H.; Tadano, K. Org. Lett. 2002, 4, 2941-2943.

TBS TBS
PhS
N o} o}
=/ HO Pb(OAC
0] “, #» o i /&O
/" toluene, 0 °C
HO 20—45 min
H H H H
(CHy)gOBn (CHy)gOBn 90% (CH,)60Bn

Tan, Q.; Danishefsky, S. J. Angew. Chem. Int. Ed., Eng. 2000, 39, 4509-4511.

+ a-Hydroxyketones can be cleaved as well:

Pb(OAc),

CH3OH-PhH (1:2)
0 °C, 30 min

82%

Corey, E. J.; Hong, B. J. Am. Chem. Soc. 1994, 116, 3149-3150.

+ Oxidative cyclizations sometimes occur. This process likely proceeds by a free-radical
mechanism involving homolytic cleavage of an RO-Pb bond.

HSC OAc

Pb(OAc),

L

PhH, 80 °C, 18 h
68%

Bowers, A.; Denot, E.; Ibahez, L. C.; Cabezas, M. A.; Ringold, H. J. J. Org. Chem. 1962, 27,
1862—-1867.

Mihailovic, M. L.; Cekovic, Z. Synthesis 1970, 5, 209—224.

+ In addition, Pb(OAc), can oxygenate alkenes, oxidize allylic or benzylic C—H bonds, and has
been used to introduce an acetate group o to a ketone.

Landy Blasdel
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Oxidative Cleavage of Alkenes I

Ozone

* Reviews:

Berglund, R. A. In Handbook of Reagents for Organic Synthesis: Oxidizing and Reducing
Reagents, Burke, S. D.; Danheiser, R. L., Eds., John Wiley and Sons: New York, 1999,
p. 270-275.

Lee, D. G.; Chen, T. In Comprehensive Organic Synthesis, Trost, B. M.; Fleming, |., Eds.,
Pergamon Press: New York, 1991, Vol 7, p. 543-558, 574-578.

Murray, R. W. In Techniques and Methods of Organic and Organometallic Chemistry ,
Denny, D. B., Ed., Marcel Dekker: New York, 1969, Vol 1, p. 1-32.

Murray, R. W. Acc. Chem. Res. 1968, 1, 313-320.
+ Ozone is the most common reagent for the oxidative cleavage of olefins.
+ The reaction is carried out in two steps:

(1) a stream of O3 in air or O, is passed through the reaction solution at low temperature
(0 °C to —78 °C) until excess Og in solution is evident from its blue color.

(2) reductive or oxidative work-up.

* Mechanism:

® R Rs o’o‘o 0 . _<R4
+ >—<_ —_— —_— 37N
O”O\Oe Ry Rg R1“‘H"R3 l:‘1)J\F‘2 ' 0O ®
R2 R4 eo
molozonide
RS R4
(0] (0] reductant
!

o 0
N :
R "R, Ry "R, R1+o
Ry
ozonide
+ Considered to be a concerted 3 + 2 cycloaddition of O3 onto the alkene.

+ Because ozonides are known to be explosive, they are rarely isolated and typically are transformed
directly to the desired carbonyl compounds.

Dimethyl sulfide is the most commonly used reducing agent. Others include I,, phosphine,
thiourea, catalytic hydrogenation, tetracyanoethylene, Zn—-HOAc, LiAlH,, and NaBH,_ The latter
two reductants afford alcohols as products.

-+ Oxidative workup provides either ketone or carboxylic acid products. The most common oxidants
are HyO,, AgO,, CrOz, KMnOy, or Oy

+ Alkenes with electron-donating substituents are cleaved more readily than those with electron-
withdrawing substituents, see: Pryor, W. A.; Giamalva, D.; Church, D. F. J. Am. Chem. Soc. 1985,
107, 2793-2797.

+ Examples

1. O3, CH,Cl,—CHZ0H
(15:1), =78 °C HsCr

-
'

2. thiourea, —78 °C

4,

65% HsC

™
0 OTMS OTBS

Wender, P. A.; Jesudason, C. D.; Nakahira, H.; Tamura, N.; Tebbe, A. L.; Ueno, Y. J. Am.
Chem. Soc. 1997, 119, 12976-12977.

» Forming the primary ozonide with sterically hindered olefins is difficult, and epoxides can be
formed instead:

1. O, (CH,C),, 0 °C

p
Y

2.Zn,HOAc, 75 °C

71%
Hochstetler, A. R. J. Org. Chem. 1975, 40, 1536-1541.

+ Alkenes are ozonized more readily than alkynes:

HsCO, p—=—H HsCO, p—=—H
Ehed 1. O3, CH,Cly, CHZOH s
0= ;. 2. S(CHa)o o N
N \\—Ph > N OH
3. NaBH,
92%

OTBS OTBS

+ When a TMS-protected alkyne was used in the example above, the authors observed
products arising from ozonolysis of the alkyne as well.

Banfi, L.; Guanti, G. Tetrahedron Lett. 2000, 41, 6523—6526.

+ Ozonolysis of silyl enol ethers can afford carboxylic acids as products:

OTMS 1. O3, CH30H-CHJCl»
(3:1), -78 °C
‘ O 2. S(CHy),, -
HsC OCHj —78°C =23 °C
92%

Padwa, A.; Brodney, M. A.; Marino, J. P., Jr.; Sheehan, S. M. J. Org. Chem. 1997, 62, 78-87.

Landy Blasdel
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Oxidative Cleavage of Alkenes I

Wee, A. G.; Liu, B. In Handbook of Reagents for Organic Synthesis: Oxidizing and
Reducing Reagents, Burke, S. D.; Danheiser, R. L., Eds., John Wiley and Sons: New York,
1999, p. 423-426.

0504, NaIO4

Lee, D. G.; Chen, T. In Comprehensive Organic Synthesis, Trost, B. M.; Fleming, I., Eds.,
Pergamon Press: New York, 1991, Vol. 7, p.564.

VanRheenen, V.; Kelly, R. C.; Cha, D. Y. Tetrahedron Lett. 1976, 1973.

« A two-step procedure involving initial dihydroxylation with OsO, to form 1,2-diols, followed by
cleavage with periodate.

« This procedure offers an alternative to ozonolysis, where it can be difficult to achieve
selectivity for one olefin over another due to difficulties in adding precise quantities of ozone.

+ Sharpless dihydroxylation conditions (AD-Mix a/p) can lead to enhanced selectivities.

OPMB t 0sO. NMO PMBO OH NalO PMBO O
cat. OsQy, alUy
H3C ; Xy —> HSC ; OH —_— HSC ; H
bR T Wb RS bk

93% (two steps)

Roush, W. R.; Bannister, T. D.; Wendt, M. D.; Jablonowski, J. A.; Sheidt, K. A. J. Org. Chem.
2002, 67, 4275-4283.

« The procedure is most often performed in two steps, but the transformation is sometimes
accomplished in one:

0304, Na|O4
O _
N THF, H,0, 23 °C

62% conversion

+ Notice that in the example above, the less-hindered olefin was cleaved selectively.

Maurer, P. J.; Rapoport, H. J. Med. Chem. 1987, 30, 2016—2026.

OCHs OCH3
OCHs; OCHs
O 1 or 2 steps O
C . O
NT: NT:
HaCO S NA HaCO S ©

OBn OBn H

0s0y4 (cat.), NalOg4, THF—H50 (3:1).eceieeiiiiiiiiciecieeie 77%

1. OsOy (cat.), NMO, acetone—H,O—t-BuOH (4:2:1);
2. NalOy, THF=Ho0 (3:1).uecveerrerereeceeereeereeeeeessesseeneseesons 89%

+ Frequently the two-step protocol is found to be superior to the one-pot procedure. In the example

shown, over-oxidation of the aldehyde was observed in the one-pot reaction.

Bianchi, D. A.; Kaufman, T. S. Can. J. Chem. 2000, 78, 1165-1169.

» An improved one-pot procedure uses 2,6-lutidine as a buffering agent:

CHz OPMB 0s0;, NalO,, CHsz OPMB CHsz OPMB
S 2,6-lutidine H T T
CHs 5 o CH; * HO CHs
OTBS ioxane-H,0 (3:1) O OTBS O OTBS
90% 6%

» Ozonolysis of this substrate resulted in PMB removal.

» The authors found that without base, the a-hydroxyketone was formed in ~30% yield.
Using pyridine as base, epimerization of the aldehyde product was observed.

Yu, W.; Mei, Y.; Kang, Y.; Hua, Z.; Jin, Z. Org. Lett. 2004, 6, 3217-3219.
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I Oxidative Cleavage of Alkenes I

Ru04

+ References:

Martin, V. S.; Palazon, J. M.; Rodriguez, C. M. In Handbook of Reagents for Organic Synthesis:
Oxidizing and Reducing Reagents, Burke, S. D.; Danheiser, R. L., Eds., John Wiley and Sons:
New York, 1999, p. 346-353.

Lee, D. G.; Chen, T. In Comprehensive Organic Synthesis, Trost, B. M.; Fleming, I., Eds.,
Pergamon Press: New York, 1991, Vol 7, p.564-571, 587.

Djerassi, C.; Engle, R. R. J. Am. Chem. Soc. 1953, 75, 3838-3840.
+ RuOy, is a powerful oxidant that is nevertheless useful in many synthetic transformations.

» RuO,4 has been used to cleave alkenes where other oxidation methods (e.g., Oz, OsO4/NalOy,)
have failed.

+ Reaction conditions are relatively mild and usual involving generation of RuOy, in situ from
RuO,+2H,0 or RuClz*H,0 and an oxidant, such as NalO,.

+ Solvent mixtures of CCly, H,O and CH3CN have been determined to be optimal. CH3;CN is
a good ligand for low valent Ru, and it prevents formation of stable Ru(ll/lll)—carboxylate
complexes which remove Ru from the catalytic cycle. See: Carlsen, P. H. J.; Katsuki, T.;
Martin, V. S.; Sharpless, K. B. J. Org. Chem. 1981, 46, 3936-3938.

+ RuO,4 will also oxidize alcohols (to ketones), ethers (to lactones or to two carboxylic acids), diols
(to two carboxylic acids), alkynes (to 1,2-diketones), and aryl rings (to carboxylic acid products).
It will also remove aryl and alkyne groups, leaving carboxylic acids.

RUOz, NaIO4

CCl4~CHsCN—H,0
(1:1:1.5),23°C, 1 h

HaC

68%

Myers, A. G.; Condroski, K. R. J. Am. Chem. Soc. 1995, 117, 3057-3083.

, HaC
5:%\ CHg
H CH

Mehta, G.; Krishnamurthy, N. J. Chem. Soc., Chem. Commun. 1986, 1319—-1321.

RuO, Nalo, : CHg
CCl4i~CHaCN-H,0

CHj
H
82% O CH,

Ketone —_—

a,B-Unsaturated Ketone

See also: o-lodobenzoic Acid
(IBX) earlier in handout

General Reference:

Buckle, D. R.; Pinto, I. L. In Comprehensive Organic Synthesis, Trost, B. M.; Fleming, I., Eds.,
Pergamon Press: New York, 1991, Vol. 7, p. 119-149.

Saegusa Oxidation
Ito, Y.; Hirao, T.; Saegusa, T. J. Org. Chem. 1978, 43, 1011-1013.
+ A two-step procedure involving silyl enol ether formation, followed by treatment with Pd(ll).

+ The reaction can be performed with stoichiometric Pd(ll), or can be rendered catalytic if a
terminal oxidant, such as O, or p-benzoquinone, is used.

* Mechanism:

o TMS.Cl OTMS PA(OAC), Pl QTS
—_— _—
|)j\s*° %\s“ ar
i\ TMS-OAC
o p-elim Pd"j)oj\!,s Pl
H\"’ Pd(0) ’ %\s"

Ito, Y.; Hirao, T.; Saegusa, T. J. Org. Chem. 1978, 43, 1011-1013.
Porth, S.; Bats, J. W.; Trauner, D.; Giester, G.; Mulzer, J. Angew. Chem. Int. Ed. 1999, 38,

2015-2016
LiTMP, TMS-CI
‘\\H —_—
o} |~ oTPs THE, —78 °C TMSO OTIPS
PMBO PMBO

Pd(dba),*CHClIj (5 mol%),
WH diallyl carbonate, CH3CN
o) OTIPS

90% (two steps)
PMBO |

+ In this case, diallyl carbonate is used as a terminal oxidant.

Ohshima, T.; Xu, Y.; Takita, R.; Shimizu, S.; Zhong, D.; Shibasaki, M. J. Am. Chem. Soc.
2002, 124, 14546—-14547.
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Ketone —>»  q,B-Unsaturated Ketone

Selenation/Oxidation/Elimination

Buckle, D. R.; Pinto, I. L. In Comprehensive Organic Synthesis, Trost, B. M.; Fleming, |., Eds.,
Pergamon Press: New York, 1991, Vol. 7, p. 128-135.

Sharpless, K. B.; Young, M. W.; Lauer, R. F. Tetrahedron Lett. 1973, 14, 1979-1982.
Sharpless, K. B.; Lauer, R. F.; Teranishi, A. Y. J. Am. Chem. Soc. 1973, 95, 6137-6139.
Reich, H. J.; Reich, I. L.; Renga, J. M. J. Am. Chem. Soc. 1973, 95, 5813-5815.

Reich, H. J.; Renga, J. M.; Reich, I. L. J. Am. Chem. Soc. 1975, 97, 5434-5447.

+ PhSeBr and PhSeCl can be used to selenate enolates of ketones, esters, lactones and lactams.

+ PhSeSePh can be used as well, but ketone enolates are unreactive

+ Aldehydes can be selenated via:
— enol ethers: Nicolaou, K. C.; Magolda, R. L.; Sipio, W. J. Synthesis 1979, 982—-984.
— enamines: Williams, D. R.; Nishitani, K. Tetrahedron Lett. 1980, 21, 4417—4420.

— one-step procedure with PhSeSePh, SeO,, and a catalytic amount of H,SO,4: Miyoshi, N.;
Yamamoto, T.; Kambe, N.; Murai, S.; Sonoda, N. Tetrahedron Lett. 1982, 23, 4813-4816.

* Mechanism:

o base ©0
—_—

A A

PhSeBr

SePh

l [O]
o]
Q )%/\H
> B E— -«
)l\/ Ph/Se A

Se
Ph” “OH +

S

» Common oxidants include H,O,, O3, and NalOy,

« Elimination is syn-specific, see: Jones, D. N.; Mundy, D.; Whitehouse, R. D. J. Chem. Soc.,
Chem. Commun. 1970, 86-87.

« Electron withdrawing groups on the phenyl ring facilitate the elimination step, which can be
difficult with primary or 8- or y-branched selenoxides: Sharpless, K. B.; Young, M. W. J. Org.
Chem. 1975, 40, 947-948.

+ Examples:

1. LDA, THF

0 ~78°C
——
Ph/\é 2. PhSeBr

Q H50,, pyridine
SePh —— >
Ph CH,Cl—H,0,

(0]

)

66%

25 °C, 30 min

+ Generating the enolate under kinetic conditions can allow for formation of the less-substituted

double bond.

Reich, H. J.; Renga, J. M.; Reich, I. L. J. Am. Chem. Soc. 1975, 97, 5434-5447.

O

1. LDA; PhSeCl

HsC
HsC"

CH:3 2. H202

HaC™

64%

Annis, G. D.; Paquette, L. A. J. Am. Chem. Soc. 1982, 104, 4504—4506.

1. LDA, THF, O

HMPA, —78 °C

2. PhSeSePh H CHj
88% cis-fused

SePh
H>0,, THF, H50,

AcOH, 0 °C
~100%

(@)

H CHg
trans-fused

1. LDA, THF,

HMPA, —78 °

2. PhSeSePh
85%

H,0,, THF, Hx0,
AcOH, 0 °C
H

96%

+ The example above illustrates how the stereospecificity (syn) of the elimination can be used to

achieve selectivity in olefin formation.

Grieco, P. A.; Miyashita, M. J. Org. Chem. 1974, 39, 120—122.
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Alkene —_— Allylic alcohol

SeOz

» References

Bulman Page, P. C.; McCarthy, T. J. In Comprehensive Organic Synthesis; Trost, B. M.; Fleming, .,
Eds.; Pergamon Press: New York, 1991, Vol. 7, p. 84-91, 108-110.

Rabjohn, N. In Organic Reactions, 1976,Vol 24, p. 261-415.

+ General method for oxidizing alkenes to allylic alcohols.

+ Although the reaction can be performed with stoichiometric SeO,, catalytic methods employing a
stoichiometric oxidant (e.g., tBuOOH) are more frequently used.

+ Mechanism:

Oy .OH
e
H3C/§|/CH3 0=Se=0 HyC
CHs ene reaction CHs

l [2,3]-sigmatropic

rearrangement
_Se_
OH HO™ o
Haoy - HSC/\H
CHj CHj

Singleton, D. A.; Hang, C. J. Org. Chem. 2000, 65, 7554—7560.

Selectivity:
(a) oxidation typically occurs at the more highly substituted terminus of the alkene

(b) the order of reactivity of C—H bonds is CH, > CH3 > CH
[rule (a) takes precedence over rule (b)]

(c) when the double bond is within a ring, oxidation occurs within the ring

(4) gem-dimethyl trisubstituted alkenes form (E)-a-hydroxy alkenes stereoselectively

Hoekstra, W. J. In Handbook of Reagents for Organic Synthesis: Oxidizing and Reducing
Reagents, Burke, S. D.; Danheiser, R. L., Eds., John Wiley and Sons: New York, 1999, p. 358—359.

Bhalerao, U. T.; Rapoport, H. J. Am. Chem. Soc. 1971, 93, 4835-4840.

+ Examples:

SeO,, +-BuOOH

dioxane, 23 °C

95%

Se0,, -BuOOH

CH,Cl, 0 °C

99%

SeO,, +-BuOOH
CH20|2, 0°C—-=23°C

Muratake, H.; Natsume, M. Angew. Chem. Int. Ed., Eng. 2004, 43, 4646—4649.
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