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. Introduction

The majority of bulk organic products contain
oxygen functionalities. Many of these are produced
in chemical and petrochemical industries by direct
oxyfunctionalization of hydrocarbon feedstock. For
this purpose, the homogeneous catalytic oxidation is
widely applied in the manufacture of oxygenated
hydrocarbon products. Epoxides, alcohols, and ke-
tones, the direct oxidation products of hydrocarbons,
may be transformed into a variety of valuable oxy-
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functionalized derivatives, and therefore, they serve
as important building blocks in organic synthesis.*
Unquestionably, the selective and catalytic oxidation
of organic substrates is an important process of
timely interest.?

The usual oxidation catalyst contains a transition
metal; the latter activates a suitable oxygen source
for the oxyfunctionalization. Such a catalyst must
withstand hostile oxidizing conditions, which may
curtail the catalytic activity due to oxidative degra-
dation of the metal complex. Alternatively, one may
perceive the use of oxidatively resistant organic
substances, which mediate catalytic homogeneous
oxidations without the need of metal complexes. One
of the major advantages of metal-free organic cata-
lysts is their better environmental acceptance com-
pared to transition-metal catalysts because most of
the latter are toxic. Indeed, in recent years such
nonmetal organic oxidants have become available
and have been extensively employed in oxidations,
most prominently the perhydrates 1,2 the dioxiranes
11,713 the oxaziridines 111,717 the oxaziridinium
salts 1V,*®1° and oxoammonium salts V.2°2! These
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oxidants are generated in situ under catalytic condi-
tions from the corresponding organic catalysts by
reaction with an appropriate oxygen source, most
usually hydrogen peroxide and its derivatives. The
specific organic catalysts are, respectively, the a-halo-
carbonyl compounds 1, ketones 2, imines 3, iminium
salts 4, and nitroxyl radicals 5. The present review
covers the homogeneous catalytic oxidations by these
catalysts 1—5 and emphasizes the synthetic applica-
tions rather than mechanistic detail of these non-
metal catalytic systems in oxidation chemistry. Sto-
ichiometric oxidations by the oxidants 1—V are only
mentioned in the rosettes of the individual cases to
provide an overview on the scope of these nonmetal
oxidants.

For the first time the pertinent literature is com-
piled on this rapidly developing facet of oxidation
chemistry, which allows a detailed comparison of the
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efficacy, utility, and benefits of such nonmetal cata-
lysts among themselves and with appropriate metal-
based catalysts. The review covers the literature
through February 2001.

Il. Perhydrate-Mediated, Ketone-Catalyzed
Oxidations

Perhydrates 1, also called a-hydroxy hydroperox-
ides, are mainly prepared by the addition of hydrogen
peroxide to an aldehyde or a ketone, by the photo-
oxygenation of nontertiary alcohols, and by the
ozonolysis of alkenes in the presence of water or
alcohols.® Of these, the addition of hydrogen peroxide
to aldehydes and ketones is the more general and
direct method for the generation of perhydrates
(Scheme 1). Most of such perhydrates do not persist

Scheme 1
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isolation and revert to the carbonyl precursor and
hydrogen peroxide.?? Exceptions are the isolable
ketone perhydrates shown below.® Presumably, in-

O

HO, OOH OH
ij/x HNJKf/:OO FsC. ,OH
\ N
= FsC° OOH
O)\N o--H ¢
H
X=Cl, Br la

tramolecular hydrogen bonding is responsible for the
persistence of these functionalized perhydrates. That
the perhydrate of hexafluoroacetone (la) may be
isolated as such is not overly surprising, when it is
realized that the corresponding hydrate requires
distillation from P,Os to release the ketone.®
Expectedly, the perhydrate la is a strongly elec-
trophilic oxidant, which effectively oxyfuctionalizes
a variety of organic compounds. Scheme 2 shows the
scope of the oxidations performed by the perhydrate
la in the form of a rosette, which includes catalytic
as well as stoichiometric transformations. Although
the focus in this review lies on catalytic activity, the
stoichiometric cases have also been featured in the
rosette to provide a complete overview of the oxidiz-
ing power of this most active perhydrate.
Perhydrate la, generated in situ, efficiently oxi-
dizes unactivated olefins to epoxides (transformation
1 in Scheme 2).° Ketones are converted to esters®
(transformation 2) and aldehydes to carboxylic acids®*
(transformation 3) by the Baeyer—Villiger reaction.
Phenol, resorcinol, and anisole may be hydroxylated
(transformation 4),%>26 pbut under more strenuous
conditions, phenol and alkyl-activated and poly-
nuclear arenes may be oxidized completely to the
respective quinones (transformation 5).?” Perhydrate
la also efficiently transfers oxygen to heteroatom
substrates such as sulfides (transformation 6), which
may be selectively and quantitatively oxidized to the
corresponding sulfoxides or sulfones by employing
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Scheme 2

either 1 or 2 equiv of H,O, as the oxygen source.?®
Tertiary amines are oxidized to their N-oxides in
nearly quantitative yields (transformation 7); this
oxidation is performed selectively in the presence of
CC double bonds.?® The oxidation of primary amino-
benzenes affords the respective nitroarenes (trans-
formation 8).%2

The catalytic cycle for perhydrate-mediated oxygen
transfer is shown in Scheme 3. The process is
initiated with the ketone hydrate and hydrogen
peroxide by exchange of the hydroxy for the required
hydroperoxy group to give the perhydrate oxidant
under catalytic conditions. Subsequently, the perhy-
drate transfers an oxygen atom to the substrate to
afford the desired oxidation product and the ketone
hydrate is regenerated, which completes the catalytic
cycle. The various catalytic oxidations by perhydrates
shall now be considered in detail for the individual
transformations.

Scheme 3
! OH
H,0. RXC, / Oxidation
zv2 R2" "OH Product
H,0 R'%,C, C/OH Substrate
R?" "OOH
|
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R'X,C.
,.C=0
R

A. Epoxidations

1. Reactivity

Electron-deficient carbonyl compounds with o-
halogen substituents efficiently catalyze the epoxi-

Chemical Reviews, 2001, Vol. 101, No. 11 3501

dation of unactivated alkenes. Table 1 lists the
aldehydes and ketones that have been used as
catalysts for such epoxidation with hydrogen peroxide
as the oxygen source. The pertinent literature is cited
in the table and shall not be repeated in this text.

Trichloroacetaldehyde and its hydrate have been
employed as catalysts (entries 1 and 2) as well as
partially chlorinated acetone and chlorofluoroacetone
(entries 3—5). Also, hexachloroacetone has been
shown to catalyze the epoxidation of a variety of CC
double bonds in steriodal compounds with high
m-facial selectivity. Thus, the steroid (entry 6) with
a 5,6 double bond gave the corresponding a epoxide
in high yield. When two or three C=C bonds are
present in the steroid molecule, the 5,10 double bond
is regioselectively oxidized mainly to the o epoxide
(entries 7—10).

Similarly, hexafluoroacetone catalyzes the epoxi-
dation of acyclic, cyclic, and steroidal alkenes in a
regio- and stereoselective manner (entries 12—18).
More convenient is the direct use of hexafluoroace-
tone hydrate (commercially available as distillable
liquid) rather than hexafluroacetone, which is a gas
(bp —26 °C) at ambient temperature and must be
laboriously liberated from its hydrate.?

Examples of the catalytic epoxidation by hexafluo-
roacetone hydrate are listed in entries 19—24. For
allylic alcohols, only one example is cited (entry 20)
as these are separately discussed in detail later in
this section. The reaction exhibits regio- and stereo-
selectivity, as illustrated in the epoxidation of the
steroidal dienes in entries 23 and 24. Although the
weakly acidic hexafluoroacetone hydrate does not
usually decompose epoxides, for acid-sensitive ones,
it is advisable to buffer with sodium hydrogen
phosphate. In this way, the acid-labile epoxide in
entry 22 was prepared in high yield from the corre-
sponding substrate.

Perfluoroheptadecan-9-one is an even more active
catalyst than hexafluoroacetone, which catalyzes the
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Table 1. Ketone-Catalyzed Epoxidation of Alkenes by Perhydrates with H,O, as the Oxygen Source

entry catalyst substrate oxygen mole ratio solvent time  temp epoxide  ref
(cat) (sub) source cat:sub:ox (h) (°C)  yield (%)
(0x)

1 ClsCCHO ESQ 95% H,0,  1:5:5 - 8§ 60 95 29

HO

WR
2 Cl;CCH(OH), 30%H,0, 1:2.1:25 CH.Cl, 20 ca. 20 89° 30
CH30
CH30

R = CH,OCH,

3 (CI,HC),C=0 © 50%H,0, 1:5:10 CHCl; 4 reflux 83 31
a ClsC.. . _
4 .C=0 95% H,0, 1:5:5 - 8 60 75 29
ClHC
5 CII:ZC\C—O P 50% H,0, 1:160: 120 270 25 13 32
CIF,C 7 "Gt e ;
0]
'/

0-£0,

6 {Cl3C)2C=0 o) O> 85% H,0, 1:4:6.5 CH,Cl, 96 20 80° 33

7 -n- 30% H,0, 1:24:67 CH,Cl, 72 ca. 20 76° 34

8 30% H,0, 1:11:17 CH,Cl, 12 ca20 47° 35
9 o \Oig:@ 30% H,0, 1:2.6:43  CHCl 81  ca. 20 81 36
:35
—ko (osB 65:35)
OH
10 O\Oi@ 30%H,0, 1:26:43  CH,Cl, 14 ca20 83° 36
4/\/0

177 |;:j;| 95% H,0, 1:5:5 ; 8 60 86 29
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Table 1 (Continued)

entry catalyst substrate oxygen mole ratio solvent time  temp epoxide  ref
(cat) (sub) source cat:sub:ox (h) °O) yield (%)
(0x)
12 (F3C)2C=0 Z CoHya 50% H,0, 1:40:40 (CF;)CHOH 8 min 60 25 32
13 O 100% H,0, 1:20:40  EtOAc 24 reflix 82 37
OR!
‘\\R2
O
Co
R' R?
14 -n- H H 30%H,0, 1:8:12 CH.Cl, 8-12 20 8¢ 38
(o 83:17)
15 - COPh H 30% H0, 1:6:12 CHxCl, 8-12 20 94¢ 38
(/B 77:23)
16 -n- CH,Ph H 30% H,0, 1:6:12 CH.Cl, 8-12 20 974 38
(/P 84:16)
17 -n- CH,OCH; H 30%H,0, 1:7:12 CH.Cl, 8-12 20 90? 38
(o/p 85:15)
18 - -CH,CH;0- 30% H,0, 1:7:12 CHyCl, 8-12 20 85¢ 38
(oUp 82:18)
JOH
19 (FaC)2C~ony P CroHan 90% H,0, 1:20:40 CICH,CH,Cl 24  reflux 94 39
20 - /%( 85% H,O, 1:20:40 CH.Cl, 55  reflux 95 40
OH
21 -n- If]j:l 90% H,0, 1:20:40 CICH,CHC1 24  reflux 92 39
22 —n- (:OK 90% H,0, 1:20:40 CICH,CH,Cl 24 reflux 83 39
0
R
wCH3
0O
Co
23 -n- A= /\_\O 85% H,O, 1:40:50 CH.Cl, 5 0-20 77° 41
—~C-CH,
24 = —CH-CHg 85% H,0, 1:40:50 CH,Cl, 5 0-20 ~100* 41
OH (/B 65:35)
25 (CgF17)2C=0 > CaHyn 100% H,O, 1:20:40 CICH,CH,CV 18 reflux 72 37
EtOAc (10:1)
26 -n- }\ 100% HO> 1:20:40 CICH,CH,CI/ 1.5  reflux 96 37
CoHyg EtOAc (10:1)
27 -n- 100% H>O, 1:20:40 CICH,CH,CVY 2 reflux 92 37

EtOAc (10:1)
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Table 1 (Continued)

Adam et al.

entry catalyst substrate oxygen mole ratio solvent time  temp epoxide  ref
(cat) (sub) source cat:sub:ox (h) (°C)  yield (%)
(ox)
28 O/ 100% H,0, 1:20:40 CICH,CHLCY/ 05  reflux 97 37
EtOAc (10:1)
29 100% H,0;, 1:20:40 CICH,CH.CY/ 2 reflux 100 37
EtOAc (10:1)
30 100% H0, 1:20:40 CICH,CH,CY 2 reflux 64 37
EtOAc (10:1)
31 100% H,0, 1:20:40 CICH,CH.CV/ 0.5 reflux 72 37
EtOAc (10:1)
32 100% H,0; 1:20:40 CICH,CH,C/ 0.5  reflux 55 37
EtOAc (10:1)
33 100% H,0, 1:20:40 CICH,CH.CY 1.5  reflux 49 37
EtOAc (10:1)
R1
.\\R2
o
b
0
CClz i 2 b
34 R'=OH,R’=H 30% H,0, 1:1.8:15 CH,ClL, 17 40 71 42
0
35 @CFS R'=0OH,R*=H 30% H,0, 1:24:20 CH,Cl, 17 40 974 42
(o/p 89:11)
CHs O
36 @fu\ca R, R’=0 30% H,0, 1:2.8:25 CH,ClL, 24 40 63° 42
CHs
0
37 CHSO\ED)%F3 R,R*=0 30% H,0, 1:23:18  CH,Ch 16 40 78 42
0 1
)
38 CFs Reo_— O, 30%H,0, 1:16:20 CH,CL, 18 40 72° 42
F
¢l 0
39 /@AC% R, R’=0 30% H,O, 1:3.4:30 CH,Cl, 24 ca.20 68° 42
C
F O
40 100% H,0, 1:20:40 EtOAc 24 reflux 74 37
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Table 1 (Continued)
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entry catalyst substrate oxygen mole ratio solvent time  temp epoxide  ref
(cat) (sub) source cat:sub:ox (h) °O) yield (%)
(0x)
O
41 " 30% H,0, 1:2:8 CHyCl, 120 25 82° 43
42 30% H,0, 1:2:8 CH.Cl, 6 ca. 20 94°¢ 44
43 30% H,0, 1:2:9 CHCl, 60 25 53° 45
44 -n- o 30% H,0, 1:25:9 CH,Cl, 3 ca. 20 84¢ 42
(o/p 84:16)
(0]
45 (Sioz)_P
NH
F F © 60% H,0, 1:16:60 CH;CN 24 80 78 46
F F
Fso 0

2 The configuration of the double bond in the substrate is not given. ? 50,10a-Epoxide. ¢ 5a,6a-Epoxide. ¢ 5(10)-Epoxide. ¢ A

mixture of 50,10a- and 58,108-epoxides. f Threo/erythro 92:8.

epoxidation of a variety of alkenes with anhydrous
hydrogen peroxide in a dichloroethane—ethyl acetate
mixture under reflux (entries 25—33). Terminal alk-
enes such as 1-decene (entry 25) react only slowly,
but disubstituted (entries 26, 27, 29, 30, and 33) and
trisubstituted (entries 28, 31, and 32) ones give the
corresponding epoxides in high yields much faster
(0.5—2 h). For limonene (entry 31), the trisubstituted
endocyclic double bond is preferentially epoxidized,
which reflects the regioselectivity of the electrophilic
oxidants dimethyldioxirane and m-chloroperbenzoic
acid.*” The acid-sensitive epoxides o-pinene oxide
(entry 32) and camphene oxide (entry 33) were
obtained in moderate yields, but buffering with
sodium hydrogen phosphate was required.

A special bonus is the fact that the ketone catalyst
crystallizes out on cooling of the reaction mixture to
0 °C and may, thus, be recovered in up to 92% vyield.
Also, 60% aqueous hydrogen peroxide was employed
with 2,2, 2-trifluoroethanol as solvent, which gave
moderate to high yields of the expected alkene

epoxides; however, in this protocol the sodium hy-
drogen phosphate buffer is necessary in most of the
cases to avoid decomposition of the epoxides.3’

a,0,0-Trichloroacetophenone, o,a,a-trifluoroace-
tophenone, and its aryl-substituted derivatives have
been used for the regio- and stereoselective epoxida-
tion of olefinic double bonds of the steroids displayed
in entries 34—44. 3-Nitro-a,o,o-trifluoroacetophenone
(entries 41—44) was the most active catalyst for the
selective catalytic epoxidation of such steroids. Ex-
pectedly, the enone double bond of the steroid in
entry 43 was preserved, and exclusive epoxidation
at the 5,6 position took place.

Recently, perfluoroacetophenone, immobilized on
silica by a sol—gel method, has been used as the
catalyst under heterogeneous conditions. The oxida-
tion of cis-cyclooctene with this catalyst gave selec-
tively the corresponding epoxide in high yield (entry
45); however, less nucleophilic alkenes such as
1-octene and 2-octene were converted poorly.*® Al-
though more reactive, the electron-rich alkenes such



3506 Chemical Reviews, 2001, Vol. 101, No. 11

Lo
0,

Scheme 4

as cyclohexene, 1-methylcyclohexene, and 2,3-di-
methyl-2-butene showed a low selectivity for the
epoxide due to the predominant formation of diols or
pinacol-rearrangement products.

A clever way for the in-situ generation of hydrogen
peroxide is shown in Scheme 4, in which molecular
oxygen was allowed to react with benzhydrol in the
presence of N-hydroxyphthalimide as the catalyst.*®
The in-situ-generated hydrogen peroxide converts
alkenes to their respective epoxides, catalyzed by
hexafluoroacetone. The reactions are performed with
benzhydrol (5 equiv) in benzonitrile as solvent and
require long reaction times (Scheme 5).

Scheme 5
0]

@:éN—OH (0.1 equiv),

O
O, (1 atm),

(F3C)2C=0 (0.1 equiv),
Pho,CHOH (5 equiv)

MY

60 - 87%

=

The perhydrate epoxidations are usually performed
in solvents such as dichloromethane, 1,2-dichloro-
ethane, or ethyl acetate. Chlorinated hydrocarbons
have been reported to stabilize the perhydrates.* 1,2-
Dichloroethane and ethyl acetate are preferred be-
cause the exchange reaction between the ketone
hydrate and hydrogen peroxide (Scheme 1) is faster
under reflux conditions. Sometimes a mixture of
these solvents is also used to facilitate solubility of a
catalyst or a substrate. Also, the polar trifluoroetha-
nol has been employed as solvent for such a purpose,
but its high cost and environmental incompatibility
limit its use in larger amounts. Nevertheless, tri-
fluoroethanol activates hydrogen peroxide for oxygen
transfer through hydrogen bonding,%°5! and the ep-
oxidation of electron-rich alkenes may be achieved
in high yields.

PhCN, 80 °C, 15-24 h

2. Diastereoselectivity

To assess the diastereoselectivity of hexafluoro-
acetone perhydrate in catalytic epoxidations, a series
of chiral allylic alcohols was utilized as a stereochem-
ical probe (Scheme 6).405253 The observed diastereo-
selectivities are compared with those of the estab-
lished oxidants m-CPBA and DMD (Table 2) to define

Adam et al.

OH 0, HO_ JOOH
[ ]

ph” O Ph Ph’ Ph
H_OH

N : & + H202
Ph” Ph Ph" Pl

Scheme 6
OX CFS\ /OH

CFy" "OH, H,0,

X

g2~ ~g?  CDCl ca.65°C,55h
X = H, Ac ox X
-0 R1 < R1 =
RZ7 RS R RS
threo erythro

Table 2. Diastereoselectivities in the Catalytic
Epoxidation of Chiral Allylic Alcohols by
Hexafluoroacetone Perhydrate (HFAH/H:0,),
m-Chloroperbenzoic Acid (mCPBA), and
Dimethyldioxirane (DMD)

entry substrate convn

(%) HFAH/H,O," mCPBA® DMD®

threo: erythro diastereoselectivity

OH

1 /(K 54 62:38 64:36 56:44
OH

2 J/K 93 38:62 48:52 -
OH

3 /ﬁ\ 89 92:8 96:4 82:18
OH

4 \E\ 84 95:5 90:10 91:9

a Olefin (1 mmol), 85% H>0, (2 mmol), HFAH (0.11 mmol),
Na;HPO, (2 mmol), CDCl; (5 mL), temp. 65 °C, 5.5 h, ref 40.
b Ref 54. ¢ Ref 55.

the transition structure for the oxygen-transfer pro-
cess.

The chiral allylic alcohol without allylic strain (the
double bond carries no o nor f substituents) shows
expectedly a small threo selectivity (entry 1), while
the substrate only with 1,2-allylic strain favors a
slight erythro selectivity (entry 2). In contrast, a
chiral allylic alcohol with 1,3-allylic strain showed a
high threo preference (entry 3). When 1,2- and 1,3-
allylic strain are in competition in one and the same
molecule (entry 4), the epoxidation is still highly
threo-selective, which clearly expresses the domi-
nance of 1,3-allylic strain for z-facial control in the
oxygen transfer. This threo stereoselectivity matches
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Table 3. Diastereoselectivities in the Catalytic
Epoxidation of Chiral Cyclohexenols by
Hexafluoroacetone Perhydrate (HFAH/H;0,),
m-Chloroperbenzoic Acid (mCPBA), and
Dimethyldioxirane (DMD)

substrate convn diastereoselectivity®
(%) HFAH/H,0,> mCPBA° DMD
OH
49 94:6 96:4 82:18
Hln.
t-Bu
o = 140°
OH
47 70:30 84:16 58:42
t-Bur,
H
o=110°

acis:trans ratios of the epoxides versus the hydroxy func-
tionality. ® Olefin (1 mmol), 85% H,0, (2 mmol), HFAH (0.11
mmol), Na;HPO, (2 mmol), CDCl; (5 mL), temp. 65 °C, 5.5 h,
ref 40. ¢ Ref 57. 9 Ref 55.

well with that reported for m-CPBA%* and DMD.%
Thus, the hydroxy-group directivity®® for these three
oxidants is similar, in which optimal hydrogen bond-
ing between the oxygen-transfer agent and the allylic
alcohol substrate operates for threo n-facial attack,
as exhibited in the transition structure below.

CF;
H. _z=CF
ol
H .O"H\

G0
Hh,aoﬁ@cm
HaC

i/ “CHs

TS for allylic
alcohols

Also, chiral cyclic allylic alcohols were epoxidized
in the same manner to assess the syn:anti selectivity
as a function of the dihedral angle (a) between the
allylic hydroxy group and the plane of the & system
(Scheme 7). The comparative data in Table 3 show

Scheme 7

CF3, OH

CF5" "OH, H,0,
CDClg, ca. 65°C,5.5h

OH

Rz"y@
R1

OH OH
+
RZ'OO Rz’v@“o
R’ R
cis trans
R' R
cis Bu H

trans| H #Bu

that a cis diastereoselectivity (relative to the hydroxy
functionality) dominates in the epoxidation for the
perhydrate, m-CPBA, and DMD.“° Since for the cis/

Chemical Reviews, 2001, Vol. 101, No. 11 3507

Table 4. 1,1,1-Trifluoroacetone-Catalyzed Oxidation of
Sulfides by H,0, as the Oxygen Source?

entry sulfide time sulfoxide

(min) yield (%)

1 () 15 o8

)

2 @-S—CHs 90 94
3 CHSS—Q-CHZOH 90 92
4 @SCHZCOZH 150 80

5 n-C4H9_S_C4Hg'n 15 98

6 @S 480 9%
7 @—SCHQ—QNOZ 300 95
8 QCHZSCHZQ 9 98
9 QCstOOCHS 120 93

a 35% aqueous H;0; (1.12 equiv), 1,1,1-trifluoroacetone (0.11
equiv) in CHCI; at ca. 20 °C; complete consumption of the
substrate, ref 58.

trans-diastereomeric pair of the tert-butyl-substituted
cyclohexenol the perhydrate shows a more pro-
nounced selectivity with the cis isomer, the larger
dihedral angle (. = 140°) applies. This is in good
agreement with the transition structure derived from
the acyclic chiral allylic alcohols in Table 2.

B. Heteroatom Oxidations

Although perhydrate la transfers an oxygen atom
to sulfur in sulfides and to nitrogen in tertiary
amines to give the corresponding oxides,?® no cata-
lytic examples appear to have been reported. Never-
theless, in principle it should be possible to use the
ketones in the Table 1 as catalysts for these oxida-
tions. 1,1,1-Trifluoroacetone catalyzes the oxidation
of a variety of sulfides to their sulfoxides in high
yields and selectivity (Scheme 8); the results are

Scheme 8

N,

FsC
H c’C=o Ho0
3 » Moo
R'-S-R? R'-S-R2
CHCIg, ca. 20 °C,0.25-8h

summarized in Table 4.5 There is no overoxidation
to the sulfones. Aliphatic sulfides react faster than
those with aryl substituents. Recently, it has been
demonstrated that the perhydrate derived from
2-bromocyclohexanone transfers its oxygen atom to
sulfides to give the corresponding sulfoxides.>®

The silica-supported perfluoroacetophenone cata-
lyzes the oxidation of pyridine to give N-oxide in
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nearly quantitative yield under heterogeneous condi-
tions (Scheme 9).46

Scheme 9
R F
CFs
(Si0)” "N
H 0
F F
(0.063 equiv)

] x 60% Ho0, (3.8 equiv) @
NT CHACN/HZ0, 80 °C, 24 h ,},f
o

99%

2-Methylpyridine, 4-methylpyridine, quinoline, and
4-methylquinoline are also transformed to the cor-
responding N-oxides in high yields. Expectedly, elec-
tron-deficient 2,6-dichloropyridine is unreactive, while
aniline is oxidized quantitatively to its diazene N-
oxide (Scheme 10). Similarly, the corresponding dia-

Scheme 10
RF
CF3
(Si0)” "N
H 0
F F
NHz (0.063 equiv)

60% H,0, (3.8 equiv)
CH3CN/H,0, 80 °C, 12 h

=)

0
100%

zene N-oxides have been obtained from 3-methyl-
aniline, 2-ethylaniline, 3-trifluoromethylaniline, and
3-fluoroaniline,*® while 4-hydroxyaniline and 3-nitro-
aniline afford the corresponding nitro derivatives
guantitatively. However, 2-nitroaniline and 4-meth-
oxy-2-nitroaniline do not react under these condi-
tions.

C. Arene Oxidations

Despite the fact that perhydrates oxidize arenes,
which are activated by hydroxy and alkoxy groups,
under stoichiometric conditions, catalytic examples
are scarce.® We have developed a protocol for arene
oxidations with hydrogen peroxide, catalyzed by
hexafluoroacetone hydrate (Table 5).2” Under these
conditions, phenol is oxidized directly to benzo-
quinone (entry 1). The oxidation of durene gives
duroquinone but in low yield (entry 2), while benzene
does not react under these conditions. Naphthalene
gave 1,4-naphthoquinone and 2-carboxycinnamic acid;
the latter is probably formed by oxidative cleavage
of the intermediary 1,2-naphthoquinone (entry 3).
The oxidation of 1-methylnaphthalene afforded in
good yields the industrially important 2-methyl-1,4-
naphthoquinone (Vitamin K3, an additive for animal
feed), along with minor quantities of 6-methyl-1,4-
naphthoquinone (entry 4). The primary oxidation
products in the case of electron-rich arenes are more
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susceptible to further oxidation and, thus, lead
exclusively to ring cleavage, as illustrated for 2-meth-
oxynaphthalene (entry 5), which afforded in quite low
yields 2-carboxycinnamic acid. Anthracene gave an-
thraquinone, but the major product was 9,9'-bian-
thryl-10,10'-dione (entry 6), while phenanthrene is
oxidized to biphenyl-2,2'-dicarboxylic acid as the only
product (entries 7).

D. Miscellaneous Catalytic Oxidations

The oxidation of n-heptanol with hydrogen perox-
ide, catalyzed by hexafluoroacetone hydrate, gives
heptanoic acid in 85% vyield (Scheme 11).?* The

Scheme 11

(F5C) C’OH
72 OH, Hy0,

CICH2CH20I, ca.83°C

n'CsH130HO

H-C6H13COOH

aldehyde oxidation with perhydrate la proceeds
selectively in the presence of C=C bonds. The oxida-
tion of indole by hydrogen peroxide in the presence
of catalytic amounts of hexafluoroacetone leads to
indigo in 54% vyield (Scheme 12).%°

Scheme 12
@ (F3C)2C=0, Hy0,
N PhCH3 5 h
H O H
O N O
N
H 0O

54%

lll. Dioxirane-Mediated, Ketone-Catalyzed
Oxidations

During the past decades, dioxiranes have risen
from structural curiosities to very efficient and
remarkably versatile oxidants.#~'® These nonmetal
peroxidic oxygen-transferring agents are readily pre-
pared from suitable ketones and potassium mono-
peroxysulfate (KHSOs), a low-cost industrial bulk
chemical (trade names Oxone, Caroate, or Curox),
under buffered conditions (Scheme 13). The oxida-

Scheme 13

NaHCO; R'_ O

|
e
2 I

R
C=0 + KHSOs
R2’

tions may be performed either with in-situ-generated
or with isolated (as solutions in the parent ketones)
dioxiranes.®1"6% The latter procedure is properly
suited for stoichiometric oxidations under strictly
neutral conditions by which numerous acid- or base-
sensitive or hydrolytically and thermally labile oxy-
functionalized products have been made available for
the first time by this method.547°

The in-situ oxidation with dioxiranes is in principle
a catalytic process, since the ketones are regenerated
after oxygen transfer. Nevertheless, until recently,
in most of the in-situ transformations with diox-
iranes, the ketone mediators were used as solvent
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Table 5. Oxidation of Arenes with H,O, Catalyzed by Hexafluoroacetone Hydrate?

entry substrate convn products (% yield)"
(%)
o)
OH
1° 83 (29)
o)
2 58

56

OCHg;
SO

55

o
g

0O
o)

HO,C  COH

a Substrate (20 mmol), H,0, (70%, 100 mmol), hexafluoroacetone hydrate (4 mmol), 1,2-dichloroethane (5 mL), 70 °C, 4 h, ref
27. % On the basis of consumed substrate. ¢ Reaction time 1 h. ¢ At 45 °C and 3 h. ¢ At 40 °C.

(for example, acetone and trifluoroacetone) or in
stoichiometric and larger quantities. Fortunately, in
the past few years, efficient in-situ methods have
been developed for dioxirane-mediated oxidations, in
particular epoxidations, by using catalytic amounts
(<0.5 equiv) of ketones.*?'3 This review deals prima-
rily with such catalytic dioxirane oxidations.

Although the main focus of this article lies on
catalytic oxidations, an overview of the transforma-
tions performed by both isolated and in-situ-gener-
ated dioxiranes is displayed in the rosette of Scheme
14 to show the broad scope of these powerful oxi-
dants. The pertinent literature for the transforma-
tions shown in Scheme 14 are cited in numerous
reviews* 12 on dioxirane chemistry, published during
the past decade. These references are not repeated
here, especially since in two very recent reviews’%’?
we compiled the dioxirane literature through March
2000.

The oxyfunctionalizations in the rosette of Scheme
14 include the epoxidation of & systems (transforma-
tions 1 and 2), arene oxidation (transformation 3),
heteroatom oxidations (transformations 4—8), halo-
gen oxidations (transformations 9 and 10), oxygen-
atom insertions into CH and SiH bonds (transforma-
tions 11 and 12), and oxidations of alcohols and
C=X functionalities (X = N3, NOH, NO,~, PPhg) to
carbonyl compounds (transformations 13 and 14).

During the past few years, catalytic oxyfunction-
alizations, in particular asymmetric epoxidations,
have been studied intensively with in-situ-generated
dioxiranes. Recently, two reviews have been pub-
lished on the dioxirane-mediated enantioselective
epoxidation.'213 Presently, we summarize the major
achievements in ketone-catalyzed racemic and enan-
tioselective oxidations by in-situ-generated diox-
iranes. The catalytic cycle for dioxirane-mediated
oxidations is shown in Scheme 15.
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Scheme 14
ROH
R3SiOH ~—~O-
@ x=C
X0~
RI=0
RNO,
Scheme 15
R\
KHSOs szc"o Oxidation
2 Product
KHSO, RO Substrate
Cl
R%” "0

A. Catalytic Epoxidations

1. Racemic Epoxidations

A variety of structurally diverse ketones catalyze
the epoxidation of alkenes with KHSOs as the oxygen
source. The achiral or racemic ketones, which have
been successfully employed as catalysts for nonasym-
metric epoxidations, are listed in Table 6. For a better
comparison of the catalytic activities of the different
ketones, the epoxidations of trans-stilbene and (E)-
6-phenylmethoxy-2-hexene are shown as model sub-
strates and the mole ratios of ketone:substrate:
KHSOs as well as the yields of epoxides are given in
the table. Furthermore, the pertinent literature has
been cited for every entry and, therefore, shall not
be repeated in the text.

Fluoro ketones readily catalyze the epoxidation of
alkenes with KHSOs as the oxygen source (entries
1-7). Thus, the catalytic epoxidation of trans-stilbene
by 1,1,1-trifluorododecan-2-one affords stereoselec-
tively the trans-stilbene oxide in very high yield
(entry 1). The immobilization of this fluoroketone
through covalent attachment to silica gel (entry 2)
increased remarkably its persistence under the con-
ditions of the in-situ dioxirane generation, and for-
tunately, the catalytic activity remained unchanged
compared to that of the free ketone (entries 1 and
2). The major advantage of the silica-bound trifluo-
romethyl ketone is the fact that this catalyst may be
easily recovered after reaction by simple filtration
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. o)
R
RPHJ\ Rg
OH

(X =OLi, 0SiRs, ©
OCOR})
R® Lo
RT
a ’@/
rRE

0

RoS
@D— R,S0/R,S0,

RoSe

@ RgSGO/RgSGOz

RePO

and reused for several cycles without any significant
loss of its catalytic activity.

Mono- and difluorinated cyclic ketones catalyze
well the dioxirane-mediated epoxidation of alkenes
(entries 3—7). The catalytic efficiency of the racemic
o-monofluorinated 4-tert-butylcyclohexanones de-
pends strongly on their relative configuration. Thus,
cis-configurated ketone (entry 3) displays signifi-
cantly higher (epoxide yields 100% vs 20%) catalytic
activity than the trans diastereomer (entry 4). Also,
the a,o’'-difluorinated cyclohexanones (entries 6 and
7) possess different catalytic activities, which depends
on the relative configuration of the fluorine substit-
uents. Thus, the cis-configured ketone (entry 7) is
superior (epoxide yields 100% vs 70%) in its catalytic
action to the trans diastereomer (entry 6).

Not only do fluorine-activated cyclohexanones cata-
lyze dioxirane epoxidations, but also six-membered-
ring heterocyclic ketones show appreciable catalytic
activity. For example, the catalytic dioxirane epoxi-
dation of trans-stilbene with only 5 mol % of the
sulfone ketone in entry 8 afforded the oxide in
excellent yield. This ketone catalyst has also been
successfully employed to epoxidize S-selectively AS-
unsaturated steroids (Scheme 16).8!

Detailed studies have revealed that cyclic keto
ammonium salts promote dioxirane epoxidations.
Preparatively useful examples of this class of ketone
catalysts are listed in entries 9—19. Modest to very
good catalytic activity (epoxide yields 25—97%) was
observed for 4-oxopiperidinium salts (entries 11—18)
in the dioxirane-mediated epoxidation of alkenes. The
chain length of the N-alkyl substituents (entries 11—
13) and the counterions (entries 14—17) of these keto
ammonium salts play a significant role in their
catalytic action.

On the basis of the favorable experience that
electron-withdrawing groups adjacent to the ketone
functionality enhance the reactivity of the corre-
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Table 6. Nonasymmetric Ketone-Catalyzed Epoxidations of Alkenes with KHSOs as the Oxygen Source?

entry catalyst substrate mole ratio solvent time temp epoxide ref
(cat) (sub) (cat:sub:KHSOs) (h) (°C)  yield (%)
O Ph
1 n_CmHm)LCFS Ph/—/ 1:2:4  CH,CNH,0 S5min ca20 93 73
OCHs
>Si—{CHz)a—8—X Ph
2 0 7~ 1:2:4  CH,CN/H,0O 5min ca20 94 73
O Ph

X= —(CH2)10)J\CF3

o
F
3 N 0oBn 1:10:40  CH:CN/H,O 24 0 100 74
Bu-t
0
oF
4 RN 080 1:10:40  CH,CN/H,0 24 0 20 74
Bu-t
o
F
5 F RN 08n 1:10:40  CH;CN/H0 24 0 45 74
Bu-t
o
F/I,, F
6 AN ogn 1:10:40  CH)CN/H,O 24 0 70 74
Bu-t
o
F. F
7 A RAN0gn 1:10:40  CH;CN/H,O 10 0 100 74
Bu-t
0
Ph
8 =~ 1:20:30 CHCN/H,0 5 ca20 95 75
Ph
S
02
o
9 - AN "Negn 111001000 CHCL/HO0 24 0 47 76
oTi
N
n-CyoHos=N=CHs
CHs
Q ot~
10 é AN "Nogn 1:10:1000 CHCL/H,O0 24 0 2 76
+
N-CHs
CiaoHosn
o
RN 1 10;
11 éorrr X ogn  1:10:100 CHCL/HO 24 0 39 76

n-CgH1g/ \CH3
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Table 6 (Continued)
entry catalyst substrate mole ratio solvent time temp epoxide ref
(cat) (sub) (cat:sub:KHSOs) (h) (°C)  yield (%)
O
12 é AN "Nogn 1:10:1000 CHCL/H0 24 0 95 76
K OTf™
n—C15H31/ CH3
0
13 /\/\/\OBn 1:10:100 CHCL,/H,O 24 0 25 76
oTf~
N
n-CeHyg’ CeHya-n
O
op
N
n-CyaHas CHz
14 X=0Tf~ /\/\/\OBn 1:10:100 CH.Cl,/H,O 24 0 94 76
15 X =BF; /\/\/\OBn 1:10:100 CH.CIL,/H,O 24 0 95 76
16 X=NOj; WOBn 1:10:100 CHCL/HO 24 0 59 76
17 X=ClO,~ /\/\/\OBn 1:10: 100 CH.CL/H,O0 24 0 31 76
o)
CHay,, CH3 .
18 ﬁ or- Ph/—J 1:5:7.5  CHCNHO 15 ca20 97 75
Ph” "N “Ph
CHy CHj4
(0]
HJ\ Ph
19 CHsly  N-CHs F)h/—/ 1:10:100 CH:CN/H,0 22 0 377
CHY “— CHs
20T
0
P
RN VR
0
Ph
20 R=CHs /=/ 1:33:13 CH;CN/HO 8 0 70 78
Ph
21 R = CHaPh /Z/Ph 1:33:13 CHCNHO 8 0 0 78
Ph
HOS
o O .
22 o o d\ 1:10:10 CH;CN/H,O 10min ca. 20 85 79
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entry catalyst substrate mole ratio solvent time temp epoxide ref
(cat) (sub) (cat:sub:KHSOs) h) (°C)  yield (%)
Hoj\|
23 Yl 1:100:400 CH;CN/HO 12 ca. 20 98 80
Ph

O 0
0 (0]

apH 7—8 was maintained by addition of NaHCOj3;, K,COj3, or aqueous KOH; 10 mol % of n-BusNtHSO,~ (PTC) was added for

CH,CI,/H,O media.

Scheme 16
(0]

f;j (0.05 equiv),

rR' O,
KHSOs (5 equiv),
NaHCOg (15.5 equiv)

0 CHaCN/DMM/H;0,
</o 2h,ca. 20°C

R2

R2 R

o)

C&8

88 - 96%

sponding dioxirane, it was recently demonstrated
that N,N-dialkylalloxanes (entries 20 and 21) serve
as effective catalysts for dioxirane-mediated epoxi-
dations. Similarly, the diester-activated cyclic acetone
derivatives in entries 22 and 23 catalyze the epoxi-
dation of cyclic and acyclic alkenes by KHSOs as the
oxygen source. The biphenyl derivative (entry 23) is
so far one of the most efficient ketone catalysts for
dioxirane-mediated epoxidations, since only 1 mol %
of this ketone is required to oxidize trans-stilbene to
the corresponding epoxide in 98% yield.

During the past decade, much experimental data
has been acquired for the elucidation of the transition
structure of the oxygen transfer in dioxirane epoxida-
tions.8278 The reactivity of acyclic alkenes in the
dimethyldioxirane (DMD) oxidation reveals that cis
alkenes react significantly faster (by a factor of 10)
than trans ones.® In view of this differentiated cis/
trans reactivity and the complete stereochemical
retention (cis and trans alkenes are converted ste-
reoselectively to the corresponding cis and trans
epoxides) observed in the DMD epoxidations,®3~8 a
spiro transition structure (Scheme 17, left) was
proposed®8 and corroborated by recent theoretical
work 87798 The use of chiral allylic alcohols with allylic
strain provided detailed information on the geometry
of the transition structure for this oxygen-transfer
process (Scheme 17, right).%*

2. Asymmetric Epoxidations

Chiral ketone-catalyzed, asymmetric epoxidation
with KHSOs as the oxygen source represents a useful

Scheme 17
o
:5\-';'"-"
1 .
RY, HMCHS
R4 CH
3 H CH3
o ca. 130°
TS for Epoxidation TS for Epoxidation
of Alkenes of Allylic Alcohols

method for the synthesis of optically active epoxides,
which includes simple and functionalized alkenes.
Such oxyfunctionalizations have been intensively
studied in recent years;’® we summarize in this
section the major advances in this dioxirane chem-
istry.

The chiral ketones that have been applied in
catalytic amounts (<0.5 equiv) to effect dioxirane-
mediated asymmetric epoxidations are presented in
Table 7. The pertinent literature is cited in the table
and shall not be repeated here.

As early as 1984, the chiral ketones (S)-(+)-3-
phenylbutan-2-one (entry 1) and (+)-isopinocam-
phone (entry 2) were used as catalysts in the asym-
metric epoxidation of cyclic and acyclic (not shown
in the table) alkenes. Unfortunately, these centro-
chiral ketones led to the corresponding epoxides in
poor ee values. Very recently, the related chiral
o-chloro- and a-fluoro-substituted cyclohexanone de-
rivatives (entries 3—8) have been employed as cata-
lysts to epoxidize electron-deficient p-methoxycin-
namates with KHSOs as the oxygen donor, but again
only low to moderate (up to 40% ee) enantioselectivi-
ties have been observed.

A number of oxyfunctionalized cyclohexanone de-
rivatives, which are derived from quinic acid, catalyze
dioxirane-mediated asymmetric epoxidations (enries
9—15). However, high enantioselectivities (up to 96%
ee) were achieved only with S-substituted derivatives
(entries 13—15). Thus, for the hydroxyisopropyl- and
methoxyisopropyl-substituted cyclohexanone cata-
lysts, trans-stilbene epoxide was obtained in 96% ee
(entry 13, R = CMe,OH, CMe,OMe).

The major breakthrough in the catalytic, asym-
metric epoxidation by dioxiranes was made with
sugar-based ketones. The fructose-derived ketones
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Table 7. Asymmetric Epoxidations Catalyzed by Chiral Ketones with KHSOs as the Oxygen Source?
entry catalyst substrate mole ratio solvent time temp epoxide ee confg ref
(cat) (sub) (cat:sub:KHSOs) (h) (°C) yield (%) (%)
o]
1 O/ 1:2:48 CH,Cl,/H,O  8-24 5 92 12 (#)-(1S,2R) 95
2 1:5:12 CH,Cly/H,O 8-24 5 85 10 (+)-(1S,2R) 95
x-CO2CH; .
3 /@A/ 1:33:10 Dioxane/H,O 6 ca. 20 24 2 ) 96
CH40
o
4 ~C 1:33:10 Dioxane/H,O 6 ca. 20 14 2 ) 96
cL,
AL O
5 1:33:10 Dioxane/H,0 6 ca. 20 73 22 ) 96
A\
= Cl
L0
6 1:33:10 Dioxane/H,O 6 ca. 20 20 5 ¢) 96
A\
E
: 0]
7 1:3.3:10 Dioxane/H,0O 6 ca. 20 99 40 ) 96
AN
% F
E (0]
8 1:33:10 Dioxane/H,0 6 ca. 20 43 6 (+) 96
N\
9)(0 Ph
9 O, : /—_~/ 1:2:4.1 CH;CN/ 8 0 33 66 (RR) 97
>< \\.‘Q\/ Ph DMM/H,O
(6]
o
10 9 1:2:4.1 CH;CN/ 8 0 16 72 (RR) 97
DMM/H,0

Q,>(9
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entry catalyst substrate mole ratio solvent time temp ecpoxide ee confg ref
(cat) (sub) (cat:sub:KHSOs) (h) (°C) yield (%) (%)
Lot
11 it ."“/
X
0]
R=H 1:33:7 CH3CN/ 8 0 10 88 (R.R) 97
DMM/H,0O
R = OCH,0CH,3 1:33:7 CH;CN/ 8 0 11 89 (RR) 97
DMM/H,0O
OCH,OCH;
12
— 1:33:7 CH;CN/ 8 -10 67 77 S.9) 97
Ph DMM/H,;0O
R, R = —(CHyp)s— _ 1:33:7 CH;CN/ 8 0 15 82 S.9) 97
PH DMM/H,O
R
On,., e
13
X LK
(0]
R=H 1:10:14 DME/DMM/ 6 -10 11 93 R 98
H;O 99
R = CH,0TBS 1:10: 14 DME/DMM/ 6 -10 77 90 R 98
H;O 99
R = CH,0Ac 1:10:14 DME/DMM/ 6 -10 95 90 R 98
HO 99
R = CH,OCOPh 1:10:14 DME/DMM/ 6 -10 91 90 R 98
H;0O 99
R = CH,F 1:10: 14 DME/DMM/ 6 -10 71 89 R 98
H,O 99
R = CMe,OH 1:10: 14 DME/DMM/ 6 -10 91 96 R 98
HO 99
R = CMe,OMe 1:10:14 DME/DMM/ 6 -10 94 96 R 98
HO 99
R = CO,Me 1:10:14 DME/DMM/ 6 -10 66 95 R 98
H,O 99
R = GPh,OH =~ 1:20:28  DMEH,0 1  -IS 750 R 98
PH 99
2 0]
O 73 Et
14
><o\\“§EO><Et
(0]
R = CH,0Ac /—_—/Ph 1:10:14 DME/DMM/ 6 -10 77 92 R 98
PH H;O 99
R = CMe,OH 1:10:14 DME/DMM/ 6 -10 57 95 R 98
H,O 99
R =CO,Me 1:10:14 DME/DMM/ 6 -10 65 94 R 98
H,0 99
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Table 7 (Continued)
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entry catalyst substrate mole ratio solvent time temp epoxide ee confg ref
(cat) (sub) (cat:sub:KHSOs) (h) (°C) yield (%) (%)
g o)
Et O Y
15
Et><c)\\‘g;Ec)><
0O
R = CH;0Ac 1:10: 14 DME/DMM/ 6 -10 75 92 R 98
H,O 99
R = CMe,OH 1:10:14 DME/DMM/ 6 -10 57 94 R 98
H,O 99
R =COMe 1:10:14 DME/DMM/ 6 -10 58 93 R 98
H,0 99
X
) O Ph
16 K/\Lw/ /=/ 1:33:46 CH;CN/ 1.5 0 78 99 (+)-(RR) 100
« PH DMM/H,O
g = o
B
Ph/WPh 1:4:45 CH;CN/ 1.5 0 77° 97 101
DMM/H,O
=
1:33:46 CH;CN/ 3 -10 78 93 (R.R) 102
DMM/H,O 103
OCOPh
1:33:4.6 CH;CN/ 1.5 -5 82 93 104
DMM/H,0
>_/S'Me“ 1:15:2 CH;CN/ 3 0 74 94 (RR) 105
PH DMM/H,O
© gjg Ph
17 /=/ 1:33:4.6 CH;CN/ 1.5 0 81 98  ()-(S,S) 100
0 0 PH DMM/H,O
S
Ph/\/\/Ph 1:5:56 CH,CN/ 1.5 0 65 97 101
DMM/H,0
=
1:33:46 CH5CN/ 3 -10 75 94 S 102,
DMM/H,O 103
R’ 52
(@]
o}
18 E/\L' 0
O\\‘v 3 o)
0
R1 RZ RS R4
Ph
Et, Et Et, Et Ph/=/ 1:33:4.6 CH,CN/H,O0 1.5 0 16 96 (R.R) 106
—(CHz)s— —(CHa)y— 1:33:46 CH;CN/H,O0 1.5 0 59 99 (RR) 106
—(CHg)s— —(CHa)s— 1:33:46 CH;CN/H,O 1.5 0 41 98 (RR) 106
—(CHa)s— —(CHa)s— 1:33:46 CH;CN/H, O 1.5 0 30 98 RR) 106
Me, Me Et, Et 1:3.3:4.6 CH;CN/H,O 1.5 38 94 (R.R) 106
Me, Me Bn, Bn 1:33:46 CH;CN/H,O 1.5 7 93 (R,R) 106
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eniry catalyst substrate mole ratio solvent time temp epoxide ee confg  ref
(cat) (sub) (cat:sub:KHSOs) (h) (°C) yield (%) (%)
18  Me,Me —(CHp)s— 1:33:46 CH;CN/HO 1.5 0 52 98 (RR) 106
Me, Me  —(CHp)s— 1:33:46 CH;CN/HO 1.5 0 39 92 (RR) 106
Me, Me Et, H 1:33:46 CH;CN/HO 1.5 0 38 96 (RR) 106
Me, Me HPr,H 1:3.3:4.6 CH;CN/HO LS 0 39 95 (RR) 106
Et, Et Me, Me 1:33:4.6 CH;CN/H,O 1.5 0 36 98 (RR) 106
—(CHz)s—  Me, Me 1:33:46 CH;CN/H,O 1.5 0 66 98 (RR)y 106
—(CHa)s—  Me, Me 1:33:46 CH;CN/HO 1.5 0 59 98 (RR) 106
19 o o/\
o" Y o
Ph
R'=R%=Me Ph/—_ 1:33:46 CH;CN/HO 1.5 0 34 90 (RR)y 106
R'=R%?=Et 1:33:46 CH;CN/H,O 1.5 0 25 85 (RR) 106
R' R? = —(CHp)s— 1:33:46 CH;CN/HO 1.5 0 34 91 (RR) 106
R' R? = —(CHy)s— 1:33:46 CH;CN/H,O 1.5 0 35 78 (RR) 106
o—=
200
20 (;[\ 1:33:4.6 CH;CN/H,O0 1.5 0 27 74 (RR) 106
oY o
P
0
504
21 o/ NBOC :33:6 DMEDMM/ 35 0 65 94 (+-(RR) 107
H,O
o 7 0
P
Ph. Ph
22 \<° 0}:0 bh” " 0siMe,Bu-t 2:28 CHCNH0 5 ca20 80 79 (H-(RR) 108
-, O
07
Ph//Ph
O
23 /=/ 1:10:40 CH;CN/H,O 10 0 80 88 12
Ph
HOIW
24 0O O __Pn 1:10:50 CH;CN/H,O 35 min ca. 20 94 50 ()-S5 109
o) 0] /

Ph
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Table 7 (Continued)

entry catalyst substrate mole ratio solvent time temp epoxide ee confg ref
(cat) (sub) (cat:sub:KHSOs) (h) (°C) yield (%) (%)
0o

O

25 R

O‘\\o}

R=H 1:33:16.7 CH;CN/H,O 4 ca. 20 72 20 (R.R) 110
R =Br 1:33:16.7 CH;CN/H,O 4 ca. 20 58 24 (R.R) 110
R=Ph 1:3.3:16.7 CH3;CN/H,O 4 ca. 20 90 2 (RR) 110
H?ﬁ
26 o o
x©0 Ox

X=H 1:10:50 CH;CN/H,0 1 ca20 91 47 ()5 109
X = CHs 1:10:50  CH,CNH,0 1  ca20 93 56 (+-RR) 109
X = CHz0CH, 1:10:50  CH,CNHO0 18 ca20 92 66 ()(SS) 109
X=_<Oj 1:10:100 DMEHO 20 0 90 77 ()5S 109
o
e o:> 1:10:100  DMEH,0 20 0 93 84 ()5S 109
0
X=_<° 1:10:100 DME/H,0 20 0 91 75 ()(SS) 109
0
X =Ph 1:10:50  CH,CN/H,0 24 ca20 50 55 ()-(S.8) 109
X=Cl 1:10:50  CH,CN/H,0 2 ca20 95 76 (IS8 109
X =Br 1:10:50  CH,CN/H,0O 3 ca20 92 75 (IS8 109
X=1 1:10:50  CH,CN/H,0 22 ca20 90 32 ()58 109
0
R
27
!
COE
R=F __pn 1:10:100 CH,CN/H,0 3 ca20 8 76 ([RR) 111
PH
R=OAc 1:5:50  CH,CN/H,0 3 ca20 100 66 (RR) 112
0
28 F U /=/ 1:10:50 CH,CN/H,O 24 0 8 35 (RR 74
Ph
29 o
Ph ;
R=F S~ 1:5:50  CH;CN/H,0 1 ca20 100 63 - 112
Ph

R=0Ac 1:5:50 CH;CN/H,O 24 ca. 20 85 74¢ - 112
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Table 7 (Continued)
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entry catalyst substrate mole ratio solvent time temp epoxide ee confg  ref
(cat) (sub) (cat:sub:KHSOs) (h) (°C) yield (%) (%)
0]

KU\ 20Ti
30 ~n NS ~ 1:10: 100

N,
ac s\ PH

20Tf"

0
31 /]\ 1:10: 100
N °N
GO0
o]

20T~

32 Ph H} wPh 1:10: 100
\C/N\_/NQ
Ph

PR

33

1:10:100

CH3CN/H,O 6 0 100 9 12
CH3;CN/H;O 6 0 100 <10 12
CH;CN/H,0 3 0 100 <10 12
CH;CN/H,O 2 0 54 40 12

a NaHCO; or K,COj3 and dilute solution of Na,EDTA were added. ® 3—4% of diepoxide was also formed. ¢ Ketone ee 76—80%;
corrected for enantiomerically pure ketones; the epoxides would have up to 95% ee values (ref 112).

(entries 16—21) are so far the most efficient catalysts
for the dioxirane-mediated asymmetric epoxidation
of olefins. These chiral ketones efficiently catalyze the
enantioselective epoxidation of unfunctionalized as
well as functionalized alkenes, conjugated dienes, and
even enynes by KHSOs as the oxygen source. For
example, with the so-called Shi ketone (entry 16),
trans-stilbene oxide was obtained in nearly enantio-
merically pure form and in 78% yield (entry 16).

Extensive efforts have been made to improve the
catalytic activity and selectivity of this ketone through
substituent modification in the protecting groups of
the alcohol functionalities (entries 18—21); however,
the parent ketone is still the most effective and
convenient catalyst for asymmetric oxidation and,
consequently, the most frequently used. Thus, this
fructose-drived ketone has been employed as the
catalyst for the synthesis of optically active o-hydroxy
ketones through the dioxirane-mediated epoxidation
of silyl enol ethers (Scheme 18).104113

Scheme 18
o)(
(0]
o’ Y o
)Vé
(0.3 equiv),
KHSOs5 (1.3 equiv), 0
Ph  OSiMe; KzCOs (5.8 equiv) Phj)\su-t
— OH

Bu-t  CHsCN/H,0, pH 10,
1.5h, 0°C, 32‘27
convn 90% ee 45%

A noteworthy synthetic applications of this chiral
ketone catalyst is the kinetic resolution of oxyfunc-
tionalized olefins through enantioselective epoxida-
tion (see Scheme 19).1%4

Scheme 19
o)(
O
S > O
Q O: (0.35 equiv),
OSiMes )T

Ph  KHSOs (2.3 equiv), K»CO3 (9.5 equiv)

CH3CN/DMM/H,0, 2.5 h, -10 °C,
convn 49%

OSiMes OSiMes

- Ph _Ph
O/ + Kej
ee 96% ee 95%

Several C,-symmetric ketones have been employed
for catalytic asymmetric epoxidations (entries 22—
26). The TADDOL-derived ketone (entry 22) was
introduced as chiral catalyst for the dioxirane-medi-
ated enantioselective epoxidation of trans olefins. As
expected, the electron-deficient a,a’-difluoro ketone
(entry 23) possesses excellent catalytic activity (only
0.1 equiv of the catalyst is required) and good
enantioselectivity (88% ee) for trans-3-methylstyrene.
Also, the binaphthalene-derived ketone with bulky
substituents at the 2,2’ positions (entry 26, fifth row)
diplays good enantioselectivity (84% ee) for trans-
stilbene.
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Some heteroatom-containing bicyclic ketones (en-
tries 27—29) have been used as catalysts for diox-
irane-mediated asymmetric epoxidations. These chiral
ketones afford enantioselectivities up to 76% ee with
trans alkenes. Surprisingly, the optically active oxo
bisammonium salts (entries 30—32) display poor
enantioselectivity (ca. 10% ee), although they exhibit
pronounced catalytic activity (quantitative epoxide
formation with only 0.1 equiv of ketone) for trans-f-
methylstyrene. With the sparteine-derived diammo-
nium ketone (entry 33), a higher enantioselectivity
(40% ee) was obtained, but the reactivity of this
ketone is lower (epoxide yield 54%).

Potassium monoperoxysulfate (KHSOs) has been
used as the oxygen source nearly exclusively for the
generation of dioxiranes from ketones. Recently,
efforts have been expended to replace KHSOs by
other oxygen sources, in particular hydrogen perox-
ide.115116 |ndeed, good yields (55—90%) and high
enantioselectivities (up to 95% ee) have been obtained
for the asymmetric epoxidation of alkenes with
hydrogen peroxide as the oxygen source and fructose-
derived ketone as the catalyst.*'> By using the very
reactive trifluoroacetone as the ketone catalyst and
H,0; as the oxygen donor, trans-3-methylstyrene was
oxidized to the corresponding epoxide in 93% vyield
(Scheme 20).116

Scheme 20
F3C

>=O (0.1 equiv),
HaC

Ho0, (4 equiv), o
K>CO3 (2.25 equiv)
P~

CH3CN/H,0, .
pH 11,4 h, 0 °C 93%

Ph/\/

NH

CH3CN + H202 —_— CHQ)I\OOH

Control experiments have revealed that acetonitrile
is crucial for this novel oxidation system, and it has
been proposed that the peroxyimidic acid, produced
from CH3CN and H;0; (Scheme 20), is the ultimate
oxygen donor that reacts with the ketone to generate
the oxidant.''® However, very recently it has been
reported'® that dioxirane is involved in the asym-
metric epoxidation of olefins by the fructose-derived
ketone as the catalyst and H,O, as the oxygen source
in acetonitrile.

B. In-Situ Stoichiometric Oxidations

As stated already in the Introduction, the emphasis
of the present review lies on catalytic oxidations by
nonmetal organic oxidants. Accordingly, in section A
we elaborated on only those epoxidations by in-situ-
generated dioxiranes, for which the ketone catalysts
are used in substoichiometric amounts (<0.5 equiv).

To provide a complete overview, we present here
the remaining ketones that have been employed for
the in-situ generation of dioxiranes with stoichio-
metric and larger amounts of the ketone catalyst.
Chart 1 lists the chiral ketones that have been used
for asymmetric dioxirane epoxidations, while the

Adam et al.
Chart 1. Ketones Used under in-situ Conditions

(Stoichiometric or Larger Amounts) for
Asymmetric Epoxidations

0 CFs
CFs
HC™ TFoocn
PR TS ©
o

(I‘Cf 117) (ref 117)

Y ©:‘§\002Et
/T\ X

(X =H, OH, OE, F, Cl) (ref 119)
(ref 118)
: OgMe
COgMe
(ref 119) (ref 119)
? O OH
o]
o &
F O F
(ref 119) (ref 119)
0 o}
Cﬁﬁ>
/N o
(ref 12) o Gy
(ref 12)
\/Lo
© o Ph._O
Do A
(0] : "/O Ph 0
° (ref 120)
(ref 108)
o]
O £ o
Phy,. Ph
//[ ] N\)J\CFa
P >0 07 Ph
PH
(ref 136)
o]
(ref 120)

achiral or racemic ketones are compiled in Chart 2;
for convenience, the appropriate literature is cited
directly in the charts. A discussion of the individual
cases is dispensed with, since the oxidations have not
been conducted under catalytic conditions and, thus,
are not pertinent to this review.

C. Miscellaneous Catalytic Oxidations

Epoxidations have so far been the most extensively
studied transformations by in-situ-generated diox-
iranes under catalytic conditions. Examples of other
catalytic oxidations are scarce. Nevertheless, it has
been reported® that the diester-activated cyclic ace-
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Chart 2. Ketones Used under in-situ Conditions (Stoichiometric or Larger Amounts) for the Oxidations

with KHSOg
0 0 0 0 )CJ)\ i
)J\ )I\/ )k/\ \)K/ n'C6H13 n'C10H21
(refs 61a, 74, 76, 79, (refs 76, 121, 125)  (ref 121) (refs 76, 79) (ref 74) (ref 74)
81, 121, 122, 123, 124)
0 0 Q 0
Q 0]
|:/( é )l\/CI
(ref 76) (ref 76) (refs 75, 76, 79) (ref 79) (ref 126) (refs 79, 127)
0 (¢]
CICH )J\CH Cl ij/CI o D i i
2 2
)I\/F )J\CF3 n-CyoHa™ "CFj n-CyoHzy™ "CFg
(ref 79) (ref 79) (ref 127) (refs 74,76, 79, 80, 81, (tef 74) (ref 74)
121, 127, 128, 129,
130, 131, 132, 133)

o O 0 0 o 0
F3CJ\CF3 @CFS d CF3 /Q)k CF3 )l\/OAC AcOCHZ™ "CH,0Ac
(tef 76) HO,C MeO,C (ref 80) (ref 80)
re

(ref 134, 135) (ref 134) (ref 134)
(o] [e]
[e]
(@]
/U\co Ve o o o O
et 127)2 o) o)\fo o) o)
e (ref 75, 79) (ref 80) AcO 0Ac
(ref 80)
(ref 80)
(ref 80)
(0]
CHs O CHg o
0 O CH o cHaG-N. I _N-ccH N o
0 i 0 o )J\/NHCOCHa )J\/NCOCHa )J\,N(ooc:He,)2 e} o}
O Q (ref 136) (ref 136) (ref 136) (ref 136) (ref 136)
HsC CHs
(ref 80)
O. _CH (0] (0] (0] [e] 0
2 Ko ¢ ) ) Lo
N 0O OTf ™ OTf~
NH oTt™ Ph” “NF “Ph
I M o™ AN RN AN
ref 136
( ) (I'Cf 136) (ref 75) (I‘Cf 75) (I'Cf 79) (ref 79)

tone derivative in Scheme 21 catalyzes the CH
oxidation of cyclooctanol with KHSOs as the oxygen
source to afford cyclooctanone in excellent yield.
Furthermore, the fructose-derived Shi’s ketone has
been employed as the catalyst for the enantioselective
oxidation of vic diols to the corresponding optically
active a-hydroxy ketones.'®” An illustrative example
of this enantioselective CH oxidation is shown in
Scheme 22.

IV. Oxaziridine-Mediated, Imine-Catalyzed
Oxidations

Oxaziridines 111 are nitrogen analogues of diox-
iranes 11, but they are generally less reactive than
the latter. These nonmetal oxidants are most conve-
niently prepared by the oxidation of imines 3 with
peroxy compounds such as peracids, monoperoxysul-
fate, and hydrogen peroxide.38-140
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Scheme 21
(e]

N

0O 0
o (o)

Q O (0.2 equiv),

KHSO5 (2 equiv),
NaHCO; (3.1 equiv)

CH3CN/H20, 4 h, ca. 20 °C

O

O

95%

C§H
Scheme 22
o)(

0]
S Y (o)
}6 (0.3 equiv),

KHSOs5 (1.5 equiv),
KsCO3 (0.75 equiv)

CH3CN/Ho0, 1.5 h, 0 °C,
convn 30%

Ph :\EOH
Ph" 0
R()

ee 40%

Ph IOH

Ph™ “OH

The reactivity of oxaziridines originates from their
activating three-membered ring and the relatively
weak N—O bond (ca. 53 kcal/mol). Although NH-,
NR-, and NAr-substituted oxaziridines transfer their
oxygen atom to phosphines to give phosphine oxides,
they are sluggish for the epoxidation of alkenes and
even for sulfoxidation.1#138-140 An electron-withdraw-
ing group such as a sulfonyl functionality on the
nitrogen atom enhances significantly the oxygen-
transfer reactivity.’* Important oxygen-transfer reac-
tions of the oxaziridines are shown in Scheme 23 in
the form of a rosette to highlight the oxidation scope
of these nonmetal reagents.

N-Sulfonyloxaziridines are relatively weak oxi-
dants and react slowly with alkenes to give ep-

Scheme 23
R3SIOH
ROH @#
R\ R? \QQ R3SiH
O Y@ e\ |

R2
(R = H, alkyl) Y
OR
RLI/RMgX/
RoH ~—® RNa/RoCulLi

RP=X

(X=8§, Se)
)/®/ RaN RCH-NHR \@\\

RsP=0 ;é

ReN=0~
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oxides.'* In contrast, perfluorinated oxaziridines'”
may be as powerful oxidants as dioxiranes and
convert even unactivated alkenes to their epoxides
(transformation 1 in Scheme 23).14! Similarly, N-
phosphinoyl oxaziridines also oxyfunctionalize alk-
enes to the corresponding epoxides.’*? The electron-
rich enolates of ketones and amides, as well as silyl
enol ethers, are readily converted to a-hydroxy
compounds (transformation 2). Presumably the cor-
responding epoxides figure as intermediates, which
rearrange in situ to the hydroxylated carbonyl prod-
uct.'*15 Theoretical work predicts a concerted mech-
anism in which the electrophilic oxygen atom of the
oxaziridine is transferred to the nucleophilic = bond
along a Sn2-type coordinate through either a planar
or spiro transition structure.43

Among the heteroatom substrates, sulfides and
selenides are efficiently oxidized to their oxides by
oxaziridines (transformations 3 and 4).* While sec-
ondary amines are transformed into N-hydroxyl-
amines and/or nitrones, tertiary amines give N-oxides
(transformations 5 and 6).141% Perfluorinated ox-
aziridines oxidize thiophosphoryl and selenophos-
phoryl groups to the phosphene oxides (transforma-
tion 7).1%5 Lone-pair oxidations by N-sulfonyloxaziri-
dines have also been extended to carbanions, namely,
the organometallic substrates shown in transforma-
tion 8, which afford the corresponding alcohols.**

Also, o-bond oxidations may be realized with ox-
aziridines. Thus, secondary alcohols and their alkyl
ethers are converted to ketones by perfluorinated
oxaziridines (transformation 9).14¢ Even the CH
bonds of unactivated alkanes are oxidized to alcohols
(transformation 10) by the powerful perfluorinated
oxaziridines.1”*7 Expectedly, the more reactive si-
lanes are efficiently converted to their silanols under
neutral conditions (transformation 11).*"

Intensive work has been invested on the prepara-
tion and oxygen-transfer reactions of oxaziridines,
particularly  N-sulfonyl derivatives. Several
reviews'4-16.148.149 describe the efficacy and scope of
such nonmetal oxidants. Also, the synthesis of poly-
fluorinated oxaziridines and their usefulness for the

It

> i R O
R? R!
RR x L&~ = ©H
R® R' (X =OLi, OSiMes, NR,)
RS -3)
R,SO
RoSe

R;SeO

.
RCHoNR/RCH=NR
OH o-
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oxyfunctionalization of organic substrates has been
reviewed.!’

Most of the oxidation reactions with these reagents
have been performed stoichiometrically with isolated
oxaziridines. In several instances, imines have been
identified or isolated in high yields at the end of the
oxidation,” which implicates their catalytic propen-
sity. Nevertheless, catalytic oxidations with oxaziri-
dines are scarce and essentially limited to sulfoxi-
dation.

This section deals only with catalytic oxidations by
oxaziridines 111, generated in situ from the imine
catalyst 3 and an appropriate oxygen source; the
catalytic cycle is displayed in Scheme 24. The imine

Scheme 24
AN s
KHSOs5 JC=N Oxidation
or HyO» 3 Product
KHSO,
or Hy0 \/\ C\—N/ Substrate

catalyst 3 reacts with the oxygen source, usually
KHSOs or H,0,, to afford the oxaziridine 111 as the
catalytic oxidant. The electrophilic oxygen atom of
the oxaziridine is transferred to the electron-rich
substrate to give the oxygenated product with the
release of the imine; thereby, the catalytic cycle has
been completed.

A. Racemic Sulfide Oxidations

Imines 3 efficiently and selectively catalyze the
oxidation of sulfides to the corresponding sulfoxides
(Scheme 25). Examples of such sulfoxidations, cata-
lyzed by imines and H,O, or KHSOs as the oxygen
source, are listed in Table 8.

Scheme 25
Imine 3/H,0, or
. ,  KHSO/K;CO3 0
R'-S—-R R1_S—R2
CH,Clo/H,0

Several imines have been screened'®® to assess
their potential as sulfoxidation catalysts with H,O,
as the oxygen source. The simple imine N-benzyli-
deneaniline gave poor yields of sulfoxides due to
hydrolysis to its amine and carbonyl partner. The use
of acetone oxime, cyclohexanone oxime derivatives,
and N-cyclohexylidenebenzenesulfonamide gave mod-
erate yields of sulfoxides. Of these, the cyclohexanone
oxime (3a) showed the higher activity and was used
under catalytic conditions (entry 1). The cyclic sul-
fonylimine 3b derived from saccharin, namely, 3-tert-
butylbenzisothiazole-1,1-dioxide, gave much higher
yields of sulfoxide under catalytic conditions, but long
reaction times were necessary (entry 2).

The N-(4-nitrobenzylidene)benzenesulfonamide (3c)
was used as a catalyst for the oxidation of a variety
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of sulfides with KHSOs as the oxygen source (entries
3—14).1% The sulfoxides were obtained generally in
high yields and selectivity. Overoxidation to the
sulfones took place only in traces (>5%) for a few
cases. Expectedly, the oxidation of the more nucleo-
philic sulfides was faster, as manifested by the series
n-Bu,S > PhSCH,Ph > Ph,S (entries 3, 7, and 8).
The sulfoxidation is chemoselective and tolerates
functionalities such as CC double bonds (entry 10)
and the carbonyl group (entry 14). Computational
work on the sulfoxidation concludes that the oxygen
transfer takes place concertedly.%?

B. Asymmetric Sulfide Oxidations

A valuable extension of the oxaziridine oxidation
has been the use of optically active N-sulfonyloxaziri-
dines for the asymmetric oxyfunctionalization of a
variety of electron-rich substrates. These include the
enolates of ketones, esters, lactones, and amides,
silyl enol ethers, sulfides, selenides, and even
alkenes.14716148.149 High yields and good enantiose-
lectivities were obtained in most of these oxidations;
however, these oxyfunctionalizations have been per-
formed stoichiometrically and are, therefore, not
pertinent for the present review. Nonetheless, a few
of the more important optically active N-sulfonylox-
aziridines that have been used in the stoichiometric
oxidations are shown below, for which the references
are given in parentheses for each structure. The

HsC. Jol
Q T g
N=C AT Ph N—so{ H
PhSOS H P
(ref 153) (ref 154)
R
ol p
N
S
0
R = alkyl, aryl R=H, CH2Ph
(ref 155) (ref 156)
% E LL usozph
s/ /
(ref 158)

X=H,F, CI Br, OCHg
(ref 157)

camphorsulfonylimine (3d) and its derivatives 3e—h
have been used as catalysts for the asymmetric
sulfoxidation with hydrogen peroxide in the presence
of the base K,CO; or DBU (Table 9, entries
1-22).159.160 The base accelerates the formation of the
oxaziridine from the imine and H,O, and also sup-
presses the direct racemic oxidation of the substrate
by H,0,. The reactions were performed with one
equivalent of the imine 3, which could be recovered
nearly quantitatively at the end of the reaction; thus,
these reactions qualify as catalytic sulfoxidations.
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Table 8. Imine-Catalyzed Oxidation of Sulfides®

entry catalyst substrate oxygen mole ratio  time yield (%)
(cat) (sub) source cat:sub:ox (h) —=———=—
%) R,SO R,S0,
Ph
1° <:>=N’OH S/'\ . 30% H,0, 1:10:40 36 34 -
3a K)
Bu-t
2 ©E\<N CH3_©_50H3 30%H,0, 1:10:40 192 84 -
g
O
3b
CH=N- Ph
3 ON <:> SOz (n-Bu).S KHSOs 1:5: 75 05 95 -
3c
4 . (sec-Bu),S KHSOs5 1:5: 75 05 95 -
5 - (+-Bu),S KHSOs 1:5: 75 0.5 95 -
6 - PhSCHg5 KHSOs 1:5: 75 05 95 4
7 PhSCH,Ph KHSOs 1:5:15 4 9 -
8 PhSPh KHSOs 1:5: 75 24 92 3
9 oH3—©-s<:H3 KHSOs 1:5: 75 05 91 5
10 PhSCH=CH, KHSOs 1:5: 75 24 90 4
11 PhSCH,CH.Cl KHSOs 1:5: 75 05 92 -
12 KHSOs 1:5:225 05 89 -
S
13 @SD KHSOs 1:5: 75 18 90 -
s
0
14 KHSOs 1:5:225 2 90 -

Sk

a In CH,CIl/H,0 with K,COj3 as base at 25 °C; ref 150 for entries 1—2 and ref 151 for entries 3—14. ® Performed at —20 °C.

¢ DBU was used as a base.

The camphorsulfonylimine 3d gave the sulfoxides
in high yields but only in moderate ee values of 20—
49% (entries 1-5). Similarly, the 3,3-dichlorocam-
phorsulfonylimine (3e) and 3-oxocamphorsulfonylimine
(3f) showed also low (20—25% ee) enantioselectivities
(entries 6—8). The preformed oxaziridines derived
from these imines gave good ee values of 50—80% for
the sulfoxidation under stoichiometric conditions.®

The acetal derivatives 3g and 3h exhibited high
catalytic activity, and in some cases excellent enan-
tioselectivity was achieved (entries 9—22). The imine
3h gave the best results for 2-phenyl-1,3-dithiane, for
which the corresponding sulfoxide was obtained
guantitatively and with 98% ee (entry 20).

Recently, the 3-substituted 1,2-benzisothiazole-1,1-
dioxide 3i was employed as a catalyst for the asym-

metric sulfoxidation by H,O, (entry 23) and also by
potassium percarbonate (entries 24 and 25) as oxygen
sources.®! Although the sulfoxides were obtained in
high yields, the enantioselectivities were low (14—
34% ee).

The sulfides in the entries 15—17, 20, and 22 of
Table 9 were also oxidized with the preformed
oxaziridine derived from the imine 3h.1%? Similar
yields, ee values, and the same sense of asymmetric
induction was observed as in the catalytic oxidation
with the imine 3h and H;O,. This implies the
intermediacy of oxaziridine in this reaction. In con-
trast, opposite configurations of the tert-butyl methyl
sulfoxide were observed in the catalytic oxidation
with imine 3d and H;O, (entry 1) versus the sto-
ichiometric oxidation by the preformed oxaziridine



Synthetic Applications of Nonmetal Catalysts Chemical Reviews, 2001, Vol. 101, No. 11 3525

Table 9. Imine-Catalyzed Asymmetric Oxidation of Sulfides by H,0O; 2

entry  catalyst substrate sulfoxide ee confg entry  catalyst substrate sulfoxide ee confg
(cat) (sub) vield (%) (%) (cat) (sub) yield (%) (%)
Ph
13 - 100 94 S
S)\S
1 I t+-BUSCH, 83 42 R
-N
(832 Oy - Bu-t
3d 14 - I 74 68 S
$” 7S
2 . PhCH,SCH3 100 35 R
3 C%@SCHS 100 20 R OCH;8
15 | OCHs  1BuSCH, 100 8 S
h s-N
4 N 100 44 S O;
(J *
16 -n- PhCH,SCH; 100 63 S

172}

N2

Ne_-S<
cl 18 I/\ CHs 75 33 R
6 | c PhCH,SCH, 100 25 -
N 19 - PhSCH,SPh 65 48 S

Oy -Bu-t
5 i 66 49 R
s 17 —n- CH, < > SCHs 96 60 S
S

S/
Oz Ph
de A
20 s s 100 98 S
0
7 % PhCH,SCHs 34 7 «
g-N I/N
o, 21 69 98 8

(]

"
%24
w

C

8 -n- 23 20 - o

o
<

OIBu—t
U
(0]
9 1 8
;) <:>_SCH3 )

22 —n- U 46 78 S
S/ll\l _ Ph
b
s 23 y N 100 34 S
3g S’ K)
(O}
10 - +BuSCH3 100 g2 S 3i
11 PhCH,SCHa 100 46 S 24° PhSCH, 95 4 R

12 CHsOSCHa 100 37 R 254 CHSO—SCHs 100 14 R

a Imine (1 equiv), aqueous H,0, (4 equiv), cat:sub:ox mol ratio 1:1:4, DBU (4 equiv), CH.Cl,, —20 °C, 24 h; ref 160 for entries
1—-22 and ref 161 for entries 23—25. ® Performed at —15 °C for 14 h. ¢ Imine (0.2 equiv) and potassium percarbonate were used
as the oxygen source at ca. 20 °C for 24 h. 9 Imine (0.1 equiv) and potassium percarbonate were used as the oxygen source at ca.
20 °C for 48 h.

111d (Scheme 26).15%162 Therefore, in this asymmetric has been proposed as oxidant, analogous to the Payne
sulfoxidation, the intermediary o-hydroperoxy amine oxidation.'63
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Scheme 26

3d
5N (1 equiv),
O,
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V. Oxaziridinium-lon-Mediated,
Iminium-lon-Catalyzed Oxidations

Oxaziridinium salts 1V are conveniently prepared
from the corresponding iminium salts 4 by oxidation
with peracids or monoperoxysulfate.*64165 Their oxi-
dizing power derives from the strongly electrophilic
oxygen atom, which may be transferred to a variety
of substrates, as demonstrated in the rosette of
Scheme 27. The display includes catalytic as well as

Scheme 27

(o) g{

R'R%C=NR® >=<

RsN-0 <B)- RgN

RS <2~ R2SO/R;SO,

R'CH,NHR?  RNH,

g_

.
R1CHZII\IR2/ R1CH:l'\lR2 RNO/RNO,
OH o~

stoichiometric oxidations to show the scope of the
oxygen-transfer ability of this reagent. Thus, alkenes
are efficiently oxidized to epoxides by oxaziridinium
salts 1V (transformation 1 in Scheme 27).166.167
Expectedly, the heteroatom oxidation is facile, as
illustrated in the conversion of sulfides to sulfoxides
or sulfones by the use of either one or two equivalents
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of the appropriate oxygen source (transformation
2).165 The oxidation of amines by oxaziridinium salts
is more complex.1®® Primary amines are converted to
nitroso (or its dimer) and nitro products (transforma-
tion 3); which of these prevails depends on the
amount of the oxaziridinium salt used. For example,
the aromatic amine p-methylaniline affords exclu-
sively the nitroarene with two equivalents of the
oxidant. In contrast, the oxidation of secondary
amines leads to nitrones and hydroxylamines (trans-
formation 4), while tertiary amines give selectively
the N-oxides in high yield (transformation 5). Finally,
oxaziridinium salts IV convert imines to the respec-
tive nitrones (transformation 6). Thus, most of the
current work has concentrated on alkene and het-
eroatom oxyfunctionalizations, while neither the CH
oxidation in alkanes or even in alcohols nor the SiH
oxidation in silanes appears to have been reported.

The present review on nonmetal oxidants deals
with catalytic reactions; the relevant catalytic cycle
for the oxaziridinium salts 1V is shown in Scheme
28. The iminium ion 4 reacts with monoperoxysulfate

Scheme 28
=it
N Oxidized
KHSOs 4 Substrate
KHSO4 O\ ﬁ/ Substrate
> AN
v

to give the oxaziridinium ion 1V, which serves as the
actual oxidant. On transfer of the electrophilically
activated oxygen atom to the substrate, the oxidation
product results and the iminium catalyst is regener-
ated; thereby the catalytic cycle is completed.

A. Racemic Epoxidations

Iminium salts 4 efficiently catalyze the epoxidation
of CC double bonds with buffered KHSOs as the
oxygen source (Scheme 29). The reactions are per-

Scheme 29
= Pt

formed under homogeneous conditions in an aceto-
nitrile—water mixture at room temperature. Ex-
amples of such catalytic epoxidations by iminium
catalysts are shown in Table 10.

The use of dihydroisoquinolinium salt 4a as the
catalyst afforded the epoxide of (E)-2-undecen-1-ol
quantitatively (entry 1).1%° With the set of ketiminium
salts 4b—d, their catalytic efficiency was examined
for the epoxidation of trans-stilbene.'’® The deriva-
tives 4b and 4c showed low activity (entries 2 and
3), presumably due to their hydrolysis to the corre-
sponding amines and ketones. The salt 4d displayed
a much higher catalytic activity with stilbene (entry
9); consequently, this catalyst was used for the
oxidation of a variety of olefinic substrates, which

+/
>:N\ /KHSO5/NaHCO4
CH3CN/H.0, 20-25 °C, 4-16 h
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afforded the respective epoxides in most cases in good
yields (entries 4—13).

Diastereomeric pairs of cis and trans alkenes gave
the corresponding epoxides stereoselectively (entries
4,5,7,8, 10, and 11), which implicates a concerted
oxygen-transfer mechanism. The silyl enol ether
derived from propiophenone gave a-hydroxypropiophe-
none in good yield (entry 13). In this overall a
hydroxylation of carbonyl derivatives, presumably
the intermediary epoxide rearranged under the reac-
tion conditions.

The iminium salts 4e—h, derived from pyrrolidine
and aryl aldehydes, were evaluated for their potential
as epoxidation catalysts with trans-stilbene as model
substrate (entries 14—17). The derivatives 4e and 4h
with ortho electron-withdrawing groups (chloro and
trifluoromethyl substituents) showed better catalytic
activity (entries 14 and 17). For the epoxidation of
other alkenes (entries 18—23), the iminium salt 4h
was the best catalyst. Whereas these electron-rich
alkenes afforded the respective epoxides in high
yields, the electron-poor ethyl cinnamate did not
react. Expectedly, the diastereomeric cis- and trans-
stilbenes gave the corresponding epoxides stereose-
lectively (entries 17 and 18). The low cis—trans
diastereoselectivity for limonene (entry 22), especially
2-cyclohexenol (entry 23), constitutes a definite dis-
advantage of this catalytic, nonmetal oxidant for
preparative applications.

The exocyclic iminium salts shown below were also
evaluated for their potential as epoxidation catalyst,
but stoichiometric amounts of the salt were employed
with trans-stilbene.'”* The iminium ion with the
electron-releasing p-methoxy substituent was inac-
tive, but the others gave also only poor yields of the
stilbene epoxide, which curtails their use as oxidation
catalysts. Hydrolysis is presumably responsible that
these iminium salts do not persist under the reaction
conditions.

TIO™ H clog
+ . CH
CN:@ CN# 3
R
X
X=H R=CHg
X = OCH3 R= CHZOAC
R =2-CICgH,
ClOg

+
N= N_COZEt

The oxygen-transfer reactivitiy of the oxaziri-
dinium salt 1Va has been compared with that of
m-CPBA.1%” Under otherwise identical conditions, the
oxaziridinium ion IVa epoxidizes trans-stilbene faster
than m-CPBA (Scheme 30). Although the oxaziri-
dinium salt 1VVa epoxidizes unactivated alkenes such
as 1-nonene in high yield, it does not react with
electron-deficient alkenes such as isophorone, cho-
lestenone, methyl maleate, and methyl fumarate.

In regard to selectivity, the oxaziridinium salt IVa
converts norbornenone chemo- and stereoselectively
to the epoxy ketone without affecting the keto group
(Scheme 31).1¢7
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Scheme 30
BF,

+
©Q\H_CH3
IV

a "0 (1equiv)

CH,Cly, ca. 20 °C,
0.5 h, 96%

Ph Q_Ph

~ ol

Ph Cl

@\ (1.2 equiv)
COgH

CHQC|2, ca. 20 °C,
4 h, 95%

BF,
+
N—CHS
IVa

O (1 equiv)
CHQC|2, ca. 20 °C

Scheme 31
/ i
(0]

Such a chemoselectivity is observed in DMD oxida-
tions;%” however, m-CPBA gives, besides the epoxy
ketone, a mixture of lactones through the Baeyer—
Villiger reaction.’?

The hydroxy-group-directed epoxidation is well-
known for peracids and DMD, in which the diaste-
reoselectivity is controlled by allylic strain and
hydrogen bonding.55%6:173 This is not observed for the
oxaziridinium salt 1VVa, as manifested by the low cis/
trans ratio for the cyclohex-2-en-1-ol oxide (Table
11).167 Evidently, the positively charged nitrogen
atom in the oxaziridinium ion IVa does not favor
hydrogen bonding between the strongly electrophilic
oxygen atom and the allylic hydroxyl group. However,
the acetyl derivative displays a high cis diastereose-
lectivity, much better than m-CPBA and DMD. This
high cis diastereoselectivity for the iminium salt 4a
is astounding and implicates an attractive association
between the positively charged nitrogen atom and the
acetyl carbonyl group, as shown in the transition
structure below. From computational work it was

X

86%

~N72Z

8, Oy
N0
=" “H

concluded that a concerted spiro transition structure
accounts best for the oxygen transfer to the CC
double bond.174

B. Asymmetric Epoxidations

In view of the chiral nature of appropriately
substituted oxazirdinium salts, their potential as
asymmetric epoxidants under catalytic conditions has
recently been intensively pursued. The available
results are summarized in Table 12 and the pertinent
references therein, which will not be repeated in the
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Table 10. Iminium-Salt-Catalyzed Epoxidation of Alkenes by KHSOs as the Oxygen Source?

entry catalyst 4 substrate mole ratio time temp epoxidg’ ref
(cat) (sub) cat:sub:KHSOs (h) (°C) yield (%)
1 ©©+BFZ HO_~Csti7 - - o7 169
PAN
CHs
4a
BF;
2 C+‘<j P 1:10:10 16 25 25 170
=
4b
BF;
3 C+‘Q o PN 1:10:10 16 25 19 170
4¢
BF;
4 Cﬁ:O X CsHiin 1:10:10 16 25 48 170
4d
5 Nty 1:10:10 16 25 78 170
6 Ph X 1:10:10 16 25 37 170
7 ph X 1:10:10 16 25 81 170
8 o\ 1:10:10 16 25 80 170
9 o X PN 1:10:10 16 25 88 170
10 H,Cs™ " 0H 1:10:10 16 25 24 170
-n- —_ OH 10
11 e 1:10:10 16 25 59 170
12 Ph™ X"0H 1:10:10 16 25 63 170
13 ofMeﬁ L10:10 16 25 754 170
Ph
TIO™
14 C+ H A Ph 1:10:20 4  ca 82 171
N— Ph
0 ;
cl
4e
TIO™
15 + H X Ph 1:10:20 4 ca 28 171
= 20
cl cl
4f
TIO™ H
16 Cﬁ_ RN 1:10:20 4 ca %17
20
cl
4g
TIO™
17 Cﬁ_ o P 1:10:20 4 ca 89 171
20
FsC

4h
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Table 10 (Continued)
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entry catalyst 4 substrate moleratio  time temp epoxide® ref
(cat) (sub) cat:sub:KHSOs (h)  (°C)  yield (%)
18 = P “Ph 1:10:20 4 ca. 50 171
20
Ph
19 = ): 1:10:20 4 ca 92 171
Ph 20
20 -n- PR X 1:10:20 4 ca. 38 171
20
21 -n- Ph 1:10:20 4 ca. 93 171
20
22 - 1:10:20 4 ca 72° 171
20 (70:30)
OH
23 -n- 1:10:20 4  ca 100 171
20 (53:47)

a performed in CH3CN/H,0. P The cis/trans ratio is given in parentheses. ¢ Details not available. ¢ The product is a-hydroxy-

propiophenone. ¢ Only the cyclohexene epoxide is formed.

Table 11. Comparison of the Diastereoselectivities

(cis/trans) in the Epoxidation of Cyclohex-1-en-2-ol
and its Acetate by Oxaziridinium Salt IVa, m-CPBA
and DMD?

substrate  yield” diastereoselectivity (cis/trans)
(%) oxaziridinium salt  m-CPBA DMD
IVa
OH
85 60 : 40 92: 8§ 75:25
OAc
92 95: 5 50:50 35:65

a Substrate (1 mmol), oxidant (1 equiv); in CHCI, except
for DMD in CH,CIl,/CHsCOCHsa. P In the oxidation with the
oxaziridinium salt.

text. The enantiomerically pure 3,4-disubstituted 3,4-
dihydroisoquinolinium salt 4i was used as the cata-
lyst for the epoxidation of the prochiral alkenes in
entries 1 and 2; although the yields of the epoxides
were high, the enantioselectivities were low. For the
set of 3,4-dihydroisoquinolinium salts 4j—p (entries
3—9), in which the stereogenic center is in the
ammonium functionality, the efficacy of asymmetric
epoxidation was tested with of 1-phenylcyclohexene
as model alkene substrate. Good yields of the corre-
sponding epoxide were obtained with these chiral
catalysts, but again the enantioselectivities were low
(8—32% ee). With the optically active iminium salt
4q (entries 10—16), a variety of di- and trisubstituted
alkenes were examined, but the asymmetric induc-

tion was also low (= 20% ee); the best ee value (40%)
was found for 1-phenylcyclohexene.

The optically active binaphthyl-based iminium ion
4r was used as the catalyst for the asymmetric
epoxidation of various alkenes (entries 17—21). Ex-
cept for 1-phenylcyclohexene (entry 21), for which a
relatively high ee value of 71% was achieved (the best
to date for iminium salt catalysts), the enantioselec-
tivities were generally only low to moderate (8—45%
ee).

Nonetheless, a very high (94% ee) enantioselectiv-
ity was observed in the intramolecular epoxidation
of the CC double bond of the optically active oxaziri-
dine in Scheme 32.178

Scheme 32
+-Bu
} 1.Me0Th, N
/\ t-Bu
Ph N,
Ke) 2. NaHCO; (aqu.)
H)¥>=<CH:3
H  CHs OHC

NCHS

H Y CHs

Presumably, under these oxygen-transfer condi-
tions the corresponding oxaziridinium ion is the
oxidant. Evidently, the previously mentioned spiro
transition structure applies in this oxyfunctionaliza-
tion.

C. Sulfide Oxidations

The oxidation of sulfides with the 3,4-dihydroiso-
quinoline-derived iminium salt 4a as the catalyst and
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Table 12. Asymmetric Epoxidation of Prochiral Alkenes with Monoperoxysulfate, Catalyzed by Optically Active
Iminium Salts 42

entry catalyst 4 substrate mole ratio time temp epoxide ee config ref
(cat) (sub) cat:sub:KHSOs  (h) (°C) yield (%) (%)
gh
1 ~sMe Ph/\/CHa 1:20:40 12 ca. 20 70 22 (R.R) 18, 175
Me
BF;
4i
2 -n- Ph/\/F’h 1:20:40 12 ca. 20 80 35 (RR) 18, 175
' on
3 _NL A O/ 1:200:400 1 0 63 19 (#H)-(RR) 19,176
BPh;
4j

Ej/\/;\‘"/ Ph
4 O/ 1:200:400 1 0 45 32 (#)-RR) 19,176

Ph 1:200:400 1 0 60 18  #H-RR 19,176

Ph 1:100:200 1 0 39 25 ()«(S.5) 19,176

Ph 1:200:400 1 0 66 12 -)-(SS) 19,176

l@ Ph 1:200:400 1 0 58 8  (+)RR 19,176
BPh; O/

BPhy é(

9 ;! %\\H O/Ph 1:200:400 1 0 47 14 -)-S.S) 19,176
HO™
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Table 12 (Continued)
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entry catalyst 4 substrate mole ratio time temp epoxide ee config ref
(cat) (sub) cat:sub:KHSOs  (h) (°C) yield (%) (%)
10 ©@“Z Ph/&_ 1:20:40 0.75 0 68 8 +)-(RER) 19,176
BPhy H;C
4q
11 -n- Ph X Ph 1:10:20 0.75 0 75 10  (+)-RR) 19,176
12 - Ph/\( Ph 1:20:40 0.75 0 72 15  (#)-(RR) 19,176
CHS
13 —n- Ph/ﬁ/Ph 1:20:40 0.75 0 43 5 -9 19, 176
Ph
Ph
14 - O/ 1:20:40 0.75 0 68 40 (+)-(RR) 19,176
15 - 1:20:40 0.75 0 34 3 (H-(1S2R) 19,176
Ph
16 - 1:20:40 0.75 0 73 20 O] 19,176
DONg
+
17 S N—CH, PR X 1:20:20 12 ca.20 66 8 177
4r
18 -n- P X Ph 1:20:20 3 ca20 71 31 (RR) 177
x Ph
19 Ph Y 1:20:20 2 2 60 45  (RR 177
CH3
20 -n- O/CHs 1:20:20 1 ca. 20 80 39 (1S8,2R) 177
21 -n- 1:20:20 2 ca?20 80 71 (RR) 177

e

a Performed in CH3CN/H,0 with 4 equiv of NaHCO3/Na,COs.

the buffered KHSOs as the oxygen source is shown
in Scheme 33, and the results are given in Table

Scheme 33
QO
+
4a /N\CHa/
KHSOs / NaHC
RigR2 XHSOs/NaHCO, R'SOR?+ R'SO,R?

CHaCN/H,0, ca. 20 °C

13.165 While a high chemoselectivity was observed for
sulfoxides with 1.1 equiv of KHSOs, the sulfones were
exclusively obtained with an excess (2.2 equiv) of this
oxidant.

The oxaziridine derived from 3,4-dihydroisoquino-
line oxidizes sulfides to their sulfoxides'’”® in the
presence of trifluoroacetic acid. The oxygen transfer
involves probably an oxaziridinium intermediate,
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Table 13. Oxidation of Sulfides by Monoperoxysulfate,
Catalyzed with the Iminium Salt 4a2

sulfide mole ratio time yields(%)
cat:sub:KHSOs (min) R,SO R,S0O;

S—CH 1:10:11 10 90 traces

3 1:10:22 90 traces 85

1:10:11 5 60 20

CHF@’S‘CHS 1:10:22 120 - 95
1:10:11 45 90 traces

S 1:10:22 180 . 82

1:10:11 5 92 .

@—cm-s 1:10:22 30 - 80

n-GaHy7—S—CHa 1:10:11 10 60 20

1:10:22 30 - 65

a Performed in CH3CN/H,0 at ca. 20 °C, ref 165.

formed by protonation of the oxaziridine with tri-
fluoroacetic acid (Scheme 34).

Scheme 34

@ CFaCOLH (1 equiv)
(’.‘)‘ CHoCl

Similar in-situ generations of oxaziridinium oxi-
dants from the corresponding oxaziridines and meth-
yl trifluorosulfonate were reported in intramolecular
epoxidation reactions.178.180

Recently, the asymmetric sulfoxidation by the
optically active oxaziridinium salt in Scheme 35 was

Scheme 35
Ph

~ Me _
" Br; )
oo o
S o st
/@ (1 equiv) /@/

CHgC'g, ca. 20 °C
60% yield

35% ee

reported,’>181 which gave the sulfoxide in a low (35%
ee) enantioselectivity under stoichiometric conditions.
To date, no catalytic enantioselective sulfoxidations
by oxaziridinium salts have been reported.

VI. Oxoammonium-lon-Mediated,
Nitroxyl-Radical-Catalyzed Oxidations

Stable nitroxyl radials 5 may be obtained from
secondary amines with no o hydrogen. Such nitroxyl
radicals give on oxidation the oxoammonium ion and
on reduction hydroxylamines (Scheme 36).2°

Scheme 36
~ l}l/ [Red] ~ '?‘/ [OX] \ﬁ/
OH [OX] Qe [Red] (@]
5 \'

Nitroxyl radicals are weak oxidants, and by them-
selves they are limited to the oxidation of ascorbic
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acid and phenylhydrazine.'82183 |n these redox reac-
tions, the nitroxyl radical 5 is converted to the
corresponding hydroxylamine. In contrast, when the
oxoammonium ion V is generated by oxidation of the
nitroxyl radical 5, a much stronger oxidant results,
which is capable of oxidizing a large variety of
substrates.

The important oxidative transformations effected
by the oxoammonium ion V are shown in the form of
a rosette in Scheme 37. These involve stoichiometric
as well as catalytic conditions to illustrate the
capabilities of this oxidant. Thus, the oxoammonium
ion oxidizes sulfides selectively to their sulfoxides
(tranformation 1 in Scheme 37),%84 and triphenylphos-
phine is converted to triphenylphosphine oxide in
high yield (transformation 2).18 The most thoroughly
studied process is the efficient and selective oxidation
of alcohols to carbonyl products (transformations
3—5). Primary alcohols are oxidized readily to either
aldehydes or carboxylic acids (transformation 3),2
while secondary alcohols react relatively slowly to
give ketones (transformation 4) which depends on the
reaction conditions. The oxidation of 1,4-butanediol
affords selectively y-butyrolactone in high yields
(transformation 5).18 Also, benzylic ethers undergo
oxidation to the corresponding aldehydes or esters
as the major products; the product selectivity may
be controlled by the reaction conditions (transforma-
tion 6).18718 Even ketones with o hydrogens are
oxidized to the respective o-dicarbonyl compounds,
presumably through the intermediary enol (trans-
formation 7).18 Analogously, 2-naphthol affords 1,2-
naphthoquinone in high yield (transformation 8).18
In contrast, under electrochemical conditions (TEMPO-
modified graphite electrode), 2-naphthol and its
methyl ether afforded by oxidative coupling the
corresponding binaphthyl derivatives nearly quan-
titatively (transformation 9).18 Finally, the nitroxyl-
radical-catalyzed electrochemical oxidation of pri-
mary amines gives aldehydes or ketones in high
yields in the presence of water; however, nitriles are
the major product under anhydrous conditions (trans-
formation 10).1%°

The catalytic cycle for the oxidation with nitroxyl
radical is shown in Scheme 38. The nitroxyl radical
5 is oxidized to the oxoammonium ion V; the latter
serves as the catalytic oxidant. During the formation
of the oxidation product, the oxoammonium ion V is
reduced to the corresponding hydroxylamine, succes-
sive oxidation of the latter with a suitable oxidant
[Ox] regenerates the oxoammonium ion V by way of
the nitroxyl radical 5, and thereby the catalytic cycle
is completed.

Under highly acidic (pH < 2) conditions, the
nitroxyl radical 5 disproportionates rapidly to the
oxoammonium ion V and its hydroxylamine (Scheme
39). Above pH 3, the reverse reaction occurs between
the oxoammonium ion and hydroxylamine to give two
nitroxyl radicals.?* Thus, these reversible transfor-
mations participate in the catalytic cycle of Scheme
38, and their direction depends on the pH conditions.

In this section, only catalytic oxidations by the
nitroxyl radical 5 are covered, in combination with a
suitable oxidant to convert the nitroxyl radical to the
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Scheme 37
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0 L
/\ N
~.7 ~.. 7 Qe
'?' N (cat),
Qe OH NaOCI (1-1.25 equiv),
5 KBr (0.08-0.4 equiv)
RCHO
Oxidation 0-20 °C, 0.5-5h
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[OX]
\,4\]/
(..) Substrate RCH,0OH N
i
Qe
v (cat),
NaOCI (2 < equiv),
Scheme 39 KBr (0.08-0.4 equiv)
HY 0-20°C, 0.5-5 h ROOH
+ - y VO
2\'.\‘/ ;' \N/ + \'n\‘/
Oe { o) OH
5 H* v
N
oxoammonium ion V. Three review articles2021.191 (Cgt;
have summarized the progress on the nitroxyl-radical NaOCI (1-1.25 equiv),
oxidations since 1965, when the first example was R KBr (0.08-0.4 equiv) R
re 192 H R »..CHOH ,.C=0
ported.'® The latest review presents the literature R 0-20 °C, 0.5-5 h R

through 1995,2* such that the present coverage
features the recent work since 1995. Oxidations by
nitroxyl radicals under electrochemical conditions
have also been reviewed very recently,'® and there-
fore, these are not dealt with here.

A. Alcohol Oxidations with Sodium Hypochlorite

Although the nitroxyl-radical system may oxidize
a number of functionalities, the majority of the work
is concerned with the oxidation of alcohols to the
corresponding carbonyl products (transformations
3—5 in Scheme 37). We demonstrate that the nitroxyl

radical 5 is a selective, efficient, and convenient
catalyst for the oxidation of a variety of alcohols.
Often only 1 mol % or even less of the nitroxyl radical
is required as the catalyst, which is definitely com-
petitive with the established metal-based oxidations.

The inexpensive and readily available sodium
hypochlorite is commonly used as primary oxidant.
The reactions are performed at room temperature or
below and completed within a few hours. Primary
alcohols are oxidized to the respective aldehydes with
one equivalent or a slight excess of sodium hypochlo-
rite. Carboxylic acids are obtained from the primary
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Table 14. TEMPO-Catalyzed Oxidation of Alcohols by NaOCI#

Adam et al.

entry catalyst substrate mole ratio solvent temp time product yield ref
(cat) (sub) cat:sub:NaQCl (°C) (h) (%)
H,OH
1 7(} He > 0 LI00:110  CHCWH0 1015 025 He Y™ 92 196
N CHz CHg
Qe
5a
2 B oM 12021  CHCL/HO 0 033 g OO 85 197
PivOQ QH PivO QH
3 . SeH,0H  1:100:150  CHCL/HO -5 0.25 ~ScHo 96 198
Ph,C=N OH Ph,C=N OH
HOHC NaO.G,
“—0 6.5: —O
4 Ho_g:)_OMe 1:6.5:35 H,0 ca.20 2 HO oMe 62 200
B0 Ny BiO N
HOH,C NaO,C
0 0
5 HO- ~I0Me 1:150:330 H,0 5 025 HOw «iOMe 87 201
HO  OH HO  OH
HOH,C KOG,
0 ij
6 How e 1:40:90 H,O 0 Hom 65 202
HO  OH nd  oH
HOH,GC MO,C
o}
7 HO- 10POgMj 1:20:40 H,0 0 1.5 HOw mopost 85 202
HO  OH hd  oH
(M =K, Na)
HOH,G NaO,C
0 8.
8 Hon OPOSNa 1:35:65 H,0 0 2 Lo Q_OPOSNa 80 202
HO  OH HO  OH
HOH,C NaO,C
o)
HO R HOH-
b -, . . ”
9 ud o 1:50:330 H,0 5 3 wd o 80 ggé
HOH,C NaO,C
—oﬁ- O._wCH,0H o O CO,Na
HG OH HG oM
YﬁN&NmN/NHCus-t
10 T - n-G7H;5CHZ0H 1:100:125  MTBE/H,0 0 075 n-C7H;5CHO 75 204
(<:3H2)6
*O-N N
5
11 n-CsH11CH,0H 1:100:125 MTBE/H,0 0 075 n-CsH4CHO 85 204
H
12 o 1:100:125 H,0 0 075 0 98 204
n'CsH13/ CH3 n'CeH13 CH3
OH 0
-n- CH N . .
13 ot Mot 1:100:125 H,0 0 075 I7_C4H9/IJ\CH3 98 204
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Table 14 (Continued)
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entry catalyst substrate mole ratio solvent temp time product yield ref
(cat) (sub) cat:sub:NaQCl °C) (h) (%)
OH o)
14 CH...,. 1:100:125 H,0 0 075 CHy 70 204
n-CgHq1 CH2CH3 2 n-CsHyy~ CHz @
OH 0
15 1:100:125 H,0 0 075 99 204
16 PhCH,OH 1:100:125 H,0 0 0.5 PhCHO 99 204
H
17 it 1:100:125 H,0 0 05 j\ 99 204
Ph"~" "CHs Ph CHg
H,OH
18 CHy CH0 1:100:125 H,0 0 075  CHj CHO 89 204
CHa CHa
o) HOHQC NaOQC
g Q . o
19 %o—i-o}a O “OCH, 1:20:44 H,0 20 4 . wocH, 95 205
n / 4
HO ©OH HO ©H
= —(CH,)sNH N—-Q®*
20 (silica) * R n-CeH13CH,OH 1:100:125 CH,CL/H,O 0 05 n-CgH13CHO 90 206
= —(CHg)sNH N-OH
21 n-C7H15CHo0H 1:100:125  CH,Cl/H,O0 0 0.5 n-C7H15CHO 88 206
22 —i- n-CgH47CH,OH 1:100:125 CH,CIl/H,0 0 0.5 n-CgH47,CHO 90 206
23 1-C11Hz5CH,OH 1:100:125  CH,ClyH,0 0 05 n-C11Hz3CHO 81 206
OH o
24 PN 1:100:125  CHCL/HO 0 05 n_C7H15/U\CH3 65 206
25 PhCH,OH 1:100:125 CH,CL/H,O 0 05 PhCHO 92 206
OH o
26 pr .o, 1:100:125  CH,ClL/H,0 0 0.5 Ph)LCHS 91 206
27 cHe Y Loons cmomo 0 05 om0 60 206
CHa CHg
28 -0, R e W
- —0-Si- . . c c
MCM-41 —8’ i-R Hom OGH, 1:23:47 H,0 0 o OCH, 207
HO  OH ho'  oH
=—(CHy)3-0O N-O*

a KBr/NaBr (0.08—0.4 equiv) was used except in entries 6—8 and 10—18. ® Ultrasound applied. ¢ Not reported.

alcohols with two equivalents or more of the hypo-
chlorite; of course, secondary alcohols result in ke-
tones (Scheme 40).2! Since primary alcohols are
oxidized substantially faster than secondary ones, a
high selectivity for the former may be obtained.
Generally, mild alkaline conditions, e.g. NaHCO3;
buffer, increase the reactivity and selectivity for
primary alcohols.?

In nitroxyl-radical-mediated oxidations, catalytic
amounts of the bromide ion (usually as KBr or NaBr)
are often added, which increases the rate of the

oxidation.® The bromide ion reacts with hypochlorite
to generate hypobromite in situ, which is a stronger
oxidant.

Among the various nitroxyl-radical catalysts, 2,2,6,6-
tetramethylpiperidin-1-oxyl (5a), commonly called
TEMPO, is most frequently used, since it is com-
mercially available. The 4-keto-substituted TEMPO
is readily accessible from the respective keto deriva-
tive, which is prepared from acetone and ammonia.®*
Therefore, TEMPO, in combination with sodium
hypochlorite, has become the choice for the oxidation
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H

of alcohols (Table 14).1% For convenience, the perti-
nent references are again cited directly in the table
and, thus, are not repeated in the text.

The oxidation of primary alcohols affords the
corresponding aldehydes in high yields (entries 1—3).
(S)-2-Methylbutan-1-ol is selectively oxidized to (S)-
2-methylbutanal without reaction at the chirality
center (entry 1). The reaction is highly chemoselec-
tive, since the secondary alcohol and imino function-
alities are not affected (entry 3). Unquestionably, this
catalytic method is superior to the stoichiometric
PCC oxidation,*®® which generates toxic chromium
waste.

The TEMPO-catalyzed procedure is particularly
convenient for the oxidation of primary hydroxy
groups in carbohydrates. Thus, a variety of carbohy-
drates were selectively oxidized to their carboxylate
derivatives in high yields (entries 4—9). The oxidation
of sucrose gave sucrose tricarboxylate in good yields,
when an excess of sodium hypochlorite was employed
(entry 9).

Immobilization of TEMPO on a polymer or inor-
ganic support affords heterogeneous catalysts, which
have the advantage of facile separation from the
reaction mixture. The polymer-immobilized TEMPO
(entry 10) from the commercially available polymer
stabilizer Chimassorb 944 efficiently and selectively
oxidizes primary and secondary alcohols to their
carbonyl compounds with aqueous NaOCI (entries
10—-18). The reactions are complete within 45 min
and obviate the need of bromides as cocatalyst and
organic solvent. Methyl tert-butyl ether (MTBE) was
added as a cosolvent in the oxidation of 1-octanol and
1-hexanol (entries 10 and 11). The catalyst is in-
soluble in MTBE, which prevented overoxidation to
carboxylic acids.

Recently, TEMPO was immobilized on a silica
matrix by the sol—gel method and used as a hetero-
geneous catalyst for the selective oxidation (95%
yield) of methyl o-p-glucopyranoside to the uronate
(entry 19). The silica-supported TEMPO catalyst (see
entry 20), in which the TEMPO precursor is attached
to the aminopropyl-functionalized silica, selectively
oxidizes primary and secondary alcohols to the
respective aldehydes and ketones in good yields
(entries 20—27). TEMPO, supported on the mesopo-
rous MCM-41 zeolite, was shown to catalyze the
hypochlorite oxidation of o-methyl glucoside selec-
tively to 1-O-methyl glucuronate (entry 28).

The TEMPO catalyst has been employed in the
oxidation of primary alcohol functionality by sodium
hypochlorite in the presence of bromide ion to car-
boxylic acids in several oligo- and polysaccharides
(not shown in Table 14). Such oxidations modify the
properties of these polysaccharides and improve
solubility in water to suit various commercial ap-
plications. Thus, f-cyclodextrin was oxidized to a
mixture of mono- and dicarboxy-j-cyclodextrin so-
dium salts.?®® The selective oxidation of several

Adam et al.

naturally occurring polysaccharides was conducted
to afford their carboxy derivatives, e.g., wheat starch,
potato amylose, potato amylopectin, chitin, chitosan,
pullulan, alternan, regular comb dextran, cellulose
(AVICEL), a-cellulose, and carboxymethyl cellu-
lose.?%° The procedure has also been applied to the
oxidation of pseudo-amorphous celluloses,?° starch,?*
chitins,?? and other polysaccharides of natural ori-
gin.2:3

The optically active binaphthyl-based nitroxyl radi-
cal S-(—)-5d was used as the catalyst for the kinetic
resolution of racemic secondary alcohols (Scheme
41).24 The in-situ-generated chiral oxoammonium ion
Vd showed excellent (98% ee) enantioselectivity for
the oxidation of one enantiomer.

Scheme 41

N-O*

5(-)-5d
OO (0.005/0.01 equiv)

OH  NaoCI (0.6-0.7 equiv), KBr (0.1 equiv)

R TR CH,Clo/H,0, 0 °C, 30 min
0 OH
+ <
R1/U\R2 RI“R2
recovered % ee  convn (%)
alcohol
OH a
: 57-98 56-87
AT
OH
~~= 41 66
S
O/\Can
Q H
H 19 58
HO CsH11

2Six examples

The persistent nitroxyl radicals 5a—j (Scheme 42)
were also prepared and their catalytic activity com-
pared in the oxidation of secondary alcohols to
ketones by NaOCI.?'5> The nitroxyl radicals 5a—d
showed high catalytic activity, while 5e performed
relatively poorly (40% yield), and the more elaborate
derivatives 5f—j were practically inactive (<10%
yield). The redox potentials of these nitroxyl radicals
were determined by cyclic voltammetry and shown
to correlate with their catalyst activity. It was found
that the active catalysts 5a—d possess oxidation
potentials between 638 and 807 mV, whereas the
inactive ones 5e—j are above 852 mV. A computa-
tional method was developed to predict the redox
potential of nitroxyl radicals, and a good correlation
was found between the calculated and measured
values.?t®

B. Alcohol Oxidations with Various Oxidants

Although sodium hypochlorite is commonly used
as the primary oxidant in the TEMPO-catalyzed
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Scheme 42
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oxidations, other oxidants have also been successfully
employed. The oxidations of alcohols with the TEMPO
(5a) catalyst and various oxidants are given in Table
15. m-CPBA oxidizes secondary alcohols to the cor-
responding ketones in high yields, even in the pres-
ence of only 1 mol % of the TEMPO catalyst and 1
mol % of n-BusNBr (entries 1—4). The latter serves
as a source for the bromide-ion cocatalyst. Alterna-
tively, the TEMPO precursor 2,2,6,6-tetramethylpi-
peridinium hydrobromide may be used directly as the
catalyst in place of TEMPO and n-BusNBr (entry 5).
The oxidation of cis-1,2-cyclohexanedimethanol gave
the y-lactone and not the dialdehyde (entry 6).

Also, KHSOs was employed as primary oxidant in
the presence of n-Bus,NBr in nonaqueous media
(entries 7—15). Benzylic alcohols gave high yields of
their carbonyl derivatives (entries 10—12, 14, 15),
except the electron-rich 4-methoxybenzyl alcohol
(entry 13); however, aliphatic alcohols were oxidized
in lower yields (entries 7—9). tert-Butyldimethylsilyl-
protected 4-hydroxybenzyl alcohol gave a good yield
of the corresponding aldehyde without affecting the
silyl-ether linkage (entry 14).

tert-Butyl hypochlorite was used as a primary
oxidant in the TEMPO-catalyzed oxidation of -p-
glucosides to give the respective s-p-glucuronides in
aqueous solutions (entries 16—19). This procedure
facilitates isolation of the products, because the
NaOCI oxidant produces salts and such contamina-
tion encumbers purification of the rather water-
soluble products.
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Two equivalents of sodium chlorite in the presence
of catalytic amounts both of TEMPO and sodium
hypochlorite provided an effective procedure for the
oxidation of primary alcohols directly to carboxylic
acids in excellent yields (entries 20—31). The NaCIlO,
efficiently oxidizes in situ the initially formed alde-
hydes to the respective carboxylic acid; it itself is
converted to NaOCI. Thus, the NaCIlO, serves as a
source of hypochlorite; however, addition of 2 mol %
of hypochlorite right from the start eliminates the
induction period.

Benzylic alcohols and 2-arylethanols afforded the
corresponding acids in nearly quatitative yields
(entries 20—26). The reaction tolerates acetylenic-,
cyclopropyl-, and cbz-protected amino groups (entries
27, 28, and 31). Racemization or epimerization did
not occur in the oxidation of alcohols with chirality
centers (entries 29—31).

In general, this procedure gives better yields of
carboxylic acids from primary alcohols than the
TEMPO—-NaOCI method.1®2 The NaClO; procedure
was applied in the final step of the synthesis of the
endothelin-receptor antagonist without racemization
or damage of the electron-rich aromatic ring (entry
32).

Use of N-chlorosuccinimide as primary oxidant in
the TEMPO-catalyzed oxidation of alcohols gives
carbonyl compounds selectively without overoxida-
tion to the respective carboxylic acids (entries 33—
47). Primary aliphatic, benzylic, and allylic alcohols
produce the corresponding aldehydes in high yields;
however, secondary alcohols react more slowly (en-
tries 34, 39, and 42). Thus, the primary hydroxy
functionality may be selectively oxidized in the pres-
ence of secondary ones (entries 37, 46, and 47).

Also, the hypervalent iodine compound, (diacetoxy-
iodo)benzene, served as the primary oxidant (entries
48—68). Primary alcohols were selectively oxidized
in the presence of secondary hydroxy, epoxy, sulfide,
and selenide functionalities (entries 56—58, 64, and
65). No racemization occurred at the chirality center
in the oxidation of the epoxides in entries 56 and 57.

The combination of peroxydisulfate and alumina-
supported silver was employed with good success as
a primary oxidant in the TEMPO-catalyzed oxidation
of methyl a-p-glucopyranoside (entry 69). The multi-
component MTO/HBr/TEMPO/H,0, catalytic system
oxidizes benzyl alcohols to their aldehydes in high
yields (entries 70 and 71). Here the H,O, converts
MTO first to its diperoxo complex CH3;ReOs, the latter
oxidizes Br~ to OBr~ catalytically, and the hypobro-
mite then performs the usual TEMPO-catalyzed
oxidation of the alcohol substrate.

Molecular oxygen, the oxygen source of choice, has
been used directly in combination with the RuCl,-
(PPh3g); complex to generate in situ the required
oxidant for the TEMPO-catalyzed oxidations. In this
manner a variety of alcohols were selectively trans-
formed to their carbonyl compounds (entry 72—84).
Molecular oxygen was also used in conjunction with
the copper complex derived from CuBr/Me,S and
perfluoroalkylated bipyridine (entries 85—97). Ali-
phatic, benzylic, and allylic primary and secondary
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Table 15. TEMPO-Catalyzed Oxidation of Alcohols by Various Oxidants

Adam et al.

entry  oxidant substrate mole ratio solvent temp time product yield ref
(0x) (sub) cat:sub:ox °O) (h) (%)
1 m-CPBA*? é:_iH 1:100:120 CH,Cl, 0-23  0.67 )(J)\ 92 216
HaC™ “CgHyzn CHy~ CeHian
OH o)
2 -n- 1:100:120 CH,Cl, 0-23 0.67 : f 97 216
OH o)
3 -n- 1:100:120 CH,Cl, 0-23  0.67 94 216
Bu-t Bu-t
4 —n- C%H 1:100:120 CH,Cl, 023  0.67 g 91 216
CH3/ 'Ph CHs/ \Ph
5° -n- C%H 1:100:120 CH,CL, 0-23  0.67 9 98 216
B _C
C,Hs~ Ph C.Hs™ "~ Ph
6 —r- O:CHZOH 1:100:240 CH,Cl, 0-23 0.67 2 89 216
CH,0H Oiéo
7 KHSOs* n-CgH47CH,0H 1:100:120 CH,Cl, ca. 20 12 n-CgHy7CHO 67 217
8 OH 1:100:120  toluene <20 12 2 56 217
n-C;His~ “CHj n-C7Hi5” " “CHg
CHz, _OH CHa~ 20
9 -n- 1:100:220 toluene ca. 20 12 i 71 217
10 ne PhCH,OH 1:100:220 CH,ClL, ca. 20 12 PhCHO 90 217
11 C%H 1:100:220  toluene  ca.20 12 ('c?: 91 217
CHg" “Ph Ph™ "“CHj
12 - QH 1:100:220  toluene  ca.20 12 Q 93 217
phCt~cH; CHa Ph)J\/ Ch
CH,OH CHO
13 - © 1:100:220 CH,Cl, ca. 20 12 37 217
OCHs, OCH,4
CH,0H CHO
14 © 1:100:220  CHxCl, c¢a. 20 12 © 81 217
OSiMe,Bu-t OSiMe,Bu-t
OH o)
15 @ 1:100:220  toluene  ca.20 12 @é 9 217
HOCH, HO,C,
o) 0
HOm OR HOw- OR
oHf “OH oHf "OH
16 t-BuOCl R =CHj; 1:60:120 H,O ca.20 0.5 R = CHz 34 218
17 —n- R =Ph 1:60:120 H,O ca.20 0.5 R =Ph 78 218
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Table 15 (Continued)

entry  oxidant substrate mole ratio solvent temp time product yield ref
(ox) (sub) cat:sub:ox (°O) (h) (%)
18  #BuOCl R = 2-FCgH, 1:60:120 H,0 ca.20 0.5 R = 2-FCgH, 97 218
19 . R = 4-NO,CgH, 1:60:120 H,O ca.20 0.5 R = 4-NO2CgH4 64 218
20  NaClO,® PhCH,OH 1:14:28 CH;,CN/H,O 35 25 PhCO,H 98 219
21 O/CH?OH 1:1428 CH,CN/H,O 35 25 @/COzH 100 219
O,N O,N
Br Br
2 ©/CH20H 1:14:28 CH;CN/H,0 35 25 ©/C°2H 96 219
OCHj OCH;
23 PhCH,CH,OH 1:14:28 CH;CN/H,O0 35  2-5 PhCH,CO,H 100 219
24 @ECHQCHon 1:14:28 CH,CN/H,O 35 2-5 @:CHZoO?H 99 219
OCHg OCHjz
CH,CH,OH CH,CO,H
25 Q/ 1:14:28 CH;CN/H,O 35  2-5 Q’ 96 219
OCHj OCHs
H
2 @/CH?CHZo 1:14:28 CH:CNALO 35 2.5 @/CHZ‘X’?H 100 219
CH30 CH30
27 —==—CH,OH 1:14:28 CH;CN/H,0 35 25 COH 90 219
28 1:14:28 CH;CN/H,O 35 25 95 219
PhyCHZOH ? z PhyCOZH
Br Br
CH,OH COLH
29 1:14:28 CH:CN/H,0 35  2-5 92 219
CHg CHg
OCHs OCHj
HOoH,c — © HOC
30 N 1:14:28 CH;CN/H,O0 35 25 2\N 95 219
Phie Phi
o) o)
31 pr ™y OHeO" 1:1428 CH,CN/H,O 35 25 pr >y OO 85 219
NHCbz NHCbz

o4 o
e AN R . .
32 NaClo; m COH 1:10:20 CH;CN/H,O 35 m—COZH 90 220

n-Bu N H n-Bu
©/\‘/CH20H Q/\‘/COZH
OCH, OCHy
0
33 [éNCI n-C7H15CH,0H 1:10:13 CH.Cl/H,O ca.20 3.5 n-C;H5CHO 100 221
0
34 QH 1:10:12 CH,ClyH,O ca.20 6 Q 26 221

CH. -
n-CgHys~ "CHa n'CeH13/C CHg
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Table 15 (Continued)

Adam et al.

entry  oxidant substrate mole ratio solvent temp time product yield ref
(0x) (sub) cat:sub:ox (°C) (h) (%)
35 -n- A~ (CH2);CH0H 1:10:20 CH,ClL,/H,O ca. 20 24 A~ (CHz),CHO 92 221
36 CECH?OH 1:1030 CH,CL/H,0 ca.20 2 0 94 221
o
Ha
37 g:' 1:10:15 CH,CL/H,O ca.20 2.15 )O\H 82 221
CH3/ “(CH2)sCH-OH (CH,)sCHO
38 oy -CHOH 1:10:16 CH,ClyH,0 ca.20 2 o CHO 83 221
OH 0
39  &H 1:10:22 CH,CL/H,O ca.20 24 2 55 221
h T CH, Ph” " CH,
- CHz0H
40 1:10:18 CH,Cl/H,O ca.20 3 100 221
I
41 PhCH,OH 1:10:12.5 CH,CL/H,O ca. 20 2 PhCHO 99 221
OH
42 ch 1:10:12  CH,CL/H,O ca.20 3.5 1 68 221
Ph~ 'CH3 Ph” \CH3
43 /@/CH?OH 1:10:13 CH,CL/HO ca.20 7 /@/CHO 100 221
CH40 CHgO
CH,OH
44 /©/ 1:10:11  CH,Cl/H,0 ca.20 0.5 O/ 100 221
O.N
45 /@/CHZoH 1:10:26 CH,Cl/H,0 ca.20 6 /@/ 95 221
HOH,C
CH,OH
46 \(©/ 110:11  CHCL/H:O ca. 20 2.5 \y/©/ 65 221
OH
OH OH
47 CH 1:10:11 CH.Cl/H,0 ca.20 3 ©0H 77 221
C C\CHQOH C\c
H,CHZOH
48 Phi(OAG), O/C 2CHz0 1:10:11  CH.Cla  ca20 25 O/CH?CHO 80 222
49 Q 1:10:11 CHCL ca.20 25 2 95 222
CH
n'CsH1 1/ = n'C5H1 1/0\/
OH o)
50 1:10:11 CHClL, ca20 7 ¢ 90 222
tBu t-Bu
51 7 CHO 1:10:11  CH.CL, ca.20 25 7 cHo 95 222
C4H9-n C4Hg'n
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Table 15 (Continued)
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entry  oxidant substrate mole ratio solvent temp time product yield ref
(ox) (sub) cat:sub:ox (°C) (h) (%)
52 1:10:11 CH)Cl, ¢ca.20 0.5 90 222
CH,OH CHO
| I
o o
wCHZOH wCHO
53 BnO/\S_Z‘ ? 110:11  CHCl,  ca20 15 BHOAS_Z‘ 75 222
BnO OBn BnO OBn
54 /@igjgw\'/ 1:10:11  CHClL, ca20 5 Ligjg\‘r 80 222
HO |f| fo) ﬁ
55 /G;Sjg\j/ 1:10:11  CHxCl, ca.20 5 nggj&\‘r 80 222
HO o
0 0
56 \/\'>\CH20H 1:10:11 CHClL, ca20 1 \/\'>\CHO 70 222
57 g 1:10:11 CH,CI 20 2 § 75 222
—n- O/\[}\CHon :10: 2Cly ca. O/\l%CHO
58 CH,OH 1:10:11 CH,Cl, ca.20 2.5 )H><CH0 70 222
OH OH
OH o}
59 i 1:10:11 CHClL, ca20 8 ﬁ 90 222
OH OH
60 o 1:10:11 CH,Cl 20 1.5 D 95 222
CH,OH s e ' CHO
| |
S CH20H . CHO
61 -n- 1:10:11 CH,Cl, ca.20 0.1 95 222
| I
62 ph” Xy ~CH2OH 1:10:11 CHCl, ca20 1 X -CHO 95 222
63 THPO—, __ CH-OH 1:10:11  CH;CN/HO ca.20 0.2 THPO—, __ CHO 95 222
64 Phs” " CH,0H 1:10:11 CHCl, ca20 1 Phs” " cHO 70 222
65 \_<CH20H 1:10:11 CH,Cl; ca.20 15 _ o 55 222
SePh SePh
66 PhCH,OH 1:10:11 CH)Cl, ca.20 0.5 PhCHO 95 222
67 C?HH 1:10:11 CHClL, ca.20 1.5 96 95 222
Ph~~ "CHa Ph”~"CHs



3542 Chemical Reviews, 2001, Vol. 101, No. 11

Table 15 (Continued)
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entry  oxidant substrate mole ratio solvent temp time product yield ref
(0x) (sub) cat:sub:ox (°C) (h) (%)
68 /@CHQHQ-H 1:10:11 CH,Cl, ¢a.20 3 /@\0/04'*9-“ 95 222
|
OH .
HOH,C, HOC,
2- 0 o)
69  S0g¢, 1:50:100 H,0 ca.20 25 78 223
Ag-AlO3 HO! 'OCH3 HO! 'OCH3
HO  OH HO  OH
70 30% Hy0;, PhCH,OH 1:33:165 AcOH/H,O ca.20 2 PhCHO 81 224
CH3R903,
Br~
CH,OH CHO
71 1:33:165 AcOH/H,0 ca.20 2 90 224
72 Oy n-C7H15CH,0H 1:20:- PhCl! 100 7 n-C7H;5CHO 85 225
RUC|2(PPh3)3
73 CQHH 1:22:- PhCl 100 7 ‘.('-:? 95 225
n-CgHyg~ "CHg n-CeHiz™ ~CHg
74 CCLH oH 1:22:- PhCl 100 7 g oH 85 225
n-CsHy{ 8 n-CgHy ¢ o~C1e
OH 0
75 o 1:22:- PhCl 100 7 (:/j 85 225
OH o)
76 @ 1:33:- PhCI 100 7 92 225
H>OH
77 CH§=/C 20 1:22:- PhCl 100 7 Csz/CHO 96 225
CHg CHs
xx-CH-OH x-CHO
78 1:22:- PhCl 100 7 91 225
| |
79 PhCH,OH 1:33:- PhCl 100 5 PhCHO 100 225
80 CCI’HH 1:33:- PhCl 100 7 96 91 225
PR "CHa Ph™""CHs
81 /@CHZoH 1:33:- PhCl 100 4 /@CHO 100 225
CHj CHgy
CH,0H CHO
82 © 1:33:- PhCl 100 4 ©/ 100 225
OCHg OCH;
83 @/CHZoH 1:33:- PhCl 100 3 /@/CHO 100 225
CH30 CHs0
84 1:33:- PhClI 100 7 cHo 68 225

Q

O,N
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entry  oxidant substrate mole ratio solvent temp time product yield ref
(0x) (sub) cat:sub:ox (°C) (h) (%)
Oy,
CuBr-MeZS,
85 R R n-CgH1gCHsOH 1:30:- CgF13/PhCl 90 7-13 n-CgH1gCHO 73 226
7 N N
= =
R=
—(CHz)4—~CgF47
86 o 1:30-  CsFig/PhCl 90 8 ('c)' 71 226
n'CgH1g/ CH3 n-CgH1g/ \CH3
87 i o 1:30--  CsFPhCl 90 12 ('c?: o 69 226
n-CgHyg™ CH3~'8 n-CoHyg™ >"7"%
H
88 -n- CQH CH 1:30:- CgF13/PhCl 90 17 ('Dé 31 226
n-CoHys™~ "CHz~ 2CHg n-CoHig™ =" CHjs
n- CH,_ _ :30:- - CHy_ -
89 - 2(CH2)gCH20H 1:30 CgFs/PhCl 90 7-13 Br 2(CH2)gCHo 81 226
90 . /\(CHg)scHgoH 1:30:- CgF1s/PhCl 90 7-13 /\(CHQ)SCHO 78 226
OH CHO
91 -n- 1:30:- CgF13/PhCl 90 7-13 76 226
92 ©/\VCH20H 1:30-  CgFigPhCl 90 27 ©/\VCHO 79 226
Br Br
93 @CHQOH 1:30:-  CgFig/PhCl 90 27 @wo 9 226
OH 0
94 ©/\/CH\C4Hg-n 1:30:-  CgFi/PhCl 90 2.7 ©/\)LC4H9_,7 84 226
CH,OH CHO
95 - /©/ 1:30:- CgF13/PhCl 90 4 /©/ 93 226
O,N O,N
OCHs; OCH3
96 CHOH 1:30:-  CgFi/PhCl 90 27 /@/CHO 93 226
CH50 CHsO
HO.
oi™"CH,
97 -n- CgF5/PhCl 90 2-7 9] 226

| ' 1:30:-

Q
I
<

an-BuysNBr (0.01 equiv) was added. ° 2,2,6,6-Tetramethylpiperidinium hydrobromide (0.01 equiv) was used instead of TEMPO
and n-BusNBr. ¢ n-BusNBr (0.04 equiv) was added. ¢ NaOCI (0.02 equiv) was added. ¢ NaOCI (0.036 equiv) was added. f n-Bus;NCI

(0.1 equiv) was added.

alcohols were oxidized to their aldehydes and ketones
in high yields and good selectivities.

Recently, a polymer-bound bromite complex was
employed as primary oxidant.??’ In the presence of
catalytic amounts of TEMPO, primary alcohols were
oxidized to aldehydes and secondary ones (not listed
in Table 15) to ketones.

C. Miscellaneous Catalytic Oxidations

The TEMPO/KBr/NaOCI system selectively oxi-
dizes sulfides to sulfoxides without overoxidation to

sulfones. Thus, N-protected S-amino sulfides gave
readily separable diastereomeric sulfoxides in high
yields (Scheme 43).228 (R,R)-Sulfoxides were obtained
as the major diastereomer in ee values up to 88%.
The TEMPO/KBr/NaOCI combination also performs
efficiently and selectively the Baeyer—Villiger oxida-
tion of a-hydroxy- and o-keto fg-lactams to the
respective mixed anhydrides in very high yields
(Scheme 44).22° The low reaction temperature (0 °C)
and the near neutral pH ensured that no epimeriza-
tion occurred. The procedure was also employed in
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Scheme 43
(0.01 equiv),
! NaOCI (1.2 equiv)

EJHRZ KBr ((3: equiv), NaHCO3
RSP T G, ClHy0, 0°C, 2:5 1

NHR? NHR?

R1/:\/§\Ph ¥ R1/:\/§‘Ph

o} o}

(R.S) (R.R)

yield (%)

RI RZ
(R,S) (R,R)

C,Hs CO,Bu-t 35 55
C,H;s CO,Ph 34 56
i-Pr CO,Bu-? 30 68
i-Pr COPh 35 62
i-Pr CO,CHj3; 20 75
i-Pr CO,C,H; 16 76
PhCH, CO,Bu-t 18 80
PhCH, COPh 43 49
PhCH, CO,CH3 30 59
Ph CO,Bu- 10 80
Ph COPh 14 78
Ph CO,CH3; 5 85

the oxidation of benzylic ethers to their esters in
moderate to good yields (Scheme 45),'88 in which
benzaldehydes and benzoic acids were formed as
byproducts.

VII. Summary

Nonmetal oxidation catalysts have gained much
attention in recent years. The reason for this surge
in activity is 2-fold: On one hand, a number of such
catalysts has become readily accessible; on the other
hand, such catalysts are quite resistant toward self-
oxidation and compatible under aerobic and aqueous
reaction conditions. In this review, we have focused
on five nonmetal catalytic systems which have at-
tained prominence in the oxidation field in view of
their efficacy and their potential for future develop-
ment; stoichiometric cases have been mentioned to
provide overview and scope. Such nonmetal oxidation
catalysts include the a-halo carbonyl compounds 1,
ketones 2, imines 3, iminium salts 4, and nitroxyl
radicals 5. In combination with a suitable oxygen
source (H,0,, KHSOs, NaOCI), these catalysts serve
as precursors to the corresponding oxidants, namely,
the perhydrates I, dioxiranes Il, oxaziridines IlI,
oxaziridinium ions 1V, and finally oxoammonium ions
V. A few of the salient features about these nonmetal,
catalytic systems shall be reiterated in this summary.

The first class entails the a-halo ketones, which
catalyze the oxidation of a variety of organic sub-

Adam et al.

Scheme 44
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-BuMe,Si Ph 96

t-BuMe,Si i-Pr 95

strates by hydrogen peroxide as the oxygen source.
The perhydrates I, formed in situ by the addition of
hydrogen peroxide to the a-halo ketones, are quite
strong electrophilic oxidants and expectedly transfer
an oxygen atom to diverse nucleophilic acceptors.
Thus, o-halo ketones have been successfully em-
ployed for catalytic epoxidation, heteroatom (S, N)
oxidation, and arene oxidation. Although high dia-
stereoselectivities have been achieved by these non-
metal catalysts, no enantioselective epoxidation and
sulfoxidation have so far been reported. Conse-
guently, it is anticipated that catalytic oxidations by
perhydrates hold promise for further development,
especially, and should ways be found to transfer the
oxygen atom enantioselectively.

The second class, namely, the dioxiranes, has been
extensively used during the last two decades as a
convenient oxidant in organic synthesis. These pow-
erful and versatile oxidizing agents are readily avail-
able from the appropriate ketones by their treatment
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Scheme 45
OCH,3
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2-NO, CoHs 34
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with potassium monoperoxysulfate. The oxidations
may be performed either under stoichiometric or
catalytic conditions; the latter mode of operation is
featured in this review. In this case, a variety of
structurally diverse ketones have been shown to
catalyze the dioxirane-mediated epoxidation of alk-
enes by monoperoxysulfate as the oxygen source. By
employing chiral ketones, highly enantioselective (up
to 99% ee) epoxidations have been developed, of
which the sugar-based ketones are so far the most
effective. Reports on catalytic oxidations by diox-
iranes other than epoxidations are scarce; neverthe-
less, fructose-derived ketones have been successfully
employed as catalysts for the enantioselective CH
oxidation in vic diols to afford the corresponding
optically active a-hydroxy ketones. To date, no cata-
lytic asymmetric sulfoxidations by dioxiranes appear
to have been documented in the literature, an area
of catalytic dioxirane chemistry that merits attention.

A third class is the imines; their reaction with
hydrogen peroxide or monoperoxysulfate affords ox-
aziridines. These relatively weak electrophilic oxi-
dants only manage to oxidize electron-rich substrates
such as enolates, silyl enol ethers, sulfides, selenides,
and amines; however, the epoxidation of alkenes has
been achieved with activated oxaziridines produced
from perfluorinated imines. Most of the oxidations
by in-situ-generated oxaziridines have been per-
formed stoichiometrically, with the exception of sulf-
oxidations. When chiral imines are used as catalysts,
optically active sulfoxides are obtained in good ee
values, a catalytic asymmetric oxidation by oxaziri-
dines that merits further exploration.
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The fourth class is made up by the iminium ions,
which with monoperoxysulfate lead to the corre-
sponding oxaziridinium ions, structurally similar to
the above oxaziridine oxidants except they possess a
much more strongly electrophilic oxygen atom due
to the positively charged ammonium functionality.
Thus, oxaziridinium ions effectively execute besides
sulfoxidation and amine oxidation the epoxidation of
alkenes under catalytic conditions. As expected,
chiral iminium salts catalyze asymmetric epoxida-
tions; however, only moderate enantioselecitivities
have been obtained so far. Although asymmetric
sulfoxidation has been achieved by using stoichio-
metric amounts of isolated optically active oxaziri-
dinium salts, iminium-ion-catalyzed asymmetric sulf-
oxidations have not been reported to date, which
offers attractive opportunities for further work.

The fifth and final class of nonmetal catalysts
concerns the stable nitroxyl-radical derivatives such
as TEMPO, which react with the common oxidizing
agents (sodium hypochlorite, monoperoxysulfate, per-
acids) to generate oxoammonium ions. The latter are
strong oxidants that chemoselectively and efficiently
perform the CH oxidation in alcohols to produce
carbonyl compounds rather than engage in the
transfer of their oxygen atom to the substrate.
Consequently, oxoammonium ions behave quite dis-
tinctly compared to the previous four classes of
oxidants in that their catalytic activity entails for-
mally a dehydrogenation, one of the few effective
nonmetal-based catalytic transformations of alcohols
to carbonyl products. Since less than 1 mol % of
nitroxyl radical is required to catalyze the alcohol
oxidation by the inexpensive sodium hypochlorite as
primary oxidant under mild reaction conditions, this
catalytic process holds much promise for future
practical applications.
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