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1. Introduction

Carbon-carbon and carbonheteroatom bond-forming
reactions constitute the central theme of organic synthesis,
and progress in modern synthesis is dependent on develop-
ment of novel methodologies for the same. Among the
various methods for bond formation, single-electron transfer
(SET) reactions undoubtedly occupy a prime position. Of
the different methods of SET, chemical methods for the
generation of radicals have emerged to be very important in
recent years. Radicals have been known to the organic
chemists ever since the epoch-making discovery of the
triphenylmethyl radical by Gomberg in the year 1960.
Almost four decades later, significant contributions to the
development of this area were made by Hey and Waters
and Kharasch,who carried out elaborate studies on the
mechanisms of radical reactions. In spite of a clear under-
standing of the mechanistic background, radical reactions
found little application in synthesis, largely due to the
erroneous notion that they are prone to give intractable
mixtures. A dramatic change in this outlook which triggered
an upsurge of interest in this approach, particularly over the
last three decades, can be attributed to the conceptualization
and demonstration by Stork that the controlled generation
and addition of vinyl radicals to olefins constitutes a unique
and powerful method for complex carbocyclic construction.

It is noteworthy that the investigations of JuliaBeckwith;°
Ingold!! and Gies® have contributed to a deeper under-
standing of the structure and reactivity of radicals. A number
of others, most notably, Currd&l* Pattended® Fraser-
Reid}® and Hart!” have made significant contributions to
the application of radical methodology in organic synthesis.
Today, radical methodology has evolved as a prominent tool
in the arsenal of the synthetic organic cherfist.

Various procedures involving chemidét?! electrochemi-
cal?? and photochemic& methods are known for generation
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transfer deserve special menti¥nChemical methods for
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brief outlines of CAN-mediated reactions and highlighted
the work done in our laborato@}:3334The present review
focuses on the most important synthetic transformations
mediated by CAN, covering the literature from 1965 to 2006.
Although this review will not detail the material that has
already been described in our earlier reviews, some important
reactions will be discussed briefly for the sake of complete-
ness.

What makes cerium so unigue among the lanthanide
elements? The answer lies in the ability of cerium to display
stable adjacent oxidation states3 and +4. The most
common oxidation state of the lanthanides is #he state.
Cerium in its ground state has an electronic configuration
of [Xe]4f?6<, where Xe represents the xenon configuration.
The electronic configuration of the C&ion is [Xe]4ft, while
that of Cé* ion is [Xe]4f °. The enhanced stability of the
vacant f shell in C& accounts for the ability of cerium to

Fe(lll), etc. Among these Mn(lll) has received considerable exist in the+4 oxidation state. The Iarge reduction potential
attention. In spite of the well-established and frequent use value of 1.61 V (vs NHE) endowed in Cemakes Ce(IV)
of this reagent for generation of electrophilic carbon-centered 'eagents superior oxidizing agents compared to other metal
radicals from enolic substrates, particularly in intramolecular 10NS.
processes, procedural problems associated with it have The advent of Ce(IV) reagents in organic synthesis may
prompted development of other oxidants of choice. The be attributed to the investigations of Trahanovsky. As early
availability of Ce(lV) reagents as suitable one-electron as 1965 he showed that benzyl alcohols underwent oxidation
oxidants assumes importance at this juncture. to benzaldehydes in excellent yields using CAN in 50%
The most extensively used cerium(IV) reagent in organic aqueous acetic acid.The side-chain oxidation of toluene
chemistry is cerium(lV) ammonium nitrate (CAN). The to benzaldehyde by CAN was also reporte#l. Trahanovsky
reasons for its general acceptance as a one-electron oxidarlso found that oxidation of primary alkandlsvhich possess
may be attributed to its large reduction potential value of ad-H atom produces tetrahydrofuran derivatizegScheme
+1.61 V vs NHE (normal hydrogen electrode), low toxicity, 1) The fragmentation of 1,2-diols by CAN was also
ease of handling, experimental simplicity, and solubility in extensively investigated. Mechanistic studies showed that Ce-
a number of organic solvents. CAN has proved to be very (IV) coordinates with one of the hydroxyl groups followed
useful to synthetic organic chemists for over four decades. by one-electron oxidation. Oxidative cleavage of bicyclo-
The enormous growth in the use of this reagent is evidencedhexyl-1,1-diol 3 to cyclohexanond using CAN is illustra-
by the publication of a large number of research papers andtive (Scheme 13° More details regarding these investigations
several reviews concerning CAN-mediated reactfSn¥. are available in an earlier reviet.
Still, a comprehensive review addressing the synthetic The pioneering work of Heiba and Dessau in 1971 showed
versatility of this reagent has not yet appeared. Hence, wethat Ce(lV) reagents are useful for—€C bond-forming
strongly felt the need for a review covering the entire CAN reactions'®#? They illustrated that electrophilic carbon-
literature. Our earlier reviews in this area have presented centered radicals of the tye€HX, generated by the cerium-



1864 Chemical Reviews, 2007, Vol. 107, No. 5 Nair and Deepthi

Scheme 1 CAN-mediated reactions into the following categories: (1)
' reactions involving carboncarbon bond formation; (2)
U} X . X .
RJ_H} - R/(o_) reactions involving carbonheteroatom bond formation; (3)
2aR=CH,  (20%) reactions involving CAN as a catalytic oxidant; (4) depro-
1 2b R=CgHsCH, (40%) tection—protection sequences effected by CAN; (5) miscel-
o zH c0R=C5H5 (58%) laneous transformations. Selected examples from each of the
T above-mentioned categories are discussed in the following
sections.
0] é
Oﬁ@ 2. Reactions Involving Carbon —Carbon Bond
: (i) CAN, AcOH, RT, 94%4 Formation

Carbon-carbon bond-forming reactions mediated by ce-
rium(IV) ammonium nitrate can be broadly classified into
two categories: (i) intermolecular reactions and (ii) intramo-
lecular reactions. Relevant examples of each type are given
in the following sections.

(IV) oxidation of compounds of the type GM,, where X

is an electron-withdrawing group, vjizZCO,R, COR, etc.,

can be trapped by various alkenes, resulting in formation of

different products. The success of the reaction rests on the,

selective oxidation of radica® by the metal ion. Initially

formed radicab is not oxidized further due to the electron- :

withdrawing substituents attached to it. Addition of acetone 2.1, lnterm()lewlar Carbon —Carbon Bond-Forming

and aryl ketones to olefins leads to formation of a variety of Reactions

products. Synthesis of-lactones by the Ce(IV)-mediated Intermolecular carboncarbon bond-forming reactions

oxidative addition of carboxylic acids to olefins is illustrated mediated by cerium(lV) ammonium nitrate can be classified

in Scheme 22 according to the substrate from which the radical is generated
and its mode of addition. For instance, radicals can be

Scheme 2 generated from carbonyl and dicarbonyl compounds, silyl
CHXz +  ColV) “CHX enol ethers, styrenes, and other electron-rich systems and
° ¢ can add to different electrophilic bonds. Relevant examples
O+ RN e A O e o are provided below.
6 7 8 9 . RN
X= CoaR, CORete )Yv " 2.1.1. Generation of Carbon-Centered Radicals from
R Carbonyl and Dicarbonyl Compounds and Related
Chemistry

Baciocchi studied the oxidative addition of radicals gener-

Ce(w) ©/\ ©)/Y ated from ketones and 1,3-dicarbonyl compounds by CAN
‘CH,COOH to olefins such as isopropenyl acetateor vinyl acetatel8
and observed formation of 1,4-diketoffesr furan deriva-

tives?® respectively. Oxidation of substituted dietlwbenzyl
malonate24 by CAN in the presence of substituted olefins
+ resulting in formation of highly functionalized tetrahy-
%
17 16

CH3COOH

12 13

dronaphthalenes was studied by Citterio and co-workers.
Subsequently, these authors utilized the same strategy in the
synthesis of substituted tetra- or dihydroisoquinolines by the
CAN-mediated reaction of diethyl(pyridylmethyl) malonate
28 in the presence of alkenes and alkynes (Schent@®3).

It may be pointed out that most of the earlier experiments
relied on the use of Ce(lV) acetate in acetic &éi@ther
cerium(lV)-based reagents include cerium(IV) trifluoroace-
tate?*2 cerium(lV) methanesulfonaté? and cerium(I1V)
trifluoromethanesulfonat¥¢ However, procedural problems
associated with the use of all these reagents as well as their o g 0 P
poor stability led to the use of cerium(IV) ammonium nitrate, M )K 2 /J\OA %

=H

which has now emerged as the reagent of choice for various

Scheme 3

21R=CH, R
synthetic transformations. Another Ce(lV) reagent which has 23 (60% () CAN, CHsOH CAN, PPTS 200(56%,
been developed recently and is finding application in organic (i Hz0, 40 °C
synthesis is cerium(IV) tetrabutylammonium nitrate (CTAN). cl
It is prepared by reaction of CAN and tetrabutylammonium E e m O
hydrogen sulfate in aqueous solutinThe advantage of c,m * [E O
CTAN is that it is soluble in common organic solvents like 24 25 2 (1) 27 (11%)
dichloromethane. Oxidative Prins cyclization of allylsilane- BoCoaE () CAN, CH;OH, 5-10°C
tetheredu-stannyl ethers was accomplished using CTAN in o cs,.“ COsEt
5:2 acetonitrile-dichloromethané® Recently, Flowers and COLEt H cg,‘& COaEt
co-workers studied the oxidation reactions of CTAN and [ J log csﬂn — (DL ’ [ ]
observed a solvent-dependent chemoselectivity in the reaction ™ 2 H CiHn
of allyltrimethyl silane with 1,3-dicarbonyl compounds in (i) CAN, CHyOH, 1.5 h, 20 °C, 96%, (o/prauo 0.49)

the presence of CTAN.
Cerium(lV) ammonium nitrate can effect different kinds Extensive investigations on CAN-mediated addition of
of transformations. For convenience, this review classifies active methylene compounds to olefins carried out by Nair
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and co-workers have uncovered many interesting reactions.CAN-induced oxidative addition gf-ketophosphonaté7

It has been shown that reaction of 1,3-dicarbonyl compoundsto vinyl acetate21 followed by acid-catalyzed cyclization is

with unactivated alkenes in the presence of CAN constitutes also reported® Dihydrofuran substituted with sulfide group

a facile route to dihydrofuran derivativésThis protocol 51was synthesized by the CAN-mediated oxidative addition

was found to be general with a variety of dicarbonyl of 1,3-dicarbonyl compound to vinyl sulfic® A short two-

compounds and alkenes (Table 1). With exocyclic alkenes step synthesis of norbisaboli@®, a C-12 terpene lactone,
was achieved by oxidative addition of Meldrum’s acid to

Table 1. CAN-Mediated Oxidative Addition of 1,3-Dicarbonyl (R)-(+)-limonene using CAN followed by decarboxylation
Compounds to Alkenes with poly-4-vinylpyridine (Scheme 4§ A facile two-step
Entry Ezc':g:::lﬂ Alkene Product Yield (%) Scheme 4
) ° c,H5o>P//o
Ph pihpe G Y () €20 n
1 O/ 98% o o Aco/& HC™ N~ CHs
[¢) a7 n 48
32 33 3 o Ph (i) CAN, CH30H, RT (ii) Amberlyst-15, toluene, reflux, 70%
o o ° o
, oy TT% O‘ . O\ 0 O‘ .
) o} OH SPh O SPh
32 Ph 35 36 ° o
o 49 50 51
(i) CAN, THF, RT, 45%
o o [o] [o]
3 )]\/”\ /0 0% o o o o
19 37 38 o
m . \< 0 . oH __(i) p
0 0 o
52 O 5 54 55
© 55% (i) CAN, CH4CN, 5 °C (ii) Poly-4-vinyl pyridine, 96%
4 fo
o] (o]
32 39 i 0
o 0. o 3 Oy O
o o _STR' R‘ R R \'L
(o< & ??K aif )\jﬁr
5 70% o
(o]
32 ° a4 a2 2 2 \F
[o] R 0 _o R’
o o S Ole RQW‘&#&; . Xj/\'( " >$J:r(
6 M o™ Vome J 85% R R
o) Ph (i) CAN, CH:,CN 0 °C (i) Et;NH, HCHO NaOAc, HOAc
19 43 4
(o] .
o o . procedure for the synthesis ofmethylene lacton®&3 by
7 PN >I )y 60% reaction of alkenes and Meldrum’s acid mediated by CAN
19 5 o a6 was developed very recently. The reaction occurs by initial

addition of the radical generated from Meldrum'’s acid by
CAN to the alkene followed by a decarboxylative methyl-
enation to afford the produ@&3. Mechanistic rationale for
such as35, the corresponding spirodihydrofurans were this reaction is shown in Schemé'4.
isolated®® CAN-mediated addition of active methylene Oxidative addition of 1,3-dicarbonyl compounds to me-
compounds to dienes in methanol also led to the synthesisthylenecyclopropanes (MCP&X% using CAN afforded spi-
of dihydrofuran derivatives. The reaction was found to be rocyclopropyl dihydrofuran derivatives in good yields. Cyclic
general with cyclic as well as acyclic diends® Table 1 1,3-dicarbonyl compounds also gave analogous results. The
highlights the results of the investigations in this area. The mechanism of this reaction involves the CAN-mediated
reaction requires two equivalents of CAN for completion. generation of a radical from acetyl acetoh® which is
Mechanistically, the reaction involves the CAN-mediated trapped by MCP64, giving the intermediate radic&g. In
generation of the radical from the 1,3-dicarbonyl compound the second step the radicd8 is oxidized to catior69 by
which gets trapped by the olefin to generate an intermediatethe second equivalent of CAN. The latter then undergoes
radical, which subsequently gets oxidized to the cation by cyclization to afford the dihydrofuraf6 (Scheme 5%2
the second equivalent of CAN and finally cyclizes to yield Electrophilic addition of carbon-centered radicals produced
the dihydrofuran. Subsequently, Roy and co-workers have by the CAN-mediated oxidation of dimethyl malonate to
shown that 1,3-dicarbonyl compounds undergo facile addition olefinic double bonds and aromatic systems has been well
to cinnamic esters as well as cyclic enol ethers to afford the studied. CAN-mediated malonylation of aromatic compounds
corresponding dihydrofurartg. in methanol is a typical example (Scheme 6). Similarly,
Hong and co-workers applied this strategy for the synthesis thiophenes, furans, and their benzo analogs undergo facile
of several nitrated dicyclopentadiene and norbornadienemalonylation in the 2 position on treatment with excess
derivatives by oxidative addition of malonyl radical to dialkylmalonate and ceric sulfate in methafl* A mecha-
dicyclopentadiene followed by a Wagnévleerwein rear- nistically fascinating reaction was observed in the addition
rangement! Further extension of the protocol for the of dimethyl malonat&1to styrener3. Formation of product
synthesis of substituted diethyl-3-furyl phosphonates by the 74 is probably initiated by the trapping of oxygen by the

@ Reaction conditions: CAN (2 equiv), MeOH,°&, 15 min.
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Scheme 5
Q
Rt o o Re
[>—<R2 + R3J\/U\R4 R! \ R
R g
{i} CAN, MeOH, Ar, 0 °C, 30 min

R'= R2= Ph, R3= CH;, R*=OEt,
R'=R?=Ph, R%=Ph, R%= OEt,

R'=R2= Ph, R®=R*=Ph, 66 c (85%)
R!'=R2=Ph, R®=R*=Me, 66 d (75%)
R'= 2-naphthyl, R2=Ph, R3=CH3, R*=OEt, 66 e (75%)

66 a (77%)
66 b (84%)

JS WS S U °
/U\./U\ * P PR T o
Ph
19 67 64a 8 |
Q o
H— 9
Ph—1Ng pn 1t o
Ph %6 g Ph " 69
Scheme 6
CO,Me
CO,Me CO,Me
+
CO,Me
72
70 (i) CAN, CH;0H
NS B o
AZ ot
K E
73 a-e 7
o E o
0
A A
| E E . E
S I// =
R 74 2-e K 75 a-e R 76 a-e X=ONO;
E=CO,Me 77 a-e X =0OMe

(i) CAN, CH3;0H, 20 °C

73a R=4-Cl 74a(30%) 75a(25%) 76a(13%) 77 a(4%)
73b R=4-Me 74b(14%) 75b(16%) 76 b(4%) 77 b(6%)
73¢ R=3-Me 74 c(43%) 75c(25%) 76 c(7%) 77 c(8%)
73d R=3-Cl 74d(42%) 75 d(14%)

73e R=3-NO,74 e(32%)

intermediate benzylic radical. Transformation of the benzylic
radical to the hydroperoxide followed by lactonization of
the resultant carbinol can account for the produét
Formation of76/77may be rationalized by addition of nitrate
or methoxide anion to the benzylic cation (Schemé&ahe
ability of CAN to form radicals from malonates under very
mild conditions was effectively utilized by Linker for the
synthesis of C-2-branched sugars by the CAN-induced
addition of malonate to glycals (Scheme®?).

Scheme 7
CO,M: .
& oo
cone
AcO AcO MeO,C
Q CO,Me
AcO ° +  AcO + AcO o
AcO OMe AcO -
ONO, AcO
CO,Me AcO

MeO,C
79 (62%)

MeO,C CO,Me

OMe
80 (16%) 81(14%)

(i) CAN, CH30H, 0 °C

CAN-mediated addition of dimethyl malonate to 2-benzyl-

1,4-napthoquinone resulted in formation of naphthacene-5,-

Nair and Deepthi

12-diones’ The radical generated from 2-hydroxy-1,4-
naphthoquinon®2 by CAN has been utilized in the 2]
cycloaddition of this species to alkenes resulting in formation
of furo-p-quinones as well as-quinone derivatives. The
radical formed by the initial addition to the alkene gets
oxidized to a cation by the second equivalent of CAN and
subsequently gets quenched intramolecularly by the hydroxyl
group to afford the product. Similar oxidative addition of
82 to dienes offered a simple and rapid one-step procedure
for the synthesis of naphthofurandiones (Schenfé®)The

Rs_L *2< %ﬁ

R| RZ

Scheme 8

OH R?
O‘ +

o
82
(i) CAN, CH3CN, 0 °C

o o o
OH 0. o
OV -0 rD-Cr)
+ —_— +
82° 86 O g7 88 O Q

(i) CAN, CHyCN, 0 °C, 80%, 1:3

[3+2] cycloaddition strategy was further elaborated by
Kobayashi and co-workers for the synthesis of phenaleno-
furanones? furopyranones, and furoquinolinon&sDihy-
drofuropyrimidinediones91 were formed with complete
regioselectivity by the [32] cycloaddition of pyrimidine
trione with alkenes (Scheme %) Very recently, synthesis

Scheme 9
i 3 1 M i R3 R4
Me R R e
N > < (i) N | R!
- 2
)\ R“ R2 O)\N 0 R
|
89 Me 90 a-d Me 91,4
(i) CAN (2 eq.), CHsCN, 0 °C
R'=Me, R?=Ph, R®=R*=H, 91 a (66%)
R'=R2=Ph,R¥=R*=H, 91 b (80%)
R'=R?=R%®=Me,R*=H, 91 ¢ (52%)
R'=R2=R%=R*= Me, 91 d (49%)
o}
O'Bu R? @ RLO
e =, e s
R? 0" oHO R* J R
Le] R*
92 ad 93 a-d 94 a-d

(i) CAN (2 equiv.), CH3CN, 0 °C
R%2=H,R¥*=Ph,R%=
R'=R2=H, R®=R*=Ph,
R'=Me, R2=H, R® =R*=Ph,
R'=Et,R2=H, R® =R*=Ph,

R'= Me, 94 a (48%)

94 b (56%)
94 ¢ (55%)
94 d (54%)

of tetrahydrofuro[3,Z]oxepin-4(64)-ones94 was achieved
by reaction of 2-(2-hydroxytetrahydrofuran-2-yl)acetates with
alkenes (Scheme 9.

All reactions discussed so far are based on trapping the
electrophilic carbon-centered radicals generated by CAN
using electron-rich substrates. In addition, these radicals are
also susceptible to dimerizations. 1,3-Dicarbonyl compounds
were dimerized chemically by CAN or electrocatalysis using
nitrate as a mediator. Oxidative homocoupling of diethyl
malonate to tetramethyl ethane-1,1,2,2-tetracarboxylate was
achieved in the presence of CAN and magnesium o%ide.
CAN-mediated dimerizations of 4-hydroxyquinolin-2{
one 95 and 3-phenyl 4-hydroxyquinolin-2-k)-one 98
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have been studied. Reaction @6 with two equivalents of  carbon-centered radicals. This protocol serves as an efficient
CAN in methanol at room temperature afforded the quinolin- method for generation oéi-ketoalkyl radicals by CAN.
2(1H)-one dimer96 together with smaller amounts of oxa- Baciocchi has shown that CAN-mediated oxidative coupling
lamate97. An unexpected product00 was formed in the  of 1,2- and 1-substituted silyl enol ethers leads to an efficient
second case showing the ambident reactivity of ¢he'- synthesis of 1,4-diketoné8The success of the reaction rests
dicarbonylalkyl radicals as carbon- and oxygen-centered rad-on the relative ease of oxidation of the 1,2-disubstituted silyl
ical (Scheme 10} Nicolaou applied this strategy for the enol ether vis a vis the monosubstituted one. For instance,
105is more easily oxidized thatD6 (Scheme 12). The cation
radical generated from allyl phenyl sulfides such 188
CHs reacts with silyl enol ether, siloxy diene, and siloxy enyne

o
N o] N (o} . . A
@[j 0] . @N%ocm to give a-phenylthioy,0-unsaturated ketones. The reaction
= e
N

Scheme 10

) occurs presumably via nucleophilic addition of silyl enol
oH €0:0Hs ether to the sulfur cation radical followed by [2,3] sigmat-
95 96 (69%) o7 (28%) ropic rearrangement (Scheme I28imilarly, CAN-medi-

ated oxidative addition of enamines to electron-rich olefins
such as silyl enol ethers constitutes a facile synthesis of 1,4-
dicarbonyl compound¥.1t has been reported that oxidative

| " AL .
p? 0 R N A° addition of silyl dienol ethers to silyl enol ethers promoted
on o @;;° by CAN comprises a convenient method for the synthesis
I N of 6-oxo-,3-unsaturated carbonyl compountis58°
10042% © In addition to activated alkenes, simple conjugated dienes

have also been employed as efficient traps for carbon radicals
generated by Ce(lV) oxidation of silyl enol ethers. A

synthesis of the racemic hybocarpone based on CAN-promo-generalized reaction is shown in Scheme 13. Tandem
ted oxidative dimerization of naphthazirin (Scheme 7%#1). additions of such radicals to dienes followed by Pd(0)-
. ] . catalyzed alkylation of the resulting nitroxy adducts serve
2.1.2. Generation of Carbon-Centered Radicals from S//y/ as a valuable synthetic route to highly functionaliz&- (
Enol Ethers and Related Chemistry y,0-unsaturated carbonyl compourfdst has been reported
Silyl enol ethers constitute another class of substratesthato-nitroalkyl radical generated by oxidation of nitronate
which are ideal for CAN-mediated oxidative generation of anion with CAN adds to electron-rich olefins like silyl enol

Scheme 11

9% 99 (46%)

(i) CAN, CH;0H, RT, 1 h

OMe O
DO
MeO OH MeO
OMe O

101

(i) CAN, degassed CH3CN, -35 °C-0 °C, 3 min, 36% (ii) AcOH, 10 min, >95% (iii) AlBr;, EtSH, CH,Cl,, 0 °C, 1 h,

60%
0Si(CH3)3 0Si(CH3) i
3)3 "

105 106 107

Scheme 12

(i) CAN, NaHCOj3, CH;CN, RT, 75%

OTBDMS
o oS
A o]
\)W 111 OTBDMS P"svk 109  Bu"
- Z
112 SPh (i) CAN, CHyCN, () CAN, CHiCN, 7 den
RT, 66% 108 RT, 79% u
110
0Si(CHa); o R
OSi(CH3);
R, A~ . N R () B
o

113 114 115
(i) CAN, CaCOj3, CHCN, 0 °C, 5 min, 62%
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[e] (o]
OSi(CH;)3 -
)\wR' . NF (i), (i) RM + R)k’/\’/\
R R’ Nu R’ Nu
118 119

116 17
(i) CAN, CHyCN, RT, (ii) Nu, Pd(PPhy),, THF, RT

Scheme 13

Q SI(CH)s
Aoy
XSi(cHs)S 0 0 L—hz &C:n éi/\\/
EtO - -
CO,Et
120 121 123 coet 125

(i) CAN, CH;CN, 48%, trans:cis = 6.3:1

OCH;4

HiCO  och,
0Si(CH;); o H;CO o o)
i ot eane s
O 127 F
126 128 L 120 | 130

F
(i) CAN, MeOH, RT (ii) 80% aq. H,SO,, DDQ, 60%

ethers to afforg3-nitroketones? -Carbonyl alkyl radicals ~ Scheme 15

generated by the CAN-induced fragmentation of 1-ethoxy- o o , o 0
1-trimethylsilyloxy cyclopropan&20add too.,5-unsaturated ) M . SR —O— R?
cycloalkenones in the presence of electron-rich olefins, thus R L : P R
providing ready access to 2,3-disubstituted cycloalkanones 137 ave 138ab 139 a-e
(Scheme 13§ On the basis of this strategy, a simple (i) CAN, MeOH, RT, 20 min
approach to 3,4-dihydro-f2phenanthrene-1-on&30 was R'= Me, R?= OEt, R%=H, R'=Me, 139 a (84%)
effected by the oxidative addition of 3-aryl-1-(trimethysilyl)- R'=R’=t-Bu, R'= H, R'=Me, 139b (98%)
oxycyclohexenes to ethyl vinyl eth&t. Ric Mo, R OFt o= . Réc MegPh 130 d (00%)

Oxidative addition of stannyl compounds mediated by R'= R2= OEt, R%= H, R%= Me 139 e (74%)
CAN to silyl enol ethers has also been reported. Addition
of radicals generated by the CAN oxidation of1- 12:1 for the Ce(IV)- and Mn(lll)-mediated oxidations of

tributylstannyl alkyl carboxamid&31and 2-tributylstannyl secondary alkyl radicaf8:g®

1,3-dithiane134 to silyl enol ether, reported by Narasaka

and co-workers, yielding products suchX33 and 136, is 2.1.3. Generation of Radical Cations from Styrenes and
illustrated in Scheme 1%. Related Chemistry

Baciocchi et al. reported formation of dinitrates from
styrene under photochemical or thermal conditions using
CAN in acetonitrile. Dinitrates are formed by addition of

Ph 0 nitrato radicals across the double bd#d.
OsiMeBu' More recently, Nair and co-workers have shown that
N7 B, on : styrenes displayed multiple reactivity toward CAN depending
on the nature of substituents on the benzene ring. For
131 132 133 instance, 4-methoxy styred€0 underwent facile dimeriza-
(i) CAN, propiononitrile, -23 °C tion to yield 141 and 142 with CAN in methanol (Scheme
' 16)88 Table 2 summarizes the results obtained under different

o e (IR

S~ “SnBu; Ph ) Ph

134

Scheme 16
135 136

(i) CAN, CH3CN, MS 4A, -23 °C, 82% Q/\ )
H3CO

Reaction of 1,3-diketonegi-keto esters, and malonates 140

Scheme 14

Bu;Sn o

OCH
with allyltrimethylsilane in the presence of CAN in methanol QcHs ‘ oot Qo O )
was studied by Hwu and co-workers. The reaction afforded O Sen * O I
the mono-C-allylated products in good yields (Scheme 15). HyCO 11 : HyCO 142
It is noteworthy that when Mn(OAg)was used as the
oxidizing agent in these reactions, silicon-containing dihy- (i) AN, MeOH, 0 °C

drofurans were formed as products, probably because the

reactivity of Mn(OAc}) is not high enough to oxidize the reaction conditions. On the other hand, styrenes devoid of
intermediate-silyl radical, and therefore, it underwent any alkoxy groups on the benzene ring reacted in the
cyclization. Heiba and Dessau reported a reactivity ratio of presence of CAN in methanol to affocdmethoxy acetophe-



Cerium(IV) Ammonium Nitrate

Table 2. Reaction of 4-Methoxy Styrene with CAN in Methanol

entry reaction conditions 141 142
1 CAN/MeOH, air, 0°C 10% 53%
2 CAN/MeOH, oxygen, OC 16% 62%
3 CAN/MeOH, argon, 0C 60% 8%

nones® It is noteworthy that alternative methods
generation ofi-methoxy acetophenones include BBEL-

Chemical Reviews, 2007, Vol. 107, No. 5 1869

to the tetralonel46. Alternatively, the hexatriene radical
cation undergoes aromatization to afford the naphthalene
derivative 147. In the case of styrenes devoid of alkoxy
groups, presumably the reaction involves addition of oxygen
diradical to the benzylic radical cation generated by CAN
oxidation of styrene followed by quenching with methanol
to yield a-methoxy acetophenori@.

fo o .
' Subsequent study of the reactivity of styrenes with CAN

carried out in acetonitrile as solvent was found to yield
tetralin derivatives. For instance, reaction of 4-methylstyrene
with CAN in acetonitrile afforded thet-acetamidotetralins
cis-149andtrans-149in good yields. The acetamidotetralins
were formed by oxidation of the radical intermediate
analogous toVIll to the cation, which is trapped by the
solvent acetonitrile in a Ritter fashion. It is noteworthy that
o-aminotetralin derivatives manifest a number of important
and therapeutically useful biological activities; some of them
are potent CNS stimulants, and others are antibiotics,
immunomodulators, and antitumor agents. Special mention
may be made of the top-selling antidepressant Sertraline

catalyzed reaction of diazoketones and alcohols, oxidation
of alkenes with peracetic acid, Og®i(ll) complex, and
permanganate/CuSQeagent combination. Evidently, the
CAN-mediated reaction is much milder and simpler when
compared to these methods. Interestingly, 3,4-dimethoxy
styrene, when subjected to identical reaction conditions,
afforded the tetralone derivativigl6 and naphthalene deriva-
tive 147in addition to the linear productist4and145 Table

3 summarizes the results under different reaction conditions.

Table 3. Reaction of 3,4-Dimethoxy Styrene with CAN in
Methanol

entry reaction conditions 144 145 146 147 (Figure 1). The reaction was found to be general with a
1 CAN/MeOH, air, 0°C 15% 12% 59% 8%
2 CAN/MeOH, oxygen, 0C 65% 10% NHMe
3 CAN/MeOH, argon, 6C 36% 37%

O‘ Sertraline
Lo

Cl

A mechanistic rationale can be invoked along the following
lines (Scheme 17). The initial event involves oxidative
electron transfer from styrene to Ce(lV) to afford the radical
cation|. This would, in turn, add to another molecule of
styrene to generate a distonic radical cationThe cationic
center ofll will be quenched by nucleophilic solvents like Variety of styrenes and vinyl naphthalenasAcrylamidot-
methanol, whereas the radical center can react with Oxygenetra”ns were obtained when acrylonitrile was used as the
from the atmosphere, affording the ketomethoxy prod4é& solvent (Scheme 18j.

Alternatively, further oxidation of this radical by Ce(lV) to
a cation followed by addition of nucleophilic solvents can
afford the dimethoxy produd44. The 1,4-cation radicdl

can also undergo 1,6-cyclization to give a substituted
hexatriene radical catiolV, which can eventually lose a
proton to yield a radical intermediaté that gets converted

Figure 1.

2.1.4. Generation of Cation Radicals from Electron-Rich
Aromatic Systems and Related Chemistry

CAN-mediated nitromethylation, acetonylation, and ma-
lonylation of aromatic systems have been reported in the
literature?°2 The CAN-mediated oxidation of 5-hydroxy-

Scheme 17
ocH,8 OCH,
HCO X g Ar + A Ar
:©/\ O ar ' o
H;CO OCH,4
143 1 145
H;CO H;CO
nee
H3CO H;CO
146  Ar 147 Ar

(i) CAN, MeOH, 0 °C, 30 min Ar = 3,4-dimethoxy phenyl

+

s . H;CO * Hyco
AT _.[Ar/\] Ar ™ Ar/\/\_/A’_, e OO
1 n H3CO H3CO
v Ar Ar
143 CH30H -H+ 147
H;CO. A
OCH3; OCH; 3
Ar
Ar)\/\.,,/ Ar y Ar HsCO
1} v Ar
CH30H 0, 0,
o
OCH; OCH; H;CO
Ar Ar A')\/\H/Ar
o H3CO
144 OR 145 146  Ar
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Scheme 18

NHCOCH; R' NHCOCH,;
2

148 cis-149 trans-149
(i) CAN, dry MeCN, argon, 2 h, RT
R'=R2=R*=H,R®=CH;, 149 a (62%) (cis: trans, 1.3:1)
R'=CH;, RZ=R3=R*=H, 149 b (55%) (cis: trans, 1.3:1)
R'=R3=R*=H,RZ=CH;, 149 c (58%) (cis: trans, 1.2:1)
R'=R3=CH;,R2=R*=H, 149 d (58%) (cis:trans, 1.3:1)
R'=R*=CH3, R2=R®=H, 149 e (60%) (cis: trans, 5:1)

2-methoxytroponel 50”2 and 4-hydroxy troponé 56 af-

forded the corresponding dimeric products. Oxidative coup-

ling of naphthols159 and 160 in the presence of cerium-
(IV) ammonium nitrate afforded=f)-binaphthols161° in
excellent yields (Scheme 19). Oxidative dimerization of

MeO. OMe

152(13%

OMe

155 (9%)

Scheme 19

Me MeO OMe

dmings

151 (38%)

ﬁfj‘

O OMe
154 (10%)
(i) CAN, CH30H

. o D

157 (35%
CoL el
OH
159 oH

(0]
. 90
R’ R?

(£)-161
(i) CAN, CH3OH, RT, 10 min

153 (9%)

158 (12%)

Sags

R'=R%=H 161 a (92%)
R'=R?=COOCH;  161b (94%)
R'=H, R%=COOCH; 161 c (47%)

naphthagzirin is depicted in Scheme 7£1.
Very recently, ethylation of a variety of imines at the

methine moiety was accomplished at room temperature by

CAN-promoted coupling of imines with triethyl aluminum

(Scheme 20). However in the absence of excess triethyl

Scheme 20
) Et  Ph
ph NP NH
162 93% Ph 163

(i) CAN (1 equiv), Et3Al (3 equiv),
CgHg, 25 °C (ii) H,O

Nair and Deepthi

2.2. Intramolecular Carbon —Carbon Bond-Forming
Reactions

In contrast to the prevalent use of CAN in several
intermolecular reactions, its potential in facilitating intramo-
lecular reactions has remained largely unexplored for many
years. However, very recently a number of intramolecular
reactions based on CAN oxidation have been reported. The
first report on Ce(lV)-promoted intramolecular reaction
involves the cyclization of 1-benzyl-2,6-bj&'-pyridyl]-4-
piperidone-3-carboxylic acid methyl este84 mediated by
Ce(lV) sulfate albeit in very low yield¥. Oxidation of
y-phenyl butanoic acidsl66 with CAN in acetonitrile
resulted in formation of the corresponding butyrolactones
as the only isolable products in moderate yields. Formation
of butyrolactones is not surprising as Heiba and Dessau had
shown in 1971 that carboxyl radicals add to styrenes and
the resulting radical cyclizes to form-lactones (Scheme
21)%

Scheme 21
H3CO
RN i H;CO R
[ (VN N
o R o
[o} R

R = pyridyl
164
(i) Ce(S04)z, 20%

OH
/@/\/\”/ (i) /@/& o
o]
R R

166
(i) CAN, CH3CN, HNO3, reflux, 8 h
R=H (32%) R=Br (35%)

R=Me (46%) R=Cl (36%)
R=0Me (43%)

Snider reported isolated examples of oxidative cyclization
of 9, e ande, ¢ unsaturated silyl enol ethers by CAN afford-
ing tricyclic ketones in high yields and excellent diastereo-
control. Mechanistically the tandem cyclization occurs by
two one-electron oxidations, two cyclizations, and loss of
silyl group. Presumably the reaction occurs via formation
of a highly electrophilic cation radicdl71 which cyclizes
to give 170, Final cyclization to form the tetralone ring occurs
at either the cation or radical oxidation states (Schemé&®2).

OTBDMS

oo

(i) CAN, NaHCO3, CH3CN, 25 °C, 73%, (20:1)

Scheme 22

MeOH

TBDMSO

(e} o
T H H
(4n .( _,( —170
171 H « H

2-Hydroxy-1-naphthoic acid estefsr4 and amides were
synthesized by the CAN-promoted cyclization of 5-aryl-3-
oxo-pentanoic acid estet§2or amides (Scheme 23°0n

aluminum, CAN promoted the hydrolysis of the unreacted the other hand, CAN-induced oxidative cyclization of
Schiff base to the corresponding aldehyde presumably by adimethyl-4-pentenyl malonate in methanol as well as acetic
redox process involving the nitrate groups of CAN and the acid occurred with poor selectivity, leading to several pro-
disproportionated ethylation reagéht. ducts?o?
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Scheme 23
R* RS R* RS R* RS
R3 R® R? R®
o OO
R? (o} R? o} R? OH
R' E R!' E OMe

172 a-d 173 ad 174 a-d

(i) CAN, CH3O0H, 20 °C (ii) silica gel, benzene

R'= R?= R3= R*=R%=R®=H 174 a (62%) E = CO,Me
R'=R%=CH;,R?=R*=R%=R°=H 174 b (39%)
R'= R3=R*= R%= H, R%= CN, R®=CH; 174 ¢ (21%)
R'= R?= R®= R*= R®= H, R%= Ph 174 d (38%)

Single-electron transfer (SET) oxidation of cyclopropyl-

sulfides by CAN leading to the synthesis of cyclic ethers
and spirocyclic compounds has been extensively studied
by Takemoto and co-workers. Cyclopropy! sulfides hav-

ing a hydroxyl group in the side chain underwent CAN-

mediated tandem ring cleavage and subsequent cyclization

giving cyclic ethers. SET oxidation df75initially generates
the cation radical intermediate, which can undergo further
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Scheme 25
CHO

iDu SIETe’S

183
(i) CAN, aq. CH30H, K,CO3, 0 °C, 73%

2k

185 (51 %) 186 (24%)
Ar = 2,6-dimethylphenyl

SToI

/\/OH
180
(i) CAN, aq. CH30H, K,CO3, 0 °C, 88%

OCH;,

H
wSAr
C2Hg OH CHs %

(o]
184

(i) CAN, NH,4CI, MS 3 A, CH;0H, RT

OCH,
o o HH A
M Ph H3C0,C Pﬁ
S (N My &
R' R? o “R'

188

(i) CAN, CH;OH, RT, 0.5 h, 49% R =n-propyl
R?=Ph

187

transformations via two pathways. In route a, nucleophilic regyits are shown in Table% However, intramolecular

attack on the more hindere@-carbon by the hydroxyl

[3+2] cycloaddition of cyclopropyl sulfides with alkenes

group followed by another SET oxidation and quenching of megiated by CAN seems to be of negligible synthetic value

the sulfonium ionB by methanol leads t®. The other
pathway involves the initial ring opening (route b) \@a
This is followed successively by nucleophilic addition of the
solvent, SET oxidation, and then cyclization G6fto the
desired cyclic etheb. Finally, in both cased) is solvolyzed
by methanol or water to produce the ketahi&7 (Scheme
24)102

due to the low yield and poor stereoselectiVitySimilar to

the oxidative ring expansions of cyclopropy! sulfides, ring
expansion reactions of cyclopropyl amines have also been
reported. For instance, 5-exo cyclization of tertiary amino
cyclopropanes with suitably tethered olefins led to formation
of bicyclic products®” CAN-mediated 4-exo-trig cyclization

of a-carbonyl radicals generated from substituted enamides

Asymmetric synthesis of oxaspiro undecanone has beensuch asl87 offered an expeditious route to functionalized
achieved by the oxidative ring expansion and cyclization of S-lactams as shown in the Scheme!®Very recently, the

optically active bicyclo[4.1.0]heptyl sulfides having a hy-
droxy substituent in the side chain such B0 (Scheme
25)102 Similarly, a facile stereoselective synthesis aid-

fused chlorinated bicyclic ethers has been achieved byoxi-

dative ring opening of cyclopropylsulfides of the typ84
(Scheme 25)% In an extension of this work, it was shown

ability of CAN to open up the cyclopropyl moiety was
utilized for the synthesis of benzotropolones by Hasegawa
and co-workers?

Cyclization of d-aryl-3-dicarbonyl compounds t@-te-
tralones was accomplished by Rickards using both manga-
nese(lll) acetate and CAN. Methoxylated tetrald®8was

that cyclopropyl sulfides possessing two pendent side chainsobtained via the secondary oxidation at the benzylic position
endowed with hydroxyl groups can form tricyclic ethers; the of the initially formed enolizable tetralone (Scheme 28).

Scheme 24

SPh $Ph

..... ||R3 R2 R3
(i-iii) (iv) . A - .
2 R*™: 0 L2 MeO O

R2”: :,
Y R
Ri47s

S(0)Ph

177 R'178

(i) m-CPBA (ii) BuLi R®Br (iii) DIBAL (iv) CAN, dry CH;OH, K,CO3, MS 3A, 0 °C

R'= (CH,),0OH, R?*= H, R®*= Bn, n=2
R'= (CH,)40OH, R?= H, R*= Bn, n=1
R' =(CH,),OH, R?= (CH,),OMOM, R= H, n = 2

177 (73%) 178 (8%) 179 (17%)
177 (60%) 178 (6%) 179 (11%)
177 (712%) 178 (7%) 179 (8%)

R R R

R2
O
_— SAI’ —_— (o] SAr
routea n e +
B
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2 2
R % 3SAr MeOH R %
R e

OH
Cc

MeOH
> OMe
OMe R R®
SAr , 0 A
R® ( =
OH D
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Table 4. Synthesis of Tricyclic Ethers from Cyclopropyl Sulfides
by CAN Oxidation?

Entry Substrate Product Yield (%)
oH ASPh _OH ol Me
(o) N07:
189 190 H H
SPh H OMe
OH A" on 0 ~30
2 62%
0 i o H
191 192
H OMe
OH ASPh _on o
3 (\ 80%
N HOh
193 194
SPh OMe
4 C" S )OH o H o 68%
e iy
o (o)
195 196 H H

aReaction conditions: CAN, MeOH, MECI, 3 A MS, rt, 70%.

Scheme 26
OMe OMe
o — o0
OMe MeO o OMe
197 (i) CAN, MeOH,60% 198

[o)

Another interesting intramolecular cyclization reaction
mediated by CAN is conversion of phenethylamif9 to
the dihydroisoquinolin00Q. In this reaction, CAN promotes
an oxidative Pictet Spengler cyclization of silicon-substituted
amine and amide substrates via generatio-aflkyl and
N-acyliminium cations. Chain-shortened aryl methyl amide
201 exhibited lower efficiency due to the competitive
iminium cation hydrolysis (Table 5!

Table 5. Intramolecular CAN-Mediated Cyclization of
Phenethylamides

Entry Substrate Product Yield (%)
MeO. MeO
NCOPh o
MeO |/ MeO NCOPh
199 ™S 200
MeO. MeO
, D/\NcoPh Iji/\ucoph %
MeO' I\TMS MeO
201 202
MeO (o] MeO o}
NBn
MeO (NB" MeO
203 TMS 204

a Reaction conditions: CAN, dry GI€N, 8 h.

The radical generated by oxidation of the aci-nitro anion
formed from 205 underwent intramolecular cyclization,
leading to stereoselective formation of 3,4-functionalized
tetrahydrofuran derivative®06 and 207 (Scheme 27). The

Nair and Deepthi

tether'21130n treatment with CAN in acetonitrile intramo-
lecular cyclization of unsaturated ketene dithioac2@8to

the corresponding bicyclic lacton209 occurred. Ketene
dithioacetal210, however, did not react, indicating that a
moderately electron-rich double bond was needed for oxida-
tive cyclization to occur (Scheme 2%

Recently, a novel oxidative cyclization of 1,3-bis(tri-
methylsilyloxy)buta-1,3-dienes mediated by CAN leading to
regioselective formation of functionalized 1,4-dihydroquino-
nes was reported. The ‘heablead’ regioselectivity exhibited
by the CAN oxidation of211 may be rationalized by
considering that attack at theposition of radicalB leads
to the most stabilized carbonyl conjugatedilyloxy radical
C. Oxidation and extrusion of the second silyl group results
in formation of intermediat&. Cyclization, oxidation, and
extrusion of the fourth silyl group affords intermedidfe
which is subsequently oxidized to the final prodit3
(Scheme 283

An intramolecular version of the reaction of alkoxy
styrenes with CAN was accomplished using suitably sub-
stituted dicinnamyl ethers. The reaction of trimethoxy
cinnamyl cinnamyl ethe214with CAN in methanol resulted
in stereoselective formation of the correspondingtBahs-
disubstituted tetrahydrofuran derivati&l5 in moderate
yield. A marginal increase in the yield was noticed when
the reaction was carried out under oxygen atmosphere. Under
argon atmosphere, the reaction afforded the corresponding
tetrahydrofuran derivatives as a mixture of methoxy and
nitrato derivatives216 and 217 in a ratio of 2:1 in high
yields!1® Mechanistically, the reaction may be considered
to involve oxidation of the methoxy styrene moiety of ether
214to afford a radical catioh, which can presumably exist
in equilibrium with its distonic cyclic versiotl . Arguably,
formation of the stable benzylic radical is the major driving
force for this 5-exo-cyclization process. The cationic center
of Il gets quenched by the solvent, whereas the radical
center is prone to two different transformations. Under
oxygen atmospherd] is intercepted by molecular oxygen,
affording the keto-produ@15 Under argon atmospheid,
gets oxidized by another equivalent of CAN to the benzylic
cation with subsequent addition of methanol to afford the
dimethoxy producR17. Alternatively, ligand transfer from
CAN would lead to the nitrato derivativel6 (Scheme 29).

Subsequent work by Floreancig has shown that homoben-
zylic ethers with pendent enolacetate moiety can undergo
highly efficient cleavage followed by 6-endo cyclization in
the presence of CAN to afford tetrahydropyrones with ex-
cellent stereocontrék’ The effect of olefin substitution on
the cyclization efficiency is depicted in Table 6. It was found
that olefin geometry is retained during the cyclization (entry
1) and that trisubstituted olefins are also effective substrates
for the process (entry 2). Allyl silyl ethers are tolerated in
the reaction despite the possibility for a competition via
vinylogous pinacol rearrangement following oxocarbenium
ion formation. However, a simple vinyl group (entry 4) did
not sufficiently weaken the benzylic-&C bond to promote
cleavage and cyclization with the alternative reaction pathway
of nucleophilic attack by nitrate on the aromatic nucleus to
form product225 being the only discerned proce'ds.

high stereoselectivities observed in this reaction are indicative Enamide esters such 226 were reported to undergo

of the 5-exo-trig-radical cyclization rather than an intramo-
lecular [3+2] cycloaddition, which can also be invoked here.

5-endo cyclization in the presence of CAN to yield disub-
stitutedy-lactams in moderate yields. The reaction occurs

This protocol was also used for the preparation of tetrahy- by oxidative addition of the radical generated from the active

dropyrans by suitably adjusting the length of the alkenyl

methylene of226 to the olefin culminating in a 5-endo
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Scheme 27
ONO,
NO,
( J/ H3C""' HaC™)
Ph“‘ (") Ph" Ph"
206 (45%) 207 (7%)
(i) NaH, THF (ii) CAN, THF, -78 °C
SCH,
Z~=SCH :
S () No cyclized
product
X
208 209 210
(i) CAN, CH3CN:H,0 (20:1), 12 h, 25 °C, 49% (i) CAN, CH3CN:H,0 (20:1), 12 h, 25 °C
Scheme 28
Me;SiO OSiMe; CAN Me;Si0 0SiMe;
Z NOEt ) T OEt
21 212
OH O OH O
OEt
OEt
OH O OH O
213
(i) CAN, NaHCO;, MeCN, 56%
Scheme 29

3 |-|3
ch OCH; H3CO OCH3 HyCO OCH;
o (W
H;CO H;CO "

216 X = ONO,
217 X = OMe (i) CAN, CH30H, 0 °C, Oxygen, 0.5 h, 56%

(ii) CAN (2.3 eq.), MeOH, RT, argon, 90 min, 87%

RO.. RO. ‘*
RO. RO\ O
AN = > X =
+ . = + .
0 o,
214 (o)
[}

MeOH MeOH

|

oxygen argon
00 "QC
H;CO o H;CO X
(o) (o
215 216 X = OMe
217 X = ONO,

cyclization. This method has been used to synthesize the On the basis of the successful intramolecular cyclization
basic heterocyclic ring fragments of the natural products of dicinnamyl ethers, leading to the synthesis of tetrahydro-
L-755,807, Quinolacticin C, and PI-091 (Scheme 38). furans such ag15 (ide infra), other suitable cyclization
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Table 6. Reaction of Homobenzylic Ethers with CAN

Entry Substrate Product Yield (%)

CHs o
CoHs

1 Ar/\‘j
N

o 07 “CeHys
218 \/\’/ 219

CgHqs OAC

| o
CL L,
O\:/Y W 0 "CeHyz
220 :
CgHq3 OAC 221
o o
3 Ar/\(\/\OTBS
0. 79
Y TBSO. 0y
H \/\\\ o "CeHys
222 CgHyz OAc 223

. Ar/\(\ o.N0

e DO

CgHiz OAc ~ MeO

224 225 CgHi3 OAC

aReaction conditions: CAN, NaHGD4 A MS, CH,CN, DCE.

Scheme 30

MeOZC;\ :
o N o N

| | OMe
PMB PMB
226 227

(i) CAN (4 eq.), MeOH, rt, 65%
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radical cationll . In less nucleophilic solventsl, exists in
equilibrium with its distonic cyclic versiohl , whereas in
nucleophilic solvents, solvolytic opening of precludes
cyclization. The incipient alkoxy radical il gets reduced

to the anion with concomitant reoxidation of Ce(lll) to Ce-
(IV). The cationic center is then quenched by the solvent,
affording the final product. On similar grounds, the stereo-
selective intramolecular cyclization of epoxypropyl cinnamyl
amines mediated by CAN led to the synthesis of function-
alized piperidines (Scheme 3%2}.The efficiency and ste-

Scheme 32
R R
R R? (o]
_ (i) HO,,, HN~/<
o
N "
231 a-f +s 232af Ts
(i) CAN (0.8 eqvt), CH3CN, Ar, 5 h
R-R'=H, 232 a (62%) R=F R'=H, 232d(55%)

R=Br,R'=H, 232e(71%)
R=Cl,R'=Cl, 232f (40%)

R=Cl,R'=H, 232b (63%)
R = CF3, R'=H, 232 ¢ (32%)

reoselectivity observed in the above reactions were utilized
further for the synthesis of 3,4-trans-disubstituted pyrrolidines
and cyclopentanes via intramolecular cyclization Mé¢f
cinnamyl N-tosyl-2-methoxycinnamyl amines ana-cin-
namyl-o-(2-methoxycinnamyl)-malonates, respectives.

The efficiency of CAN in intramolecular cyclization was
used by Brimble and co-workers recently for the synthesis

substrates were also developed. Epoxy cinnamyl ethersof several pyranonaphthoquinone antibiotics, for example,
reacted in the presence of catalytic amounts of CAN leading kalafungin and their thia analogu.236 was formed by
to the synthesis of 3,4,5-trisubstituted tetrahydropyran de- pxidative cyclization of the furonaphthofuran add@as,

rivatives in good yields (Scheme 3%f.It is remarkable that

Scheme 31

o,
[0) HN
= HO 4< + OH
& O,NO
o o o
229 (60%)

228 230 (19%)

(i) CAN (0.5 eqvt), CH3CN, Ar, 16 h

R'= NHCOCH3, OBu' Ce(IV)

R1

R/ Ce(lV) R
= HO.
(o]
Ce(l o 0
1 v

Ce(lll) Ce(lll)

which in turn was formed by conjugate addition of dimethyl
tert-butyl silyloxyfuran234to the 1,4-quinon233(Scheme
33).

Scheme 33
OMeO O
M (i)
ot Q\Osi‘BuMez
[o]
233 234

OMe OH O

OMe O Me oy

(i) BF3.0Et,, CH,Cly, 78 °C, 1 h, 45%,(ii) CAN (2 equiv.), MeCN-H,0 (1:1), 21%

3. Reactions Involving Carbon —Heteroatom Bond
Formation

Carbon-heteroatom bond formation assumes much sig-
nificance, especially from the vantage point of heterocyclic
construction. The utility of CAN in carberheteroatom bond
formation, particularly, €S, C-N, C—Se, C-Br, and C-I
bonds, is noteworthy in this connection. Mostly these

compound229 was obtained stereoselectively: it has four reactions involve oxidative addition of heteroatom-centered
contiguous stereocenters and some resemblance to theadicals, formed by oxidation of anions by CAN, to alkenes
naturally occurring bioactive norlignans called sequirins. or alkynes. Considering our recent review on this tdic,

Mechanistic rationale regarding the reaction sequence startonly selected literature along with later developments is

with the oxidation of the epoxide moiety of ethieto the

covered in this section.
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3.1. Carbon —Nitrogen Bond Formation

3.1.1. Introduction of Azide Functionality

Trahanovsky, in his seminal work which marks the
beginning of the use of CAN for construction of carbeon
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nitrile, N-(cyclohexene-2-yl) acetamide was forniétlater,

Hwu et al. reported that alkenes could be nitrated with excess
sodium nitrite in the presence of CAN and acetic acid in

chloroform!3? He also showed that the same reagent

combination can be used for the ultrasonic nitration of

addition of azide radicals to olefins like stilbene and
acenaphthalene to affotdans-a-azidog-nitratoalkaned?*

achieved in acetonitrile using CAN and sodium nitfité.
Evidently the acetamido product arises by quenching of the

sugars, which serve as convenient precursors of the correfollowed by hydration of the iminium ion. Nitration of

sponding amino sugat$® As azides are immediate precur-

cyclohexene&49 under different conditions is illustrated in

the synthesis of amino acid® CAN-mediated addition of

Scheme 35

azides to olefinic substrates like cinnamic acids, esters, and

amides afforded the correspondiagazidos-nitrato deriva-
tives which on treatment with sodium acetate afforded vinyl

azides, thus constituting a facile one-pot synthesis of the

latter 27

Formation ofa-azidoketones by oxidative azidation of silyl
enol ether was reported first by Vogel during the total
synthesis of deoxypolyoxitt® Magnus explored this reaction
in detail employing triisopropyl silyl enol ethers as substrates
since they are less prone to hydrolySSOxidative azidation
was applied to a range of cyclohexanone derivatives,
affording the a-azidoketones in moderate to good vyields.
Selected examples are listed in Table 7.

Table 7. Oxidative Azidation of TIPS Enol Ethers by CAN and

NaN;z,‘al
Substrate Product Yield Substrate Product Yield
oSiPry o oSiPry’ o
N3
72% N
o ° *60%
237 238 < <
oSiPrs' o o o 24
N3
N f‘j/ 4% osiPry' o
N
259 ©" 240 ¢
OSiPry’ o 59%
o~ Yo
é/ua 5% o~ o
241 242 245 246

@ Reaction conditions: CAN, Naj\MeCN, —20 °C, argon.

In these reactions the solvent used was acetonitrile;

however, work in our research group revealed a different
reactivity in methanol. The azidomethyl ether was formed
as the major product along with small amounts of the azido

nitrate and azido ketone. In oxygen atmosphere, azido ketone

was formed exclusively (Scheme 34y Mechanistic details

0
0]
N, *

N3
247 15% 248 X = OMe (50%)

X = ONO, (28%)

Scheme 34

P

14

N3
(i)
(i) NaN3, CAN, MeOH, Ar, 0 °C

, (i) NaN3, CAN, MeOH, O, 0 °C
247 85%

of this reaction have been described in our earlier revfew.

3.1.2. Introduction of Nitro Functionality

Oxidation of cyclohexene by CAN in anhydrous DMSO
led to formation of cyclohexene-3-nitrate, whereas in aceto-

oy

251

NaNO,, CAN
AcOH, CHCI
ONO, ° 3

CAN, DMSO CAN, CH;CN NHCOCH,

3h, 40% NaNO,, RT
24 h, 58% NO,
249 )
252 CAN, CH,CN 250

8 h, 50%

NOH

NHCOCH; CHO

(i)

NO,

254 255
(i) NaNO,, CAN, MeCN, RT, 21%

253
cyclopentene carboxaldehyd&4 under similar reaction
conditions resulted in formation of the unexpected dini-
trooxime 255 (Scheme 35)%

Ritter-type reaction of alkyl benzene with nitrile was
reported usingN-hydroxy-phthalimide (NHPI)256 and
CAN.2¥6The reaction takes place by formation of the radical
A from NHPI and CAN followed successively by hydrogen-
atom abstraction and one-electron oxidation to form car-
bocationB. The latter is then trapped by nitrile followed by
water to form amide derivative57 (Scheme 36). Subsequent

Scheme 36
Ce(lll) + H*  Ce(IV)

=2

fo) o] H R'" o H o]
A 2 \
ON=/ N~
NO® NOH R R R!
257
o 256 o RICN
Ce(IlV) ce(ill)
R-H R A R*
A B

work in our research group has shown that CAN in
combination with sodium azide can react with unactivated
hydrocarbons in acetonitrile to furnish acetamides in good
yields!®” The reaction was found to be applicable forg
oxidation of a variety of substrates; carboxylic esters afforded
the corresponding amino acids. Mechanistically, product
formation occurs by initial generation of the azido radical
followed successively by benzylic hydrogen abstraction,
oxidation of benzylic radical, and Ritter trapping with
acetonitrile. The reaction represents a mild and simple
protocol for C-H activation of hydrocarbons, which is very
important in industry. Some of the results are presented in
Table 8. A variety of aliphatic and aromatic nitriles were
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Table 8. C—H Activation Mediated by CAN and NaNz? Scheme 37

Entry Substrate Product Temp (°C) Yield (%)

0 e 2= O

(i)
. H
. 70 259 =58 H
260=20 280 281
CO,Et

gggi gHAc R=Ph, (10 min) 281 a (92%)
R=Me, (20min)  281b (70%)

262=39 R=CH,Ph, (15min) 281 c (88%)
0 263=25 R=H, (20 min)  281d (80%)
: R=Boc, (5min) 281 e (92%)

(i) CAN (3 mol%), H,0, RT

R
NHAC 3.1.3. Nitration of Aromatic Nucleus
R @ % . Silica-gel-supporyed CAN has been shown to r_1itrate
polynuclear aromatic systens:*“3CAN-mediated nitration
264 265 NHAC of naphthalene in the presence of catalytic amounts of
oMo sulfuric acid' andtert-butylammonium nitrate in methanol
a ©/\ 2 coMe 70 % afforded 1-nitro-4-methoxynaphthalene as the major product.
266 NHAG The suggested mechanism for this reaction involves addition
of the nitrite radical to naphthalene and oxidation of the
5 O 7 16 resulting radical to cation followed by quenching with
methanol*® 1-Naphthol reacted with CAN in acetic acid to
2 Reaction conditions: CAN (2.3 mmol), NgNVleCN, Ar, 30 min. afford dinitro compound&!* Mononitration occurred with

electron-rich aromatic systems such as dimethoxy beriZene.
Efficient mono- and dinitration of aromatic substrates was
developed using CAN suspended in dichloromethane in the
o-presence of two equivalents of sulfuric aétfl6-Nitrocou-
marin was reported to be the sole product formed by nitration
of coumarin using one equivalent CAN in acetic acid. A
minor amount of dinitro derivative was obtained with the
presence of activating groups such as hydroxyl or methoxy

prepared from the corresponding aldehydes using CAN and
liguid ammonia in water under mild conditio®8.CAN has
also been used recently for the synthesis of conjugated nitr
olefins froma, -unsaturated acids under mild conditids.
Another C-N bond-forming reaction, mediated by CAN,
reported recently involves preparation of 1,5-benzodiazepine
derivatives by reaction of substitutedphenylenediamines iy . - .
and ketone&® It was observed that acetophenones containing ©n the phenyl ring”N,N-Dialkyl anilines underwent regio-
halo substituents, except a bromo substituent, reacted rapidiy>€/€ctive nitration by CAN in acetogntnle to yiefiinitrated-
to afford the corresponding benzodiazepines. Cyclic ketonesN:N-dialkyl anilines in good yield$*® Scheme 38 shows the
such as cyclopentanone and cyclohexanone also reacteditration of naphthalene and methoxy coumarin.
efficiently to afford the corresponding fused ring benzodi- Scheme 38

azepines in excellent yields. Some examples of this novel

CAN-promoted 1,5-benzodiazepine synthesis are given in o,
Table 9. The aza-Michael reaction of amines witlB- OO 0 OO
282 283 NO, (70%) 284 (15%)

Table 9. Synthesis of 1,5-Benzodiazepires
(i) CAN, BusN*NO,", H,S04, CH;0H

Entry Diamine Ketone Benzodiazepine Time (h) Yield(%)

I i Cﬂj s ]@J
NH. N +
2 =
C oo j . o
NH, = 286 (74%) 287 (10%)

270 o

NH; Ph-NO, (i) CAN, 30% H,0,, H,0
ORI
NH, i

s 3.2. Carbon —Sulfur Bond Formation

L, .
: °’"\@[""’ )l\ j@[ j . N 3.2.1. Sulfonylation

218 Sulfinates can be easily oxidized by CAN to generate
4 QNHZ /\n/\ @ f , w sulfonyl radicals, which otherwise would require photolytic
NH, conditions or action of peroxides. Narasaka studied the
210 an addition of sulfinate to various olefins, especially electron-
NH rich ones, in the presence of different one-electron oxidants
: @[Nﬂz (5 ©( 5 % such as manganese(lll) 2-pyridine carboxylate [Mn¢hic)
m tetrabutylammonium cerium(lV) nitrate [TBACN], and

_ ~ CAN.1*° The reaction takes place by initial formation of a
* Reaction conditions: CAN (10 mol%), MeOH, RT. sulfonyl radical which adds to the olefin and subsequent
oxidation. The same group also reported sulfonylation of
unsaturated carbonyl compounds in water mediated by 3 mol1-vinyl cyclic alcohols using CAN. Reaction of sodium-2-
% CAN led to formation of the correspondingramino naphthalene sulfinate with 1-vinyl cyclobutan@b2 in
carbonyl compounds in good to excellent yields (Scheme acetonitrile resulting in formation of ring enlarged product
37)141 293is illustrative (Scheme 399° CAN-mediated oxidative
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Scheme 39
SO,Na OMe MeO OMe OMe
(i)
* )\ Ph Amzs% Ph Amzs\)\“ Ph
288 289(47%) 290 (19%)

o
Me
i ; SO,Na

293 (72%)

Me
SO,Na Ho. (i)
+
291 292

(i) CAN, CH3CN, 0 °C, 2h

Scheme 40
SCN
SCN

294aR=H  (95%)
294bR=Me (75%)
294 ¢ R=OMe (65%)

U}

—

/@/\ R
R o

65

L -

SCN

(ii) 205aR=H (85%)
(i) NH4SCN, CAN, MeOH, RT, 15 min R 295 b R= OAc (68%)
(ii) NH4SCN, CAN, 0 °C, MeOH, O, 30 min 295 ¢ R=NO; (57%)

SCN
mnz 0 @&m
N N
R R
296

297
297 aR" =R? = H (100%)

297 b R = Me, R? = H (99%)
297 ¢ R = H, R? = Me (84%)
297 d R' = H, R2 = Ph (86%)

SseN SCN SCN
=z _ NCS
o o st
x — NCS SCN
298

(14%) (15%) 299 (35%)
(i) NH4SCN, CAN, MeCN, 0 °C, 30 min

(i) NH4SCN, CAN, MeOH,
RT, 15 min

Chemical Reviews, 2007, Vol. 107, No. 5 1877

effected the thiocyanation of indoles, substituted indoles,
pyrroles, and thiophenes (Scheme #0)1,3-Dienes on
reaction with CAN and ammonium thiocyanate in acetonitrile
afforded the corresponding 1,4-dithiocyanate and in some
cases the dithiocyanates formed underwent a [3,3] sigmat-
ropic rearrangement to afford the isothiocyanato-thiocyanates
(Scheme 403>

3.3. Carbon —Selenium Bond Formation

Introduction of the phenylseleno group into an organic
molecule is of great synthetic importance. The common
reagents for such transformations are phenylselenylbromide
and phenylselenylchloride. Oxidation of diphenyldiselenide
to the cation radical using CAN and subsequent trapping of
the latter with olefins in methanol led tp-methoxyalkyl
phenyl selenides in good yield® Oxidative addition of
selenocyanates to alkenes afforded diselenocyanates and keto
selenocyanat€$® The reaction could be forced in the desired
direction to get either of the two products simply by changing
the reaction conditions. In completely deoxygenated atmo-
sphere, the diselenocyana3®1 was formed exclusively,
whereas under oxygenated conditions, phenacyl selenocy-
anate302 was formed as the sole product (Scheme 41).

3.4. Carbon —Halogen Bond Formation

CAN functions as an excellent reagent for carbbalogen
bond formation. A number of reactions are reported in the
literature pertaining to this aspect of CAN chemistry.

3.4.1. lodination

Regioselective iodination of an aromatic nucleus has been
achieved using CAN and an iodide-like tetrabutylammonium
iodide, alkali-metal iodide, or molecular iodif€.Horiuchi

addition of sulfinates to styrenes has been shown to yield et a. reported the facile-iodination andx,a’-iodination of
keto and nitrato sulfinates. Vinyl sulfones were formed as ketones using a combination of iodine and CAN in solvents
the sole product in the presence of sodium iodide, probably such as acetic acid and methat8It5® Reaction ofa.-

due to dehydroiodination of the intermediate iodovinyl

unsaturated ketones and esters with iodine and CAN in

Sulfonesjisj' Details of these reactions can be found in our methanoL ethanoL or isopropyl a|Coho|, under reflux condi-

earlier review??

3.2.2. Thiocyanation

tions afforded the correspondimyalkoxy a-iodo-ketones
and esters in very good yields (Scheme ¥2)When the
solvent was acetonitrilg-hydroxy a-iodo-ketones and esters

Thiocyanation of arenes and olefins constitutes an impor- were obtained®® Horiuchi also described the reaction of

tant method for introducing sulfur functionality. Reaction

2-cyclohexen-1-one with,+CAN in alcohol under reflux

of styrene with ammonium thiocyanate and CAN afforded condition leading to the corresponding alkyl phenyl ethers
different products depending on the solvent employed. Whenin good yields'®® Under the same reaction conditions,
the reaction was carried out in acetonitrile at ice bath isophorone (3,5,5-trimethyl cyclohex-2-ene-1-one) was found

temperature, dithiocyanat&94 were formed in excellent

to undergo oxidative rearrangement with 1,2-migration of

yield >2 whereas in methanol, in an atmosphere saturatedthe G-methyl group. Cycloalkenes on treatment with iodine

with oxygen phenacyl thiocyana#®5was the predominant
product (Scheme 40%2 The same combination of reagents

Scheme 41

(i
X R

R® R!
R? _ (ii)
300

R3

(i) KSeCN, CAN, CH;0H, Argon, 0 °C
(ii) KSeCN, CAN, CH;0H, O,, 45 min

and CAN in alcohols such as methanol, ethanol, 1-propanol,
or 2-propanol under reflux conditions gave the corresponding

SeCN
SeCN

301aR'"=R?=H,R*=Me (66%)

' 301bR'=R2=R3=H (67%)

R 301cR'=R2=H,R*=Cl (52%)

o)

SeCN

]! 302aR'=R2=H, R®=Me (70%)

302bR'=R2=R%=H (71%)
302cR'=R2=H,R*=Cl (68%)
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Scheme 42
o) 0 OMe O |
i = ]
- Aokt O 0 O
52% i 92% “"OMe
303 (i) CAN, I,, MeOH, 52% 304 3

05 306
(i) CAN, 1,, MeOH, 92%

. OH ONo, . !

O oL O. 0. .Qﬁ
307 308 (38%) 309 (35%) H310 H311
(i) CAN, I, CH;COOH, H,0 (i) CAN, I, CH;CN, 98%

vicinal alkoxyiodo cycloalkane¥$?163When the solvent was  transformation. CAN-mediated azidoiodination offers the
tert-butyl alcohol, the product wagransiodonitratet? most convenient protocol due to the experimental simplicity.
Cycloalkenes on treatment with iodine and CAN in aceto- A one-pot double functionalization of alkenes to azidoiodides
nitrile-water afforded the corresponditigans-iodohydrins by use of Nal, Nak and CAN has been reported (Scheme
and trans-iodonitrates’®* 3-lodo derivatives of flavones, 44)17 The reaction was found to be applicable to a number
thioflavones, and thiochromones were prepared by reaction

of benzopyran and benzothiopyran with CAN and ioditte. =~ Scheme 44

Asakura et al. reported iodination of C-5 of uracil nucleosides !

using catalytic amounts of CAN in acetonitrile or DM#®.

An expeditious and stereoselective synthesis of 2-deoxy-2-
iodo-o-manno-pyranosyl acetates by the CAN-mediated
addition of iodide to glycals has been reported recently by
Roush et at” Regioselective iodination of pyrazoles using
elemental iodine in the presence of CAN constitutes a mild
and efficient method for preparation of 4-iodopyrazdfss.  of alkenes. Styrene yielded iodothiocyanate and phenacyl
Scheme 42 depicts some typical iodination reactions medi- thiocyanate on treatment with ammonium thiocyanate,
ated by CAN. sodium iodide, and CAN in methanol at ice bath temperature.
With cyclohexene and octene, the corresponding iodothio-
cyanate was the only product.

318aR=H (71%)
318 bR = Me (70%)
318cR=Cl (78%)

(i) NaN3, Nal, CAN, MeOH
0 °C, 30 min

3.4.2. Bromination

Alkyl aromatics were brominated in the side chain using ] ) ]
sodium bromide and CAN® Asakura et al. reported 4. Reactions Involving CAN as a Catalytic
bromination of C-5 of uracil nucleosides using CAN and Oxidant
lithium bromide in acetonitrilé’®Work in our research group . .
has shown that alkenes can be converted to the dibromides '.A(‘jlth(?[ugThCAN 'St far s_upterlo:ct(()zglﬁny o(;he:[r gne-(_atzliectitron
using potassium bromide and CAN in a two-phase system 2x0ants, the vas majonity o I —me% 'ie o?g alofns
of water and dichloromethane. When the solvent used was'cau'€ more than two equivalents of the oxidant for

methanol, acetonitrile, or acetic acid, phenacyl brongitie completion of the_reaction. This precludes its_ use in Ia_rg_e-
and nitra,to bromideé14 were form’ed (Scheme 43}t scale transformations. Development of reactions requiring

' only catalytic amounts of CAN is therefore very important.
Scheme 43

Some of these reactions are illustrated here.
Br

Br
(i) ©)\/
91%
Br
+

14 L ©)V o

313 (65%) 314 (12%)
(i) CAN, KBr, DCM:H;0, RT, 30 min  (ii) CAN, LiBr, MeCN, RT, Ar,2h

4.1. Oxidative Transformations of Epoxides

The study of CAN-mediated oxidative transformations of
epoxides has been pursued in detail. Ring opening of
epoxides was accomplished using CAN under different
conditions (Scheme 45). Regioselective ring opening was
effected by employing CAN in the presence of alcohols,
water, thiols, and acetic acid! Direct oxidative cleavage

O ~
0 ©/\/

315 o 316 (55%)

(i) CAN, KBr, DCM, H20, RT, 45 min (ii) EtsN, DMF, RT

of epoxides to the corresponding dicarbonyl compounds was
reported using CAN in aqueous acetonitfileéSynthesis of
p-halohydrins such a321 by the CAN-mediated regio- and
stereoselective ring opening of epoxides in the presence of

) _ ) - ammonium salts has also been repoftédEpoxides were
Cinnamic acid315was efficiently converted tg-bromosty-  converted to the correspondimgynitrato alcohols327 by
rene316by the reagent combination of CAN and potassium treatment with catalytic amounts of CAN in the presence of
bromide (Scheme 43). In addition, selective bromoalkoxyl- excess nitrate ions, present as the ammonium or telnaty!|
ation of activated cinnamyl systems was achieved using ammonium salt’” Fabio and co-workers utilized the above
lithium bromide and propargyl alcohol in the presence of strategy for the preparation of various 4-alkoxy-substituted
CAN.172 trinems, novel tricycligd-lactam derivatives endowed with
L . . outstanding chemical and metabolic actiityCleavage of
3.4.3. Azidoiodination and lodothiocyanation unhindered steroidal epoxides by CAN also afforded the trans

Bis-functionalization of double bonds, in particular co- diaxial 5-nitrato alcohols$.’® 1,2-Azidoalcohol823and324
halogenation of olefins, constitutes a very useful organic were prepared in good yields by regioselective ring opening
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Scheme 45
Br

©/K/0H

321

CAN (0.3 eq)
NH4Br, 'BuOH
RT, 2 h, 95%
S o OH
CAN (0.2 eq), NH,SCN CAN (0.2 eq), H;0 OH
tBuOH, RT, 30 min, 95% RT, 10 min, 80%
322 319 320
CAN (0.2 eq)
NaN3, ‘BuOH
RT, 8 h, 76%
(95:5)
N3 OH
OH N3
+
ONO, CAN (0.2 eq) (:D CAN (0.2 eq) 0
. o
o NH4NO3, aq CH3CN aq CH3CN,RT,1h o
327 RT, 15 min, 80% 325 60% 526
Ts
N
O/u 0 oH ©/u (ii) O)k/ums
319 32 329 330

(i) CAN-NBS, CH3CN-H,0, 4 h, 94% (i) CAN-NBS, CH;CN-H,0, 8 h, 92%

of epoxides in the presence of sodium azide and catalytic aromatic compounds to ketones suctB8a4din the presence
amounts of CANE0 Efficient conversion of various epoxides of CAN and potassium bromate was report€dOxidative

to the corresponding thiirane®22for instance, was reported  cleavage of alkyl ethers and trialkyl silyl ethe387 was

in the presence of ammonium thiocyanate and catalytic effected with CAN and sodium bromat& CAN—bromate
amounts of CANE®! The various transformations of CAN  reagent combination also promoted the selective oxidation
reported above are summarized in Scheme 45, taking styrenef secondary alcoh@35in the presence of primary on&.
epoxide as a representative substrate. Similar to the ring-Scheme 46 summarizes the versatility of CAbromate
opening reactions of epoxides, cleavag®dabsyl aziridines reactions. Additionally, CAN has also been used as an
to afford vicinal azidoamines has also been reported. With effective catalyst for esterification of carboxylic acids and
other nucleophiles such as water and methanol the corre-alcohols including steroids and other multifunctional com-
sponding vicinal aminols and amino ethers were obtalffed. pounds under mild reaction conditiot¥82-Methoxyethoxy-
Like epoxides, a facile CAN-mediated oxidative rearrange- methyl ethers were readily cleaved by catalytic amounts of
ment of oxetanes was also report&tN-Tosyl aziridines CAN in acetic anhydride to afford mixed acetal estéts.
were reported to undergo ring opening with water in the CAN in catalytic amounts also facilitated hydrolysis of
presence of catalytic amounts of CAN to furnish the peptides?®?

corresponding amino alcohols in good yiel#isRing opening

of epoxides and aziridines to the correspondiafydroxy 4.3. Electrophilic Substitution Reactions of

or a-amino ketone§28 and330was achieved using CAN  Indoles

and NBS (Scheme 45). The reaction is probably initiated by
hydrolysis of the substrate by CAN followed by oxidation
with NBS to give the corresponding keto prodifét.

Recently CAN was found to be an efficient catalyst for
the electrophilic substitution reaction of indoles with carbonyl
compounds resulting in formation of di- and tri-indolyl-

g methanes in high yield$? Instead of playing its usual role
4.2. CAN-Bromate Oxidations of a single-electron oxidant, here CAN serves as a Lewis

Apart from the catalytic use of CAN in reactions involving acid. It activates the carbonyl group by coordinating to the
epoxides there are also reports on the catalytic use of CANlone pair of electrons of oxygen so that bond formation at
in oxidations with bromate ion serving as the co-oxidant. C-3 of indoles with the carbonyl group is favored. Michael
Oxidation of benzyl alcoha31to benzaldehyd832in the addition of indole toa, S-unsaturated ketones under ultra-
presence of CAN and sodium bromate is the first report on sonic irradiation afforded the corresponding adds#® in
this type of reactio® Many years later, oxidation of alkyl  excellent yield!** 1,2-Addition products of indol839were
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Scheme 46
©AOH s0%c o
90%
331 CH;CN 332
OH o o
80 °C, 30 mi CAN
, 30 min + ©/\ 85 °C
89% BrOs 3.5h, 90%
OH Dioxane
335 336 OH 333 334
Ph 80 °C Ph
>—OSiMe3 % >:°
PH
Ph 337 CH,CN 338
Scheme 47
Ph
Oy
N
\
Ph 40
o)
H
Ph)J\/\Ph | b
N

o
N
\

339 H

H 341

reported by reaction of indole witt, S-unsaturated ketones
or aldehydes in the presence of 0.3 equiv of CANCAN-
catalyzed reaction of isatin with indole under sonic waves
lead to formation of symmetrical 3,3-(indolyl)indolin-2-one

(ii)| Benzaldehyde

H

(ii)

Cyclohexenone

(i) CAN (0.3 eq), ultrasound, 3 h, 86%

(ij) CAN (0.3 eq), CH3CN, 30 min, 89%

(i) CAN (0.3 eq), DMSO / H,0, 13 h, 99%
(iv) CAN (0.1 eq), ultrasound, C;H50H, 95%

sequence. This is testified by the plethora of reagents and
methods of general and/or specific utility that have been

devised to accomplish such transformations. In recent years
CAN has also proved to be an effective reagent for these

3431% Scheme 47 summarizes the reported results in this transformations. Some of the protectietieprotection se-

area.

4.4. Imino-Diels —Alder Reactions

Recently, a CAN-catalyzed imino-DietAlder reaction
between aryl imines and-methyl-N-vinyl acetamide leading
to stereoselective formation of the corresponding@s44-
amidoN-methyl tetrahydroquinoline derivative in good
yields was reportet?” The reaction occurs by preferential
oxidation of the amide345 over the imine344, the latter
having a lower oxidation potential compared to the former.
The terminal carbon of the intermedidtehen adds regio-
selectively to the imine, forming the cation raditial which
subsequently undergoes ring closure followed by 1,3-
hydrogen shift and gets reduced to give the final product

(Scheme 48). Simultaneously, synthesis of other heteroaryl-

substituted tetrahydroquinolines and their oxidation to the

guences mediated by CAN are described in this section.

5.1. Earlier Reports

Oxidative cleavage of both andsr complexes incorporat-
ing organometallic moieties by treatment with CAN has been
reported (Scheme 49). Ligands like cyclobutadi&hé®? and
methyleney-butyrolactoné® have been liberated success-
fully for their participation in synthetic transformations. In
the recovery of organic products from at2woeaction, CAN
is often employed to cleave off the metallic species as in
the reaction 0349204

Early work has shown that CAN is an effective reagent
for deprotection of carbonyl protecting groups. Oximes and
semicarbazones were oxidized to the parent carbonyl com-
pound by CAN in ethand®® In 1972, Ho et al. showed that
dithioacetals such a851 can be unmasked to the parent

corresponding heteroaryl-substituted quinolines was reportedcarbonyl compound by employing CAN in aqueous aceto-

using catalytic amounts of CAN in aqueous meditifn.
5. Deprotection —Protection Sequences Mediated
by CAN

The most frequently encountered functional group trans-
formation in organic synthesis is the protectiadeprotection

nitrile.2% In a series of compounds in which the dithiolane
group was sterically hindered, the reaction led to enones,
i.e., dehydrogenation accompanied the deprotection. An
illustrative example of formation o854 is depicted in
Scheme 50.

Another reaction that is very useful in the preparation of
qguinones involves oxidative demethylation by CAN. Cat-
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Scheme 48
R1
o
o N~ R'=R2=H 80%
1 R'=H,RZ=Cl 81%
N + )J\N/ (0] R R1 H, R? = OMe 63%
™ =Cl,R2=NO, 85%
& N R1 Br,R2=H 81%
344 345 346
R2
(i) CAN (10 mol%), CH5CN, RT
R2
o cev 345
Ce' \T\ °
"r 344
)J\ _ SN0
@C
O + N
o
Scheme 49 reports in this area is on the deprotection of benzaldehyde
diacetates to the corresponding benzaldehydes using CAN
o 0 (/‘/Q (ﬁ coated on silica in dichloromethaf® The authors observed
i;(co) 70% Cr(CO)s 2o T o that deprotection occurred selectively on 4-acetoxybenzal-
3

dehyde diacetatds andc without cleavage of the phenolic
acetate (Scheme 52).

echols, hydroquinones, and their methyl ethers can readily An unusually mild and efficient method for deprotection
afford quinones by CAN oxidatiof?” Tetramethoxy naph-  of acetals was developed by our research group employing
thalene355 underwent oxidative demethylation with CAN 1.2 equiv of CAN in aqueous methartét.Mechanistically,
giving rise to two isomeric dimethoxy naphthoquinoi3&é the reaction is probably initiated by removal of an electron
and357 as depicted in Scheme %%.Partial demethylation ~ from the acetal to give the radical catidn Fragmentation
oxidation was also feasible as shown in the preparation of of A to the distonic specieB, in accordance with the known
several quinhydrone8592% In a synthesis of methoxatin, reactions of radical cations, is not surprising. Abstraction of
the o-quinone moiety was generated from the aryl methyl hydrogen byB followed by addition of water can give rise
ether3602!° Demethylation strategy by CAN was applied to the hemiacetdD, and the latter can suffer fragmentation
for the preparation of cyclopropanaphthoquinone, the first to generate the carbonyl compound. The possibility that the
stable cyclopropaquinone reportéd.Synthesis of benzo-  deprotection of acetal is brought about by the acid generated
[b]thiophene-4,7-quinones was achieved by the demethyla-from CAN may be ruled out since the deprotection occurs
tion reaction of 4,7-dimethoxybenzijfhiophenes in the  equally well in the presence of excess NaHQ@D NaCO;
presence of CAN in acetonitritewater solutior?2 also. Some examples are shown in Table 10, and the
mechanism is depicted in Scheme 53.

5.2. Deprotection of Acetals Simultaneously, Marko et al. also developed two CAN-
Acetals and ketals enjoy an important position among the mediated procedures for deprotection of acetals. Initially they
variety of groups employed for carbonyl protection. This is employed 2.5 equiv of CAN in aqueous acetonitrile for
attested by the numerous and diverse methods devised fodeprotection and demonstrated that the reaction is not an
their attachment and removal. Unfortunately all these meth- acid-catalyzed process, as deprotection was achieved under
ods required strongly acidic conditions and were not suitable basic conditions in the presence ofGO; also?'®> Observing
for sensitive substrates. Here again, CAN acts as a mild the unsuitability of the procedure to sensitive substrates and
reagent to deprotect the acetal moiety. One of the early requirement for a large quantity of CAN for the process,

50 - olo R

351 352 353 \_/ 354 O
(i) CAN, aq. CH;CN, RT, 3 min, 86% (i) CAN, aq CH3CN, 40-45%

348

Scheme 50
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Scheme 51 Table 10. Deprotection of Acetals with CAN in Aqueous
OMe OMe OMe O O OMe Methanol®
CHZOH = CHZOf CHZOH Substrate Product Yiewd Substrate Product Yield
[\ 0 ome o

OMe OMe OMe O O OMe o_ o
355 356 (75%) 357 (13%) 84% OMe H  g5%
(i) CAN, CH5CN, H,0, RT, 30 min
367 368 373 374
0 o]
@ C7r O
o

0 ) o
]
809
é i O (:/5 20%
375 376
0 i) OMe o
OMe o OMe N N o
—\ OMe H /> o
/\O 0 n 100% N o /@)L
|| 3m | 372 6 377 )

(i) CAN, aq MeCN, 22 °C, 42-87% 2 Reaction conditions: CAN (1.2 equiv), ag MeOH, RT, 10 min.
Me0,C, . . .
Me02C, e Table 11. Deprotection of Acetals with CAN in BorateHClI
NH CO,M CO,Me a
2 Buffer
0 . Entry Sunstrate Time Yield (%)  Product
N” coMe
N” > cogMe 2 CH CH CH CH
] oot 30 min 95 i
\_/ 379 O 384

(i) CAN, aq MeCN, 0 °C, 60%

o
2 j i

Scheme 52 "°‘<:><o 25 min 92 H04<:>:0
380 385

CH(OCOCHj), o
0 3 TIPSOQ j 45 min o1 T|P304<:>:o

o
381 386

R? R*
(i) CAN/ 8iO,, CHaCl, 2 o]
4 é@o 1.5h 86 é?
R! R? R3 R* Yield(%) 3820\) J
387
a  ome H OMe H 92 Q J/\/V[/o
5 20 min 96 N
b H  OCOMe H H 98 X 383
© H oOCOMe OMe H %0 aReaction conditions: CAN (3 mol%), borate-HCI buffer (pH 8).
d OMe No,  OMe H 94 also reported that dioxolane ketals derived from both cyclic
om \o and acyclic ketones containing a entidiflate moiety could
¢ e A OMe 2 % be smoothly deprotected without hydrolysis of the triflate
Scheme 53 function using 3 mol % CAN leading to formation of mono-
o N N enol diketones. Using this mild procedure, ketals, THP ethers,
R4<Oj < +j o™ o and TBDMS ethers were chemoselectively and efficiently
o R) Q0 Jon unmasked without affecting the acid-labile enol triflate
364 A B ¢ functionality?'”
H,0
oH 5.3. Removal of TBDMS, THP, and -BOC Groups
(o]
(o) . .
[ * R)LH — QH Protection of alcohols as TBDMS ether is very well
36‘5’" 365 R g“ established in organic synthesis because of its easy instal-

lation and general stability to basic and mild acidic reagents.
the same group developed another method for the deprotecDeprotection of TBDMS ethers is usually done with aqueous
tion. They found that catalytic amounts of CAN in the acids, fluoride ion, and aqueous HEH;CN. Singh and co-
presence of borateHCI buffer (pH 8) accomplished the workers accomplished cleavage of TBDMS ethers using
deprotection effectively*® A variety of cyclic ketals and ~ CAN in methanoP!® The reaction was found to be applicable
acetals can be deprotected using this strategy, and the reactioto a number of TBDMS ethers with different steric and
tolerates a range of functional groups. The authors monitoredelectronic environments. Some of the results are tabulated
the deprotection reaction by cyclic voltammetry in which in Table 12. It was found that selective cleavage of primary
they could detect only the ®especies. Hence, they surmise TBDMS ether over secondary THP ether was possible (entry
that in this reaction CAN acts as a highly selective and 3). They also observed that deprotection of THP ethers could
efficient Lewis acid that activates the acetal or ketal be achieved using CAN in methanol at’G. Entries 4-6
protecting groups toward hydrolysis and not as a redox agent.of Table 12 show the THP ether cleavage. The authors
Table 11 summarizes some of these results. Marko et al.postulate that an activated complex formed from methanol
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Table 12. Deprotection of TBDMS and THP Groups with CAN Scheme 54
in Methanol® o~ A~ 0
CsHii” DOTHP  + CsHyi “OTr Csii” DOH  + Gy oTr
Entry Substrate Time Product Yield (%) 401 402 403 404
(i) 3 mol% CAN, MeCN, borate buffer (pH 8) 60 °C
OH
} DAOTBDMS 25h b‘ 95 A Y
K 390 [ . -
“ 389 7
// // OTHP 405 oH 408
Me Me (i) 3 mol% CAN, MeCN, borate buffer (pH 8) 60 °C, 98%
2 /k 15h )\ 86
Ph OTBDMS 391 : Ph OH o
392 o~
o U} Ph,S/N : tnpr
(CHde~ o raDMS (CHade~ oy o~ uu Ph 7 Newo
3 | 15 min | o Pn’S/"j;:r"P' 408
oTHP OTHP Ph g NYSiMes 0—(0 HH
(CH)sCH3 393 (CH)sCH3 394 407 Megsi U er_i,npr
(i) CAN (5 equiv.), MeOH, RT, 89% Ph "\H
s (i) CAN (5 equiv.), MeOH, RT, 75% 409
30 min 90
OTHP 395 <~ SOH 39 Scheme 55
PN A
Lo} o <N> ]/Ovph _
5 [ >®—omp 15h [ >C>—o|-| 9 By L 0 [N B] ]/o\/Ph
o 397 o 398 0o 1ol
Me 410 Bu' a1
. sh )M\e . (i) CAN (cat.), CH3CN, reflux, 2 h, 93%
Ph OTHP 399 Ph OH 400 4
o Me [o] Me
aReaction conditions: CAN (3 mol %), MeCN/borate buffer. r. L 4\ r. L 4\
u (o} MeMe \: () eMs
and CAN is responsible for the deprotection reactions, as it I I
is known from the literature that a 1:1 red-colored complex \_/
is formed by CAN with alcohols. Attack of the methanol of N
the activated complex on the silicon group is facilitated by 1 RNz Ce(lV) Ce(ll)
coordination of Ce(IV) with oxygen. Marko et al. also M;L/H
described a CAN-catalyzed protocol for removal of THP | Qoz e i
ethers under neutral conditions employing 3 mol % CAN in *" o K &
agueous acetonitrile and borate buffer (pH 8). Here again, /J% /&
. s .. . R\N o R\N o CH,=CMe,
the Lewis acidity of CAN is invoked to explain the N N
mechanism. Good selectivity was observed in the presence v v

of other protecting groups, which allowed selective depro-
tection of a THP group in the presence of a trityloxy catalytic amounts of CAN in wet acetonitrile in DMF under

substituent (Scheme 52 The ability of CAN to cleave  neutral conditiond?? Absorption of organic compounds

the C-Si bond was utilized for removal of thbl-[bis- containing trityl or silyl groups onto CANSIO, reagent is
(trimethylsilyl)methyl] moiety from theg-lactam 407,220 known to facilitate electron-transfer process and causes
Treatment of the latter with CAN in acetonitrile afforded deprotection to proceed much fastér.??° The strategy of
the aldehyde408 while on prolonged exposure @07 to absorption on silica was also efficiently employed for the
CAN in methanol at room-temperature unsubstitysddc- selective cleavage of trityl, monomethoxytrityl (MMTr), and
tam 409 was obtained (Scheme 54). dimethoxytrityl (DMTr) groups from protected nucleotides

Deprotection of th&-BOC group from organic compounds ~and nucleosides under mild conditio#t8.A generalized
under neutral conditions was achieved using catalytic mechanistic interpretation and illustrative examples are
amounts of CAN in acetonitril&?! Mechanistically, removal ~ shown in Scheme 56. The trityl-containing compounds get
of thet-BOC group occurs by initial oxidation of the carbonyl absorbed on silica to afford, which then undergoes
group inl to the corresponding radical catidiy the latter ~ oxidation to give the radical catidih. The same mechanism
then undergoes fragmentation to give teet-butyl cation operates for desilylation also.

Il and carboxylate radicdV/ . Regeneration of Ce(IV) from

Ce(lll) during reduction of carboxylate radichl to car- 5.5. Removal of Benzyl, PMB, and PMPE Groups
boxylate ionV allowed use of CAN in catalytic amounts
for the entire deprotection. The final step was extrusion of
carbon dioxide fronV followed by protonation to give the
free amineVI. An illustrative example for the deprotection
and a general mechanistic rationale is given in Scheme 55.

Treatment of tertiary amines such4&4with one or more
N-benzyl protecting groups with aqueous CAN resulted in
clean debenzylation to afford the corresponding secondary
amines (Scheme 57)822°The debenzylation strategy was
applicable to a number of tertiary amines, and in all cases

. . the reaction was found to be chemoselective. The protocol
5.4. Removal of Trityl and Silyl Groups was employed for the solid-phase synthesis of secondary

Trityl and monomethoxytrityl groups could be efficiently amines. Some examples for the debenzylation and solid-

removed from protected nucleosides or nucleotides by phase synthesis of dihexylamine frofi8 are depicted in
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Scheme 56
o o
NH NH
C C
PhCO. NAO . HO. N/gO
OH OH OH OH
412 413
(i) CAN-silica gel,CH,Cly, 25 °C, 80%
Ph
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' PhyC*

o
Ph,cou
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atom?® The product formation can be rationalized by
assuming an interaction between the nucleophilic tetrazole
and electrophilic quinoneimine moiety; the latter is formed
by CAN oxidation of the initial substrate (Scheme 58).

Scheme 58

(@}
A A A

om o
427 © ) 428 Ci

N.
@NH NaCl J;(\(QNN "

OH

In comparison to the deprotection sequences, there are only
few reports on the protection sequences mediated by CAN.
Iranpoor has shown that catalytic amounts of CAN would
effect the conversion of allylic and tertiary benzylic alcohols
429and431into their corresponding ethed80and432in
appropriate alcohols (Scheme 3% The wide spectrum of
the reactivity of CAN was exemplified by its use in
acetalization reactions as well. Acetonation of carbohydrates
using 2,2-dimethoxypropane took place in the presence of
CAN in anhydrous DMF as solveft/ CAN-catalyzed

Scheme 57. Selective cleavage of the PMB (4-methoxyben-tetrahydropyranylation of alcohols and synthesis of 2-deoxy-
zyl) group in the presence of the NAP (2-naphthylmethyl) O-glycosides were reported by Vankat It was found that
group was achieved using CAN with a range of monosac- a variety of alcohols reacted with 2 equiv of dihydropyran

charideg° Easy removal of the PMPE group by CAN was

utilized for the synthesis gf-amino acid derivative¥* CAN

has also been used for deprotectiorpafiethoxyphenethyl
(PMPE) groups. Removal of themethoxyphenethyl group
from p-lactam 422 was achieved using CAN in acetoni-

in the presence of catalytic amounts of CAN in acetonitrile
to form the corresponding THP ethers in good to excellent
yields. GlycalsA37and438underwent addition of alcohols
to form the corresponding 2-deoxy-glycosides439 and
440, respectively (Scheme 60). An efficient method for the

trile.?® Tomioka et al. reported a CAN-mediated oxidative preparation of dimethyl, diethyl, and diallyl acetals of

removal of theN-PMP group?®® f-Lactams substituted at

the amide nitrogen with a benzyloxy aniline link&25when

aromatic aldehydes mediated by CAN was reported using
the corresponding alcohols as the solv8htRecently a

treated with CAN underwent a facile oxidative cleavage of monoprotection reaction of the glycol moiety as4dl in

the benzyloxy group to afford the deprotectdelinsubsti-

tutedS-lactam426in good yield?3* Attempted deprotection
of the p-methoxyphenyl group from the-lactam containing

the presence of catalytic amounts of CAN was reported by
Rodriguez et at*° The reaction proceeds via an orthoester
intermediate and was found to be highly selective in the

a tetrazol-5-ylmethyl tether resulted in formation of a product presence of a heteroatom adjacent to the glycol functionality
containing a modified substituent attached to the ring nitrogen (Scheme 60). Very recently, a chemoselective solvent-free

Scheme 57
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(i)

Ph _
Ph——0"
Ph 432

(i) CAN (0.2 mmol), ‘BuOH, RT, 24 h, 80%ii) CAN (0.2 mmol), allylalcohol, acetone, reflux, 2h, 67%

434 OH "OH

workers reported a highly regioselective, silicon-directed

C—C bond cleavage @-(trimethylsilyl)cycloalkanoned42

to afford w-alkenyl carboxylic acid€43in the presence of
CAN.?*” The reaction was applicable to five- and six-
membered cycloalkanones bearing-silyl group at the endo
or exo position. The presence of the silyl group at fhe

Scheme 59
-0 o
X Ph OH
HO H :YOBu! PH
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OH j\o
(o]
HO (i) o)
HO o > HO
433 OH
(i) CAN, DMP, anhydrous DMF, RT, 1 h, 89%
Scheme 60
() ()
0 0~ “OR
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X _OBn H _oBn
Y‘&H + B“°®H
BnO. o OMe
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method for the synthesis of acylals and their deprotection to

4-0xo0-4H-1-benzopyran-3-carbaldehyde catalyzed by CAN
was reported#!

6. Miscellaneous Transformations

position plays a profound role in stabilizing the intermediate
carbocations and carboradicals. Scheme 61 illustrates some

Scheme 61
o 0
1 ) COH
ﬁ’ R" CAN, CHyCN, H,0 Cﬁ)n Me;Si
- ®
) Rz 60°C30min 2k (F . LE? %
n R R? m  Yield (%) 444 0O 445
1 H SiMe; 1 82 COH
o} .
2 H SiMe; 2 98 Llj\ 0 _, Q
66%
1 CHSiMe; H 2 72 M6 SiMes 4“7\
(i) CAN, CH3CN, H,0, 60 °C, 30 min
2 CH,SiMe; H 3 82

of the desilylation reactions mediated by CAN.
CAN-mediated cleavage of [2.2] paracyclophane resulted
in generation of a double benzylic radical cation which is
trapped by various nucleophiles to generate products such
as449248 Several CAN-mediated ring-opening reactions of
cyclopropanes are also known in the literature. Reaction of
phenyl and diphenyl cyclopropane with CAN in acetic acid
and acetonitrile has been studied by Yodffgrhe crucial
intermediate in a prostaglandin total synthesis, a hydroxy-

In addition to the reactions described above, CAN has also @ldehyde lactone, is obtained by the CAN-catalyzed chromic

been effective in bringing about some novel and interesting acid oxidation of a cyclopropanol in aqueous acetic &¢id.
processes. Such reactions also provide insight into theA detailed investigation of the cation radicals of various aryl

mechanistic details of several CAN-mediated transforma- cyclopropanes generated by CAN has been reported re-

tions. A few illustrative examples are cited in this section.

6.1. Fragmentation Reactions

cently?5! A facile CAN-mediated oxidative rearrangement
of alkoxyaryl cyclobutanes has been reported from our
laboratory!& It was found that treatment of the cyclobutane
450 with CAN in dry methanol in an oxygen atmosphere

Oxidative fragmentation reactions mediated by CAN were led to formation of the keto methoxy produtil. lllustrative

reported as early as 1966 by Trahanov&@ycloalkanones

underwent an oxidative fragmentation with CAN in aceto-
nitrile to afford 6- and 5-nitrato carboxylic acids in a ratio
of 3:22#2 Oxidative fragmentation of steroidal alcohols was

examples of paracyclophane cleavage and cyclobutane cleav-
age are provided in Scheme 62.

Nair and co-workers showed that CAN-mediated frag-
mentation of phenyl cycloalkenes led to the direct synthesis

accomplished in the presence of CAN in aqueous acetoni-of monoacetals of h;dicarbonyl compounds in good

trile.?43 Recently the diol cleavage reaction was applied for
the synthesis gf-amino carbonyl compounds by the CAN-
mediated oxidative cleavage of 4-aryl-3,4-dihydropipe-
ridines?** Oxidative fragmentation of organic compounds
containing the trimethyl silyl moiety was also extensively
investigated. Trahanovsky reported thahydroxy silanes
undergo oxidative fragmentation by CAN to yield alde-
hydes?* Wilson et al. extended the same reaction to cyclic
substrates, resulting in formation of keto&sHwu and co-

yields?52 The radical cation generated from monoterpenes
such as)-a-pinene454 with CAN reacted in acetonitrile
to afford the bisamidd55in good yields?>3 Recent studies
have also shown that CAN is a good reagent for removal of
the hydroxyethyl unit from 2-hydroxyethyl ether derivatives
456leading to alcohol$> lllustrative examples of these three
processes are depicted in Scheme 63.

Fragmentation of azines to aldehydes and ketones was
achieved using CAN in aqueous acetonitrile. Aldazines were
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Scheme 62
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converted to aldehydes without further oxidatt&hCAN-

promoted oxidative cleavage of azlactones resulted in the
synthesis ofi-oxocarboxamides. The iminodihydro cinnamic
acid intermediate initially formed gets converted to the
product through decarboxylation and subsequent oxidation

(Scheme 645>

Scheme 64

458 aR'=R2=Ph 459 a (70%)
458 b R' = Ph, RZ=4-MePh 459 b (66%)
458 ¢ R =Me, R2=Ph 459 ¢ (72%)
458 d R =Ph,R2=4-CIPh 459 d (69%)
458 e R = Ph, R? = 4-MeOPh 459 e (68%)

6.2. Alkoxylation Reactions

Nair and Deepthi
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In addition to the above, several other alkoxylation
reactions have also been devised. Kim and co-workers
reported a highly regioselective and stereoselective oxidative
cyclization of cyclooctenols mediated by CAR. Oxida-
tive cyclization of compounds containing a double bond in
the 5 position to a TMS group led to the corresponding
tetrahydrofuran, tetrahydropyran, and piperidine analogs
depending on whether the nucleophile is a hydroxy or an
amide groug®® Generation of cation radical from styrene
moiety followed by ring closure with carboxy group is well
known in CAN chemistry. This strategy has been used by
Chavan and co-workers for conversion @f-unsaturated
acids into butenolides mediated by CAN. They applied this
protocol for the synthesis of biologically active molecules
such as heritonif!

6.3. Side-Chain Oxidations

CAN has proved to be very useful for benzylic oxidations.
Benzylic methyls are converted to aldehydes, while benzylic
methylenes are converted to ketones by CAN in high yield.
Trahanovsky demonstrated that toluenes can be oxidized to
the corresponding benzaldehydes on treatment with CAN in
50% aq acetic acid, whereas in anhydrous acetic acid CAN
oxidizes toluenes to benzyl acetate®vhen multiple oxida-
tion sites are available, the reaction normally stops at the
monocarbonyl stage as in the oxidation of mesitylene to 3,5-
dimethyl benzaldehyde in 100% vyield. Methoxylation of
4-methyl anisole by reaction of CAN with methanol as the
solvent has been reporté®.A convenient procedure for the
side-chain oxidation of pyrrolex-methyl to formyl was
developed by Lightnei®® It was found that the reaction
largely depends on the choice of the solvent, reaction
conditions, and the presence of a carboxylic ester group at
the pyrroleo’ position. The latter uniquely activates the
o-methyl group and causes the reaction to proceed more
smoothly. Cerium(IV) ammonium nitrate adsorbed on acti-

Cephalosporins have been reported to react with CAN in vated charcoal has been found to be an effective catalyst for

methanol under mild conditions to give its corresponding
2-methoxy derivative as a major product along with very

small amounts of thiazole derivativé®.Mechanistically, a

single-electron transfer from sulfur to Ce(lV) reagent initiates
the reaction forming\. The latter subsequently loses a proton

oxidation of benzyl alcohols and acyloins to the correspond-
ing carbonyl compound®* Scheme 66 provides some
examples of typical side-chain oxidations by CAN. It was
also observed that 1,2-benzoquinone formed by treatment
of the parent catechol with CAN in methanol a8 °C

and an electron to forB (Scheme 65). Cepham sulfoxides underwent f%é?”e [42] cycloaddition with indole to afford
and sulfones, lacking an easily oxidizable sulfur atom, get cycloadduct.

alkoxylated stereoselectively at the C-4 posifigiizormation

of the compound can be rationalized as the result of a rare
oxidative allylic rearrangement of cephalosporins wherein

the alkoxy group is delivered with high face selectivity.

6.4. Esterification and Transesterification

As early as 1972 Ho et al. showed that hydazides can be
converted to acids by CARP® Years later, work by another
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Scheme 66 Table 13. Hydroxylation of -Ketoesters with CAN?
Ho(Hzc)3—®>CHzOH ® Ho(Hzch‘QCHZOH Entry Ester Time (h) Product Yield (%)
464 465 O o [o o)
(i) CAN-charcoal (20 mol%), Toluene, 100 °C, 73% 1 OMO 4 O)J\KU\O 60
/(_oi 2 “en Ph)4-,2 N a7
m (i) /\ o o o o
Et0,C™ >y Et0,C™ “N” ~CHO 2 OMOMe 6 OMOMe 62
H 466 H 467 OH
Ph 474 Ph 475
(i) CAN (4.1 eq.), THF, HOAc, H,0, RT, 88% [o} o
Tl e
. . . 3 o 05 N 69
group showed that treatment of hydrazides with CAN in the ao JS\/(O
presence of the appropriate alcohol as a nucleophile afforded o o oM 4
esters in good yield®? The transformation involves selective PN o Mom
oxidation of the hydrazino group u68followed by reaction 4 ? OMe 3 y W ®
with alcohols to yield ested69. The same group showed Kf 478 479

that pyridazino[4,3]azepine 470 gets converted to the o o o o

corresponding este&71in moderate to high yields (Scheme o OMe OMOMG

67). Thus, oxidation of the carbohydrazido group and 5 j\ 3 j\OH %
480 | 481

Scheme 67

0 @ o
O,N ozn4®—/<
NHNH, OMe

a Reacton conditions: 2.3 equiv of CAN, MeOH,°C to rt.

in the produc#t83results from a nucleophilic attack of water

468 (i) CAN, CH;OH, RT, 15 min, 7% 469 on the electrophilic reaction intermediate (Scheme 68).
H
Ny 0 N Scheme 68
HN ) ICONHNH < i 71
2 HN CO,Me (i)
O 470 o 4n R1JHR£LR3 - R1HJJO>¢R3
(i) CAN (6 equiv.), MeOH, RT, 0.5 h, 81% 482 483

(i) Oz (1 atm), cat. CeCl3. 7H,0
aromatization of the 1,4-dihydropyridazine ring was achieved iPrOH, 23 °C, 16 h
simultaneoushy®® CAN also acts as a mediator for transes- . . . :
terification reactions and esterification of carboxylic acids.  Reaction of acetoacetanilidiB4 with CAN in methanol,
The reaction probably occurs by the initial coordination of €arried outwith the objective of executing an intramolecular
the carboxylic oxygen by Ce(IV) followed by nucleophilic reaction to derive thg oxindole, affo_rded the corresponding
attack by alcohol, leading to carboxylic esters. However, the ©X@mate in good yields. Substantial enhancement of the
transesterification method using CAN cannot be applied to 0Verall yield was attained when the reaction was performed
substrates containing thiol or sulfide groups or 1,3-dike- IN @ atmosphere of oxygéff. The reaction can be rational-
toesters due to their propensity to undergo oxidatfdn. 12€d a@s occurring via a dioxetane intermediéé@. The latter
Phenyl acetic acid andis-oleic acid were esterified using S formed via the hydroperoxide86 which in tum is formed

CAN in the presence of primary and secondary alcohols, by reaction of atmospheric oxygen with the malonyl radical.

which also acted as the solveit The final step is fragmentation of dioxetanes in methanol
' and further transformations to afford the oxamat@8
6.5. Dehydrogenation Reactions (Scheme 69).

CAN has also been used to promote certain dehydroge-Scheme 69
nation reactions. For instance, 1,4-dihydro-pyridine-3,5-

0 o OH o
dicarboxylates can be converted to the corresponding pyri- 6 i o )
dine derivatives using CAR! Dihydrotriazines obtained by ©\ e ©\ Meon @\

N (o] 0, RT N 0 N [¢]
H H
434 485 486

reaction of monocyclic triazines with silyl enol ethers in the N
presence of ethyl chloroformates were oxidized by CAN in
acetonitrile-water to afford 5-substituted 1,2,3-triazirfés.

O OH

0/
6.6. Other Synthetic Transformations @\ J)\”/ocu &@L f
N S T0% N o
H H
488 (o] 487

Treatment of dialkyl malonates with CAN in methanol
by our group led to the direct synthesis of tartronic acid
derivatives’”® The reaction occurs by initial oxidation of In addition, some other interesting transformations were
malonate followed by its trapping with oxygen to form a also reported very recently. A mild method for oxidation of
peroxy radical and further transformations to form the pyrazolines to pyrazoles was reported using CAN under MW
product. Table 13 highlights some of the examples. The irradiation?’® Reaction of alkenes and alkynes with CAN
o-hydroxylation reaction ofj-dicarbonyl compounds with  under reflux conditions in acetone lead to formation of
molecular oxygen under Ce(lV) catalysis was studied 3-acetyl-4,5-dihydroisoxazoles and 3-acetylisoxazole deriva-
extensively by Christofferd’* The role of the dioxygen is  tives, respectively (Scheme 743). Recently, oxidative
to oxidize the Ce(lll) species to Ce(lV). The hydroxy group coupling of N,N-dialkyl aryl amines491 in water was
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Scheme 70 reasonable to assume that work on these aspects of CAN
_N_ CHs chemistry will be very rewarding.
2 M
CsHyq T e o
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(i) CAN (2 eq.), H,0, RT, 2 h, 81%

reported to take place in the presence of CANRecent
work in our group has shown that CAN-mediated oxidation
of methylenecyclopropart93led to a convenient synthesis
of 2,2-diaryl cyclobutanone494 by an oxidative ring-
expansion reaction (Scheme 71)Simultaneously, work by

o
-, 0O
P )
493 494

(i) CAN (2.3 eq.), MeOH, O, RT, 4 h, 80%
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