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ABSTRACT: The versatility and potential of oxida-
tive cyclization in the synthesis of 5- and 6-membered
N- and/or O-heterocycles is presented through judi-
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line in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/hc.10200

INTRODUCTION

Oxidative cyclization is one of the commonly used
methods for ring closure [1-4]. Accordingly, annu-
lation of suitably substituted acyclic structures give
rise to diverse carbo(hetero)cyclic frameworks via
this reaction. Appropriately disposed reacting sites
on the substrate, other functionalities elsewhere on
the structure able to survive the oxidation condi-
tions, and the nature of the oxidizing agent are the
fundamental requisites for the success of the reac-
tion. Its entropically favored intramolecular variant
is the most abundant and a well-documented C—C
or C—X (X=N, O) bond-forming process [1-3]. The
features of oxidative cyclization have been treated in
major works of a broader theme [1,3-5].

The impressive developments in organic synthe-
sis over the past two decades have had their share
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of impact on the reaction. Most notable is the versa-
tility of the reaction when triggered or catalyzed by
main group [6], lanthanide [7], or transition-metal
complexes [8-18]. A plethora of diverse structures of
varying complexity have been and continue to be pre-
pared by careful selection of the metal complex and
design of the substrate substitution pattern. Scat-
tered examples of the reaction, using a wide variety
of reagents, are included in the works already men-
tioned earlier as well as in other major references
[19]. Not surprisingly, therefore, it is clear that there
is a sizeable literature on the subject of potential to
synthesis, a dominant part of which is focused on
heterocycles.

It is the aim of this article to highlight the main
features of the reaction through selected examples
unveiling its versatility and potential to the syn-
thesis of diverse 5- and 6-membered N- and/or O-
heterocyclic structures. These rings are the most im-
portant ones, either suitably substituted or as units
of larger more complex frameworks, in studies of bi-
ological and/or pharmacological activity [20].

The size of the literature, a phenomenon, in fact,
common to every field, nowadays, dictated a judi-
cious and selective approach to the subject. Thus lit-
erature covered is that of 1990 to date and earlier
cases are included where deemed necessary.

The reaction, as exemplified in the present ac-
count, is a useful constituent of RAS (rapid analogue
synthesis) methodology [21]. Combinatorial synthe-
sis or library generation aspects [22-24] have not
been included.
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Oxidation is taken as usually defined [25], for the
overall outcome of the reaction. Cyclization, on the
other hand, refers strictly to the ring-forming step of
areaction sequence leading to the oxidized structure.
The latter may (or may not) be the final product. It
also may or may not be isolable.

Cyclization embraces two main processes: (a) a
reagent-triggered cyclization and (b) a spontaneous
cyclization following an oxidation step (e.g. nitrile
oxide dimerization or a 6w-electrocyclization).

Accordingly, besides the “conventional” dehy-
drogenation, other reactions covered include acid-
catalyzed, electrochemical, and metal (main group,
lanthanide, or transition metal)-mediated/catalyzed
cyclizations.

In making up this account attention has been
drawn to the range and mode of action of the ox-
idants used for the transformation rather than the
product heterocycles. Consequently the presentation
is reagent-based and arranged accordingly for the
sake of simplicity and clarity.

Concepts such as efficiency, atom economy,
and cost-effectiveness coupled with environmen-
tal concerns [23], inevitably imposing constraints
for “cleaner” processes, nowadays, are exemplified
throughout the account as they have developed over
the years.

ACID-CATALYZED CYCLIZATION

Trifluoroacetic acid (TFA)-triggered spirocyclization
of oximes 1 or 2 to 3 or 4 respectively has been ef-
fected in the presence of BuyNReO, (Scheme 1) [26].

Interestingly, the quinoline 6, isolated as a minor
product (4-7%) in the above reaction, may become
the major product by changing the reaction condi-
tions (Scheme 2) [27].
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ELECTROCHEMICALLY INDUCED
CYCLIZATION

Anodic oxidation provides an effective access to
cyclic structures. Thus, it has been successfully ap-
plied to the spirocyclization of phenol derivatives 7
(Scheme 3) [28].

a-Stannyl ethers and carbamates with C=C
bonds can also be cyclized in the presence of
Bu,NBF, [29] or Bu,NCIO,—CH,Br, [30] as a sup-
porting electrolyte.

In either case the supporting electrolyte is the
“electroauxiliary,” which actuates the organic sub-
strate toward electrochemical oxidation and controls
the reaction pathways [31]. a-Silyl ethers effect an
analogous cyclization [32].

HYPERVALENT IODINE(III)-INDUCED
CYCLIZATION

Hypervalent iodine-based reagents such as phenylio-
dine diacetate (PIDA), its trifluoro derivative (PIFA),
and Dess-Martin periodinane (DMP) are commonly
employed two-electron oxidants [33]. They are
among the derivatives of higher valent p-block el-
ements operating by the ligand coupling mechanism
(see also later) [34].

The spiroacetal moiety of the antibiotic 11 is ob-
tained by the PIDA cyclization of spiroacetals 20 and
24 under photolytic conditions (Scheme 4) [35].

Br Br
HO. anodic oxid o) o)
—_—
+
R
O Br O
OH = ‘:—
R R
7 8 9
+
Br
Q
OMe
—R
\
10 OH
SCHEME 3



644 Tsoungas and Diplas

Me. Me
OSiMe,
v \\ : 2
PO Jro” o 5 < TOoTs

Et Mé OSiMe,
P= SiBuPh, 12 13 1:1(28,58): (28,5R)
) L
Me. Me
OR OSiMe,
PO b O

Et N .OTs

Me OSiMe,

14 R=H
MeOH, H*
15 R=Me

or™s +
84% 11
o] +
97%

R

Me)

d |

\ Me" TOH +

<07 "H

Me 9%

57% 1,71 Me

a n-BuLi, THF, -78°C, b. H, Lindlar, c. PPTS, CH,Cl, d. NaH, THF,

e Lil, BFELO, f. PhI(OAc), I, hv

SCHEME 4

SCHEME 5

Intramolecular o- and p-spirocyclization of ke-
toximes 25 and 27 with PIFA leads to spiroisoxazo-
lines 26 and 28 (Scheme 5) [36]. Other oxidants have
also been used [37].

A variety of other spirocyclic structures have
also been reported with hypervalent iodine oxidants
[38,39]. N-2-Substituted indazoles 31 have been ob-
tained by PIDA cyclization of acyl hydrazones 30
(Scheme 6) [40].

N-Acyl-hydrazones 32 are cyclized by PIDA
to A3-1,3,4-oxadiazolines 33 in excellent yields
(Scheme 7) [41].

Hydrazones 34, on the other hand, when treated
with PIDA in methanolic sodium acetate give rise
to 1,3,4-oxadiazoles 35 in good yields. Semicar-
bazones 36, under similar conditions, give 1,3,4-
oxadiazolines 37 in excellent yields too.

Phenolic Schiff bases 38, when subjected
to PIDA treatment, are cyclized to oxazoles 40
(Scheme 8) [42].

Other oxidants such as barium manganate [43],
lead tetracetate [44], nickel peroxide [45], cop-
per(I) chloride in the presence of dioxygen [46], or

R R’

@o @NNHCORZ
_>
NH, NH, PhI(OAC), R
29 \
30 =
+  N—NHCOR?
N

R2CONHNH, R R

ayMe Ph 31
b)Me Me
YMe o-HOC.H,
d)Ph Ph
)

Me OEt
fyMe OBn

SCHEME 6



Oxidative Cyclization in the Synthesis of 5- and 6-Membered N,O-Heterocycles 645

R? N=N R2
a T N=NCR
R'CONHN= R

32

RICONHN=CHR® — 2 il % e
u -
i N=N
PhNHCNHN=( I S V4
Me O
%6 37

a. Phl(OAc),, R“OH, 0°C. b. Phl(QAc), rt. c. Phl(OAc), MeOH, 0°C

SCHEME 7

thianthrene cation radical [47] have been used for
this cyclization. Interestingly, the cyclization appears
to take precedence over a rearrangement to an acylal
derivative.

Hydrazones 41 have been cyclized to 1,2,3-
triazoles 42 by oxidation with PIDA (Scheme 9)
[48].

The scheme has been extended to the synthesis
of various heterocycles (Scheme 10) [48].

[Hydroxy(tosyloxy)iodo]benzene (HTIB), a vari-
ant of PIDA, has been found to be effective in the
oxidative cyclization of 1,3-diketone hydrazones 47
to pyrazoles 50 (Scheme 11) [49].

The key step in the reaction is the direct tosy-
loxylation of the acetyl C atom (Scheme 11).

An extensive work on the synthesis of chromenes
and chromen-6-ones has been reported [50]. The
scheme makes use of phenol oxidation by either
PIDA or PIFA giving rise to polycyclic structures 53,
59, or 61, respectively (Scheme 12).

N,O-Heterocycles 66 and 68, 70, 72 have been
obtained by oxidative ring closure of amides 62, 67,
69 and 71 (Scheme 13) [51].

SCHEME 8

Ay e o

N—NH, N—/N
a1 42

a. Phl(OAc),, CH,Cl, R=H, Me, Ph, etc.

SCHEME 9

It has been proposed that the reaction proceeds
by way of a PIFA-triggered Hoffmann rearrange-
ment, followed by cyclization of the isocyanate in-
termediate 64. y-Hydroxybutyramides 62 yield 1,3-
oxazin-2-ones 66. 3-Hydroxypropionamides 67, 69,
and 71 give 2-oxazolidin-2-ones 68, 70, and 72 re-
spectively. The intramolecular cyclization in both
cases, being an entropically favored process, appears
to be preferred over the intermolecular hydrolysis to
65.

An interesting reaction sequence toward
benzo[b]pyrans has been reported [52]. Compound
75 undergoes a PIDA oxidation to 76, followed by
spontaneous cyclization to 77 (Scheme 14).

PIDA has been an effective oxidant for the cy-
clization of carbamates 78 and 80 to oxazolidinones
79 and 81 in the presence of a Rh(IT) carboxylate
complex (Scheme 15) [53].

Besides its significance as a facile access to these
heterocycles, the scheme is important for the synthe-
sis of 1,2-amino alcohols by hydrolysis of 79 or 81
[54,55].

1,2,3-Triazole fused heterocycles have been pre-
pared by PIDA-mediated oxidation of N-heterocyclic
hydrazones [56]. The reagent has also been used
for the synthesis of 1,3,4-oxadiazole and A3-1,3,4-
oxadiazoline derivatives from N-acyl-hydrazones
and N-phenylsemicarbazones [57].

Cyclic enecarbamates 85 or 87 [58] have been ob-
tained via an efficient tandem oxidative cyclization—
dehydration of w-hydroxycarbamates 82 or 86, using
DMP [59] (Scheme 16) [60].
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Aldehyde 88 can be cyclodehydrated to 87 by
acid treatment. PIFA-induced aryl oxidative coupling
has been reported (Scheme 17) [61].

DMP has been effective in the cyclization of un-
saturated N-aryl amides 93 or 95 to the tetracyclic
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a. 5 mol% [Rh,{O,CR'),], PhI{OAc), MgO, CH,Cl, 40 °C.
b. catalyst, PhI(OAc),

SCHEME 15

1,4-oxazines 94 or 96, respectively (Scheme 18)
[62].

Complex heterocycles are, thus, readily acces-
sible in one pot from aryl amides, urethanes, and
ureas.

Besides DMP its congener and precursor 1-
hydroxy-1,2-benziodoxol-3(1 H)-one 1-oxide (IBX)
[63] has been used as an efficient oxidant for the
cyclization of 97 or 99 to the 5-membered hetero-
cycle 98 or 100, respectively (Schemes 19 and 20)
[64].

The scope, generality, and a rationale for the
mechanism of these synthetically useful cyclizations
in Schemes 18, 19, and 20 have been discussed.

Furthermore, Schemes 16 and 17 allow easy
access to arrays of the target heterocycles 98 and
100.
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SCHEME 17

METAL-MEDIATED CYCLIZATION

Metal-mediated reactions (cyclizations among
them) have greatly contributed to the rapid growth
of organic synthesis methodologies [6-18]. Useful
synthetic methods and transformations have been
and continue to be developed by means of metal
species in catalytic or stoichiometric quantities.

Main Group Metal-Mediated Cyclization

The reagents used are main group metal complexes
in their higher valencies and they trigger cyclization
by a ligand coupling process [34] (see introductory
comments of the previous section).

The alcohol 106, an intermediate in a reac-
tion sequence aiming at the synthesis of oxygenated
benzopyranquinones 101, undergoes a Hg(OAc),-
promoted cyclization to a diastereoisomeric mix-
ture of 107 and 108 in high yield (Scheme 21)
[65,66].

On the other hand, alcohol 110 undergoes a
double-bond isomerization to 111, followed by ox-
idative ring closure and subsequent reduction to 112
and 113 or 114 and 115 (Scheme 22).

o}
H R* X
7 N\n/x - owe ANANNCTR
LI 11—
Ay | o R R benzene, A AN | R2
o | R
93 94

H
N DMP
—_—
O conditions
95

SCHEME 18



648 Tsoungas and Diplas

. o
R
H 2 L~
Y N X xR a N \ /
RN — & TR
N 0 R R re{ R
3
97 R g
a. IBX, THF:DMSO (10:1), 90 °C

SCHEME 19

Ag,0 oxidation of 113 or 114 and 115 gives a
high yield of the targets 102 or 103, respectively
(Scheme 21).

Thallium(III) reagents have demonstrated
unique oxidizing capacity in synthesis [67]. Thal-
lium(III) nitrate (TTN) has been used to effect
oxidative cyclization of various phenolic substrates
via rearrangement [68]. It has been found that
the reaction course is sensitive to the nature of
substituents [69,70].

TTN-mediated cyclization of chalcones 116
leads to 117 or 118, exemplifying the significance
of substituent effects (Scheme 23) [71].

The first direct transformation of 2,2'-
dihydroxychalcones into coumestans was reported
[72]. Thus, treatment of 119 with TTN in methanol
and subsequently with methanol/HCl in the presence
of oxygen yields 120 (Scheme 24).

1,2,4-Triazole-fused quinolines have been ob-
tained by TI(IIT)-mediated oxidative cyclization of
their quinoline hydrazones [73].

Lead(IV) acetate (LTA) has been one of the most
commonly employed one-electron oxidants for a
long time [74]. However, environmental concerns,
nowadays, encourage its replacement by PIDA or
PIFA as an equally effective, yet less toxic counter-
part (see previous section).

LTA-promoted ring closure of alcohols 121 ac-
companied by carbonylation to d-lactones 126 has
been reported (Scheme 25) [75].

The postulated 1,5-hydrogen shift [76] is crucial
to the feasibility of the cyclization. The reaction
proved to be a general scheme for the synthe-
sis of &-lactones from saturated alcohols. It also
demonstrates the potential of free-radical cyclization
method.

Oxazolo[5,4-b]pyridines 131 have been prepared
by the sequence shown in Scheme 26 [77]. The key
step is the oxidative cyclization of the imine 130.

reagent
_
conditions

H
@NM
o]

99

o :
N\
Me o0

SCHEME 20

101 R'=R=H
102 R'=0OMe; R=H
103 R'= OMe; R= Me

OMe O OMe O OMe
o~ o ~F OH
—_— —_—
N = =
OMe OMe OMe
104 105 106
101
OMe OMe -
° o . ? OMe
. d
H \ O
OMe OH OMe OH e
107 108
OMe O
109
a. KOBU! DMF. b. LAH, EL,0 ¢. Hg(OAc), O, NaBH, DMF.

d. PCC, GH,Cl,. e. LAH, ELO

SCHEME 21

4-Hydroxy-2-cyclo-butenones, which are readily
available from diethylsquarate, react with LTA to give
5-acetoxy-2(5H)-furanones 134 and 5-alkylidene-
2(5H)-furanones 135 (Scheme 27) [78]. These
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— / —
MeO X MeO
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110 111
) l
OMe R OMe R
0 0
+
MeO' ’ MeO' Y ’
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OMe R OMe R
d 0 0
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MeQ < MeO ’
OMe OH OMe OH
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a. KOBU, DMF. b. PdCl,{(MeCN), CH,Cl,. c. Hg(QAc),, O, NaBH, DMF.
d. Hg(OAc), NaBH, DMF.

SCHEME 22
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reactions extend the synthetic utility of squaric acid
considerably.

The synthesis of 2,4,5-trisubstituted 1,2,3-
triazole 1-oxides 139 has been reported by the LTA
oxidative cyclization of oxime hydrazones 137 or
138 (Scheme 28) [79].

LTA-triggered oxidative rearrangement of N-
amino triazoles 141 results in ring expansion to
1,2,3,4-tetrazines 142 (Scheme 29) [80,81].

The fusion of a triazole onto the N-amino tria-
zole fragment deters the intermediacy of a hetaryne
and thence any undesirable reactions, in accord with
earlier reports [82].

Oxime N-aryl imines 145 yield quinoxaline
1-oxides 146 upon LTA-mediated ring closure
(Scheme 30) [83].

11 H-dibenz[b,e]azepin-11-ones 149 have been
prepared by LTA-mediated oxidative cyclization re-
arrangement of N-aryl-hydrazones 148 (Scheme 31)
[84].

LTA-triggered o- and/or peri-substituent-depen-
dent cyclization of 2-hydroxy-1-acyl naphthalene
oximes 150 gives rise to 1,2-oxazole 2-oxides
151, 1,2-oxazines 154, and N-hydroxy-indoles 155
(Scheme 32) [85,86]. PIDA and PIFA have proved
to be equally effective (P. G. Tsoungas, unpublished
results).

SCHEME 29
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Oxidative cyclization of amides 156 to triazoles
158 and subsequently to 159 has been accomplished
by either LTA or PIDA (Scheme 33) [87].

Transition-Metal-Mediated Cyclization

Transition-metal complexes have proved to be in-
valuable reagents to a dearth of synthetic transfor-
mations [8-18]. The latter provide access to complex
frameworks efficiently and selectively from readily
available substrates. It is beyond doubt that a major
part of today’s astonishing achievements in organic
synthesis is attributed to them.

Pd-mediated C—X (X = N, O) bond formation
has been recorded as a particularly useful method
in organic synthesis [88]. Its intramolecular vari-
ant has been extensively used to construct 5- and
6-membered heterocyclic structures.

A variety of O-containing heterocycles have
been prepared by Pd(II)-induced cyclization of
hydroxy-bearing alkenes, dienes, and alkynes [89].
Intramolecular oxypalladation is the key step of this
overall oxidative cyclization process.

OH O NH, OH N NH,

RCONHNH2
H Me or Ar)

NHCOR

\:,b (ol

SCHEME 31
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—
150 151

R= Me, Et
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Various carbazole-containing polycyclic struc-
tures have been assembled by Pd(IT)-mediated C—C
oxidative coupling of a diaryl amine 160 to the car-
bazole segment 161 of the framework (Scheme 34).

Accordingly, pyrido[4,3,b]carbazoles [90], inter-
mediates to ellipticines and olivacines, kinamycins,
and analogues [91-93], as well as multisubstituted
carbazoloquinones [94] have been obtained. In some
cases the oxidative coupling has been effected by a
mixture of Pd(II) and Cu(II) complexes.

Pd(II)-catalyzed 1,4-oxidation of 1,3-dienes is a
very important transformation in organic synthesis,
partly because of its high regio- and stereoselectivity
[95-97]. Its intramolecular variant has emerged as
an efficient method for the stereoselective synthesis
of various heterocycles through cyclization modes
(I)—(I1I) (Scheme 35) [95,98].

Stereo-controlled Pd(IT)-mediated cyclization of
diene alcohols 168 or 170 to tetrahydrofurans (THF)
169 or tetrahydropyrans (THP) 171 has been re-
ported (Scheme 36) [98].

iy

I
_N N K/NHcoph
156 157
/N\ /N\
— N — N
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NHCOPh NH,

168 169

SCHEME 33
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168 X= Cl, OAc
SCHEME 34 i X,
L — O
Diene alcohols 172 are cyclized to THF spiro 170 171
derivatives 174 with cis stereochemistry [99]. The
stereochemical outcome has been rationalized by in- ~ SCHEME 36

voking an intramolecular trans-alkoxypalladation of

alcohol 172 to a mw-allyl intermediate 173, followed

by an external trans-attack of solvent alcohol leading o ;

to 174 (Scheme 37). O/\AOH —2 @J _b . O\j
On the other hand, alcohols 175 or 177 lead 17 Pd/ 173 1740

to pyrans 176 or 178 stereoselectively (Scheme 38)
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Pd(II)-mediated asymmetric oxidations have re-

ceived scant attention. There have been only a

few early reports on catalytic asymmetric Wacker-

type intramolecular Pd(IT)-catalyzed oxidative cy-

clization of o-allylphenols to dihydrobenzofurans on

[100]. A similar cyclization with a high enantios- @\A RO_C§:>

electivity (>97% ee) has been reported recently

(Scheme 39) [101]. The Pd(II) catalyst used is coor- 175 176

dinated with chiral bis(oxazoline) ligands based on O

1,1’-binaphthyl backbone.
Pd(Il)-catalyzed  oxidative  coupling  of
</:\> OH ——> RO 6 o

phenols 183 with alkenes 184 gives rise to
177 178

SCHEME 37

dibenzo[b,d Jpyrans 185 (Scheme 40) [102].

The cyclization is considered to be a case
of functional-group-assisted catalytic oxidation of = SCHEME 38
an aromatic C—H bond with reasonable efficiency
[103,104].

A new catalyst system has been developed for
the Pd-catalyzed cyclization of olefinic tosylamides
[105]. Whereas typical conditions require either
stoichiometric amounts of Pd(II) salts or catalytic
amounts of Pd(II) in the presence of benzoquinone
as a reoxidant, the new catalyst system utilizes cat-

Me
WMe « @\\Me
XL T \_-Me
NN OHMe Xy O m/
179
alytic PA(OAc), under an atmosphere of O, in DMSO e e
~
OO
OH
181

180

R Me
O Me
182
Y o —= oy 0
OH
162

163 O‘ O uR?
> \ ]
@\ - “O’m ay Rl N e
OH o J:\
164

with no additional reoxidant. Although o-vinylic

165 R? 0O
166 167 a. Pd(Il)-L', L. b. Pd(ll)-L’, (S,8)-bn-boxax

SCHEME 35 SCHEME 39
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tosylamides 186 can be cyclized to N-tosylindoles
187 using this catalyst system, PdCl,/benzoquinone
is more effective for such cyclizations (Scheme 41).

A convergent synthesis of the aglycone of gil-
vocarsins M and E 189 engages a Pd-catalyzed in-
tramolecular coupling as the key step [106]. The re-
action is based on the “lactone concept” (Scheme 42)
[107].

Similarly naphthylisoquinoline alkaloid dionco-
phylline P-4 and its atropo-diastereomer M-4 have
been prepared using the “lactone” methodology
(Scheme 43) [108].

o-Alkenylbenzyl alcohols 195 or their 2-allyl-3-
hydroxyalkyl analogues 197 are Pd(II)-cyclized to
isochromenes 196 and 198 or their benzoisochrome-
quinone derivatives (Scheme 44) [109].

The intramolecular coupling of ethers 199 un-
der basic conditions shows good ortho-selectivity
and leads to high yields of dibenzo[b,d]pyrans 200
when catalyzed by Pd(PPh;),. 2-Phenylphenols un-
dergo a Pd-Cu-catalyzed oxidative coupling with
alkenes to give this dibenzopyran (Scheme 45)
[110].

Other interesting Pd(II)-induced dehydrohalo-
genative intramolecular couplings resulting in an
overall oxidative cyclization to a variety of N,O-
heterocycles have been reported [111].

N-Arylation of 3-aminoquinoline 201 with
Ph;Bi(OAc), followed by Pd(II)-mediated oxidative
cyclization serves as an efficient route to indolo[ 3,2-
b]quinolines 202 (Scheme 46) [112].

Manganese(III)-mediated oxidative free-radical
cyclizations have been extensively studied and the
field has been elegantly covered [113].

While Mn(III) or Mn(IIT)/Cu(II) have been used
for the major part of the work, other one-electron

186 187

a. Pd (OAc), (5 mal %), DMSO, O, (1 atm), NaOAc (2 equiv)
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oxidants, notably Ce(IV), Fe(III), and Cu(II) have
also been employed (see later).

Commercially available Mn(OAc);-2H,0 is the
reagent for the oxidative cyclizations. The anhydrous
form is more reactive and reaction times somewhat
shorter, but yields in both cases are comparable.

Me
R
) _ MeO A ”7 &_NH
Dioncophylline A (P-4) e ’ H
MeO OH Me
Me
7-epi-Dioncophylline A (M-4)

a. Pd", b. AlMe,/"RedAl", dr>95:5. c. dr87:13, "RedAl"
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Some Mn(III)- or Mn(II)-induced cyclizations
are discussed. Mn(III)-initiated radical reaction of
nitroacetate 204 to 1,4-naphoquinone 203 results
in overall oxidative cyclodehydration to fused isoxa-
zoles 205 (Scheme 47) [114].

Unsaturated nitroacetates 208, when oxidatively
cyclized by Mn(OAc); to 207, provide a facile
route to these amino acid precursors (Scheme 48)
[115].

The reaction of 208 with Mn(III) species should
generate enolate 209. The latter is transformed to
radical 210, which upon oxidative cyclization gives
212. No isoxazoline N-oxide 211 is formed. An al-
ternative dehydrative decomposition of 209 leads to
nitrile oxide 213, which undergoes intramolecular
1,3-dipolar cycloaddition to 214 (Scheme 49).

Fe(III)-activated diene complexes 215 have been
oxidatively cyclized to carbazole antibiotics car-
bazomycins 216 with very active MnO, (Scheme 50)
[116].

Using this oxidative coupling methodology car-
bazomycin analogues have been reported [117].
Deuterium labeling studies provided unequivocal de-
termination of the regioselectivity and stereospeci-
ficity of the cyclization reaction [118].

N-Acylenamines 217 react with Mn(OAc); to
form functionalized pyrrolidines 218 via a disfa-
vored 5-endo-trig radical cyclization (Scheme 51)
[119].

1,2,3-Triazole N-oxides have been prepared by
MnO, oxidative cyclization of their corresponding
hydrazone precursors [120].

OH OH
a
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O O

a. Pd(PPhy), 'BuCK, DMA. 95 °C
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The manganese(III) acetate mediated oxidative
cyclization of B-ketoesters has been utilized to con-
struct a pentacyclic compound in low yield [121].
The intermediate radical 220 formed from an initial
6-endo-trig reaction undergoes further lactonization
in the presence of copper(Il) acetate. The compound
221 has the basic skeleton found in fungal metabo-
lite sesquiterpene phenols (Scheme 52).

Mn(III)-mediated radical cyclization of quino-
lines 222 or 225 to tricyclic quinoline alkaloids 223
or 226, respectively, has been achieved (Scheme 53)
[122].

Both angular 223 (226) and linear 224 (227)
structures are formed, the regioselectivity of the cy-
clization and hence product distribution being de-
pendent on the nature of substituent(s) on the alkene
(alkyne). Furthermore, the efficiency of the reaction
has been found to depend on the mole ratio of reac-
tants and the presence of a co-oxidant (KMnO, has
been very effective).

Cu(I)-promoted oxidative cyclization of bishy-
drazones 229 to phenanthrenes 230 in high yields
has been effected (Scheme 54) [123].

222 “ZR 223 224
—_—
Mn(OAc), /
OH AcOH

225
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A Cu(Il)-mediated competition between oxida-
tive coupling-cyclization and oxidative coupling-
dimerization has been described with 2-amino-
naphthalenes 231, 232, 237, and 238 (Scheme 55)
[124].

Fused quinoxalines 243 and 245 have been ob-
tained by Cu(II)-mediated oxidative cyclization of
azo compounds 242 and 244 (Scheme 56) [125].

The method has also been applied to the synthe-
sis of fused 1,2,3-triazoles 247 from their azo precur-
sors 246 (Scheme 57) [126].

A versatile Cu(II)-triggered oxidative cyclization
scheme leading to substituted pyrazole 1-oxides 250,
253, 255, 258, 260, and 263, has been described
(Scheme 58) [127].

Oxidation of the oximes, either as E/Z mixtures
or their individual constituent isomers, revealed that
the E-isomer reacts faster.

1,2,3-Triazoles have also been obtained from a
Cu(II)-mediated oxidative cyclization of O-protected
oximes 266-268 (Scheme 59) [128].

CuSO0, proved to be most effective but MnO, and
NiO, also served well as one-electron oxidants.

Polycyclic quinones 272 and 273 have been ob-
tained by CuO-K,CO;-catalyzed cyclization of 270
and 271 respectively (Scheme 60) [129].

Co(IV)-mediated cyclization of alkenyl aryl
ethers 274 leads to benzopyrans 275 and 276 in a
1:1 ratio (Scheme 61) [130].

Co(I) reagents have been used to effect radical
oxidative cyclizations of alkyl and aryl halides to het-
erocycles and y-lactones [131].

A Cr-Mn redox couple has been ingeniously used
to trigger a domino process (Scheme 62) [132].

The reagent initially catalyzes the reduction of
o-hydroxy nitroarene 277 and then effects the oxida-
tive cyclization of the imine 280.
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A broad range of substituted 4a,9a-dihydro-9 H-
carbazoles 216 have been prepared by Fe-mediated
cyclization of suitably activated organo-iron amine
complexes 215 (see Scheme 50). Interestingly, oxida-
tive cyclization without subsequent aromatization
could be achieved by SET oxidants such as ferrice-
nium hexafluorophosphate (see also Schemes 34 and
35) [133].

Amidrazines 283 or 285 have been cyclized to tri-
azoles 284 and 286 by Fe(I1I) oxidation (Scheme 63)
[134].

NiO, and LTA have also been used but with re-
sults inferior to those of FeCls;.

Iron complexes are known to trigger an oxidative
cyclization of w-enedienes through a w-allyl complex.
There exist only a few examples on carbocyclization
and none on heterocyclizations [135].

N S CH,
NH N
XY
N=N = N
R? N
R 242
CH, CH,

a.
0 b, H
! ¢, H OCH, OCH,

R3

(i). Cu(OAc), Air, DMF.

SCHEME 56

Substituted 1,3,4-oxadiazoles have been ob-
tained by FeCl;-induced oxidative cyclization of their
corresponding hydrazones [136].

Amino alcohols 287 undergo a Ru-promoted ox-
idative ring closure to lactams 288 (Scheme 64)
[137].

The following rationale has been proposed for
the conversion (Scheme 65).

The concept has been extended to a syntheti-
cally useful condensation of aldehydes and amines
to amides [138].

By analogy 1,4- and 1,5-diols 293 and 295 are ox-
idatively cyclized to y-lactones 294 and 1,4-oxazin-
2-ones 296 respectively (Scheme 66) [138].

Acetone [138], diphenylacetylene [139,140], and
benzylidenacetone [138] have been used as effective
hydrogen acceptors, acetone being the most conve-
nient one.

Arylnaphthalene ligands such as retronecine
298, justicidine A 299 [141], and L-lyxose derivatives
301 [142] have been obtained using the cyclization
approach (Scheme 67).
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Asymmetric lactonization of prochiral diols has
been achieved with chiral phosphine complex cata-
lysts (Scheme 68) [143].

Ru oxides are widely used powerful oxidants
[144]. In combination with Lewis acids RuO,
has been effectively employed in intramolecular

I\ A\ b 1\ /rw\
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oxidative coupling of phenols [145] and aromatic
rings [146] bearing electron-donating substituents.

A Ru-mediated modification of Friedlaender
quinoline synthesis has been reported (Scheme 69)
[147].

An array of Ru catalysts of diverse reactivities
has been tested to optimize reaction conditions.

1,5-Dienes 306, 308, and 310 are oxidatively cy-
clized to THF diols 307, 309, 311, and 312 by a
RuO,-catalyzed reaction (Scheme 70) [148].

Alkenic steroids have also been treated with the
reagent to give 1,2-diols [149]. A similar approach
has recently been adopted for the Ru(III)-mediated
cyclization of 1,6-dienes to stereoselectively pre-
pared disubstituted tetrahydropyran-diols [150].

Oxidative cyclization of derivatives of o-
aminophenylethanol, which has previously been
applied to simple indoles, was used with more
elaborate structures in the preparation of teleocidin
analogues (Scheme 71) [151].

The use of Ru complexes as catalysts in organic
synthesis has been perceptively reviewed recently
[144].

A tandem polycyclization of polyenic alcohols
315 into poly-THF products 319-322, triggered by
Re(VII) reagents, is a useful methodology of high di-
astereoselectivity for the synthesis of these molecules
(Scheme 72) [152].

Spirocyclization of oximes 323 by BuyNReO,
gives rise to azaspirodienones 324. The latter are
easily transformed to quinolines via dienonephenol
rearrangement (Scheme 73) [153].
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0sO,/TMEDA has been found to be an effective
oxidant for cyclic allylic alcohols [154] and amides
[155]. The reagent has also been successfully applied
in the oxidative cyclization of 1,5-dienes 325-328 to
functionalized THFs 329-332 with high stereoselec-
tivity (Scheme 74) [156-158].

1,4-Dienes have also been cyclized to trisubsti-
tuted THF-diols by OsO, [159].

In a reaction sequence targeted on pyranon-
aphthoquinones 336 and 337 the key step is the
0s0,/NalO, (Lemieux—Johnson)-mediated oxida-
tive 6-exo-trig cyclization of 334 to pyran 335
(Scheme 75) [160].

An improved synthesis of 1,3,5-trisubstituted
1,2,4-triazoles 339 has been accomplished by
a Ag,CO;-mediated oxidative cyclization of
amidrazines 338 (Scheme 76) [161].

The approach is flexible and compatible with a
broad range of functional groups.

Lanthanide-Mediated Cyclization

The applications of lanthanide reagents in organic
synthesis have been elegantly reviewed some time
ago [162].
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Ceric ammonium nitrate (CAN) is the best
known and most widely used oxidant of lanthanide
reagents [163]. Early oxidations with CAN had been
carried out in strongly acidic media using stoichio-
metric quantities of the reagent. Later work has fo-
cused on milder and more convenient procedures.

Ce(IV) reagents are commonly employed in ox-
idative coupling reactions and many publications
have alluded to the superiority of this oxidant over
the more frequently used Mn(OAc);.

Oxidative cyclization of unsaturated silyl enol
ethers 340 with CAN provides a stereoselective route
to tricyclic ketones 341 (Scheme 77) [164].

Intramolecular CAN-promoted radical carbo-
cyclization of a-substituted B-allyloxy nitro com-
pounds 342 leads to functionalized THFs 344 and
345 (Scheme 78) [165].

CAN-oxidation of a heptenyl nitronate induces
further oxidation to a [4.3.0]bicyclic heterocycle
[166]. The THP structure is a key unit of various in-
termediates involved in the synthesis of polyethers
and ionophore natural products [167]. Many meth-
ods have, thus, been developed for the stereoselective
construction of the THP skeleton via C—C [168,169]
and C—O [170] bond-forming reactions.

Recently, approaches to this target, such as 351,
have made use of nitroalkenes 346 through the reac-
tion sequence shown (Scheme 79) [171].

Along similar lines, CAN-mediated oxidative cy-
clization of cinnamyl ethers 352 and 354 gives
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rise to 3,4-trans-disubstituted THF derivatives 353
and 355, respectively, with a high stereospecificity
(Scheme 80) [172].

MISCELLANEOUS OXIDANT-MEDIATED
CYCLIZATION

A salicylaldehyde-based [173], clay-catalyzed, expe-
ditious synthesis of 1,3-benzoxazin-2-ones 360 by
MW irradiation has been reported (Scheme 81)
[177].

The overall oxidative cyclization of 356 by cy-
clodehydrazination to 360 is a facile route to this
class of heterocycles [178-182]. A MW-mediated
overall oxidation-cyclodehydration of 2-acylamino
ketones 361 to oxazoles 362 has been effected
(Scheme 82) [183]. A high yield route to 2,5-
disubstituted oxazole-4-carboxylates has been re-
ported using the methodology in reverse order [184].

Sodium perborate (SPB) and Sodium percarbon-
ate (SPC) are known effective oxidants to a broad
range of functional groups or transformations [185].

High yield oxidative cyclization of 2,5-diamino-
1,4-benzoquinones 363 to linear pentacyclic bisox-
azines 364 has been reported using either of the
oxidants in concentrated sulfuric acid (Scheme 83)
[186].

Benzopyranopyrazoles 366 have been obtained
by the SeO,-promoted oxidative cyclization of aryli-
denepyrazoles 365 (Scheme 84) [187].
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Condensed quinoxalines with fluorescence prop-
erties have been prepared by an air-induced oxidative
cyclization of their corresponding triazene precur-
sors [188].

Carbazoles 216 (see Schemes 34, 50, and 55)
have been prepared by air-triggered cyclization of
amines 215 [189]. Air-mediated oxidative cyclization
has also been used as the key step to make up the
carbazole unit en route to the total synthesis of +-
carquinostatin A, a potent neuronal cell-protecting
substance [189].

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) is a well-known and widely used oxidant
[190]. Morpholine diones 368 and 370 have been
prepared by a DDQ-promoted oxidative cyclization
of amides 367 and 369 (Scheme 85) [191].

Nitrovinyl oximes 371 undergo oxidative cycliza-
tion to isoxazoles 372 by the action of DDQ or io-
dine/potassium iodide (Scheme 86) [192].

Solid-support synthesis of 5-substituted oxazoles
374 has been accomplished by DDQ-mediated ox-
idative cyclization of immobilized dipeptides 373
(Scheme 87) [193].

No reaction has been observed with other ox-
idants such as chloranil, CAN, or iodine. Alterna-
tively, a solid-phase synthesis of 380 is described
(Scheme 88) [193].

L/KI in alkaline solution effects the oxidative
cyclization of substituted semicarbazides to 1,3,4-
oxadiazoles [194]. I, has been used for the in-
tramolecular trapping of benzynes 382 by a suitably
situated phenol group (Scheme 89) [195].

Oxadiazine derivatives 385 have been obtained
by the NalO,-triggered oxidative cyclization of their
precursor hydrazones 384 (Scheme 90) [196].

The cyclization has also been effected by trifluo-
roacetic acid [197], hot acetic acid [197], and silica
gel [198].

Jones reagent-induced oxidative spirocycliza-
tion of 386 to a y-lactone 387 has been reported
(Scheme 91) [199].
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It has been mentioned earlier (see, Schemes
70 and 72) that 1,5- and 1,6-dienes undergo ox-
idative cyclization to substituted THF and THP
rings. This cyclization has also been effected with
KMnO, [200] and recently by phase-transfer con-
ditions, as an oxidation variant, with this reagent
[201]. The syntheses of cis-solamin and its di-
astereoisomer have been recently described [202].
The key step in the reaction sequence is a KMnO,
oxidative cyclization of a 1,5-diene to create the
THF diol core, introducing all stereocenters in one
step.

N-Bromosuccinimide (NBS) or 2,4,4,6-tetra-
bromo-cyclo-hexa-2,5-dien-1-one (TBB) have been
successfully applied to oxidative ring closure of hy-
drazones 388 to 1,2,3-triazolo[1,5-b]isoquinolinium
salts 389 (Scheme 92) [203].

Bromination leading to 390 can be avoided by
using the stoichiometrically required oxidant for the
ring closure.

Some quinoline alkaloids 399-403 have been ob-
tained by m-chloroperbenzoic acid (#-CPBA) oxida-
tive cyclization of 397 through an epoxide 398 and
its subsequent ring-opening and cyclization to 399
and 400 and eventually to 401 and 403 (Scheme 93)
[204].

The Schiff base derivative 406, prepared from
the respective 5,6-diaminouracil 404 and aldehydes
405, can be converted into the C-8 substituted xan-
thines 407 through an oxidative cyclization with
m-CPBA (Scheme 94) [205].

Amides 408 have been oxidatively cyclized
to the tetrahydroquinoline skeleton 410 by ¢-
BuOCIl/AgCl/CF;CO,H (Scheme 95) [206].

The oxidative cyclization has also been effec-
tively accomplished by PIFA [206]. 1,2,4-Triazenes
have been readily cyclized to 1,2,4-triazoles by
a variety of oxidants such as NaOCl [207],
Ca(OCl), [208], TPAP/NMO [209] (see Schemes 63
and 76).

The core of methods used for the synthesis of
1,2,5-oxadiazole 2-oxides 413 is based on the cycliza-
tion of 1,2-dioximes 412 (Scheme 96) [210].

The unstable oxadiazole N-oxide 415, produced
by the action of dinitrogen tetroxide on the oxime
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414, decomposes to the tricyclic oxadiazole deriva-
tive 416 in hot benzene [211]. The synthesis of the
“pernitro compound,” 3,4-dinitrofuroxan 417, has
been described (Scheme 97) [212].

The action of chloramine T on the acylhydra-
zones 418 (R!, R? = aryl or 2-furyl) generates nitrile
imines 419, which undergo a 1,5-dipolar electrocy-
clization to the 1,3,4-oxadiazoles 420 (Scheme 97)
[213].

NaOCl [214] and N,O, [215] are among the most
commonly used reagents for the oxidative cycliza-
tion of 412.

A similar approach is used for the synthesis of
1,2,3-triazole 1-oxides 423 from their oxime hydra-
zones 422 (Scheme 98) [214].

NaOCl or NaOBr are commonly used oxi-
dants for the cyclization of 1,3-dioximes 424 to
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pyrazole 1-oxides 425 and pyrazole 1,2-dioxides 426
(Scheme 99) [216].

LTA and PIFA have also been effective for this
cyclization.

The oxidation of B-allenyl alcohols 428
by dimethyldioxirane leads to functionalized
tetrahydropyran-3-ones 429 in high yield, presum-
ably via a spiro-dioxide derivative [217]. Under
acidic conditions, a competitive cyclization leads
to the simple pyran-3-one 427. Examples of 429
substituted only at the 2-position undergo a ketol
rearrangement on silica gel to the more stable
pyran-4-one 430 (Scheme 100).

Hydrazones of phthalazines 431 undergo ox-
idative cyclization with thianthrene cation rad-
ical to furnish s-triazolo[3,4-a]phthalazines 432
(Scheme 101) [218].

3-Arylpyridines 434 and 435 are made by elec-
trocyclic ring closure of 3-azahexa-1,3,5-trienes 433
(Scheme 102) [219].

Oxidatively generated o-quinone methides
437 (Scheme 103) [220] and nitrile oxides 439
(Scheme 104) [221] by a variety of oxidants (many
of which are already covered in this section) followed
by spontaneous intermolecular cyclodimerization,
in the absence of external interference, give rise
to spiropyrans 438 and 1,2,5-oxadiazole 2-oxides
440.
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Pd-catalyzed aerobic oxidative heterocycliza-
tions have been recently reported [222]. These con-
stitute a conceptually and experimentally exciting
approach to potentially valuable reactions exempli-
fied by the transformations 441 to 442 and 443 to
444 (Scheme 105).

CONCLUSION

Oxidative cyclization will continue to serve actively
organic synthesis more or less along the same lines.
Perhaps some more oxidants will be included in the
already rich arsenal in the near future. Apparently,
the most promising expectations are on interesting
transformations that may occur during the process.
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