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I. Introduction
Iodine was first isolated from the ash of seaweed

by the industrial chemist B. Courtois in 1811 and
named by J. L. Gay Lussac in 1813. Its name derives
from the Greek term “violet-colored” reflecting the
characteristic lustrous, deep purple color of resub-
limed crystalline iodine.1 By 1819 pure KI was used
as a remedy for goiter, an enlargement of the thyroid
gland. The thyroid gland is responsible for the
production of thyroxine (1) a metabolism-regulating
hormone. Hence, iodine is an essential trace element

for humans and plays an important role in many
biological organisms. Tincture of iodine is used as
an antiseptic. Early sources of iodine came from the
saltpeter deposits of Chile, whereas more modern
sources include natural brines.1
Organoiodine compounds have been used since the

mid 1800s, notably in Hofmann’s alkylation of amines,
the Williamson ether synthesis, and the Wurtz
coupling reactions.1 Iodine occurs most often in
monovalent compounds, with an oxidation state of
-1, and forms relatively weak bonds with first row
elements, including carbon (the BDE of a typical C-I
bond being about 55 kcal/mol). Because iodine is the
largest, most polarizable, and least electronegative
of the common halogens it is also able to form stable
polycoordinate, multivalent compounds.
The first polyvalent organic iodine compound Ph-

ICl2 was prepared by the German chemist Willgerodt2
110 years ago in 1886. This was rapidly followed by
the preparation3 of PhI(OAc)2, Ar2I+HSO4

-, the first
iodonium salt,4 and many others so that when
Willgerodt published5 his comprehensive treatise in
1914 on polyvalent organoiodine species nearly 500
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such compounds were known. The most investigated
species were diaryliodonium salts, which are used
today in industry in lithography and as polymeriza-
tion initiators. In the intervening century since

Willgerodt’s first report of PhICl2 interest in poly-
valent organic iodine compounds has ebbed and
flowed. Since the early 1980s interest in these
compounds has experienced a renaissance. This
resurgence of interest in multivalent organic iodine
compounds is due to several factors; the realization
that the chemical properties and reactivity of iodine-
(III) species are similar to those of Hg(II), Tl(III), and
Pb(IV) but without the toxic and environmental
problems of these heavy metal congeners; the recog-
nition of the similarities (reductive elimination,
ligand exchange, etc.) between organic transition
metal complexes and polyvalent main group com-
pounds such as organoiodine species; the timely
publication of a number of key reviews and surveys
(vide infra) in the early 1980s, and finally the
commercial availability of key precursors such as
PhI(OAc)2.
It is the purpose of this review to acquaint the

reader with the unique properties and many uses of
polyvalent organoiodine compounds in contemporary
organic chemistry. Emphasis is placed on the post
1970s literature as many hundreds of references have
appeared in just the last dozen years. Moreover,
extensive coverage is given to the recent Russian
literature as well as to the biological properties of
polyvalent iodine compounds. The review is orga-
nized into six major parts: II, general aspects; III,
derivatives of I(III) with one carbon ligand; IV,
derivatives of I(III) with two-carbon ligands;V, iodine
(III) species with three-carbon ligands; VI, deriva-
tives of iodine (V); VII, biological properties of I(III)
species. A number of previous reviews, some com-
prehensive, most dealing with specific aspects of
selected polyvalent organoiodine species, have
appeared.6-25 Most notable is the comprehensive
monograph by Varvoglis19 titled, and devoted to the
organic chemistry of polycoordinated iodine. Our
own literature coverage is through the middle of
1995.

II. General Aspects
A broad variety of structural classes are known for

iodine in oxidation states other than the common -1.
These polyvalent iodine species differ in the number
of valence electrons (N) surrounding the central
atom, the number of ligands (L) and their chemical
nature. In terms of the Martin-Arduengo N-X-L
designation,26 four structural types of polyvalent
iodine species (2-5) are the most important for
organic chemistry. The first two species, 8-I-2 (2) and
10-I-3 (3), also called iodanes, are conventionally
considered as derivatives of trivalent iodine, and the
last two, 10-I-4 (4) and 12-I-5 (5) periodanes, repre-
sent the most common structural types of penta-
valent iodine.

The most general, traditional classification of the
polyvalent organic iodine compounds is based on the
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number of carbon ligands attached to the iodine atom
in structures 2-5.8,11,19 According to this classifica-
tion, three general classes are known for the organic
compounds of trivalent iodine: (1) structural types
2 or 3 with one carbon ligand, (2) structural types 2
or 3 with two carbon ligands (iodonium salts), and
(3) structural type 3 with three carbon ligands.
Compounds of iodine(III) with one carbon ligand are
represented by a great variety of organic iodosyl
compounds (RIO) and their derivatives (RIX2, where
X is any non-carbon ligand). The second class
includes various iodonium salts (R2I+X-). The over-
whelming majority of known, stable organic com-
pounds of polyvalent iodine belong to these two
classes. The third class, derivatives of iodine(III)
with three carbon ligands (R3I), in general are less
investigated and less important for synthetic organic
chemistry because of their low thermal stability.
Organic derivatives of pentavalent iodine can also be
classified on the basis of the number of carbon
ligands. Only compounds of iodine(V) with one and
two carbon ligands are known; the first class is
represented by organic iodyl compounds (RIO2) and
various derivatives (RIX4 or RIX2O), and the second
class includes iodyl salts (R2IO+X-).
The structural aspects of polyvalent iodine com-

pounds were thoroughly discussed previously in
Koser’s reviews11 and the book by Varvoglis.19 The
most important structural features of the organic
derivatives of iodine(III) available from numerous
X-ray data may be summarized as follows:
(1) The 10-I-3 species (3) have an approximately

T-shaped structure with a collinear arrangement of
the most electronegative ligands. Including the
nonbonding electron pairs, the geometry about iodine
is a distorted trigonal bipyramid with the most
electronegative groups occupying the axial positions,
and the least electronegative group and both electron
pairs residing in an equatorial position.
(2) The I-C bond lengths in both iodoso derivatives

(3) and iodonium salts (2) are approximately equal
to the sum of the covalent radii of iodine and carbon,
ranging generally from 2.00 to 2.10 Å.
(3) For 10-I-3 species (3) with two heteroligands of

the same electronegativity, both I-L bonds are longer
than the sum of the appropriate covalent radii, but
shorter, than purely ionic bonds. For example, the
I-Cl bond lengths in PhICl2 are 2.45 Å,27 and the
I-O bond lengths in PhI(OAc)2 are 2.15-2.16 Å,28
while the sum of the covalent radii of I and O is 1.99
Å.
(4) The 8-I-2 species (iodonium salts) (2) generally

have a typical distance between iodine and the
nearest anion of 2.6-2.8 Å and are considered as ionic
compounds with pseudotetrahedral geometry about
the central iodine atom. However, with consideration
of the anionic part of the molecule, the overall
experimentally determined geometry is T-shaped
similar to the 10-I-3 species. For example, available
X-ray data on alkynyliodonium triflate salts clearly
indicate a T-shaped geometry.20,25

The structural features of the organic iodine(III)
compounds are generally explained by the hyper-
valent bonding model, thoroughly discussed by Mush-
er in 196929 and more recently employed by Martin30

in his work on hypervalent halogen and sulfur
compounds. In the hypervalent model, only nonhy-
bridized 5p orbitals of iodine are involved in bonding.
The least electronegative ligand is bound by a normal
covalent bond to the singly occupied equatorial 5p
orbital, while the other two ligands are attached, one
to each lobe, of the axial doubly occupied 5p orbital
of the iodine atom. As a result, a linear three-center,
four-electron (3c-4e) bond is formed. Such bonds,
termed “hypervalent”, are weaker and longer than
covalent bonds.
Recently Reed and Schleyer provided a general

theoretical description of chemical bonding in hyper-
valent molecules in terms of the dominance of ionic
bonding and negative hyperconjugation over d-orbital
participation.31
In contrast to iodine(III), only a few single-crystal

X-ray analyses have been reported for the iodine(V)
compounds.32-40 Depending on the ligands and with
the consideration of secondary bonding, the overall
observed geometry for the structural types 4 and 5
can be square bipyramidal, pseudo-trigonal bipyra-
midal, and pseudooctahedral.
The bonding in iodine(V) compounds, IL5, with a

square-bipyramidal structure may be described in
terms of a normal covalent bond between iodine and
the ligand in an apical position, and two orthogonal,
hypervalent 3c-4e bonds, accommodating four ligands.
The carbon ligand and unshared electron pair in this
case should occupy the apical positions with the most
electronegative ligands residing at equatorial posi-
tions.

III. Derivatives of Iodine(III) with One Carbon
Ligand
In the traditional, conventional classification

scheme, compounds of iodine(III) with one carbon
ligand, RIX2, are regarded as derivatives (salts or
esters) of the parent iodosyl compounds, RIO, or
nonisolable acids RI(OH)2.6,16,19 This classification is
justified by the facile conversion of RIO into various
RIX2 by the action of the respective acids HX. The
reverse reaction leading to RIO can be generally
carried out by the hydrolysis of RIX2 in the presence
of a strong base.
The general reactivity pattern of iodosyl derivatives

is determined by the hypervalent, loose nature of the
I-X bonds and by a distinct positive charge on the
iodine atom. These structural features are respon-
sible for the enhanced electrophilic properties of RIX2
and explain such typical pathways as ligand ex-
change and reductive ligand transfer in their reac-
tions with organic compounds. Due to these prop-
erties, iodosyl derivatives have found broad application
in organic synthesis as selective oxidants and elec-
trophilic ligand transfer reagents. The ever-growing
interest in the synthetic application of these com-
pounds is also explained by their ready availability
and absence of toxic properties and associated envi-
ronmental concerns.
A broad variety of stable iodosyl derivatives have

been reported in the literature. The overwhelming
majority of these compounds have a benzene ring as
a carbon ligand linked to the iodine atom. Deriva-
tives of polyvalent iodine with an alkyl substituent
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at iodine are highly unstable and generally can exist
only as short-lived reactive intermediates in the
oxidations of alkyl iodides. However, introduction of
an electron-withdrawing substituent in the alkyl
moiety may lead to significant stabilization of the
molecule. Typical examples of such stabilized com-
pounds with I-Csp3-bonding are perfluoroalkyl-
iodosyl derivatives.
The two heteroatom ligands X attached to iodine

in RIX2 are commonly represented by fluorine, chlo-
rine, O and N substituents. In general, only deriva-
tives bearing the most electronegative substituents
X are sufficiently stable.

A. Iodosylarenes
Iodosylbenzene, PhIO, is the most important and

best investigated member of the family of iodosyl
compounds. It is best prepared by hydrolysis of PhI-
(OAc)2 with aqueous NaOH.41 Iodosylbenzene is a
yellowish amorphous powder, which cannot be re-
crystallized due to its polymeric nature. Heating or
extended storage at room temperature results in
disproportionation of iodosylbenzene to PhI and
colorless, explosive iodylbenzene, PhIO2. Drying of
PhIO at elevated temperatures should be avoided
because of the possibility of severe explosion.42 How-
ever, handling of even large amounts of PhIO at room
temperature is relatively safe.
Recent X-ray powder diffraction and EXAFS analy-

ses of amorphous PhIO clearly indicated a linear
polymeric, asymmetrically bridged structure in the
solid state having the expected T-shaped geometry
around the iodine centers (6).43 The I-O bond
lengths in this structure are distinctly different with
a longer one of 2.37 Å and a shorter one of 2.06 Å.
These data are consistent with the earlier structural
information determined from IR-Raman44 and Möss-
bauer spectroscopy45 of PhIO.

Another important iodosyl derivative is 2-iodosyl-
benzoic acid. However, this compound is in fact
bicyclic and is different from the other iodosylarenes
by its structure and properties (see section III.E).
A comprehensive bibliography on the preparation

and properties of a variety of other known iodosyl-
arenes was published by Beringer and Gindler.7
More recent examples include modified procedures
for the preparation of a variety of ortho-, meta-, para-
monosubstituted iodosylbenzenes from the respective
iododiacetates,46 and the preparation of p-bis(iodosyl)-
benzene by alkaline hydrolysis of the corresponding
tetrachloride.47
Iodosylbenzene has found wide synthetic applica-

tion as a starting material in the preparation of
numerous iodine(III) compounds and as an effective
oxidant.

1. Iodosylarenes as Precursors to Other Iodine(III)
Compounds
Iodosylbenzene can be easily transformed into

various PhIX2 derivatives 7 under mild, aprotic

conditions by the action of the respective trimethyl-
silylated reagents (eq 1).48,49

This method represents the most general approach
to iodosyl derivatives. It is especially convenient for
the generation of unstable or moisture sensitive
derivatives in situ. For example, the combination of
iodosylbenzene and trimethylsilyl azide, PhIO/TM-
SN3, is a well-known, efficient reagent for the intro-
duction of the azido function into organic
molecules.50-56 Azidoiodanes, PhI(N3)X or PhI(N3)2,
were proposed as reactive intermediates in the azi-
donation reactions; however, attempts to isolate these
species always resulted in fast decomposition at -25
to 0 °C with the formation of iodobenzene and
dinitrogen.48,50-53 Similarly, iodosylbenzene and tri-
methylsilyl triflate react with the formation of the
unstable and hygroscopic PhI(OTf)2,48 which can be
used in situ as a highly electrophilic, efficient reagent
for the generation of iodonium salts and other useful
transformations.57,58
The analogous sequential reaction of PhIO with

two different trimethylsilylated reagents, one of
which is a trimethylsilanesulfonate, TMSOSO2R,
leads to mixed iodonium sulfonates 8 according to eq
2.59

This reaction (eq 2) is especially useful for the
preparation of cyano(phenyl)iodonium triflate (8, X
) CN, R ) CF3), which is a highly efficient iodonium
transfer reagent in the syntheses of various alkynyl
and alkenyl(phenyl)iodonium salts.60-68

Acids or acid anhydrides also react with PhIO with
the formation of PhIX2 or similar derivatives. Ad-
dition of triflic anhydride to 2 equiv of PhIO at 0 °C
gives a bright yellow precipitate of µ-oxobis[(trifluo-
romethanesulfonyloxy)iodobenzene] 9 (Zefirov’s re-
agent) (eq 3), a useful reagent for the preparation of
iodonium salts.69

Similar reaction of PhIO with triflic acid or 1 equiv
of triflic anhydride at room temperature yields bis-
iodonium triflate 10 as the principal product (eq
4).70-72

Sulfur trioxide forms two different adducts with
PhIO depending on the ratio of reactants (eq 5).73
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Both sulfates 11 and 12 are hygroscopic solids, highly
reactive toward nucleophilic organic substrates.

Among other synthetically important transforma-
tions of PhIO are the reactions with HF or SF4
leading to PhIF2,74 reaction with HN3 generating PhI-
(N3)2 in situ,75 and the formation of isolable, but
hygroscopic PhI(OMe)2 in methanol solution.76
Iodosylbenzene is also a useful precursor to a

variety of iodonium salts via reactions with the
corresponding nucleophilic organic substrates, such
as carbonyl compounds, arenes, alkenes, alkynes, and
their silicon or tin derivatives (see part IV of this
review). In most cases, these reactions require
activation of PhIO with BF3-etherate, HBF4, H2SO4,
trifluoromethanesulfonic acid or its anhydride.

2. Oxidations with Iodosylarenes
Iodosylbenzene is an effective oxidizing reagent;

however, its insolubility due to its polymeric struc-
ture significantly restricts its practical usefulness.
The overwhelming majority of the known reactions
of PhIO require the presence of hydroxylic solvent
(water or methanol) or a catalyst (Lewis acid or
complexes of transition metals), which actually re-
sults in the generation of activated monomeric spe-
cies, chemically different from the original reagent.
Only a few noncatalytic oxidations or dehydroge-

nations with PhIO in nonhydroxylic solvents have
been reported in the literature. A typical example
of such a noncatalytic reaction is a low yield oxidation
of toluene or primary alcohols into aldehydes in
refluxing dioxane.77 Primary aliphatic amines can
be dehydrogenated by PhIO to nitriles in dry dichlo-
romethane at room temperature (eq 6).78

Cyclic amino acids are oxidatively decarboxylated
with PhIO in chloroform or dichloromethane with the
formation of lactams in moderate yield (eq 7).79

Similarly, R,â-unsaturated carboxylic acids can be
oxidatively halo-decarboxylated with PhIO in aceto-
nitrile in the presence of N-chloro-, N-bromo-, or
N-iodosuccinimide.80
Recently, several oxidations with polymeric PhIO

in the solid state were reported.81,82 In this case,
iodosobenzene is mechanochemically activated by
pulverization with an acid-treated silica gel by a
pestle in a mortar. Reactions with unsaturated solid
substrates under these conditions are complete in a
few minutes at room temperature, affording products
of halogenation or oxygenation in good yield. For
example, the solid-state reaction of PhIO with tet-

raphenylethylene in an HCl-treated silica gel affords
the respective epoxide 13 in 82% yield (eq 8).81

Under similar conditions, organic sulfides are
oxidized to sulfonyl chlorides (eq 9) or sulfones.82
Sulfides with benzylic substituents such as dibenzyl,
alkyl benzyl, and benzyl phenyl sulfides are con-
verted by this reaction (eq 9) into the corresponding
sulfonyl chlorides in high yields of 89-98%. Other
types of sulfides such as dialkyl and alkyl phenyl
sulfides give sulfonyl chlorides only in moderate
yield.

The authors81,82 claim that the solid-state method
utilizes polymeric PhIO without any depolymeriza-
tion activation. However, the actual reactive inter-
mediate in these reactions most likely is the in situ-
generated PhICl2.
Heterogeneous reactions of iodosylbenzene in dichlo-

romethane can be effectively activated by ultrasonic
irradiation. In recent work, the ultrasonic reaction
of PhIO was used for a selective oxidation of triaryl-
bismuthines or triarylstibines to the corresponding
oxides.83
A variety of noncatalyzed oxidations with iodosyl-

benzene can be carried out in water or methanol as
a solvent. Iodosylbenzene is slightly soluble in water
due to the reversible formation of monomeric, hy-
drated species PhI(OH)2, which can be involved in
subsequent reaction with an organic substrate. PhIO
in water is especially useful as a reagent for the
oxidation of various amines.78,79 Several different
products can be obtained in these reactions, depend-
ing on the nature of the amine.78,79 For example,
treatment of cyclohexylamine or cycloheptylamine
with equimolar amounts of PhIO in water results in
the formation of cyclohexanone or cycloheptanone in
49-52% yield.78 Oxidation of cyclic amines 14 under
similar conditions lead to lactams 15 (eq 10).78

The solubility of PhIO in methanol is very high,
>0.5 g/mL, which is due to depolymerization with the
formation of PhI(OMe)2.76 This is why methanol is
a solvent of choice for many synthetically useful
oxidations with PhIO. In a typical example, iodosyl-
benzene in methanol oxidizes o- and p-hydroquinones
to the corresponding benzoquinones in high yield.84
Even more useful and convenient are oxidations with
the commercially available (diacetoxyiodo)benzene in
basic methanolic solution, where the same reactive
ingredient, PhI(OMe)2, is generated in situ. The
reagent system PhI(OAc)2/KOH/MeOH is especially
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efficient for hydroxylation of enolizable ketones via
the initially formed R-hydroxydimethylacetal (eq
11).15,85-88

The synthetic potential of this reaction (eq 11) was
thoroughly discussed in previous reviews.15,19 Hy-
droxylation of some substituted acetophenones under
these conditions is especially useful for the synthesis
of various oxygen-containing heterocyclic com-
pounds.21-23

In most cases, the oxidative properties of PhIO are
related to the electrophilic reactivity of the
iodine(III) atom. Only a few examples of reactions
due to the initial nucleophilic attack by the oxygen
atom of PhIO at electron-deficient multiple bonds are
known. For example, reaction of PhIO with tetra-
cyanoethylene at room temperature affords tetracya-
nooxirane,89 while dimethyl acetylenedicarboxylate
under similar conditions undergoes oxidative cleav-
age with the formation of PhI(O2CCO2Me)2.90
The relatively weak electrophilic reactivity of PhIO

can be considerably increased in the presence of
Lewis acids such as BF3‚Et2O, NO2BF4, Et3O+‚BF4

-,
HBF4‚Et2O, and salts of nonredox metals. This
activation is usually explained by the formation of
nonisolable, highly electrophilic complexes such as
PhI+OBF3

- (16), PhI+ONO2‚BF4
- (17), etc.91 Reac-

tions of these complexes with unsaturated organic
substrates can afford various products depending on
the reaction conditions and structure of the organic
substrate. Alkenes react with reagents 16 or 17 in
the presence of perchlorate or tosylate anions as
external nucleophiles to give 1,2-diperchlorates or
-ditosylates as major products (eq 12).91

Cyclohexene in this reaction gives exclusively cis-
ditosylate 18 as the result of an addition-substitu-
tion mechanism (eq 13).91

Under similar conditions, but in the absence of
external nucleophiles, cyclohexene affords formyl-
cyclopentane resulting from a carbocationic ring
contraction (eq 14).92
A variety of different products can be prepared by

the reaction of complex 16with unsaturated silylated

substrates, such as silylalkenes, silylalkynes, and
silyl enol ethers. (E)-Vinylsilanes react with 16 to
give stable alkenyl(phenyl)iodonium tetrafluoro-
borates (see section IV.C), whereas (Z)-vinylsilanes
19 undergo dehydrosilylation and are cleanly con-
verted into alkynes (eq 15).93-95

Allylsilanes 20 are oxidized with complex 16 to
conjugated enals (eq 16).96

This reaction (eq 16) involves an intermediate
generation of highly unstable allyl(phenyl)iodonium
salts, which can be trapped with activated aromatics
or alcohols to afford allylarenes or allyl ethers.96-98

Under appropriate conditions, the intermediate allyl-
(phenyl)iodonium species 21 generated from 16 and
allylsilane may undergo a reductive iodonio-Claisen
rearrangement to form o-allyliodobenzene (eq 17).98

Reactions of 1-alkynylsilanes with iodosylbenzene
in the presence of Lewis acids yield alkynyl(phenyl)-
iodonium salts (see section IV.B). Under similar
conditions, propargylsilanes 22 react with complex
16 to afford o-propargyliodoarenes 24 as a result of
a reductive iodonio-Claisen rearrangement of the
intermediate, unstable allenyliodanes 23 (eq 18).99,100

Reactions of reagent 16 with silyl enol ethers are
widely used in organic synthesis for the formation of
new C-C bonds,18 preparation of R-substituted ke-
tones, and synthesis of oxygen-containing heterocyclic
compounds.21-23 These reactions in nonnucleophilic
solvents usually afford 1,4-butanediones 25 as major
products (eq 19).101
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In the presence of water or alcohols the same
reagents give R-hydroxy- or R-alkoxyketones 26 (eq
20).102 Similar intramolecular reaction of silyl enol
ether 27 with 16 affords heterocycle 28 (eq 21).103

Reaction of 16with silyl enol ethers in the presence
of triethyl phosphite as an external nucleophile yields
â-keto phosphonates 29 in good yield (eq 22).104

A variety of Lewis acids and strong Brønsted acids
can be used instead of BF3‚Et2O to catalyze reactions
of PhIO with unsaturated compounds. For example,
the complex of PhIO with trimethylsilyl triflate reacts
with silyl enol ethers to afford R-[(trifluoromethyl)-
sulfonyl]oxy ketones 30 (eq 23).105

â-Carbonylmethyl(phenyl)iodonium salts are plau-
sible intermediates in all these reactions (eqs 19-
23). Similar tetrafluoroborate salts 31 can be selec-
tively generated at low temperature by the reaction
of PhIO/HBF4 with 1 equiv of silyl enol ether (eq
24).106 â-Carbonylmethyl(phenyl)iodonium tetrafluo-
roborates 31 are stable in solution up to 0 °C and
can be trapped with a variety of carbon nucleophiles,
such as alkenes, allylsilanes, and silyl enol ethers to
afford products with a new C-C bond (see section
IV.E).106,107

The oxidation reactions of iodosylbenzene can be
effectively catalyzed by metal salts and complexes.
A significant interest in PhIO is due to its ability to
serve as an oxygen atom donor in mechanistic studies
of cytochrome P-450, a heme-containing monooxyge-
nase enzyme, and its metalloporphyrin models.108

Iodosylbenzene in the presence of cytochrome P-450
or iron porphyrins converts alkanes to alcohols and
alkenes to epoxides, often with high regioselectivity
and stereoselectivity.108-114 It is generally agreed
that iron(IV) oxo species participate as oxygen atom
transfer agents in these reactions.108,109,111 Similar
catalytic effects on oxygenations with PhIO occur
with complexes of some other transition metals, such
as Mn(II), Co(II), Ni(II), Cu(I), Ru(III), etc.115-120 In
some cases, the intermediate high-valent oxo com-
plexes responsible for oxygen transfer in these oxy-
genations can be isolated as relatively stable indi-
vidual compounds. For example, the Ru(III)-diphen-
ylglyoxime complex reacts with PhIO at room tem-
perature in aqueous dioxane to afford an isolable,
stable Ru(V) oxo complex in a 68% yield. This oxo
complex was shown to be the actual intermediate in
the Ru(III)-catalyzed epoxidation of cyclohexene with
PhIO.117 The alternative explanation for the cata-
lytical activity of metal complexes in oxygenations
of alkenes with PhIO involves the action of a metal
ion as a Lewis acid thereby increasing the electro-
philic reactivity of iodine(III) in a mechanistic scheme
similar to the one shown in eq 13.121 Such a mech-
anism provides the only reasonable explanation for
the catalytic effect of salts of nonredox metals (such
as aluminum and zinc salts or porphyrin complexes)
on olefin epoxidation by iodosylbenzene.122,123

B. Halides
Iodoaryl halides, ArIX2, can generally be prepared

either by the reaction of iodosylarenes, ArIO, with
the respective acids HX, or by halogenation of aryl
iodides. The overwhelming majority of known com-
pounds of this structural type are chlorides and
fluorides. Only two examples of a stable bromo-
iodane was reported in the literature.124 A large
variety of iodoaryl chlorides (>200 chloroiodanes19)
and a number of fluorides are presently known, most
of them already reported in older papers and reviews.
In the last 5-10 years the research activity in this
area was relatively low; however, both iodoaryl
chlorides and fluorides are still widely used in organic
synthesis as halogenating or oxidizing reagents. A
study of the electronic structure and bonding in
PhICl2 and PhIF2 by means of extended Hückel and
CNDO/2 quantum chemical approaches was recently
reported by Varvoglis and co-authors.125 Likewise,
an interesting structure determination via X-ray
crystallography has been reported for a highly hin-
dered ArICl2 [Ar ) 2,6-bis(3,5-dichloro-2,4,6-tri-
methylphenyl)benzene].126

1. Fluorides

(Difluoroiodo)arenes, ArIF2, are best prepared by
reactions of iodosylarenes or their derivatives with
hydrofluoric acid or sulfur tetrafluoride. The most
common method involves the reaction of (dichloro-
iodo)arenes with 48% HF and yellow HgO.127 How-
ever, methods based on the use of hydrofluoric acid
have several disadvantages. First, (difluoroiodo)-
arenes often are hygroscopic and highly hydrolizable,
which make their separation from aqueous hydro-
fluoric acid and crystallization extremely difficult.
Second, the high acidity of the reaction media com-
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plicates reactions of basic and acid sensitive sub-
strates, such as heterocycles. Reaction of iodosylare-
nes with SF4 usually gives better results.74 In this
method, SF4 is bubbled at -20 °C through a suspen-
sion of the iodosyl compound in dichloromethane (eq
25). All the byproducts in this reaction are volatile,
so evaporation of the solvent under anhydrous condi-
tions affords (difluoroiodo)arenes of high purity.74

Fuchigami and Fujita recently reported a conve-
nient procedure for the electrochemical preparation
of (difluoroiodo)arenes.128 In this method, the elec-
trosynthesis of para-substituted ArIF2 was accom-
plished by anodic oxidation of the respective iodoare-
nes with Et3N‚3HF in anhydrous acetonitrile. This
procedure works especially well for the preparation
of p-NO2C6H4IF2, which precipitates from the elec-
trolytic solution in pure form during the electrolysis.
(Difluoroiodo)arenes have found some synthetic

application as fluorinating regents.129-135 4-Methyl-
(difluoroiodo)benzene can convert some steroidal silyl
enol ethers to the respective R-fluoro ketones in a
moderate yield,129 while PhIF2 reacts with 1,1-diar-
ylalkenes to afford rearranged, geminal difluorides.130
A clean and selective preparation of gem-difluorides
can be achieved by the reaction of 4-methyl(difluoro-
iodo)benzene with dithioketals (eq 26).131

Steroidal dienes 32 react with (difluoroiodo)arenes
33 to afford fluorinated product 34with a high degree
of regioselectivity and stereoselectivity (eq 27).132

Fluorination of 1-(arylthio)glycosides 35 with 4-me-
thyl(difluoroiodo)benzene provides a mild and general
approach to various 1-fluoroglycosides 36 (eq 28).133
Depending on the structure of glycoside 35, the
stereochemical outcome of this reaction may change
from complete retention to inversion of configuration
at C-1.
Reaction of 4-tert-butyl(difluoroiodo)benzene with

esters of cephalosporin V (37) is solvent-dependent:

the major product in dichloromethane is fluoroaze-
tidine 38, while the same reagents in acetonitrile
afford oxazoline disulfide 39 (eq 29).134

Comparison of the various (difluoroiodo)arenes in
fluorination reactions (eqs 26-29) reveals that 4-alkyl-
(difluoroiodo)benzenes (methyl and tert-butyl deriva-
tives) are the preferred reagents, due to their facile
preparation and crystallization, relatively high sta-
bility, and solubility in organic solvents.131-134

In some reactions (difluoroiodo)arenes can be used
as general oxidizing reagents. For example, Koser
and co-workers applied a 4-methyl(difluoroiodo)-
benzene-phosphoric acid mixture as a reagent for
direct conversion of silyl enol ethers to tris-ketol
phosphates (eq 30).136

Fluorination and oxidation reactions of ArIF2 are
usually rationalized by the initial electrophilic attack
of the iodine atom on the nucleophilic organic sub-
strate with subsequent transformation of the inter-
mediate iodonium species. The electrophilic reactiv-
ity of (difluoroiodo)benzene can be further increased
in the presence of a Lewis acid. PhIF2 reacts with
BF3-etherate in dichloromethane at low temperature
to form the highly electrophilic complex 40.137,138
Complex 40 is stable at 0 °C and can be used as a
reagent for the preparation of iodonium salts by
reactions with unsaturated organic substrates. For
example, reaction of complex 40 with allene 41
affords vinyliodonium salt 42 in good yield (eq 31).137

Reaction of complex 40 with an excess of silyl enol
ether cleanly affords 1,4-diketones 43 under very
mild conditions (eq 32).138
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â-Carbonylmethyl(phenyl)iodonium salts are pro-
posed as the intermediates in this reaction (eq 32).138

2. Chlorides
Historically, (dichloroiodo)benzene, PhICl2, was the

first reported organic compound of polyvalent iodine.
It was prepared by Willgerodt in 1886 by the reaction
of iodobenzene with ICl3 or, preferably, with chlo-
rine.2 Reactions of aryliodides with chlorine in
chloroform is still the most general approach to
(dichloroiodo)arenes.139 (Dichloroiodo)arenes are gen-
erally yellow solids, which are easy to handle and can
be purified by recrystallization. Most of these com-
pounds have relatively low thermal stability and can
be stored only for short periods after preparation.
(Dichloroiodo)arenes have found broad synthetic

application as reagents for chlorination and oxidation
of various organic substrates. The most typical
chlorinations of alkanes or alkenes with (dichloro-
iodo)benzene proceed via a radical mechanism and
generally require photochemical conditions or the
presence of radical initiators in solvents of low
polarity, such as CHCl3 or CCl4. However, the
alternative ionic pathways are also possible due to
the electrophilic properties of the iodine atom in
PhICl2 or electrophilic addition of Cl2 generated by
the dissociation of the reagent. An alternative syn-
chronous molecular addition mechanism in the reac-
tions of PhICl2 with alkenes has been discussed and
recently was found to be theoretically feasible.125 The
general reactivity patterns of ArICl2 were thoroughly
discussed in earlier reviews.13,16,19
(Dichloroiodo)benzene was effectively applied for

a substitutive chlorination at sp3-carbon of various
organic substrates, such as alkanes, ethers, esters,
thioethers, ketones, sulfoxides, etc.13,16,19,140-149 Ke-
tones can be chlorinated in the R-position under both
radical or ionic conditions. In a typical example, 1,5-
diketones 44 react with PhICl2 in dichloromethane
under radical conditions with predominate formation
of monochlorides 45, while the same reagents in
acetic acid in the dark (ionic conditions) selectively
afford dichlorides 46 (eq 33).140
Similarly, depending on the conditions, reaction of

PhICl2 with alkenes may follow a radical or ionic
mechanism. Under radical conditions, the reaction

gives exclusively products of 1,2-addition of chlorine,
often with high trans stereoselectivity; while under
polar conditions chlorination is usually accompanied
by skeletal rearrangements. For example, nor-
bornene reacts with PhICl2 in nonpolar solvents with
the formation of 1,2-adducts 47 and 48 (eq 34) as the
only detectable products.142 The same reaction in the
presence of trifluoroacetic acid affords exclusively
products of skeletal rearrangement 49-51 (eq 34).142

Bicyclic diene 52 reacts with PhICl2 under similar
polar conditions to afford tricyclic, rearranged prod-
ucts 53 and 54 in moderate yield (eq 35).143

The electrophilic reactivity of PhICl2 can also be
increased by addition of Lewis acids or AgBF4.
Reaction of PhICl2 with diene 55 yields exclusively
rearranged products 56 and 57 clearly resulting from
an ionic mechanism of addition (eq 36).144

A variety of organic compounds containing het-
eroatoms can be effectively chlorinated by PhICl2.
Numerous examples of chlorinations at sulfur, phos-
phorus, selenium, arsenic, antimony, and some met-
als have been reported in older papers.13,16,19 More
recent examples include reactions of PhICl2 with
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molybdenum145 and iridium146 complexes affording
higher valent metal chlorides, as well as the prepara-
tion of trichlorophosphine imides 58 (eq 37).147

Under appropriate conditions, usually in the pres-
ence of amines, PhICl2 can serve as an efficient
oxidizing reagent. Oxidation of aldoximes 59 with
PhICl2 in the presence of pyridine generates unstable
nitrile oxides 60 (eq 38) as principal products, which
can be trapped in situ by olefinic compounds to afford
the respective 1,3-cycloaddition products in good
yields.148

Ketoximes 61 react with PhICl2 under similar
conditions to afford the corresponding ketones 62 (eq
39) as a result of oxidative deoximation.149

3. Bromides
(Dibromoiodo)arenes with general formula ArIBr2

usually lack stability and cannot be isolated as
individual compounds. However, two representatives
of monobromoiodanes (64 and 66), stabilized due to
the involvement of the iodine in a five-membered
ring, were reported in the literature.124 Bromide 64
can be prepared by addition of bromine to aryl iodide
63 (eq 40), while bromoiodane 66 is formed in the
reaction of benziodoxole 65 with HBr under anhy-
drous conditions (eq 41).

Both bromoiodanes 64 and 66 are isolable, crystal-
line solids with melting points of 173 and 98 °C,
respectively. Bromide 64 is substantially more stable

than 66 due to the presence of the electron-with-
drawing CF3 substituents in the apical positions of
the hypervalent iodine atom.124 Bromoiodanes 64
and 66 may find some application in synthesis as
highly selective free-radical brominating reagents.
For example, under photochemical conditions these
compounds react with toluene or cyclohexene to
afford the respective benzylic or allylic bromides in
almost quantitative yield.124

C. Carboxylates

[Bis(acyloxy)iodo]arenes, ArI(O2CR)2, are the most
important, well investigated, and practically useful
organic derivatives of iodine(III). Two of them,
(diacetoxyiodo)benzene (DIB) and [bis(trifluoro-
acetoxy)iodo]benzene (BTI), are commercially avail-
able or can be easily prepared by oxidation of iodo-
benzene with the respective peracid.150 A similar
peroxide oxidation of substituted iodobenzenes can
be used for the preparation of other [bis(acyloxy)-
iodo]arenes.151-155 For example, various mono- and
di[bis(trifluoroacetoxy)iodo]-substituted arenes were
synthesized in 70-85% yield from the respective
iodoarenes and peroxytrifluoroacetic acid.151-153 [Bis-
(acetoxy)iodo]arenes can be prepared in excellent
yields by oxidation of iodoarenes with sodium per-
borate in acetic acid.154-156 A broad variety of other
carboxylates are easily accessible by the ligand
exchange reaction of acetates with the appropriate
carboxylic acid.16 Of particular interest is the em-
ployment of the last method for the preparation of
[(acyloxy)iodo]benzenes with chiral ligands by the
reaction of DIB with dibenzoyl-L-tartaric acid.
[Bis(acyloxy)iodo]arenes are generally colorless,

stable microcrystalline solids which can be easily
recrystallized and stored for extended periods of time
without significant decomposition. Single-crystal
X-ray structural data for ArI(O2CR)2 indicate the
expected T-shaped geometry around the iodine cen-
ters with almost collinear acyloxy groups. The I-O
bond distances in ArI(O2CR)2 are considerably longer
than the sum of their covalent radii (1.99 Å) and may
vary in a broad range between 2.14 and 2.98
Å.19,28,90,155,158,159

[Bis(acyloxy)iodo]arenes and, especially, DIB and
BTI have found wide synthetic application as starting
materials in the preparation of numerous iodine(III)
compounds, effective oxidizers, and radical initiators.

1. [Bis(acyloxy)iodo]arenes as Precursors to Other
Iodine(III) Compounds

[Bis(acyloxy)iodo]arenes are widely used as readily
available precursors to a variety of other iodosyl
derivatives, ArIX2, or iodonium salts, Ar2I+X-. Io-
dosyl derivatives are usually obtained by ligand
exchange of [(diacetoxy)iodo]arenes with the respec-
tive acids or acid derivatives. For example, the
highly electrophilic, synthetically useful tosylate
68159,160 and triflate 9161 are conveniently prepared
from DIB (67) and p-toluenesulfonic or triflic acids
(eq 42). A similar reaction of DIB with aqueous
fluoroboric, fluoroantimonic, and fluorophosphoric
acids affords the corresponding iodosylbenzene de-
rivatives 69 (eq 43).162,163
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Reactions of [bis(trifluoroacetoxy)iodo]arenes (70)
with trimethylsilyl triflate and cyanotrimethylsilane
cleanly produce (cyano)aryliodonium triflates (71, eq
44), which are important iodonium transfer re-
agents.151

Similarly, the unstable azidoiodanes, PhI(N3)2 and
PhI(OAc)N3, can be generated at low temperature in
situ from DIB and azidotrimethylsilane (see section
III.F.3).
A broad variety of iodonium salts can be synthe-

sized from [bis(acyloxy)iodo]arenes and the appropri-
ate nucleophilic organic substrates. A convenient
general method for the preparation of diaryliodonium
salts involves the reaction of DIB with arenes in the
presence of triflic acid.164 Likewise, bis(iodonium)
triflate salts 73 can be prepared from p-bis[bis-
(trifluoroacetoxy)iodo]benzene 72 and the respective
arylsilanes (eq 45).153 The analogous reaction was
also applied in the synthesis of macrocyclic tetra-
aryltetraiodonium cationic molecular squares (see
Section IV.D.1).152

In many cases, [bis(acyloxy)iodo]arenes are used
for the generation of unstable iodonium salts, which
serve as reactive intermediates in the consequent
transformations. In a typical example, Kita and co-
workers applied BTI to induce cyclization of R-(aryl)-
alkyl â-dicarbonyl derivatives 74 (eq 46).165
In general, oxidations of nucleophilic organic sub-

strates with [bis(acyloxy)iodo]arenes usually involve
unstable iodonium salts as principal intermediates.
Reaction of DIB with 1,3-dicarbonyl compounds

under basic conditions represent the most general
approach to iodonium ylides (see Section IV.F).

2. Oxidations with [Bis(acyloxy)iodo]arenes
In the last 10-15 years [bis(acyloxy)iodo]arenes

have seen widespread application as general, uni-
versal oxidizing reagents. The oxidative properties
of DIB and BTI are similar to those of Tl(III),
Hg(II), and Pb(IV) derivatives, but without the toxic
and concomitant environmental problems of these
heavy-metal analogues.
A particularly useful reaction is hydroxylation of

enolizable ketones by DIB under basic conditions (see
Section III.A.2).15,21-23 Similar hydroxylation can also
be performed with BTI under acidic conditions (eq
47).166

A plausible mechanism for this hydroxylation
involves initial electrophilic addition of BTI to the
enolized ketone and subsequent nucleophilic substi-
tution of the iodonium intermediate. In the presence
of appropriate external nucleophiles this reaction
may afford the respective R-substituted ketone.15,19
The analogous reaction of alkenes with DIB or BTI

in the presence of external nucleophiles affords the
respective derivatives of 1,2-diols. For example,
1-hexene reacts with BTI in the presence of LiClO4
or LiOTf to produce diperchlorate or -triflate esters
of 1,2-hexanediol.167
Merkushev and co-workers have found that alkynes

can be oxidized with BTI to afford the respective 1,2-
diones in excellent yields.168-170 In some cases, this
reaction is accompanied by a complete triple-bond
cleavage with the formation of carboxylic acids. For
example, the oxidation of phenylethynyl durene 75
by BTI yields two principal productss1,2-dione 76
and acid 77 (eq 48).169

A similar oxidative cleavage of alkynes to carboxy-
lic acids with 2 equiv of [bis(trifluoroacetoxy)iodo]-
pentafluorobenzene was reported by Moriarty and
coauthors.171
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Alkoxyallenes 78 are oxidized with DIB under mild
conditions to yield 3-acetoxy-3-alkoxypropynes (79,
eq 49).172

Alkynyl- or alkenyliodonium salts have been pro-
posed to be the key intermediates in these oxidations
(eqs 48 and 49).
During the last few years DIB and BTI have been

widely used for the oxidation of phenols. DIB is the
reagent of choice for the oxidation of various substi-
tuted o- and p-hydroquinones to the corresponding
benzoquinones. The oxidation generally proceeds in
methanol solution at room temperature, and the yield
of benzoquinones is almost quantitative.173 Espe-
cially interesting and synthetically useful is the
oxidation of 4-substituted phenols 80 in the presence
of an appropriate nucleophile (Nu) leading to the
respective 4,4-disubstituted cyclohexadienones 81
according to general eq 50. No definitive mecha-
nisms have been established for these reactions,
however, it is widely assumed that they proceed by
an ionic process via some electrophilic reactive in-
termediate.173,174

Various nucleophiles, such as water, alcohols,
fluoride ion, carboxylic acids, amides, oximes, and
electron-rich aromatic rings, have been used success-
fully in this reaction (eq 50) in either an inter- or
intramolecular mode.173-187

McKillop and co-workers have found that the
oxidation of substituted phenols 82 with BTI in
aqueous acetonitrile affords p-quinols 83 in moderate
to good yields (eq 51).174 Even higher yields of
p-quinols 83 are obtained when tripropylsilyl ethers
of phenols are used as starting material. A similar
oxidation of p-alkoxyphenols 84 with DIB in the
presence of alcohols affords the respective quinone
monoketals 85 (eq 52).173,175,177

The oxidation of 4-alkylphenols with BTI in the
presence of pyridinium polyhydrogen fluoride as the
source of fluoride anion results in nucleophilic ipso-
fluorination.178 This reaction can be used for the
preparation of polycyclic 4-fluorocyclohexa-2,5-di-
enones 86 and 87 (eqs 53 and 54).

Intramolecular oxidative cyclization of the ap-
propriate 4-substituted phenols with DIB or BTI
provides a powerful synthetic tool for the creation of
an important spirocyclohexa-2,5-dienone structural
fragment. Wipf and co-workers used the oxidatively
induced cyclization in N-protected tyrosine 88 as an
approach to the spirocyclic core 89 (eq 55) in the total
synthesis of the antitumor antibiotic Aranorosin.179

The analogous cyclizations of amides 90 and
ketoximes 92 by the action of BTI in nonnucleophilic
solvents afford the respective spirohexadienones 91
and 93 in good yield (eqs 56 and 57).180-182
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Oxidation of tyrosine derivative 94 with an excess
of DIB in cold acetonitrile followed by quenching with
aqueous sodium bromide results in the formation of
brominated spirolactone 97 in 80% yield. A plausible
mechanism for this reaction involves iodonium in-
termediates 95 and 96 as the intermediates and
subsequent substitution of the phenyliodonium group
with bromide anion (Scheme 1).183
Of particular interest are oxidatively induced cy-

clizations of phenolic precursors in which carbon-
carbon bond formation is achieved. Pelter and co-
workers have reported oxidative cyclizations of
dibenzylbutyrolactone 98 by treatment with BTI in
trifluoroethanol.184 The major product of the cycliza-
tion is either the spirodienone 99 or the dibenzo-
cyclooctadiene 100, depending upon the time allowed
for this reaction (eq 58). The second pathway of this
cyclization leading to the dibenzocyclooctadiene 100
was used recently in the synthesis of isostegane
derivatives.185

A BTI-induced spiro cyclization of silylated phenol
derivatives 101 provides a convenient general ap-
proach to aza spirodienones 102 (eq 59). Using this
method, Kita and co-workers accomplished the first
total synthesis of the alkaloid discorhabdin C.186
Oxidation of p-methoxy-substituted phenols 103 by

BTI in the presence of electron-rich styrenes 104
affords in good yield dihydrobenzofurans 105 result-
ing from a formal 1,3-oxidative cycloaddition of the
phenol to the styrene derivative (eq 60).187
DIB and BTI have found wide application for the

oxidation of organic derivatives of such elements as
nitrogen, sulfur, selenium, tellurium, and others. The

use of [bis(acyloxy)iodo]arenes for the oxidation of
various organonitrogen compounds was thoroughly
discussed in earlier reviews by Varvoglis.9,13,19 More
recent examples include the application of DIB for
the preparation of N-oxides from nitroisoquinoline
derivatives,188 oxidations of hydrazones and similar
carbonyl derivatives leading to regeneration of the
carbonyl function,189-194 Hofmann-type oxidation of
carboxamides to carbamates,195 oxidative amination
of indoles with aromatic amines,196 oxidation of
papaverine,197 and oxidatively assisted preparation
of nitrogen heterocycles.198,199
Thioacetals and thioketals are efficiently cleaved

to carbonyl compounds with BTI under mild condi-
tions. This reaction is especially useful for the
selective deprotection of either thioacetals or thio-
ketals and is compatible with a variety of other
functional groups, such as PhS, HO, TsO, R2N,
double bond, etc.200 Recently this method was used
in the deprotection steps in the synthesis of the
roflamycoin system201 and in the asymmetric syn-
thesis of R-sulfenyl aldehydes.202
BTI can oxidatively cleave the Se-Se bond in

diaryl diselenides to form arylselenyl trifluoro-

Scheme 1
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acetates.203 On the basis of this reaction, Chen and
Chen recently developed a convenient one-pot syn-
thesis of selenosulfonates 106 from diaryl diselenides
and sodium sulfinates (eq 61).203 A similar oxidation
was recently reported for diaryl ditellurides.204

Diaryltellurides react with [bis(acyloxy)iodo]ben-
zenes under mild conditions to afford diaryltellurium
dicarboxylates 107 in high yield (eq 62).205

A mixture of BTI with iodine is used as an efficient
electrophilic iodinating reagent toward heterocycles
and other nucleophilic organic substrates.206-208 Tri-
fluoroacetyl hypoiodite, CF3COOI, is a plausible
reactive intermediate in these oxidative iodinations.

3. [Bis(acyloxy)iodo]arenes as Radical Initiators
During the last five years DIB and BTI have

attracted significant interest and research activity
as efficient initiators of radical processes. Under
photochemical conditions, both reagents were found
to be efficient initiators for the homopolymerizations
of 2-[2-((dimethylamino)ethyl)methacrylate (DMAEM)
and methyl methacrylate (MMA) and also the copo-
lymerizations of DMAEM with MMA or styrene.209
Togo and co-workers have found that upon irradia-
tion or heating [bis(acyloxy)iodo]arenes undergo de-
carboxylative decomposition, generating alkyl radi-
cals which can be effectively trapped with
various heteroaromatic bases or electron-deficient
alkenes.210-215 On the basis of this observation, the
authors have developed a general, convenient experi-
mental procedure for the radical alkylation of nitro-
gen heterocycles 108 with a broad variety of carbox-
ylic acids 109 in the presence of BTI or [bis(trifluoro-
acetoxy)iodo]pentafluorobenzene (eq 63).210,212 This
reaction is especially useful for the preparation of
C-nucleosides and their analogues.213

Further modification of this procedure allows the
use of alcohols as the source of alkyl radicals. In this
case, alcohols are first converted into the oxalic acid
monoalkyl esters 110, which are used as reagents in
the radical alkylation of heteroaromatic bases (eq
64).211-213

Similar experimental procedures can be used for
the radical alkylation of electron-deficient alkenes
111 (eq 65). In this process, a mixture of alkene 111
and [bis(acyloxy)iodo]arenes 112 (prepared from DIB
and the respective carboxylic acid or monoalkyl esters
of oxalic acid) is irradiated with a high-pressure
mercury lamp in dichloromethane in the presence of
1,4-cyclohexadiene to give a reductive addition prod-
uct 113.214,215

Recently the same researchers216 reported an ef-
ficient procedure for the preparation of adamantyl
sulfides 116 by radical decarboxylation of [bis(1-
adamantylcarboxy)iodo]benzene 115 (Ar ) Ph) in the
presence of disulfides 114 (eq 66). A special study
of the reactivity of various [bis(1-adamantylcarboxy)-
iodo]arenes in this reaction revealed that the intro-
duction of strong electron-withdrawing groups, such
as nitro and perfluoro, into the aromatic ring of the
reagent 115 significantly reduced the yield of the
product 116. The authors explained the low reactiv-
ity of p-nitro and perfluorophenyl derivatives 115 in
radical reactions by the increased I-O bond strength
in these compounds.216

Photolysis of DIB with cyclic alcohols in the pres-
ence of iodine leads to the generation of the respective
alkoxy radical which can sequentially undergo frag-
mentation, rearrangement, or cyclization. Recently
this methodology was effectively used in a number
of syntheses. Suàrez and co-workers applied a
sequential alkoxy radical fragmentation for the prepa-
ration of highly functionalized macrocycles and some
steroidal derivatives.217-222 For example, photolysis
of steroidal hemiacetals, such as 117 (eq 67), with
stoichiometric amounts of DIB and iodine in the
absence of oxygen affords medium-sized lactones in
good yield as a result of alkoxy radical fragmenta-
tion.217
When the reaction of cyclic alcohols 118 is con-

ducted under an oxygen atmosphere the initially
produced C-radical traps a molecule of O2 yielding
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peroxide 119 according to general Scheme 2.218,219
This and similar sequential alkoxy radical fragmen-
tations can be applied to the preparation of various
synthetically interesting medium-sized ketones and
lactones.219-222

Photolysis of DIB with tertiary allylic alcohols 120
in the presence of iodine leads to the formation of
R-iodo epoxides 121 (50-72% yield) as a result of
alkoxy radical rearrangement (Scheme 3).223

Treatment of bicyclic dienol 122 with DIB-I2 in
degassed cyclohexane under irradiation and reflux
results in a cascade radical fragmentation-transan-
nulation-cyclization sequence leading to ketone 123
in 81% yield (Scheme 4).224
Fragmentation of anomeric alkoxy radicals, gener-

ated from appropriate carbohydrates by a similar
method, provides a convenient entry into useful
chiral synthetic intermediates.225,226 Suàrez and co-

workers reported the DIB-initiated radical fragmen-
tation of protected furanoses 124 leading to four-
carbon chiral building blocks of the erythrose type
(125) in good yield (eq 68).225

Inanaga and co-workers have found a similar
fragmentation of pyranose derivatives 126 (eq 69).
Interestingly, these reactions (eqs 68, 69) proceed
smoothly at room temperature and do not require
irradiation.226

Recently, the binary reagent DIB-Mg(ClO4)2 was
found to be very efficient for the conversion of 2-furyl-
1-alcohols 128 into pyranones 129 (eq 70).227

This reaction (eq 70) also does not require irradia-
tion and is rationalized by a single-electron transfer
process with the generation of a cation radical as the
key intermediate.227

D. Derivatives of Strong Acids
In contrast to aryl iodosyl dihalides and dicarboxy-

lates, the analogous disubstituted derivatives of
strong acids, ArIX2 (X ) RSO3, ClO4, NO3, etc.), are
generally unstable and extremely moisture sensitive.

Scheme 2

Scheme 3

Scheme 4
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The existence of several such derivatives was as-
sumed in the literature; however, none of them was
isolated as an individual, stable compound. For
example, Koser and Wettach reported some evidence
for the intermediate formation of the ditosylate PhI-
(OTs)2 in the reaction of PhICl2 with silver tosylate,
but an attempt to isolate this compound failed.228
Similarly, triflate PhI(OTf)2,48 sulfate PhISO4,73 and
nitrate PhI(ONO2)2229 lack stability and typically can
only be generated in situ, at low temperature, under
absolutely dry conditions.
The most likely, stable structural types of the

iodosyl derivatives of strong acids are represented by
hydroxy-substituted (130) and µ-oxo-bridged (131)
iodanes which are products of partial hydrolysis of
the initial ArIX2.

Both types of compounds (130 and 131) generally
can be prepared by the reaction of iodosyl arenes or
dicarboxylates with the appropriate aqueous acid.
Hydroxy derivatives 130 are colorless, stable micro-
crystalline solids which can be recrystallized and
stored for extended periods of time without signifi-
cant decomposition. The most important representa-
tive of 130, [hydroxy(tosyloxy)iodo]benzene, PhI(OH)-
OTs, is commercially available. Single-crystal X-ray
structural data for PhI(OH)OTs indicates the ex-
pected T-shaped geometry around the iodine center
with almost collinear O-ligands and two different
I-O bonds of 2.47 Å (I-OTs) and 1.94 Å (I-OH)
consistent with the ionic character of this com-
pound.160 µ-Oxo-bridged iodanes 131 are the most
typical iodosyl derivatives of strong inorganic acids,
such as sulfuric, nitric, perchloric, trifluoromethane-
sulfonic, etc.; however, compounds of this type are
also known for carboxylic acids. A distinctive feature
of all µ-oxo-bridged iodanes 131 is the bright yellow
color due to the +I-O-I+ bridging fragment.230 The
available X-ray structural data for 131 (X ) ONO2,231
and OCOR28,232) is also consistent with the ionic
character of the I-X bonds.
In the last dozen years iodosyl derivatives of strong

acids and, especially, iodosyl sulfonates, have found
wide synthetic application as starting materials in
the preparation of numerous iodine(III) compounds
and effective oxidizers. It should be emphasized that
the reactivity pattern of sulfonates is generally
different from halides and carboxylates. In particu-
lar, radical reactions are not typical for sulfonates,
while their electrophilic reactivity toward nucleo-
philic organic substrates under polar conditions is

significantly enhanced. The application of iodosyl
sulfonates in organic synthesis was recently reviewed
by Moriarty, Vaid, and Koser.17

1. [Hydroxy[(organosulfonyl)oxy]iodo]arenes

The first preparation of [hydroxy(tosyloxy)iodo]-
benzene (HTIB, 132) from (diacetoxyiodo)benzene
and p-toluenesulfonic acid monohydrate was reported
in 1970 by Neiland and Karele.159 A few years later,
Koser and co-workers discovered that HTIB is an
efficient reagent for the synthesis of various iodonium
salts and oxytosylations,233-237 so in the present
literature HTIB is often referred for as “Koser’s
reagent”.
HTIB is highly reactive toward nucleophilic organic

substrates, such as alkenes, alkynes, ketones, enol
ethers, and aromatic compounds. Reactions of HTIB
with alkenes afford vic-ditosyloxyalkanes in moderate
yield (eq 71).235-237

In the case of cyclohexene and internal acyclic
alkenes, this reaction proceeds as a stereospecific syn-
addition, whereas phenyl-substituted alkenes and
norbornene give products of skeletal rearrange-
ments.235-238 These results can be rationalized by a
polar addition-substitution mechanism similar to
the one shown in eq 13 (see Section III.A.1). The first
step in this mechanism involves electrophilic anti-
addition of the reagent to the double bond, and the
second step is nucleophilic substitution of the iodo-
nium fragment by tosylate anion with inversion of
configuration. Such a polar mechanism also explains
the skeletal rearrangements in the reactions of HTIB
with polycyclic alkenes,238 participation of external
nucleophiles,167 and the intramolecular participation
of a nucleophilic functional group with the formation
of lactones and other cyclic products.239-241 Analo-
gous reactivity pattern is also typical of [hydroxy-
[(methylsulfonyl)oxy]iodo]benzene.242

Reaction of HTIB (132) with alkynes 133 generally
affords two products: alkynyl- and alkenyl(phenyl)-
iodonium tosylates 134 and 135, respectively (eq
72).243-247 Alkynyliodonium salts 134 are major
products in the reactions of terminal alkynes bearing
bulky substituents (R ) tert-butyl, sec-butyl, cyclo-
hexyl, aryl, etc.), while alkenyliodonium tosylates 135
are formed from nonsterically hindered terminal
alkynes or from internal alkynes.
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HTIB is an important reagent for the preparation
of aryl- and heteroaryliodonium salts by reactions
with the respective arenes or trimethylsilylarenes
(see Section IV.D).234,248,249
Especially useful are reactions of HTIB with ke-

tones or silyl enol ethers leading to R-tosyloxy
ketones.237,250,251 This reaction followed by treatment
with the appropriate nucleophile in situ offers a
convenient entry into a variety of other R-substituted
ketones. In a typical example, treatment of ac-
etophenones 136 with HTIB and potassium thiocy-
anate affords R-thiocyanotoacetophenones 137 in
good yield (eq 73).252

The application of reactions of HTIB as an oxidant
in the synthesis of various heterocycles was recently
reviewed by Prakash and coauthors.21-23 For the
most recent examples of similar reactions see ref 253.
HTIB is also widely used as an efficient oxidizing

reagent, generally more reactive than [bis(acyloxy)-
iodo]arenes. Kirschning and co-workers have found
that HTIB is a superior reagent for the regioselective
oxidation of protected glycals 138 to dihydropyra-
nones 139 (eq 74).254,255 Interestingly, other polyva-
lent iodine reagents like DIB, BTI, and PhI(OMe)OTs
are ineffective oxidants in this reaction.255

Organic iodides of various types can be effectively
oxidized by HTIB. When HTIB is mixed with aryl
iodides, ligand transfer occurs to furnish iodobenzene
and the corresponding [hydroxy(tosyloxy)iodo]are-
ne.233 Oxidation of alkyl iodides by HTIB leads to
the formation of alkyl tosylates as products of oxi-
datively assisted nucleophilic substitution of io-
dine.256,257 The latter reaction can be used to prepare
cubyl sulfonates from iodocubane derivatives.258
HTIB can serve as an excellent oxidant in Hof-

mann-type degradation of aliphatic carboxamides to
alkylamines.259,260 The mechanism of this reaction
involves initial formation of unstable N-phenyl-
iodonio carboxamide salts (see Section III.F.1), which
rearrange with loss of iodobenzene to give isocyan-
ates.259,261 Moriarty and co-workers used this reac-
tion for the preparation of cubyl and adamantyl
ammonium salts from the respective carboxamide
derivatives.262
Polyalkylbenzenes react with HTIB in the presence

of ionic halides or N-halosuccinimide to afford prod-
ucts of ring halogenation in good yield.263-265 For
example, reaction of mesitylene with HTIB in the

presence of LiCl selectively gives monochlorinated
product 140 in quantitative yield (eq 75).265 In
general, these oxidatively assisted ring halogenations
can be carried out under mild conditions and are
highly selective.

In a series of communications, McNelis and co-
workers have reported the scope of reactions of the
reagent combination HTIB/halogen or HTIB/N-ha-
losuccinimide with alkynols resulting in the forma-
tion of various haloenones.266-273 All these oxidative
rearrangements involve iodonium intermediates and
are highly regio- and stereoselective. For example,
secondary alkynols 141 are cleanly converted to (Z)-
R-iodoenones 142 upon treatment with N-iodosuc-
cinimide in the presence of catalytic amounts of HTIB
(eq 76).266

Bromoethynyl alcohols 143 can be similarly con-
verted to â,â-dihaloenones 144 by the reaction with
HTIB/I2 system (eq 77).268,269

Reactions of this type (eq 77) are especially useful
for the preparation of cyclic â,â-dihaloenones by ring
expansions of alkynyl cyclopentanols or alkynyl cy-
clohexanols. 1-(1-Bromoethynyl)cyclopentanols 145
react with equimolar amounts of iodine and HTIB
under mild conditions to produce cyclohexanone
derivatives 146with a high degree of stereoselectivity
(eq 78).270

A similar reaction was used in the synthesis of
phenanthrenone 148 from the readily available fluo-
renone derivative 147 (eq 79).271
Ring expansion of camphor and adamantanone

derivatives (149 and 150, respectively) under the
same conditions afforded the respective (Z)-bromo-
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iodoenones 150 and 152 in good yield and in high
stereoselectivity (eqs 80 and 81).272,273

Interestingly, the analogous ring expansion of
pentacycloundecane derivative 153 furnished (E)-
bromoiodoenone 154, but not the expected (Z)-isomer
(eq 82).274

A variety of other sulfonate iodosyl derivatives of
type 130 have been reported in the literature. [Hy-
droxy[(methylsulfonyl)oxy]iodo]benzene (130, Ar )
Ph, X ) OSO2Me) can be prepared from (diacetoxy-
iodo)benzene and methanesulfonic acid and is very
similar to HTIB in its chemical reactivity.242,247,275 In
particular, this reagent converts enolizable ketones
or silyl enol ethers to R-mesyloxy ketones,242,250,275 and
reacts with alkenes analogously to HTIB affording
the respective mesylates.242 A chiral analogue of this
reagent, [hydroxy[((+)-10-camphorylsulfonyl)oxy]iodo]-
benzene, has been recently reported by Varvoglis and
co-workers.276
[Methoxy(tosyloxy)iodo]benzene (155) can be pre-

pared by treatment of HTIB with trimethyl ortho-
formate.277 This compound is a useful reagent for the
oxidative degradation of aliphatic carboxamides to
alkylamines,261 and for the oxidation of sulfides to
methoxysulfonium tosylates 156 (eq 83).278,279

The methoxy ligand in 155 can be substituted with
a chiral menthyloxy group by treatment with men-

thol (eq 84).280 The product of this reaction, chiral
[(menthyloxy)(tosyloxy)iodo]benzene 157, is useful for
the preparation of optically active menthyloxysulfo-
nium tosylates 158 and sulfoxides 159 (Scheme 5).280

Several sulfonates 130 with the aryl substituent
other than phenyl have been reported in the litera-
ture.233,234,244,248,249,281 For example, [hydroxy(tosyl-
oxy)iodo]pentafluorobenzene and the analogous me-
sylate derivative were prepared by treatment of [bis-
(trifluoroacetoxy)iodo]pentafluorobenzene in aceto-
nitrile with p-toluenesulfonic or methanesulfonic
acid, respectively.281 [Hydroxy(tosyloxy)iodo]penta-
fluorobenzene was found to react with anisole and
dimedone to give the corresponding iodonium salts.281

2. [Hydroxy(phosphoryloxy)iodo]arenes
[Hydroxy[[(bis(phenyloxy)phosphoryl]oxy]iodo]-

benzene 160 can be prepared as a stable, crystalline
solid by the reaction of (diacetoxyiodo)benzene with
diphenyl phosphate in aqueous acetonitrile (eq 85).282

This compound (160) generally has a reactivity
pattern similar to HTIB. It reacts with enolizable
ketones or with pentenoic acids to afford the respec-
tive products of R-phosphoryloxylation or phosphor-
yloxy lactonization.282 Reaction of reagent 160 with
ketones is not regioselective, for example, the treat-
ment of 2-hexanone with 160 gives a 1.3:1.0 mixture
of the 1- and 3-diphenyl phosphate derivatives.283 The
regioselective preparation of ketol phosphates 161
can be achieved by the reaction of reagent 160 with
terminal alkynes in aqueous acetonitrile (eq 86).283
The intermediates in this reaction (eq 86) are

relatively stable iodonium salts 162 and 163, which
can be isolated pure and converted to phosphate

Scheme 5
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esters 161 by treatment with water in hot aceto-
nitrile.283

Ethyl and methyl analogues of compound 160,
[hydroxy[[bis(alkyloxy)phosphoryl]oxy]iodo]ben-
zenes (164), can be prepared in 99% yield by treat-
ment of HTIB with the appropriate sodium dialkyl-
phosphate in methanol.284 These reagents (164) react
with terminal alkynes under anhydrous conditions
to afford alkynyl phosphates 165 (eq 87) via the
intermediate formation of the respective alkynyl
iodonium phosphates 163 (R1 ) Me, Et).284

3. µ-Oxo-bridged Iodanes
The structure of µ-oxo-bridged iodanes, 131, is

typical for nitrates, sulfates, perchlorates, triflates,
tetrafluoroborates, hexafluoroantimonates, and hexa-
fluorophosphates. In older reports, some of these
compounds, particularly, the nitrate and perchlorate,
were incorrectly claimed to have the PhIX2 struc-
ture.5 However, more recent spectroscopic and X-ray
studies revealed the µ-oxo-bridged structure for all
stable derivatives of strong inorganic acids.230,231,285
These compounds are generally prepared by the
reaction of PhI(OAc)2 or PhIO with the respective
acids or anhydrides.
Triflate 9 and perchlorate 166 are prepared from

(diacetoxyiodo)benzene and aqueous perchloric or
trifluoromethanesulfonic acid (eq 88).286 In a more
convenient procedure triflate 9 can be generated in
situ from PhIO and triflic anhydride (eq 3, see Section
III.A.1).69 Both triflate 9 and perchlorate 166 react
with alkenes to afford vic-diperchlorates or ditriflates;
in the case of cyclohexene this reaction proceeds as
a stereospecific syn-addition (eq 89).69,91,123,161
Triflate 9, generated in situ from PhIO and triflic

anhydride, is a useful reagent for the preparation of
various iodonium salts by reaction with the respec-
tive silylated or stannylated organic precursors (see
Section IV). Propargylsilanes and -stannanes react
with reagent 9 to afford o-propargyliodoarenes (24,
eq 18) as a result of a reductive iodonio-Claisen

rearrangement of the intermediate, unstable allen-
yliodanes similar to the one shown in eq 18 (see
Section III.A.2). Mechanistic details of this reaction
were investigated by Norton and co-workers.57
Iodoalkanes react with triflate 9 and perchlorate

166 to give the respective products of oxidative
substitution of iodine 167 in good yield (eq 90).286

Sulfur trioxide can form two different adducts with
PhIO (11 and 12) depending on the ratio of reactants
(eq 5, see Section III.A.1).73,91 Both sulfates 11 and
12 react with alkenes under mild conditions to give
the respective cyclic sulfate esters, such as 168-170
(eqs 91 and 92).73,91,287 Under similar conditions,
reaction of dihydropyran 171 with reagent 11 results
in a ring contraction to afford tetrahydrofurfural 172
(eq 93).92

The newest representatives of µ-oxo-bridged
iodanessderivatives of fluoroboric, fluoroantimonic,
fluorophosphoric acids 69 (eq 43, see Section
III.C.1)scan be prepared as yellow, microcrystalline
solids by the treatment of PhI(OAc)2 with aqueous
solutions of the respective acids.162,163 Small-scale
operations with these reagents proved to be safe;
however, large-scale preparation of the tetrafluoro-
borate resulted in a powerful explosion.288 Reaction
of reagents 69 with alkenes in the presence of
external nucleophiles (methanol, acetic acid, lithium
perchlorate) afford products of vicinal addition, while
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silyl enol ethers give 1,4-diketones due to oxidative
coupling similar to eq 19 (see Section III.A.2).162,163

E. Five-Membered Iodine(III) Heterocycles
The overwhelming majority of known heterocyclic

iodanes are derivatives of benziodoxole (173), with
iodine and oxygen incorporated in the five-membered
ring. A few examples of heterocyclic iodanes with
other elements in five- or six-membered rings are
represented by benziodazoles 174,289 benziodathia-
zoles 175,290 benziodoxathioles 176,291 cyclic phos-
phonate 177,292 and phosphate 178.293

X-ray molecular structures were reported for a
number of benziodoxole derivatives 173,294-298 as well
as for benziodazoles 174,289 benziodoxathioles 176,291
and cyclic phosphonate 177 (X ) Me).292 The struc-
tural features of heterocyclic iodanes were thoroughly
discussed in Koser’s review11 and the book by Var-
voglis.19 In general, the five-membered ring in
heterocyclic iodanes is highly distorted with almost
linear alignment of the two electronegative ligands.
The I-O bond length in benziodoxoles 173 varies in
a wide range from 2.11 Å in carboxylates (173, X )
m-ClC6H4CO2) to 2.48 Å in the phenyl derivative
(173, X ) Ph), which indicates considerable changes
in the ionic character of this bond. The endocyclic
C-I-O bond angle is typically around 80°, which is
a significant deviation from the expected angle of 90°
for the normal T-shaped geometry of hypervalent
iodine.294-298

The distinctive feature of cyclic iodanes is a con-
siderably higher stability than that of their acyclic
analogues. This stabilization is usually explained by
the bridging of an apical and an equatorial position
by a five-membered ring124 and also by better overlap
of the lone pairs of electrons on the iodine atom with
the π-orbitals of the benzene ring in 173.11,295 The
greater stability of heterocyclic iodanes enables the
isolation of otherwise unstable iodine(III) derivatives
with I-Br, I-N3, I-CN, I-OOR, and other bonds.
The most important and best investigated hetero-

cyclic iodane is 1-hydroxy-1,2-benziodoxol-3(1H)-one
(180)sthe cyclic tautomer of 2-iodosylbenzoic acid
(179). The tautomeric form 180 gives the best

representation for the actual structure of this com-
pound, as indicated by its unusually low acidity (pKa
7.25 against 2.85 for the hypothetical 2-iodosylben-
zoic acid (179)) and confirmed by X-ray analysis of
180 in the crystalline state.294a The I-O bond
distance of 2.3 Å in the five-membered ring of 180 is
significantly longer than the computed covalent I-O
bond length of 1.99 Å, which indicates the highly
ionic nature of this bond.

In the case of 4-alkyl-2-iodosylbenzoic acids both
structural forms 181 and 182 (eq 94) can be isolated
as individual compounds.299

1-Hydroxy-1,2-benziodoxol-3(1H)-one (180) is com-
mercially available or can be easily prepared by direct
oxidation of 2-iodobenzoic acid or by basic hydrolysis
of the respective iododichloride.299,300 In the last 10
years benziodoxole 180 and its derivatives have
attracted considerable research interest due to their
excellent catalytic activity in the cleavage of toxic
phosphates and reactive esters.299,301-303 This activity
is explained by a pronounced O-nucleophilicity of the
benziodoxole anion 183 due to the R-effect. Spectral
and kinetic mechanistic studies indicate that the
highly unstable iodoxole derivatives, such as phos-
phate 185, are the reactive intermediates in the
catalytic cleavage of phosphates, as shown for the
catalytic hydrolysis of a typical substrate 184 (Scheme
6).302,303

To prove this mechanism, Moss and co-workers
have generated 185 in a DMSO-d6 solution from
chloride 186 and silver diphenyl phosphate, and
investigated its NMR spectra and chemical reactions
in situ (Scheme 7).303 In particular, phosphate 185
in a DMSO solution is extremely sensitive to water,
and instantaneously reacts with methanol, acetic

Scheme 6
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acid, or tert-butyl peroxide to afford the appropriate
products of nucleophilic substitution (187-189).
Attempts to isolate phosphate 185 as a stable

compound were unsuccessful; however, some other
derivatives of strong acids, such as sulfonates 190,
are sufficiently stable and can be isolated as crystal-
line, moderately hygroscopic compounds (eq 95).304

Like the other iodine(III) derivatives of strong acids
(see Section III.D), sulfonates 190 are highly reactive
toward unsaturated organic substrates and other
carbon nucleophiles. As a representative example,
mesylate 191 reacts with cyanotrimethylsilane with
the formation of the cyanoiodonium salt 192 (eq 96),
while the analogous reaction of triflate 193 with bis-
(trimethylsilyl)acetylene affords alkynyliodonium salt
194 (eq 97).304

The stabilization effect due to the incorporation of
the hypervalent iodine into a five-membered hetero-
cycle made possible the isolation of several otherwise
unstable iodine(III) derivatives. Bromoiodanes 64
and 66 (eqs 40 and 41; see Section III.B.3) represent
typical examples of such a stabilization. Recently
Ochiai and co-workers reported the preparation,
X-ray structural investigation, and some chemical
properties of (alkylperoxy)iodoxols 195 and 197 (eqs
98 and 99).296,297 tert-Butylperoxyiodoxol 195 was
prepared in high yield by treatment of benziodoxole
180 with tert-butyl hydroperoxide (eq 98),296 while
compound 197 was formed in an unusual reaction of
180 with silylated acetylene 196 in the presence of
BF3‚Et2O (eq 99).297

Both peroxides 195 and 197 are stable, crystalline
products which can be stored at room temperature
indefinitely. Peroxyiodane 195 is a strong oxidizer
toward a variety of organic substrates, such as
alkenes, organic sulfides, selenides, and phosphines.296
Azidoiodanes 198, 199, and 201 can be synthesized

in one step by the reaction of iodoxoles 180 and 200
with trimethylsilyl azide in dichloromethane (eqs
100-102).305
All three azides (198, 199, and 201) are thermally

stable, nonexplosive crystalline solids; the molecular

Scheme 7
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structure of compound 201 was confirmed by X-ray
analysis.298 These compounds are potentially useful
reagents for direct azidonation of various organic
substrates under free-radical conditions (see Section
III.F.3).
The analogous cyanobenziodoxoles are prepared by

treatment of benziodoxoles 180 and 200 with cyano-
trimethylsilane and can serve as useful cyanating
reagents (see Section IV.A).

F. Derivatives with I −N Bonds
Iodanes with I-N bonds are generally less common

than those with I-O bonds. Most of these com-
pounds lack stability and are sensitive to moisture.
In addition to the previously discussed benziodazoles
174 and benziodathiazoles 175 (see Section III.E),
four more structural types of iodine(III) derivatives
with one carbon ligand and one or two I-N bonds
are known (structures 202-205).

The first two structures (202 and 203) are amido-
iodanes, the third (204) is an imidoiodane, an ana-
logue of iodosylarenes, and the fourth (205) is an
azide. One more representative, isocyanate PhI-
(NCO)OTf lacks stability, but may be generated from
PhIO and appropriate trimethylsilyl derivatives (eq
2, see Section III.A.1).59

1. Amidoiodanes
The only known amidoiodanes with two N-ligands

at iodine (202) are derivatives of cyclic imides, such
as phthalimide, succinimide, glutarimide, and sac-
charine.306,307 For example, the thermally stable, but
water-sensitive, bis(phthalimidate) 206 can be pre-
pared by the treatment of [bis(trifluoroacetoxy)iodo]-
benzene with potassium phthalimidate in acetonitrile
(eq 103).306

Amidoiodanes bearing oneN-ligand at iodine (203)
are plausible intermediates in the Hofmann-type
degradation of amides with [bis(acyloxy)iodo]arenes
or [hydroxy(tosyloxy)iodo]benzene (see Section II-
I.D.1).259 In most cases, these intermediates are
highly unstable and instantaneously rearrange at
room temperature with loss of iodobenzene to give
isocyanates. However,N-phenyliodonio carboxamide
tosylates 207 can be isolated as relatively stable,
crystalline products in the reaction of [methoxy-
(tosyloxy)iodo]benzene (155) with amides (eq 104).261

Koser and co-workers have investigated some
chemical reactions of amidoiodane 208 (Scheme 8).

In particular, it decomposes in a CDCl3 solution
under anhydrous conditions at room temperature
with the formation of benzyl isocyanate or gives the
ammonium salt upon decomposition in the presence
of water. Concentrated hydrochloric acid converts
compound 208 to dichloroiodobenzene and the re-
spective amide.261
Amidoiodanes 207 react with organic sulfides to

afford amidosulfonium tosylates 209 in good yield (eq
105).278

The unstable amidoiodanes 210 can be generated
by the reaction of BTI with N-methoxyamides (eq
106).279

Scheme 8

1144 Chemical Reviews, 1996, Vol. 96, No. 3 Stang and Zhdankin



These species (210) react with arenes in situ to
afford the respective N-aryl-N-methoxyamides in
high yield.279

2. Iminoiodanes
Iminoiodanes, ArIdNR, are formal analogues of

iodosylbenzene. Several examples of [imino(iodo)]-
arenes were reported in the literaturesN-tosyl-,308,309
N-(methylsulfonyl)oxy-,310 and N-(trifluoroacetyl)- de-
rivatives.311 All known iminoiodanes were prepared
by the reaction of (diacetoxyiodo)arenes with the
respective amides under basic conditions. For ex-
ample, the N-trifluoroacetyl derivative 211 precipi-
tates from a basic methanolic solution of the amide
and DIB at -40 °C (eq 107).311

N-(Trifluoroacetyl)iminoiodane 211 and N-(meth-
ylsulfonyl)iminoiodanes are relatively unstable and
explosive; however, the tosylate derivatives are stable,
crystalline compounds which can be stored for ex-
tended periods.
Single-crystal X-ray structural data have recently

been reported for severalN-tosyliminoiodanes, namely,
PhIdNTs,309 2,4,6-Me3C6H2IdNTs,309 and 2-MeC6-
H4IdNTs.312 Similar to iodosylarenes (structure 6,
see Section III.A.), iminoiodanes have a linear poly-
meric, asymmetrically bridged structure with the
expected T-shaped geometry around the iodine cen-
ters. In the case of PhINTs, the monomeric units are
bridged by I-N interactions (structure 212), while
in the more sterically hindered 2,4,6-Me3C6H2INTs
the bridging atom is the oxygen of the tosyl group
(structure 213).309 The structure of 2-MeC6H4IdNTs
is intermediate between the structures 212 and
213: it can form two different polymorphic modifica-
tions, one with nitrogen and the second with oxygen
as the bridging atom in the polymeric chain.312 A
polymeric, nitrogen-bridged structure was deter-
mined for amorphous 4-MeC6H4IdNTs by X-ray
powder diffraction and EXAFS analyses.43

The intramolecular I-N distance of 2.01-2.04 Å
in N-tosyliminoiodanes is consistent with a single
bond and the structures are probably best repre-
sented by resonance forms 214b and 214c with the
positive charge at iodine and the negative charge at
the oxygens.

[[N-(p-Tolylsulfonyl)imino]iodo]benzene (212) has
recently found some synthetic application mainly as
a nitrene precursor in various reactions.311,313-320

Mansuy and co-workers first described the aziridi-
nation of alkenes with iminoiodane 212 in the pres-
ence of iron- or manganese porphyrins. This reaction
has a mechanism similar to the metal-catalyzed
oxygen atom transfer reactions of iodosylbenzene (see
Section III.A.2) and involves a metal-nitrene com-
plex as the intermediate; however, the stereochemical
result of aziridination is usually different from ep-
oxidation of alkenes with PhIO. For example, the
aziridination of both cis- or trans-stilbenes gives
exclusively the same trans-diphenylaziridine 215 (eq
108), while the epoxidation of cis-stilbene under
similar conditions is a stereospecific syn-addition.311

Evans and co-workers have further investigated
the aziridination of alkenes using copper salts as
catalysts.313-315 Both electron-rich and electron-
deficient alkenes react with iminoiodane 212 in the
presence of copper(I) perchlorate or copper(II) acetyl-
acetonate in acetonitrile at room temperature to
afford the respective aziridines in yields ranging
between 55 and 95%.313 The stereochemical result
of these reactions varies depending both on the
nature of the alkene and the copper catalyst em-
ployed. For example, the aziridination of cis-â-
methylstyrene with 212 in the presence of Cu(ClO4)2
gives exclusively the cis-aziridine, while the same
reaction catalyzed by CuBr2 affords predominantly
the trans-adduct. In general, the reactions of un-
functionalized alkyl substituted alkenes in the pres-
ence of an appropriate copper catalyst proceed as a
stereospecific syn-addition, which supports the con-
certed mechanism for the aziridination.314,315
Under similar conditions, silyl enol ethers react

with iminoiodane 212 in the presence of copper(I)
perchlorate to afford R-tosylamino ketones 216 in
good yield (eq 109).313,314
Reactions of iminoiodane 212with alkenes can also

be catalyzed by Lewis acids, such as boron trifluoride.
Reaction of polycyclic triene 217 with reagent 212
in the presence of BF3-etherate affords products 218
and 219 (eq 110), the structures of which were
determined by X-ray analysis.321,322 The formation
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of products of skeletal rearrangement under these
conditions supports the carbocationic mechanism of
the reaction.

Trialkylboranes 220 react with iminoiodane 212 to
give tosylamines 221 in good to excellent yields (eq
111).323

3. Azidoiodanes
Azidoiodanes, PhI(N3)X (X ) OAc, Cl, OTMS, etc.)

or PhI(N3)2, were proposed as reactive intermediates
in the widely used azidonation reactions involving the
combination of PhIO or PhI(OAc)2 with trimethylsilyl
azide or NaN3.324-337 Attempts to isolate these
intermediates always resulted in fast decomposition
at -25 to 0 °C with the formation of iodobenzene and
dinitrogen; however, low-temperature spectroscopy
and the subsequent chemical reactions in situ pro-
vided some experimental evidence toward the exist-
ence of these species.
The first systematic study of the structure and

reactivity of the unstable, acyclic azidoiodanes was
attempted by Zbiral and co-workers in the early
1970s.324,325 In particular, the IR spectroscopic mea-
surements at -60 to 0 °C indicated the existence of
PhI(OAc)2-n(N3)n species in the mixture of PhI(OAc)2
with trimethylsilyl azide.324 Interestingly, the ab-
sorption band of 2040 cm-1 for the azido group in
PhI(OAc)2-n(N3)n is very close to the absorption
stretch of 2046-2048 cm-1 in the stable, heterocyclic
azidoiodanes 198 and 201 (eqs 100 and 102; see
Section III.E).
The structure of the heterocyclic azidoiodane 201

was unambiguously established by a single-crystal
X-ray analysis.298 The structural data revealed the
expected hypervalent iodine, distorted T-shaped ge-
ometry, with the N1-I-O bond angle of 169.5(2)
degrees. The lengths of the bonds to the iodine atom,
I-N (2.18 Å), I-O (2.13 Å), and I-C (2.11 Å), all have
similar values, and generally are within the range

of typical single covalent bonds in organic derivatives
of polyvalent iodine. For example, the endocyclic
I-N bond length in benziodazoles 174 is 2.06-2.14
Å,289 while the I-O bond length in benziodoxoles 173
varies in a wide range from 2.11 Å to 2.48 Å (see
Section III.E).

The unstable and highly reactive azidoiodanes
generated in situ from PhIO/TMSN3, PhI(OAc)2/
NaN3, or PhI(OAc)2/TMSN3 have found some practi-
cal application as efficient reagents for the introduc-
tion of the azido function into organic mole-
cules.50-56,324-337 Zbiral and co-workers first inves-
tigated the reactions of the PhI(OAc)2/TMSN3 system
with alkenes leading to diazides, R-azido ketones, or
nitriles.324,325 Later, Moriarty and co-workers devel-
oped a convenient experimental procedure for the
preparation of vicinal diazides 222 from alkenes by
reaction with PhIO/NaN3 in acetic acid (eq 112).326

This reaction (eq 112) has predominantly anti-
stereoselectivity; in several cases R-azido ketones
were isolated as byproducts.326 Steroids 223 under
the same conditions gave exclusively allylic azides
224 (eq 113).327

Ochiai and co-workers developed a simple method
for the synthesis of allyl azides 226 from allyltri-
methylsilanes 225 utilizing the PhIO/TMSN3/BF3‚
Et2O combination (eq 114).54
Treatment of â-dicarbonyl compounds 227 with

PhIO/TMSN3 in chloroform at reflux affords azides
228 in moderate to good yield (eq 115).55 Under
similar conditions, 2-(trimethylsiloxy)furan gives
azidofuranone 229 as the main product (eq 116).56
Aromatic compounds, such as anisoles and alkyl-

benzenes, can be azidated in the ring by treatment
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with PhI(OCOCF3)2/TMSN3 in hexafluoropropanol.328
This reaction does not involve azidoiodanes as reac-
tive intermediates, but proceeds via cation radicals
generated by single-electron transfer from a charge-
transfer complex of the aromatic substrate with PhI-
(OCOCF3)2.329 However, it is possible to change the
course of this reaction by using acetonitrile instead
of hexafluoropropanol as a solvent. Treatment of
p-alkylanisols 230with PhI(OCOCF3)2/TMSN3 under
these conditions affords arylalkyl azides 231 in
reasonable yields (eq 117).330

Kita and co-workers proposed a free-radical mech-
anism for this reaction (eq 117) involving the initial
formation of azidoiodane 232 and its subsequent
homolytic decomposition (Scheme 9).330 Additional

experimental evidence supporting the generation of
azide radicals in the thermal decomposition of azi-
doiodanes formed from PhI(OAc)2/NaN3 was reported
by Fontana and co-workers.331
Alkenes react with PhI(OAc)2/TMSN3 in the pres-

ence of diphenyl diselenide to produce vicinal azido
selenides 233 in good yield (eq 118).332 This azido-
phenylselenation reaction proceeds with complete
anti-Markovnikov regioselectivity, which can be ex-

plained by assuming that the addition process is
initiated by the azido radicals.

The anti-Markovnikov azido-phenylselenation of
protected galactals 234 under similar conditions
proceeds as a stereospecific anti-addition to afford
exclusively R-galacto isomer 235 (eq 119), while the
analogous glucals 236 give both products of anti- and
syn-addition (237 and 238) (eq 120).333

Recently Magnus and co-workers reported several
new, synthetically useful azidonations with the PhIO/
TMSN3 combination, which presumably serves as the
source of nonisolable azidoiodanes PhI(N3)2 or PhI-
(N3)OTMS.50-53,334-336 Various triisopropylsilyl enol
ethers 239 react with this reagent at -15 to -18 °C
to give the â-azido adducts (240) in excellent yields
(eq 121).52,53

While examining the scope of the â-azidonation of
triisopropylsilyl enol ethers, Magnus and co-workers
found a dramatic effect of temperature on this
reaction. The same reaction of silyl ether 239 with
PhIO/TMSN3 at lower temperatures (-78 °C) gave
vicinal trans-diazide 241 as the major product.52,53
Further examination of this reaction revealed that
the addition of catalytic amounts of the stable radical
TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl) can
be used to increase the yield of vicinal diazides (eq
122).335 The effect of TEMPO on the outcome of this
reaction (eqs 121 and 122) was explained by the
change of the mechanism from ionic dehydrogenation

Scheme 9
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to a radical addition process in the presence of
TEMPO.335

N,N-Dimethylarylamines 242 are cleanly converted
into azidomethylene derivatives 243 with the PhIO/
TMSN3 reagent combination (eq 123).51

Amides, carbamates, and ureas can also be R-azi-
dated under similar conditions; however, the yields
of azides in this case are generally lower.50,336 For
example, the piperidine derivatives 244 are converted
to the azides 245 at -40 to -25 °C in only moderate
yield (eq 124) with some starting material remaining
in the reaction mixture.

Raising the temperature in this reaction (eq 124)
above -20 °C leads to even lower yields of products
due to the rapid destruction of the intermediate
azidoiodanes. The problem of instability of the
reactive intermediates in azidonation reactions can
be overcome by the use of more stable azidoiodanes,
such as azidobenziodoxoles (198 and 201). Magnus
and co-workers first reported that the 2-iodosylben-
zoic acid/TMSN3 combination can be used as an
azidating reagent even under reflux conditions in
CH2Cl2 due to the greater stability of the reactive
intermediates. Carrying out azidonations with 2-io-
dosylbenzoic acid/TMSN3 at higher temperatures
generally leads to a significant improvement of the
yield of azidonation products in the reactions of
amides and other deactivated substrates.50
The thermally stable azidobenziodoxoles 198 and

201 are especially useful reagents for the azidonation
of generally unreactive substrates. These reagents
at high temperatures can even be applied to polycy-
clic hydrocarbons. Norbornane (246) reacts with
azidoiodane 198 in the presence of a radical initiator
to afford exo-2-azidonorbornane (247) as the principal
product (eq 125).338 Similar reactions of adamantane
(248) and 1,3-dimethyladamantane (250) with re-
agents 198 or 201 afford the respective tertiary
azidoadamantanes 249 and 251 in good yield (eq
126).338

G. Derivatives with Other Iodine −Element Bonds
The overwhelming majority of the known organic

compounds of polyvalent iodine have halogen, oxygen,
or nitrogen attached to the organoiodine fragment.
To our knowledge, the only other elements, which can
form relatively stable organoiodine derivatives are
boron in the carborane ligand and divalent sulfur.
Carboranyl(aryl)iodonium derivatives having one

I-C and one I-B bond are generally very similar to
diaryl iodonium salts. The preparation and chem-
istry of carboranyliodonium salts was recently re-
viewed by Grushin.339
No organoiodine derivative ArIX2 with an I-S bond

was isolated as a stable compound. However, such
species were proposed as reactive intermediates in
several reactions.13,135,340 In a recent example, Kita
and co-workers generated bis(arylthio)iodobenzene
253 from 2,3,5,6-tetrafluorothiophenol 252 and DIB
(67) in pyridine at room temperature. A sequential
reaction of 253 with alkynes afforded 1,2-bis(aryl-
thio)ethenes 254 as a mixture of (E) and (Z)-isomers
(eq 127).340

Only electron-deficient thiophenol 252 can form a
relatively stable iodine(III) derivative, while a similar

1148 Chemical Reviews, 1996, Vol. 96, No. 3 Stang and Zhdankin



reaction of DIB with nonsubstituted PhSH affords
only diphenyl disulfide.340 The recently reported
direct sulfenylation of phenol ethers using PhI-
(OCOCF3)2/ArSH in hexafluoropropanol does not
involve bis(arylthio)iodobenzene, but proceeds via a
nucleophilic attack of thiophenol on a cation radical
intermediate.341a

A number of stable iodonium salts, Ar2IX, with a
sulfur ligand X are also known.341b,c

H. Iodine(III) Species with One sp 3-Carbon Ligand

Derivatives of polyvalent iodine with an alkyl (R)
substituent at iodine, RIX2, generally are highly
unstable and can exist only as short-lived reactive
intermediates in the oxidations of alkyl iodides. For
example, the low-temperature reaction of iodomethane
with chlorine results in the formation of a yellow
precipitate of (dichloroiodo)methane which rapidly
decomposes above -28 °C.5 However, the introduc-
tion of an electron-withdrawing substituent, such as
perfluoroalkyl- or sulfonyl- groups, into the alkyl
moiety leads to a significant stabilization of the
molecule. For example, 1-(dichloroiodo)-1H,1H-per-
fluoroalkanes, RfCH2ICl2,342,343 and (dichloroiodo)-
methyl sulfones, RSO2CH2ICl2,344 are known, stable
representatives of this structural type. A higher
thermal stability was also reported for cis-iodosyl-
cyclopropanecarboxylic acid, in which the trivalent
iodine is stabilized due to incorporation into a five-
membered ring.345

1. Alkyl Iodosyl Derivatives as Intermediates in the
Oxidation of Alkyl Iodides

Alkyl iodides can be readily oxidized with a variety
of oxidizing agents to afford either products of
elimination, or the products of oxidatively assisted
nucleophilic substitution of iodine. Both pathways
involve alkyl iodosyl derivatives as reactive interme-
diates. The elimination pathway generally occurs in
reactions of alkyliodides with peracids in a nonnu-
cleophilic solvent, such as dichloromethane.346-348

Reich and Peake first demonstrated that the elimi-
nation proceeds with syn-stereochemistry and have
also proposed iodosylalkanes as reactive intermedi-
ates in this reaction.346 Recently, the Reich iodosyl
syn-elimination was used in several syntheses as a
very mild and selective alternative elimination method
to the standard selenoxide and sulfoxide protocols.
Knapp and co-workers applied iodosyl elimination to
prepare unsaturated oxazolidinone 257 (eq 128), the
key intermediate in the synthesis of valienamine.347
This reaction proceeds via oxidation of starting iodide
255 to the intermediate iodosyl compound 256, which
spontaneously eliminates HOI to afford product 257.
Kim and Fuchs applied the Reich iodosyl syn-

elimination for the preparation of intermediate ste-
roidal units of cephalostatin 7.348

The second pathway of oxidative deiodination of
alkyliodides involves nucleophilic substitution of the
oxidized iodine moiety. In fact, functionalities con-
taining polyvalent iodine (e.g. -IX2) are among the
best leaving groups.349 For example, the normally
unreactive 1-iodonorbornane can be readily trans-
formed into 1-bromonorbornane by reaction with

bromine via SN1 substitution in the intermediate
RIBr2.349 Recently, Della and Head developed a
convenient procedure for the preparation of bridge-
head fluorides 260 by the analogous fluorodeiodina-
tion of 1-iodonorbornanes 258 and other bridgehead
iodides by reaction with xenon difluoride (eq 129).350
A plausible mechanism of this reaction involves the
intermediate formation of unstable difluoroiodides
259 and its subsequent decomposition by an SN1
mechanism.

Even very weak nucleophiles, such as perchlorate
and triflate anions, can participate in the oxidatively
assisted nucleophilic substitution of iodine.351-353

Oxidation of alkyl iodides 261 in the presence of
lithium perchlorate or tetrabutylammonium sul-
fonates in nonnucleophilic solvents affords the re-
spective alkyl perchlorates or sulfonates 262 as
principal products (eq 130).256

The oxidatively assisted nucleophilic substitution
of iodine with perchlorate anion in primary and
secondary substrates most likely has an SN2 mech-
anism as indicated by the stereochemistry of this
reaction in the polycyclic substrates 263 (eq 131).353
Treatment of alkyl iodides with peracids in the

presence of water results in oxidatively assisted
hydrolysis and the formation of alcohols.346 This
reaction can be applied as a useful synthetic method
for the mild hydrolysis of iodides; for example, iodide
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265 undergoes facile stereospecific hydrolysis to the
protected amino alcohol 266 under neutral conditions
upon exposure to 10 equiv of buffered peroxytrifluo-
roacetic acid (eq 132).354

Similar to the oxidatively assisted nucleophilic
substitution of iodine with perchlorate anion (eq 131),
the oxidatively assisted hydrolysis of alkyl iodides (eq
132) results in a complete inversion of configuration,
which indicates an SN2 mechanism of substitution
in the iodine(III) intermediate in this reaction.

2. Stable Alkyl and Fluoroalkyl Iodosyl Derivatives
The thermal stability of alkyliodosyl derivatives

can be substantially increased by steric or electronic
modification of the alkyl moiety preventing decom-
position of the molecule by either elimination or
nucleophilic substitution pathways. A typical ex-
ample of such a stabilization due to structural
features is illustrated by the preparation of 4-(iodo-
syl)tricyclene derivatives by Morris and co-work-
ers.355,356 Difluoride 268 was prepared in the form
of a pale yellow solid by treatment of a solution of
4-iodotricyclene 267 in carbon tetrachloride with an
excess of xenon difluoride followed by removal of
solvent (eq 133).356

Similarly, reaction of 4-iodotricyclene with m-
CPBA affords the respective 4-[bis-[(m-chloro-
benzoyl)oxy]iodo]tricyclene as a stable, microcrystal-
line compound.355
Historically, the first example of a stable alkylio-

dosyl derivative was represented by (dichloroiodo)-
methyl sulfones, RSO2CH2ICl2, the stability of which

was explained by the strong electron-withdrawing
properties of the sulfonyl group combined with its
bulk.344 More recent examples of alkyliodosyl deriva-
tives, stabilized due to electron-withdrawing substit-
uents, include the derivatives of 1-iodo-1H,1H-
perfluoroalkanes, RfCH2IX2,342,343,357-360 and 1-iodo-
perfluoroalkanes, RfIX2.361-366

Four types of derivatives of 1-iodo-1H,1H-perfluo-
roalkanes are known: bis(trifluoroacetates) RfCH2I-
(CO2CF3)2,357-359 difluorides RfCH2IF2,358 dichlorides
RfCH2ICl2,342,343 and hydroxysulfonates, RfCH2I(OH)-
OSO2R.360 Bis(trifluoroacetates) 270 are prepared in
almost quantitative yield by the oxidation of 1-iodo-
1H,1H-perfluoroalkanes 269 with peroxytrifluoro-
acetic acid (eq 134).357,359

Trifluoroacetates 270 can be converted to sul-
fonates 271 and 272 (eq 135) by treatment with
p-toluenesulfonic or methanesulfonic acid, respec-
tively.360 In contrast to the starting trifluoroacetates
270, sulfonates 271 and 272 have a substantially
higher thermal stability with a melting point at about
124 °C without decomposition. Both tosylate 271 and
mesylate 272 are not water sensitive, can be purified
by crystallization from acetonitrile, and can be stored
for several months in a refrigerator. The analogous
triflate 273 was prepared in a 70% yield by the
reaction of trifluoroacetate 270 with trimethylsilyl
triflate in dichloromethane (eq 135) and isolated as
a colorless, stable, nonhygroscopic solid.360

The reactivity pattern of sulfonates 271-273 is
analogous to Koser’s reagent, PhI(OH)OTs. Similar
to its phenyl-substituted analogue, compound 271 is
highly reactive toward electron-rich organic sub-
strates, such as silyl enol ethers. Reactions of
tosylate 271 with silyl enol ethers of acetophenone
and cyclohexanone afford R-tosyloxy ketones 274 (eq
136) and 275 (eq 137) as major products.360

1150 Chemical Reviews, 1996, Vol. 96, No. 3 Stang and Zhdankin



Triflate 273 can serve as a convenient precursor
to trifluoroethyl(aryl)iodonium salts by reaction with
trimethylsilylarenes under very mild conditions (see
Section IV.E).360,367
Montanari and DesMarteau recently reported the

synthesis of stable 1-(dichloroiodo)-1H,1H-perfluoro-
alkanes 277 by the direct chlorination of the respec-
tive iodides 276 (eq 138).342,343

Dichlorides 277 show low sensitivity to moisture
or light and can be stored for two to three weeks at
room temperature in the dark. Treatment of chlo-
rides 277 with silver trifluoroacetate affords the
respective bis(trifluoroacetates) 278 in good yield (eq
139).342,343

Like the analogous (dichloroiodo)benzene (see Sec-
tion III.B.2), dichlorides 277 are effective chlorinating
reagents. They convert unhindered alkenes into the
respective vicinal dichlorides with syn stereochem-
istry; â-diketones and â-keto esters are also readily
chlorinated by these reagents at room temperature
in chloroform.343
Another important structural class of stable alkyl-

iodosyl compounds is represented by the derivatives
of 1-iodosylperfluoroalkanes, RfIX2.361-366 Four types
of these compounds are known: difluorides RfIF2,74,366
bis(trifluoroacetates) RfI(CO2CF3)2,361,372 hydroxy sul-
fonates RfI(OH)OSO2R,363-365 and iodosylperfluoro-
alkanes RfIO.74,367
Bis(trifluoroacetates), RfI(CO2CF3)2, were original-

ly prepared by Yagupolskii and co-workers in almost
quantitative yield by oxidation of 1-iodoperfluoro-
alkanes with peroxytrifluoroacetic acid.361 These
compounds have found practical application for the
preparation of perfluoroalkyl(phenyl)iodonium salts,
which are used as electrophilic fluoroalkylating re-
agents (FITS reagents).368 Bis(trifluoroacetates) 279
can be converted to difluorides RfIF2 by reaction with
SF4, or hydrolyzed to iodosylperfluoroalkanes 280 (eq
140).74,367

Iodosylperfluoroalkanes 280 are yellow, amorphous
solids, insoluble in water and common organic sol-
vents, which is most likely explained by a polymeric
structure similar to iodosylbenzene. Similar to io-
dosylbenzene, they can be used for the preparation
of iodonium salts; however, their low thermal stabil-
ity restricts their practical application.367

[Hydroxy(sulfonyloxy)iodo]perfluoroalkanes 281 and
282 are conveniently prepared by treatment of tri-
fluoroacetates 279 with methanesulfonic acid or with
the monohydrate of p-toluenesulfonic acid in aceto-
nitrile (eq 141).363-365

In contrast to the starting trifluoroacetates 279,
products 281 and 282 have substantially higher
thermal stability. These compounds are not water
sensitive, can be purified by crystallization from
acetonitrile, and can be stored indefinitely at room
temperature. The analogous triflates can be pre-
pared in high yields by the reaction of trifluoro-
acetates 279 with trimethylsilyltriflate in trifluoro-
acetic acid and isolated as white, hygroscopic solids.
[Hydroxy(sulfonyloxy)iodo]perfluoroalkanes 281 and
282 are useful reagents for the preparation of per-
fluoroalkyl(aryl)iodonium sulfonates by the reaction
with arylsilanes (see Section IV.E).363-365

A new, interesting example of a stable aliphatic
iodosyl compound, cis-iodosylcyclopropanecarboxylic
acid 284, was reported by Moss and co-workers.345
This moderately stable, but hygroscopic product is
best prepared by oxidation of cis-iodosylcyclopro-
panecarboxylic acid (283) with peracetic acid (eq
142).345

IV. Derivatives of Iodine(III) with Two Carbon
Ligands
According to conventional classification iodonium

salts are defined as positively charged 8-I-2 species
with two carbon ligands and a negatively charged
counter ion, R2I+ X-. A large variety of such com-
pounds are known and an overwhelming majority of
them have at least one aryl group as a ligand. The
most common and well investigated class of these
compounds are diaryliodonium salts, known for over
100 years and extensively covered in previous
reviews.5-8,11 In the last 10-15 years several new
structural classes of iodonium species have been
synthesized, most important of these are the aryl-
iodonium derivatives bearing cyano-, alkynyl-, alk-
enyl-, or fluoroalkyl groups as the second ligand.

A. Cyanoiodonium Salts
Three structural types of cyanoiodanes are

known (dicyano)iodonium triflate, (CN)2IOTf,369,370
[cyano[(organosulfonyl)oxy]iodo]arenes, ArI(CN)OS-
O2R,59,151,371 and 1-cyanobenziodoxoles.304,372 (Di-
cyano)iodonium triflate 286 can be prepared by the
reaction of iodosyl triflate 285 with cyanotrimethyl-
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silane in methylene chloride (eq 143). Crystalline
286 is thermally unstable and air sensitive; it com-
pletely decomposes at room temperature in 2-5 min
with the formation of cyanogen iodine, ICN, and
explodes when exposed to air. However, it can be
stored at -20 °C under nitrogen for several days.369

Despite its high instability, cyanide 286 can be
used in situ for the very mild and efficient prepara-
tion of various bis(heteroaryl)iodonium salts by an
iodonium transfer reaction with the respective stan-
nylated heteroarenes (see Section IV.D.1).369
[Cyano[(organosulfonyl)oxy]iodo]arenes 287 and

289 are generally prepared by reactions of iodosyl-
benzene or bis(trifluoroacetates) 288 with trimeth-
ylsilyl triflate and cyanotrimethylsilane (eqs 144 and
145). Cyanides 289 are relatively stable, white
microcrystalline solids that decompose over several
days at room temperature, but may be stored for
extended periods in a refrigerator without change.59,151

Recently, phenyl(cyano)iodonium triflate 287 has
found practical application as especially useful iodo-
nium-transfer reagent in the synthesis of various
alkynyliodonium and alkenyliodonium salts (see Sec-
tions IV.B and C).
Cyanobenziodoxoles 290, 291, and 293 represent

the most stable structural type of cyanoiodanes.
Compounds 290 and 291 can be prepared in one step
by the reaction of cyanotrimethylsilane with the
respective 1-hydroxybenziodoxoles 180 or 65 (eq 146),
while cyanoiodane 293 is best prepared starting from
triflate 292, which in turn is easily synthesized from
trimethylsilyl triflate and the appropriate benzio-
doxole (eq 147).372

All three adducts (290, 291, and 293) were isolated
as thermally stable white, microcrystalline solids.
The structure of heterocyclic cyanoiodane 293 was

unambiguously established by a single-crystal X-ray
analysis.373 The structural data revealed a distorted
T-shaped geometry expected for hypervalent iodine
with a NC-I-O bond angle of 169.5°. The lengths
of the bonds to the iodine atom, I-CN (2.167 Å), I-O
(2.117 Å), and I-Ph (2.112 Å), all have similar values
and generally are within the range of typical single
covalent bond lengths in organic derivatives of poly-
valent iodine. However, the endocyclic I-O bond in
293 is significantly shorter than usual in C-substi-
tuted benziodoxole derivatives, while the I-CN bond
is slightly longer.
The reactivity pattern of cyanobenziodoxoles is

different from cyanoiodonium salts 286 and 289. In
particular, cyanobenziodoxoles 290, 291, and 293
generally do not react as iodonium transfer reagents,
but serve as efficient cyanating reagents. For ex-
ample, cyanobenziodoxole 290 reacts with N,N-di-
methylanilines (294) in dichloroethane at reflux to
afford the respective N-(cyanomethyl)-N-methyl-
anilines (295) in excellent yields (eq 148).372

This reactivity pattern (eq 148) is similar to that
of azidoiodanes, which can serve as efficient azido-
nating reagents toward a variety of organic sub-
strates including N,N-dimethylanilines (see Section
III.F.3).

B. Alkynyliodonium Salts
Alkynyl(phenyl)iodonium salts 296 are relatively

recent members of the family of polyvalent organic
iodine species.11,24,25 Beringer and Galton374 first
attempted to prepare these salts via interaction of
PhICl2 with lithium phenylacetylide (eq 149). How-

ever, due to the relative nucleophilicity of the chloride
counterion in 296, it decomposed in a few hours at
room temperature into 1:1 mixture of iodobenzene
and phenyl chloroacetylene. Merkushev and co-
workers168 reported the formation of the crystalline,
stable, albeit hygroscopic, species 297 but character-
ized it only by its infrared absorption and hydrolysis
product 298 (eq 150).
The first235 preparation of fully characterized,

stable alkynyliodonium salts was Koser and co-
workers’ report243-245 of the formation of tosylates 296
(X ) OTs) via the interaction of HTIB with terminal
alkynes (eq 72, see Section III.D.1) in the early 1980s.
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From then on this area developed rapidly and
alkynyl(phenyl)iodonium salts 296 have become “elec-
trophilic acetylene” equivalents par excellence.

1. Preparation, Structure, and Properties
An improved, modified375,376 variant of Koser’s

procedure allows the preparation of alkynyliodonium
tosylates in better yields. However, the most efficient
and common way of preparing60-68,377-380 alkynyl-
iodonium salts 296 is interaction of a sila- or stan-
naacetylene with an electrophilic iodine reagent. Key
reagents are PhIO, HTIB, the µ-oxo-bridged species
9 and the cyano(phenyl)iodonium triflate 287.
Interaction of a large variety of â-functionalized

alkynylstannanes381,382 with 287 provides ready ac-
cess to diverse â-functionalized alkynyliodonium salts
299 (eq 151) in 42-89% isolated yields.66 This

procedure allows the preparation60,61 of the novel bis-
iodonium species 300 and 301 (eqs 152 and 153).

Likewise, this procedure is applicable to the synthe-
sis63 of both conjugated 302 (eq 154) and unconju-
gated 303 (eq 155) bisiodonium salts. Diynyl(phenyl)-

iodonium triflates 304 (eq 156) have also been
prepared68 by the use of 287. In contrast, reaction
of either 9 or activated PhIO with silaacetylenes

afford377-380 only â-alkyl- or aryl-substituted alkyn-
yliodonium salts 305 and 306 (eqs 157 and 158).

Heterocyclic alkynyliodonium species have been re-
ported. Reaction of silaalkynes with 180 in CH2Cl2
in the presence of BF3-etherate, followed by heating
in CH3OH at 60° affords295 the stable cyclic salts 307
(eq 159). Likewise, reaction of just terminal alkynes

with 176 in the presence of p-toluenesulfonic acid
gives291 the intramolecular, alkynyliodonium salts
308 (eq 160). Treatment of silaalkynes with 309

(prepared from PhIO + 2CF3SO3H) in CH3CN re-
sults383 in the bis-iodonium p-phenylene ditriflate 310
(eq 161). The preparation of dialkynyliodonium 311

salts has also been reported384 (eq 162).

Several X-ray molecular structure determina-
tions for alkynyliodonium salts have been
reported.66,247,295,378,384,385 The data are all consistent
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with the pseudo-trigonal bipyramidal, or T-shaped
geometry, of 8-I-2 species discussed in section II. In
all known cases the aryl group occupies an equatorial
positions whereas the alkynyl moiety and the coun-
terion occupy apical positions. The alkynyl-I bond
length is 2.0 ( 0.01 Å. The I-O distances vary from
2.34 to 2.69 Å. The Csp-I-O bond angles vary from
166° to 172° and the Csp2-I-Csp bond angles are
between 90° and 95°.
Alkynyliodonium salts 296 also have very charac-

teristic spectral features. They show weak IR ab-
sorption due to the CtC bond between 2120 and 2190
cm-1. Most diagnostic are the C-13 signals with the
CR resonances between 20 and 40 ppm (due to the
heavy atom effect of iodine) and the Câ resonances
between 110 and 120 ppm compared to the usual
acetylenic carbon signals of 60-90 ppm. The down-
field shift of the Câ signals is due to the resonance
induced electron deficiency by the I+Ar moiety:
RCtCsI+Ar T RC+dCdIAr. Likewise, the carbon
signals of the aromatic group in 296 are affected by
the iodonium moiety. Specifically, the ipso-carbon is
shifted upfield in the range of 110 ppm due again to
the heavy atom effect of the I atom, whereas the
remaining carbon signals are downfield shifted by
20-30 ppm compared to iodobenzene.
Pure alkynyliodonium salts are microcrystalline

solids soluble only in nonnucleophilic polar solvents,
the best being acetonitrile. Their stability is depend-
ent upon both the counterions and the â-substituent
on the alkyne. The less nucleophilic the counterion
the more stable the alkynyl iodonium species. Hence,
the order of stability of alkynyliodonium salts, as a
function of counter ion is approximately: CH3CO2

-

< C6H5CO2
- < Cl- < (RO)2PO2

- < CF3CO2
- <

CH3SO3
- = ArSO3

- < ClO4
- = BF4

- = CF3SO3
-.

Therefore, the most commonly used and stable spe-
cies are the alkynyliodonium triflates, tetrafluoro-
borates, and tosylates.
The parent ethynyliodonium salts and alkyl-

substituted ones are the most stable and may be
stored indefinitely as pure solids in a refrigerator.
The â-functionalized, 299, and bis-iodonium species
302 and 303 are somewhat less stable, but can be
isolated, fully characterized and stored cold (in pure
form) for several days. The stability of 304 and 311
are strongly dependent on the steric bulk of R, with
the bulkier R the most stable. The least stable
species is the 1,4-bis-iodonium butadiyne 301 that
rapidly decomposes above -20° and hence is best
used in situ.

2. Reactions and Uses

The inductive electron-withdrawing ability of io-
dine, as measured by the Taft inductive parameter,
is σI ) 0.39. In contrast σI ) 0.85 for -I(OAc)2, σI )
1.17 for -ICl2 and σI ) 1.24 for PhI+BF4

- (with
PhI+OTf- similar).386 The powerful inductive electron-
withdrawing ability of the iodonium moiety imparts
unique reactivity to alkynyliodonium salts 296.
Specifically, alkynyliodonium salts serve as electro-
philic acetylene equivalents in reactions with a wide
variety of nucleophiles, as well as excellent cyclo-
addition partners in Diels-Alder and 1,3-dipolar
cycloaddition processes.

Only “soft” nucleophiles react well with alkynyl-
iodonium salts 296; “hard” nucleophiles such as
simple enolates, alkoxides, alkyllithiums, etc., give
only decomposition products. Although the reasons
for these empirical observations are not yet under-
stood a possible rationalization may be that hard
nucleophiles attack directly on the positive iodine
moiety or react by some yet unknown process,
whereas soft nucleophiles react via an acetylene
addition-elimination process. In the case of “soft”
nucleophiles all available evidence indicates that the
first step of the reaction is a Michael addition to the
electron-deficient â-carbon to form an ylide 312
(Scheme 10).24 In the presence of a ready proton

source ylide 312may be protonated to yield the stable
vinyliodonium salt 313. In most cases ylide 312
undergoes loss of iodobenzene (analogous to loss of
N2 from diazonium ions) to give the well-known387,388
alkylidenecarbene 314 as an intermediate (Scheme
10). If either of the two â-substituents of 314 is an
atom or group with a high migratory aptitude, such
as a hydrogen, the alkylidenecarbene 314 undergoes
a rearrangement to the alkyne 315. As seen in
Scheme 10, the final result is a nucleophilic acety-
lenic substitution reaction (SN-A) via an addition-
elimination-rearrangement process. Alternatively,
if both the â-substituent R and the nucleophile Nu
are groups or atoms with a poor migratory aptitude,
such as a carbonyl, and in the absence of a viable
external trap, carbene 314 undergoes intramolecular
insertion into any available 1,5-carbon-hydrogen
bond resulting in a substituted cyclopentene 316 as
the final product. The exact product distribution
depends both on the specific reaction conditions and
the nucleophile employed.
The parent ethynyliodonium salt gives380 exclu-

sively rearranged (alkynylation) products 317 with
diverse â-dicarbonyl nucleophiles in yields of 63-78%
as illustrated in eq 163. Similarly, reaction of (2-
oxoazetidinyl)malonates 318 with alkynyliodonium
triflate 319 affords389 after workup the corresponding
ethynylmalonates 320 in 92% yield (eq 164). Reac-
tion of a variety of alkynyliodonium triflates with
2-aminomalonate 321 gave377 alkynylation products
322 in 33-95% yield (eq 165). Whereas, reaction of
alkynyliodonium salts, 324 substituted with an alkyl
group possessing a 1,5-C-H bond, with a range of
â-dicarbonyl enolates 323 result390 in the carbene
insertion derived cyclopentene products 325 (eq 166).
Bis-iodonium salts 303 provide391 bis-cyclopentene

Scheme 10
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products 326-328 as summarized in Scheme 11.
When activated carbonyl compounds, with acidic
hydrogens, 329, are used as nucleophiles, furans 330
(eq 167) are obtained via insertion of the carbene into
the enolic-O-H bond.
The reaction of alkynyliodonium tosylates with

vinylcopper reagents 331 is stereospecific, with re-
tention of olefin geometry, in the formation392 of
conjugated enynes 332 (eq 168). Dialkynylcuprates
333 give393 conjugated diynes 334 as products (eq
169). Recently this methodology was employed394 to

form liquid-crystalline diacetylenes. Alkynyliodo-
nium tosylates 296 may be carbonylated395 under

very mild conditions to yield alkynoic esters 335 (eq
170).

Nitrogen and phosphorus nucleophiles may be
reacted with alkynyliodonium salts as well. Reaction
of LiNPh2 with functionalized alkynyliodonium tri-
flates 299 results in push-pull ynamines396 336 (eq
171). Treatment of 296 with Me3SiN3 results397 in
the stereoselective formation of (Z)-â-azidovinyliodo-
nium salts 337 (eq 172) via protonation of the
intermediate ylide (see Scheme 10) by the in situ-
generated HN3. A â-azidovinyliodonium salt is also
formed in the reaction of PhCtCI+Ph OTs- with
NaN3 in CH2Cl2 in the presence of 18-crown-6,398
whereas reaction of the tert-butyl congener 338 in the

Scheme 11
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presence of Et3SiH forms the â-azidovinylsilane 339
(eq 173). This latter reaction is further evidence for
the formation of alkylidenecarbenes 312 (Scheme 10)
in these reactions.

Reaction of Ph3P with 296 affords399 alkynylphos-
phonium salts 340 in essentially quantitative yields
(eq 174). Similarly reaction of 302 and 303, respec-
tively, give63 bisphosphonium diynes 341 and 342
(eqs 175 and 176). Phosphacubane 343 may be
alkynylated with 296 to give400 alkynylphosphacu-
banes 344 (eq 177).

Reaction401 of t-BuCtCI+Ph OΤs- with bis(diphen-
ylphosphino)methane 345 gives the previously un-
known diphospholium ion 346 (eq 178). Trialkyl
phosphites react245 with 296 to give dialkyl alkyn-
ylphosphonates 347 via an Arbuzov-type process (eq
179).
A wide range of oxygen and sulfur nucleophiles

react with alkynyliodonium salts. However, both
alkoxides RO- and siloxides R3SiO- give only decom-
position products rather than the desired alkoxy- and
siloxyacetylenes. The softer sulfonate, carboxylate,
and phosphate anions all readily react with 296 to

give402 hitherto unknown alkynyl sulfonate, carboxy-
late, and phosphate esters. Likewise, phenoxide ions
react with 310 to give403 furans 349 (eq 180) via
carbenes 348. Bisiodonium ethyne 300 gives60,61 bis-
phenoxide 350 via reaction with 2 equiv of phenoxide
(eq 181).

Reaction of alkynyliodonium tosylates 296 in dry
CH3CN with catalytic amounts of CuOTf or AgOTs
leads246,247 to the formation of alkynyl sulfonate esters
351 (eq 182) and 303 results65 in modest yields of
bis-tosylates 352 along with some monotosylates 353
(eq 183).

Alkynyl carboxylate esters 356 are obtained404 via
the intermediacy of 355 in the reaction of bis-
(acyloxyiodo) benzene 354with lithium acetylides (eq
184). All alkynyl esters are sensitive to moisture and
readily undergo hydration.405 As a consequence
bisalkynyl benzoates 357 can only be isolated in
6-15% yields from the reaction65 of 303 with sodium
benzoates (eq 185). Alkynyl benzoates, 356, RdC6H5,
are potent protease inhibitors.406
Sequential reaction of silaacetylenes with PhIO

and Et2OBF3 followed by aqueous dialkyl sodium
phosphate yields284 alkynyl phosphate esters 358 (eq
186) that are excellent inhibitors of bacterial phos-
photriesterase.407-409

Reaction of alkynyliodonium salts 296 with aque-
ous NaSCN in CH2Cl2 affords382 alkynyl thiocyanates
359 in high yields (eq 187), whereas dithiocyanates
360 and 361 are obtained65 in the reactions of
bisiodoniumdiynes 302 and 303 (eq 188, 189), re-
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spectively. Likewise, alkynyl thiocyanates 359 are
also obtained in the reaction of 310 with KSCN in
DMF.

The reaction of (R′O)2PS2K410 and ArS(O)2SK,411
respectively, with 296 results in alkynylphospho-
rodithioates 362 and 363 (eqs 190 and 191) in good
yields. Hitherto unknown alkynyl thiocarboxylates

364 are obtained412 in the reaction of 296 with
PhCS2-Na+ (eq 192).

The interaction of arylsulfinate with alkynyliodo-
nium salts 296 is particularly interesting and useful.
When R in 296 lacks a 1,5-C-H bond, alkynyl
sulfones 365 and 366 are formed413 in excellent yields
(eq 193, 194). If 1,5-C-H bonds are available in the
R group of 296, the intermediate carbene (314,
Scheme 10) preferentially undergoes414 insertion
rather than rearrangement, and as a consequence

cyclopentenyl sulfones 367 predominate, accompa-
nied by minor amounts of alkynyl sulfones (eq 195).
As a consequence of the poor migratory aptitudes of

sulfones, carbonyls and amido moieties exclusive
cyclopentenone formation is observed64 in the reac-
tion of â-keto- and â-amido-functionalized alkynyl-
iodonium triflates 299 with ArS(O)2Na in CH2Cl2.
The full synthetic potential of this reaction is sum-
marized in Table 1 where it is seen that not only
simple cyclopentenones but also fused bicyclic sys-
tems and alkaloids are readily accessible by this new
methodology,64 which nicely complements the Pauson-
Khand415-418 Co-mediated as well as Nazarov419,420
and related cationic cyclizations.
Recently, a related methodology, employing tosyl-

amides 368 as nucleophiles and proximal 1,5-in-
tramolecular C-H insertion, was developed by Feld-
man and co-workers421 to form polycyclic alkaloids
369 as illustrated in eq 196. In contrast to reaction

with ArS(O)2Na, phenylsulfinic acid, 370, itself in
methanol, traps414 the initially formed ylide (312,
Scheme 10) to give high yields of (Z)-â-sulfonyl-
vinyliodonium salts 371 (eq 197). Bisthio-diynes 372
are obtained60,61 in the reactions of 300 and 301 with
PhSNa, respectively (eq 198).

Halogens may serve as nucleophiles in the reaction
with alkynyliodonium salts 296. Either LiX (X ) Br,
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Cl) in acetic acid or HX in methanol results422 in the
stereoselective formation of (Z)-â-halovinyliodonium
halides 373 (eq 199) via protonation of the ylide
resulting from the Michael addition of the halide to
296 (Scheme 10). Vinyliodonium salts 373 serve as
carbene, 374, progenitors that lead423 to haloalkynes
375 (eq 200).

Transition metal complexes can behave as nucleo-
philes toward alkynyliodonium species and thereby
provide an alternative for the formation of σ-alkynyl
transition metal systems from the usual reaction of
RCtC- with metal halides. Reaction424 of the square
planar Ir, 376, and Rh, 377, with 296 results in the
respective hexacoordinate σ-alkynyl complexes, 378,
379 (eq 201). The full scope of this reaction425 is
illustrated in Scheme 12 in the formation of highly
conjugated complexes, 380, 381, 383, and 385 that
are of considerable interest from a materials sci-
ence426,427 perspective.

Reaction of alkynyliodonium salts 296 with the
Pt(0) complex 386 can lead428 to either σ-alkynyl-
Pt(II) complexes 387 or the η3-propargyl/allenyl-
Pt(II) complexes 388 depending upon both the exact
reaction conditions and the size of R in 296 (eq 202).

Alkynyliodonium salts functionalized with deacti-
vating substituents in the â-position, 299, readily
undergo66 Diels-Alder cycloadditions with a wide
range of dienes as summarized in Scheme 13. All
adducts 389-392 are stable microcrystalline solids

Table 1. Cyclopentenones and γ-Lactams via the Reaction of NaO2SC6H4CH3 with â-Keto and
â-Amidoethyliodonium Triflates
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with two functionalities, the iodonium moiety and Y,
that may be used for further synthetic elaboration.

The bisiodonium ethyne 300 undergoes Diels-Alder
reaction even more readily than 299 as summarized

Scheme 12

Scheme 13
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in Scheme 14. The structure of adduct 393 was
established by X-ray data.61 Products 393 and 394
can be reacted further429,430 with RCtCLi to give
enediynes 396 or with nucleophiles to give dienes 397
(Scheme 14).
Finally, alkynyliodonium salts readily undergo

reaction with 1,3-dipolar reagents: arenenitrile ox-
ides 398 give431 a mixture of cycloadducts 399 and
400 (eq 203), whereas diazocarbonyl compounds 401
afford432 heterocycles 402 (eq 204) and organoazides
give432 triazines 403 (eq 205).

C. Alkenyliodonium Salts
Several examples of alkenyliodonium salts have

been known for many years, but only in the last
decade have these compounds become readily avail-
able and found some synthetic application. The first
general method of synthesis of alkenyliodonium

species was developed by Ochiai in the mid-1980s.93,433
This method is based on the reaction of silylated
alkenes 404 with iodosylbenzene in the presence of
Lewis acids leading to the stereoselective formation
of various alkenyliodonium tetrafluoroborates 405 in
good yield (eq 206).

A very general and mild procedure for stereospe-
cific synthesis of alkenyliodonium triflates 407 in-
volves phenyl(cyano)iodonium triflate 287 as an
iodonium-transfer reagent in reactions with stanny-
lated alkenes 406 (eq 207).434,435 This method was
also applied to the preparation of the parent vinyl-
iodonium triflate from tributyl(vinyl)tin.67

A variety of alkenyliodonium salts were synthe-
sized via electrophilic addition of aryliodosyl deriva-
tives to alkynes or allenes.47,57,70-72,137,243 Reactions
of terminal alkynes with phenyliodosyl triflate 408
proceeds as a highly stereoselective anti-addition to
afford (E)-([[[(â-trifluoromethyl)sulfonyl]oxy]vinyl]-
iodonium triflates 409 in high yield (eq 208).71,72
Similar products were obtained from internal alkynes
and ethyne.72
(Z)-â-Substituted vinyliodonium salts 411 can be

prepared by a Michael-type nucleophilic addition of
nucleophiles to alkynyliodonium salts 410 (eq
209).422,436

Scheme 14
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A number of iodonium- and bis(iodonium) norbor-
nadienes and other polycyclic adducts were synthe-
sized by [2 + 4] cycloaddition reactions of alkynyl-
iodonium triflates with 1,3-dienes (see Section IV.B).
Several single-crystal X-ray structures of alkenyl-

iodonium salts have been reported in the litera-
ture.57,61,93,137,437 These structures generally can be
considered as ionic with a typical distance between
iodine and the nearest anion of 2.8-3.0 Å. However,
with consideration of the anionic part of the molecule,
the overall experimentally determined geometry is
T-shaped similar to the 10-I-3 species. The C-C
double bonds in alkenyliodonium salts have normal
lengths of 1.31-1.34 Å, the Csp2-I distances can vary
from 2.07 to 2.13 Å, and the C-I-C angles are in the
range of 91-99°.
Alkenyl(phenyl)iodonium salts are highly reactive

in vinylic nucleophilic substitution reactions because
of the excellent leaving group ability of phenyliodo-
nium moiety. Ochiai and co-workers first described
reactions of alkenyl(phenyl)iodonium tetrafluoro-
borates with a number of nucleophiles, such as
organocuprates, thiolates, sodium nitrite, copper
halides, etc., leading to the respective products of
nucleophilic substitution.93 Further detailed study
of this reaction revealed that the stereochemistry of
substitution strongly depends on the structure of the
substrate and reaction conditions.436,438-440 In par-
ticular, nucleophilic substitution at vinylic carbons
of (E)-(â-alkylvinyl)iodonium salts 412 with halide
anions proceeds with complete inversion of configu-
ration (eq 210), presumably via an SN2 transition
state.438

The same reaction, but in the presence of copper
salts results in exclusive retention of configuration
at the sp2 carbon.438 Retention of configuration is also
observed in the reactions of (Z)-[(â-phenysulfonyl)-
vinyl]iodonium salts 414with benzenesulfinate anion
(eq 211) and some other reactions.436,439-441

Retention of configuration is generally observed in
the reactions of alkenyliodonium salts implying an
addition-elimination or a ligand coupling mech-
anism.439-441 In some cases alkynes or products of
ipso-substitution at the phenyl carbon are isolated
as byproducts in these reactions.438,441

Bicycloalkenyldiiodonium salts 393 can react with
a variety of nucleophiles to afford the respective
products of vinylic nucleophilic substitution.429,430 The
yields of substitution products 397 can be substan-
tially improved by carrying out reactions with anionic
nucleophiles in the presence of copper(I) salts (eq
212).430

Similarly, the reactions of diiodonium salts 393
with lithium alkynyl cuprates afford enediynes 396
as major products (eq 213).429

Alkenyliodonium salts can serve as highly reactive
substrates for Heck-type olefination and similar
palladium-catalyzed coupling reactions.434,442-444 Mo-
riarty and co-workers have developed a very mild and
stereoselective procedure of palladium-catalyzed cou-
pling of alkenyliodonium salts 416 with various
alkenes (eq 214).442

Recently, a similar procedure was employed in
asymmetric Heck-type coupling of iodonium salt 418
with 2,3-dihydrofuran (eq 215).443 When carried out
in the presence of the chiral bidentate ligand (R)-
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BINAP, this reaction (eq 215) afforded optically active
(up to 78% ee) coupling product 419 in moderate
yield.

Even better results are obtained in the palladium-
catalyzed coupling of alkenyliodonium salts with
organotin compounds.434,444 For example, palladium/
copper-cocatalyzed coupling of the readily available
trisubstituted alkenyl(phenyl)iodonium triflates 407
with alkynyl- and alkenylstannanes proceeds under
exceedingly mild conditions with retention of geom-
etry of the alkenyl ligand of the iodonium salt (eqs
216 and 217).434

Recently, Okuyama, Ochiai, and co-workers inves-
tigated mechanistic details of the solvolysis of alk-
enyliodonium salts 422 in alcohol and aqueous
solutions.445a In particular, the phenyliodonio group
was found to be a remarkably good leaving group,
106 times more reactive than triflate. In addition to
the expected products 425 and iodobenzene, the
solvolysis afforded 13-40% of the internal return
products 426 and small amounts of a free-radical
product 427. A proposed mechanism involves mainly
the initial heterolysis to form the intimate ion pair
423 with accompanying single electron transfer to
lead to a free-radical intermediate 424 (Scheme
15).445a
Reactions of alkenyliodonium salts with strong

bases may lead to the generation of an alkylidene
carbene via base-induced R-elimination.444,445b Alky-
lidene carbenes generated by this method can un-
dergo a 1,5-carbon-hydrogen insertion, providing a
useful route for the construction of substituted cy-
clopentenes.414,423,444 In a typical example, reaction
of alkenyliodonium tetrafluoroborate 428 with potas-

sium tert-butoxide affords bicyclic product 429 in high
yield (eq 218).444

In some cases, such a cyclization is accompanied
by alkyne formation due to 1,2-migration of a sub-
stituent in the intermediate alkylidenecarbene.414,423,444
The alkylidene carbenes generated via base-in-

duced R-elimination can also be trapped by cyclo-
addition with external alkenes. For example, the
treatment of alkenyliodonium salt 430 with a strong
base in the presence of excess styrene gives methyl-
enecyclopropane 431 in good yield (eq 219).445b

D. Aryl- and Heteroaryliodonium Salts
Aryliodonium as well as heteroaryliodonium, salts

belong to the most common, stable, and well-
investigated class of polyvalent iodine compounds.
The chemistry of aryliodonium salts was extensively
covered in previous reviews,5-8,11 so in this section
we will discuss only the important recent develop-
ments in this area.

1. Preparation and Structure
Aryliodonium salts are usually prepared by reac-

tion of arenes or silylated arenes with electrophilic
aryliodosyl derivatives.5-8,11 A similar approach was
used recently for the preparation of various aryl-
iodonium triflates, sulfates, and other deriva-
tives.152,153,164,446-449 Iodosylbenzene or [(diacetoxy)-
iodo]benzene 67 react with aromatic compounds in
the presence of trifluoromethanesulfonic acid to af-

Scheme 15
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ford diaryliodonium triflates 432 in good yield (eq
220).446

Phenyliodosyl sulfate 12 reacts with arenes under
similar conditions to give the respective diaryliodo-
nium hydrosulfates 433 (eq 221).447

(p-Phenylene)bis(aryliodonium) triflates 434 can be
prepared similarly by reaction of reagent 10, a
product of the self-condensation of iodosylbenzene
(see Section III.A.1), with arenes (eq 222).70,448

A more general synthetic approach to bisiodonium
salts 73 is based on reactions of p-bis[bis[(trifluoro-
acetyl)oxy]iodo]benzene 72 with trimethylsilylarenes
(eq 45, see Section III.C.1).153 An analogous reaction
was applied to the synthesis of macrocyclic tet-
raaryltetraiodonium cationic molecular square 439
from diiodobiphenyl 435 (Scheme 16).152

Inorganic iodosyl derivatives, such as iodosyl tri-
fluoromethanesulfonate 440 and iodosyl fluorosulfate
442 react with arenes or trimethylsilylarenes under
mild conditions to afford iodonium triflates 441 (eq
223) or hydrosulfates 443 (eq 224).450,451

Naumann and co-workers used a similar procedure
for the preparation of bis(pentafluorophenyl)iodo-
nium triflate 445 from iodine tris(trifluoroacetate)
444, pentafluorobenzene, and the corresponding sul-
fonic acid (eq 225).452

A very mild and general method for the preparation
of aryl- and heteroaryliodonium triflates is based on
iodonium transfer reactions of iodine(III) cyanides
with the respective aryl- or heteroarylstan-
nanes.151,153,369,370 (Dicyano)iodonium triflate 286
generated in situ reacts with tributyltin derivatives
of aromatic compounds 446 affording the correspond-
ing diaryliodonium salts 441 (eq 226).370

Since (dicyano)iodonium triflate (286) does not
possess any pronounced electrophilic or oxidizing
properties and is not acidic, it is especially useful for
the synthesis of various bis(heteroaryl)iodonium salts
from acid-sensitive substrates.369 For example, re-
agent 286 reacts with stannylated derivatives of
furan, thiophene, indole, and pyrazole under very
mild condition to afford the respective iodonium salts
448, 450, and 452 in good yield (eqs 227-229).369
Aryl(cyano)iodonium triflates (289) can be used in

a similar iodonium exchange with stannylated aro-
matic precursors 453 and 454 affording mixed diaryl
(432) or aryl(heteroaryl) (455) iodonium salts (eqs
230 and 231).151,153
Another iodonium-transfer reagent, (chlorovinyl)-

iodonium dichloride 456, is especially useful for the
preparation of aryliodonium salts from lithiated
arenes.453 Recently this compound was applied as the
iodonium transfer reagent in the synthesis of hybrid,
iodonium-transition metal macrocyclic squares 459
(Scheme 17).454
A number of X-ray molecular structure determina-

tions have been reported for aryl- and heteroaryl-
iodonium salts with the structural features of the
iodonium moiety generally similar to that previously

Scheme 16
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described for the alkynyl and alkenyl species (see
Sections IV.B.1 and C).455

2. Reactions

Diaryliodonium salts have found synthetic applica-
tion as arylating reagents in reactions with various
organic substrates under polar, catalytic, or photo-
chemical conditions. Typical recent examples of the
reactions with anionic nucleophiles under polar
conditions include arylations of thiocarbamates 460
(eq 232),456,457 thiocarboxylates 461 (eq 233),458 thio-
phosphates 462 (eq 234),459 dialkyl phosphites 463
(eq 235),460 sodium telluride,461 aryl selenides,462 and
aryl tellurides 464 (eq 236).463
Arylations of carbon nucleophiles under polar

conditions is illustrated by the reaction of Meldrum’s
acid derivatives 465 (eq 237)464 and arylations of
various silyl enol ethers, such as 466 (eq 238).465
An interesting example of the generation of ben-

zyne 468 by the decomposition of iodonium triflate
467 under polar conditions was recently reported by
Kitamura and Yamane (eq 239).466

The mechanistic aspects of the polar reactions of
aryliodonium salts were recently discussed by
Grushin, Demkina, and Tolstaya.339,467 The au-
thors467 proposed a unified mechanism for the reac-
tions of diaryliodonium salts with nucleophiles in-
volving initial formation of a trigonal bipyramidal,
10-I-3 hypervalent intermediate (469a,b, Scheme 18)
where the bulkier of the two aryl ligands and two
lone electron pairs usually occupy the less encum-
bered equatorial positions. The 10-I-3 species can
undergo synchronous (cheletropic) extrusion of an
iodoarene during intramolecular rotation via tetrago-
nal pyramidal intermediates 470a-c in which the
interaction Ar-Nu is symmetry allowed. The nu-
cleophile prefers to bind to the more bulky ligand or

Scheme 17
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to the more electron-deficient one if both of the aryl
groups are of similar effective bulk (Scheme 18).339,467
Arylations with aryliodonium salts can be ef-

fectively catalyzed by transition metals. Similar to
alkenyliodonium salts (see Section IV.C), aryliodo-
nium salts are highly reactive substrates in Heck-
type olefination and other palladium-catalyzed cou-

pling reactions. Bumagin, Beletskaya, and coauthors
have recently reported that aryliodonium salts can
serve as very efficient reagents in the palladium-
catalyzed arylations of acrylic acid (eq 240),468 orga-
notin compounds (eq 241),469 sodium tetraphenyl-
borate (eq 242),470 and copper acetylide (eq 243).471

Under photochemical conditions diaryliodonium
salts can decompose by a variety of pathways, which
usually involve radical or radical cation intermedi-
ates. Due to this property they have found some
practical application as photoinitiators for radical
polymerizations.11,472 The photoreactivity of aryl-
iodonium salts was extensively covered in the book
of Varvoglis.19

E. Alkyl- and Fluoroalkyliodonium Salts
Iodonium salts with one or two nonsubstituted

aliphatic alkyl groups generally lack stability. How-
ever, several examples of these unstable species were
generated and investigated by NMR spectroscopy at
low temperatures and some of them even were
isolated in the form of labile crystalline salts.11,19,473
The presence of electron-withdrawing groups in the

alkyl group of iodonium salts has a pronounced
stabilizing effect. The most stable and important

Scheme 18
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derivatives of this type are perfluoroalkyl(aryl)-
iodonium salts. These salts as chlorides were first
prepared in 1971 by Yagupolskii and co-workers474
and later widely applied as electrophilic fluoroalky-
lating reagents by Umemoto and co-workers.368 The
triflate salts, PhICnF2n+1OTf, originally were syn-
thesized by the reaction of [bis(trifluoroacetoxy)iodo]-
perfluoroalkanes with benzene in the presence of
triflic acid.362 A recent and more general method for
the preparation of various perfluoroalkyl(aryl)iodo-
nium sulfonates 471 involves the reaction of
[hydroxy(sulfonyloxy)iodo]perfluoroalkanes 281 with
arylsilanes under Lewis acid catalysis (eq 244).363-365

In a similar manner, 1H,1H-perfluoroalkyl(aryl)-
iodonium triflates 472 are best prepared by reaction
of triflates 273 with trimethylsilylarenes under mild
conditions (eq 245).360,367

Fluoroalkyl(aryl)iodonium triflates 471 and 472
have found practical application as electrophilic
fluoroalkylating reagents toward a variety of organic
substrates, such as arenes, carbanions, alkynes,
alkenes, carbonyl compounds, amines, phosphines,
and sulfides.368 In a recent example, Montanari and
co-workers used trifluoroethyl(phenyl)iodonium tri-
flate (473) for the N-trifluoroethylations of amino
alcohols (eq 246)342 and 1,10-diaza-18-crown-6 (Krypto-
fix 22) 474 (eq 247).475

The unstable â-oxoalkyl(phenyl)iodonium salts 476
can be generated by a low-temperature reaction of
silyl enol ethers with reagent 475 (eq 248).106,107

These and similar species have been proposed as
the reactive intermediates in synthetically useful

carbon-carbon bond-forming reactions recently re-
viewed by Moriarty and Vaid.18

F. Iodonium Ylides
The first preparation of an iodonium ylide by the

reaction of dimedone and PhIF2 was reported by
Neiland and co-workers476 in 1957. Since then a
large number of stable iodonium ylides have ap-
peared, and many synthetic applications have
emerged. The chemistry of iodonium ylides was
reviewed by Koser,11 and more recently it was
extensively covered in the book of Varvoglis.19 In this
section we will discuss only the most recent results
on the preparation and chemistry of stable iodonium
ylides, as well as several synthetic procedures based
on the generation of iodonium ylides in situ as
unstable reactive intermediates.
There is a significant current interest in phenyl-

iodonium ylides stabilized by two organosulfonyl
groups, PhIC(SO2R)2.477-480 Zhu and Chen first
reported the preparation of phenyliodonium bis-
(perfluoroalkanesulfonyl)methide (477) from DIB and
bis[(perfluoroalkyl)sulfonyl]methane (eq 249).477

Ylides 477 have unusually high thermal stability;
they can be stored without decomposition at room
temperature for several months. The X-ray struc-
tural analysis for the trifluoromethanesulfonyl de-
rivative 477 is normal for iodonium ylide structures
with the ylide bond length about 1.9 Å and the
C-I-C bond angle 98°.479
Hackenberg and Hanack reported the synthesis of

similar, nonsymmetric cyano[(perfluoroalkyl)sulfon-
yl]-substituted ylides 478 by the analogous reaction
(eq 250).480
Phenyliodonium bis(phenylsulfonyl)methide, PhIC-

(SO2Ph)2 and the dicarbonyl derivative PhIC(COR)2

1166 Chemical Reviews, 1996, Vol. 96, No. 3 Stang and Zhdankin



are generally prepared by a reaction of PhI(OAc)2
with H2C(SO2R)2 or H2C(COR)2 under basic condi-
tions.476,479,481,482 These two types of iodonium ylides
usually have relatively low thermal stability; never-
theless, they have attracted significant recent re-
search activity.481-497

The thermal stability of iodonium ylides can be
substantially increased by the incorporation of the
iodonium atom in a five-membered ring. Yang and
co-workers recently reported the preparation of un-
usually stable cyclic iodonium ylides 480 via the
intramolecular transylidation of a preformed acyclic
ylide 479 (Scheme 19).483

The X-ray structural analysis for ylide 480 (R )
Me) revealed a distorted five-membered ring in this
molecule with the ylidic bond length about 2.1 Å and
a C-I-C bond angle of 82°, which is smaller than
the usual 90° one.483
Iodonium ylides can serve as convenient precursors

to the respective carbene intermediates under pho-
tochemical, thermal, or catalytic conditions. Zhu and
Chen reported on the reactions of phenyliodonium
bis(perfluoroalkanesulfonyl)methides 477 upon ir-
radiation with UV light in the presence of various
organic substrates.477-479 For example, reaction with
cyclohexene afforded cycloaddition product 481 (eq
251), the photolysis of 477 in benzene or toluene led
to the C-H insertion products 482 (eq 252), and
reaction in pyridine gave pyridinium ylide 483 (eq
253).479

Hackenberg and Hanack found that similar reac-
tion (eqs 251-253) of ylides 477 and 478 can also be
carried out under thermal conditions or in the pres-
ence of catalytic amounts of Cu(acac)2.480 The car-
benoid reactions of iodonium ylides can also be
effectively catalyzed by rhodium(II) complexes.484,485
The scope and mechanism of carbenoid reactions in
the rhodium(II)-catalyzed decomposition of iodonium
ylides was investigated recently by Müller and
Fernandez.484 The product composition in these
reactions of iodonium ylides was found to be identical
to that of the corresponding diazo compounds, which
indicates that the mechanism of both processes is
similar and involves metallocarbenes as key inter-
mediates as it has been unequivocally established for
the diazo decomposition.484
The catalytical decomposition of iodonium ylides

is especially useful as a method of cyclization via
intramolecular cycloaddition or bond insertion.485,486
As a representative example, Moriarty and co-work-
ers applied intramolecular cyclopropanation of ylide
484 (eq 254) in their synthesis of the 3,5-cyclovitamin
D ring A synthon.486

The transfer of the ylide moiety from iodine to an
atom of nitrogen, phosphorus, sulfur, or selenium is
a very typical reaction of iodonium ylides.479,480,490,492,497
Recently, Saito and co-workers applied the transyli-
dation reaction of ylide 486 with aromatic thio-
ketones 487 in a new, efficient synthesis of thiophenes
488 (Scheme 20).490,492

This approach is especially useful in the synthesis
of heterocycle-fused [c]thiophenes 490 via reaction of

Scheme 20

Scheme 19
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heteroaromatic thioketones 489 with iodonium ylide
486 (eq 255).492

The transylidation reaction of ylides 491 with
allylic sulfides or selenides 492 was applied as an
efficient and mild method for the preparation of
â-dicarbonyl derivatives 493 (Scheme 21).497

An important class of stable iodonium ylides is
represented by (aryliodonio)phenolates, 1,4-dipoles
with the negative charge on the oxygen atom of the
phenolic group.19,498-500 Several new examples of
these synthetically useful compounds have been
reported in recent papers.498-500 Prakash and co-
workers reported the preparation of novel, stable
ylides 495 from quinolones 494 and HTIB. These
ylides undergo intramolecular phenyl migration upon
heating in methanol (eq 256).498

Spyroudis and co-workers prepared ylides 498 by
the reaction of quinolines 497 with (diacetoxy)-
iodoarenes (eq 257). Heating and subsequent ir-
radiation of ylides 498 results in a two-step aryl
migration to afford products 500.499
A different reactivity pattern is typical of ylides

502sderivatives of benzoquinones 501.500 Heating

of these compounds leads to a ketocarbene 503 which
then undergoes ring contraction and gives a ketene
504. In the presence of moisture ketene 504 spon-
taneously decarboxylates to afford the final isolated
products 505 (eq 258).500

V. Iodine(III) Species with Three Carbon Ligands
In general, iodine(III) species with three carbon

ligands are unstable at room temperature. Only a
few examples of isolable compounds of this type were
reported in the earlier literature, namely, triphenyl
iodine501 and 5-aryl-5H-dibenziodoles.502 All tri-
aryliodanes are highly unstable and air sensitive.
A more recent example of a relatively stable,

isolable compound of this type is (dicyanoiodo)-
benzene 506, which can be prepared in good yield by
the reaction of iodosylbenzene with trimethylsilyl
cyanide in methylene chloride (eq 259).49

Scheme 21
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Cyanide 506 was isolated as an air-sensitive,
crystalline solid, stable at room temperature under
nitrogen for several weeks.
The intermediate formation of tricoordinated io-

danes with three carbon ligands was also proposed
in some carbon-carbon bond-forming reactions of
iodonium reagents, but none of these intermediates
have been isolated or observed by spectral methods.18
Recently Barton and co-workers investigated a car-
bon-carbon bond-forming reaction of dichloroiodo-
benzene or (diacetoxy)iodobenzene with alkyllithi-
ums.503 One of the possible mechanistic descriptions
of this reaction involves ligand coupling in the
triorganoiodane intermediate 507 (eq 260). However,
species 507 cannot be detected even at -80 °C, and
an alternative explanation of this reaction via nu-
cleophilic substitution in the intermediate alkyl-
(phenyl)iodonium salts is also possible.503

VI. Derivatives of Iodine(V)
The first organic compound of pentavalent iodine,

iodylbenzene PhIO2, was prepared by Willgerodt
nearly 100 years ago.504 Since then a variety of
structural classes of iodine(V) derivatives have ap-
peared, and some of these compounds have found
synthetic applications. However, in general the
organic chemistry of iodine(V) is much less developed
than the chemistry of iodine(III). The chemistry of
organic compounds of pentavalent iodine was re-
viewed in the book of Varvoglis.19

A. Preparation and Structure
The most common structural class of iodine(V)

compounds is represented by iodylarenes, ArIO2.
Iodylarenes are generally prepared by direct oxida-
tion of iodoarenes with strong oxidants, or by dis-
proportionation of iodosylarenes. Iodylbenzene is a
colorless, microcrystalline solid, which detonates
violently upon heating. X-ray structural analysis for
PhIO2 revealed a distorted octahedral arrangement
with three primary bonds to iodine with bond dis-
tances in the range of 1.92-2.01 Å and three second-
ary I-O bonds of 2.57-2.73 Å.38
There is a substantial current interest in the cyclic

iodylarenes, which have better stability due to the
incorporation of the pentavalent iodine into a five-
membered ring.37,40,505-518 Similar to 2-iodosylbenzoic
acid (see Section III.E), 2-iodylbenzoic acid has the
actual structure of the cyclic hydroxyiodane oxide
(508), as determined by X-ray structural analysis.36,37
It is most commonly prepared by oxidation of 2-io-
dobenzoic acid with potassium bromate in sulfuric
acid (eq 261).39,508,519
Oxide 508 was reported to be explosive under

excessive heating or impact,515 but Dess and Martin
suggested that the explosive properties of some
samples 508 were due to the presence of bromate or
other impurities.39 An alternative preparation of
iodylbenzoic acids involve oxidation of the respective

iodobenzoic acids with excess peracetic acid or aque-
ous sodium hypochlorite.506
Benziodoxole oxide 508 is widely used as starting

material for the preparation of triacetate 509, the so
called Dess-Martin periodane.39,508-510 Recently Ire-
land and Liu reported an improved procedure for its
preparation by the reaction of oxide 508 with acetic
anhydride in the presence of p-toluenesulfonic acid
(eq 262).508

In the early 1990s Martin and co-workers reported
the synthesis, structure, and properties of several
other, stable, cyclic periodanes 510-512.39,40,507

B. Reactions and Uses
Noncyclic iodylarenes have received only limited

practical application because of their explosive prop-
erties. It was shown that iodylbenzene can oxidize
alcohols to ketones520 or it can be used to generate
alkoxy radicals from alcohols under photochemical
conditions.521 In general, iodylbenzene has a rela-
tively low reactivity as an oxidizing reagent and its
reactions usually are conducted at high temperature
or in the presence of a catalyst. Recently Barret and
Daudon have found that vanadyl compounds can
effectively improve the oxidizing properties of iodyl-
benzene toward aromatic amines.522 For example,
oxidation of sulfonamides 513 in the presence of
vanadyl acetylacetonate proceeds under mild condi-
tions to afford quinone imine 514 in moderate yield
(eq 263).522
Another typical reaction pathway of iodylarenes

includes nucleophilic substitution of the iodyl group
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at an aromatic carbon with an external nucleophile.
Recent examples of such reactions are represented
by the hypochlorite-induced substitution of the iodyl
group with chloride anion523 and the palladium-
catalyzed carbonylation of iodylarenes in water (eq
264).524

A novel pentavalent iodine ylide 516 was recently
prepared via the transylidation reaction of iodylben-
zene and iodonium ylide 515 (eq 265).480

The cyclic derivatives of pentavalent iodine have
attracted substantial recent attention as efficient and
selective oxidizing reagents. Dess-Martin periodane
509 is especially useful as a reagent for the very
selective oxidation of alcohols that gives excellent
results even in the presence of the siloxy protective
groups525 or polypeptides.39 In their 1991 paper Dess
and Martin cited 74 references that described useful
oxidations by reagent 509.39 More recently, Meyer
and Schreiber526 reported acceleration of the Dess-
Martin oxidation, using 509, by water.

Benziodoxole oxide 508 can also be applied for
selective oxidations. Recently Frigerio and Santa-
gostino reported its use for the oxidation of 1,2-diols
to R-ketols or R-diketones without any cleavage of the
glycol C-C bond.511

Another useful oxidizing reagent is benziodoxole
oxide 517. Grieco and co-workers have successfully
applied this reagent in the oxidation of diol 518 to
lactone 519 (eq 266), which was an important step
in the total synthesis of (-)-glaucarubolone.527 At-
tempts to use the Dess-Martin periodane, as well
as many other oxidizing reagents, in this oxidation
(eq 266) led only to cleavage products, but not the
desired lactone 519.

Similar to 1-hydroxy-1,2-benziodoxole-3(1H)-one
180 (see Section III.E), benziodoxole oxide 508 and
its derivatives have attracted considerable research
efforts due to its high catalytic activity in the cleav-
age of toxic phosphates and reactive esters.301

VII. Biological Properties of I(III) Species

In this section we present the biological properties
of polyvalent organoiodine compounds. Of the dif-
ferent structural types of polyvalent organic iodine
species discussed above, iodonium salts of various
kinds have considerable biological activity.
Data in the patent literature528 in the 1970’s

established the biocidal, antimicrobial activity of
numerous diaryliodonium salts. Activity against a
wide variety of both Gram positive and Gram nega-
tive bacterial species such as Staphylococcus aureus,
Mycobacterium phlei, Trichophyton mentagrophytes,
Bacillus subtilis, Cephalvaucus fragons, Escherichia
coli, and others are described in these patents.528 A
brief description of the specific biological activity of
several bisaryliodonium and bis-iodonium salts is
summarized in Table 2. A more recent patent528h
claims antimicrobial activity for a wide range of
iodones (iodonium ylides), a typical example is given
in Table 2. While exhibiting significant activity
against microorganisms many iodonium salts have

Table 2. Biological Activity of Some Mono- and
Bis(diaryl)iodonium Salts
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relatively low toxicity towards mammals: the LD50
in mice for Ph2I+Cl- is 56 mg/kg of body weight,
whereas for (p-chlorophenyl)(thienyl)iodonium chlo-
ride it is >4000 mg/kg.528g
Potential applications of iodonium salts, due to

their potent antifungal and antimicrobial activity
include528 disinfectants as well as preservatives for
diverse materials such as paints, adhesives, inks,
paper, textiles, lubricants, cosmetics, etc.
Ditolyliodonium chloride, 520, is a potent inhibitor

of microbes that deaminate amino acids in ruminat-
ing animals, thereby preventing maximum food
utilization. Use of 520 as a food additive (∼25 mg/
kg), along with a methane inhibitor, in lambs529 and
steers530,531 increased feed utilization efficiency by
about 10%. Presumably the iodonium salt acts as a
deaminase inhibitor. The parent diphenyliodonium
salt (BPI), 521, inhibits casein degradation at ex-
tremely low concentrations.532

More recently, the physiological effects of several
aryliodonium species and in particular bis(phenyl)-
iodonium chloride (BPI), 521, and diphenyleneiodo-
nium (DPI), 522, have been extensively explored.533
Early work by Lardy534 and co-workers established
DPI as a potent hypoglycemic agent at a dose as low
as 4 mg/kg body weight. It is believed that DPI binds
covalently to a 23.5 kDa protein within complex I
causing irreversible inhibition of NADH oxida-
tion.534,535 DPI inhibits gluconeogenesis in isolated
rat hepatocyctes,536 causes swelling of rat liver mi-
tochondria,537 and induces cardiomyopathy.538 Both
BPI and DPI induce mitochondrial myopathy539,540
inhibit the superoxide production of neutrophiles541-544

as well as nitric oxide synthase545 and NADPH
oxidase.546-548 Diphenyl iodonium salts have been
shown to be effective in the treatment of hyperten-
sion.549
The 1,3-dichloro isomer of DPI catalyzes the chlo-

ride exchange across the inner membrane of rat liver
mitochondria, as well as inhibits succinate oxidation
and stage 3 respiration.550,551 Bis-iodonium salts of
the type PhI+(CF2)nI+Ph‚2BF4

- possess anticho-
linesterase activity.552
BPI has also been shown to inhibit cytochrome

P450 reductase.553 Most recently Cohen, Gallop and
co-workers demonstrated554 that DPI as well as the
bis-thiophenyl(iodonium) triflate 523 inhibit super-
oxide anion formation in vivo in rabbit aorta.

Gallop and co-workers have hypothesized555,556 that
the aforementioned physiological activity of iodonium
species is due to their interaction with PQQ. Meth-

oxatin, PQQ, (4,5-dihydro-4,5-dioxo-1H-pyrrolo[2,3-
f]quinoline-2,7,9-tricarboxylic acid), 524, a pyrrolo-
quinoline quinone is an organic cofactor, analogous
to flavins, in an increasing number of biological redox
processes.557 It is widely distributed558 in microor-
ganisms, animal cells, tissues, and fluids and was
first isolated from cultures of the methylotrophic soil
bacterium Pseudomonas sp. in 1979.559 An important
role has also been suggested for PQQ as a growth or
nutritional factor at critical stages in eukaryotic
development.560,561 However, its most important role
remains in diverse redox cycling processes particu-
larly in dehydrogenases and mitochondrial complex
I.562
Supporting evidence153 for this hypothesis comes

from recent data demonstrating that a variety of
iodonium salts are potent sequestering agents for
PQQ. Specifically, bis-iodonium salts 525 and 526
inhibit PQQ at a nanomolar level (7-13 nM) and are
nearly a 1000 times better inhibitors of PQQ than
BPI and DPI. At the moment the exact mode of
action of iodonium species in biological processes and
PQQ inhibition is not yet understood. Nevertheless
it is obvious from the foregoing brief summary that
iodonium salts have an active role and a bright future
in biological processes. Particularly intriguing is the
potent PQQ inhibition by certain bis-iodonium salts153
and the potential implications of this in the possible
uses of bis-iodonium salts as biocides and in particu-
lar as a new class of antimicrobial agents.

VIII. Conclusions
The preceding survey and review of the chemistry

of polyvalent organic iodine species reflects an active
resurgence of interest in these compounds although
they have been known for a century. In just the last
dozen years a wide variety of new reagents has been
introduced and polyvalent iodine chemistry is em-
ployed increasingly in synthetic transformations,
natural product synthesis as well as biochemical
processes. Major advances have been made in the
preparation and uses of alkynyl- and alkenyliodo-
nium salts, azido-, amido-, imino-, and cyanoiodanes
as well as perfluoroalkyliodonium derivatives.
There is a major surge of activity in pentavalent

I(V) species. This is likely due to the increasing
popularity and uses of the Dess-Martin reagent 509
since its introduction in 1983. The Dess-Martin
periodane was recently characterized as “one of the
mildest and most convenient reagents available for
the oxidation of alcohols”.526 This characterization
(i.e. mild and convenient) applies to many of the
polyvalent iodine species discussed above. They are
easily made from readily available commercial pre-
cursors, tend to be selective in their reactions, and
can be used under mild reaction conditions (i.e.
common solvents, at or near room temperature).
Iodine (III) reagents resemble the reactivity charac-
teristics of Hg(II), Tl(III), and Pb(IV) cognates with-
out the toxic and environmental problems associated

Organic Polyvalent Iodine Compounds Chemical Reviews, 1996, Vol. 96, No. 3 1171



with the heavy metal species. Moreover, the mode
of reaction of I(III) compounds, ligand exchange,
reductive elimination etc. show similarities with
transition metal species and in particular with the
Ni-triad. Hence, much of the early, well-developed
chemistry of Hg(II), Tl(III), and Pb(IV) as well as
some of the rich, more recent, chemistry of the Pt and
Pd metal systems may be carried out with the less
expensive, less toxic, readily available iodine conge-
ners. It is then evident that this analogy, albeit
clearly limited, opens up an entire new vista and new
opportunities for polyvalent iodine chemistry.
Likewise, the discovery that certain aryliodonium

salts are PQQ sequestering agents may shed new
light upon the well-established known antimicrobial
properties of these polyvalent iodine compounds. The
insights gained from the interaction of aryliodonium
salts with PQQ might provide an understanding of
the wide ranging biological activity of I(III) species
briefly summarized in section VII.
The preparation of the unique macrocyclic molec-

ular squares 439 and 459, and related species, adds
a new dimension to supramolecular chemistry563,564
and in particular possible host-guest interactions,
catalyses, noncovalent interactions, etc. involving
these aryliodonium species.
We hope and anticipate that this review will

provide added stimulus for the further development
and uses of polyvalent iodine in organic chemistry.
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1995, 1711. Andrews, I. P.; Lewis, N. J.; McKillop, A.; Wells, A.
S. Heterocycles 1994, 38, 713. Prakash, O.; Saini, R. K.; Kumar,
D.; Singh, S. P. Synth. Commun. 1995, 25, 3363.
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