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Synthetic applications of hypervalent iodine reagents in the
oxidation state +3 in relation to unsaturated carbohydrates
are reviewed. By using the Koser reagent or its bis(azido)
derivative, fully protected glycals are oxidatively deblocked
in the allylic position. The reaction furnishes carbohydrate-
derived 2,3-dihydro-4H-pyranones, which serve as starting
materials for the preparation of C-saccharides, glycosyl

stannanes or thromboxane A,-analogues. Alternatively,
iodine(lll) reagents can be used to oxidize halide anions. The
halogen-ate complexes thus generated behave like synthetic
equivalents of acyl hypobromite and iodite, respectively, or
halogen azides, which can all add to alkenes, including
glycals, under very mild conditions.

Introduction

Organic compounds of polycoordinated iodine have long
been known. In fact, Willgerodt™ reported the first prep-
aration of PhICI, from iodobenzene and ICl; as early as
1886. However, it is only recently that iodine compounds in
the oxidation state +3 have gained synthetic and mechan-
istic significance, as described in several excellent reviewsl,
Two reasons can be given for this revival of interest. In the
late 1960s, the new theory of hypervalency helped in the
understanding of the nature of the bonding in hypervalent
iodine reagents. For example, hypervalent iodine reagents in
the oxidation state +3 (PhIL, 1; iodanes) commonly con-
tain a strong 1 -C o-bond occupying the equatorial position
of a trigonal bipyramid and two weaker bonds to two axi-
ally located ligands (L) in a three-center, 4-electron bond.
Therefore, chemical reactivity is usually observed in the
vicinity of the latter substructure. Secondly, the develop-

ment of various new hypervalent iodine(V) reagents, of
which the Dess-Martin reagent is the most prominent ex-
amplet, as well as of iodine(ll1l) compounds such as
2a—f0! drew the attention of a broader scientific com-
munity to these reagents. More than 30 distinct classes of
polyvalent organic iodine compounds are now known.

Scheme 1. Selected examples of iodine(lI11) compounds
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Due to the two weakly bound ligands attached, the cen-
tral iodine atom in iodine(l11) reagents exhibits strong elec-
trophilic character. The reactivity patterns of iodanes 1 may
be rationalized in terms of this electrophilicity and are out-
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ganic chemistry of glycoconjugates.
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lined in Scheme 2. Ligand exchange reactions (route 1) and
reductive elimination of two ligands on the central iodine
atom (route 2) are the common reaction pathways followed
by this class of reagents. In most cases, reactions of 1 with
nucleophiles are terminated by the reductive elimination
process, affording final products 3 containing a combi-
nation of L and Nulfl. Due to this behaviour, compounds
like 1 are occasionally termed “nonorganometallic” re-
agents.

Scheme 2. Reactivity patterns of iodine(l11) reagents
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Although the chemistry of hypervalent iodine has wit-
nessed a renaissance since the 1970s, there have been only
very few instances of the application of these reagents in
cases of multifunctional and complex nucleophiles or in
natural product synthesis”), where, in addition to stereo-
and regiospecificity, chemoselectivity is also a major con-
cern. Applications in the field of carbohydrates are particu-
larly rare. In some cases, iodine(lll) reagents like Phl-
(O,CCF3), have been employed as promotors in glycosid-
ation reactions of thioglycosides!®l. An intriguing ring-con-
traction reaction of carbohydrates mediated by iodine(l111)
was developed by Suarez and co-workers® and others,
which was later utilized by the Danishefsky group for con-
structing the C28—C42 segment of rapamycin (Scheme
3)[14, Thus, under radical conditions, furanose 4 can be cle-
anly converted into the heterocyclic derivative 5, which con-
tains one less carbon and is blocked at the anomeric center.
This method is widely applicable, working equally well with
other starting compounds of various ring sizes. These re-
sults illustrate how iodine(l11) reagents can efficiently be
used to selectively perform transformations on carbo-
hydrates that would otherwise be difficult to achieve.

Scheme 3. The Suarez oxidation of lactols
OH
O OH
5 Phi(O)p, I2
3/ — 5

4

OH former numbering

|

= |
oHC™ 'O

>< 5

O,
o
O

o

Investigation into the use of hypervalent iodine reagents
in carbohydrate chemistry has been an ongoing concern in
these laboratories for some time now. This brief review fo-
cusses on efforts made to use these reagents for improving
known processes in carbohydrate chemistry and, perhaps
more interestingly, to perform new oxidative transfor-
mations in this field.
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lodine(l11)-Promoted Direct Oxidation of Glycals

Glycals are very versatile carbohydrate-derived cyclic
building blocks, which due to the nucleophilicity of the elec-
tron-rich enol ether double bond were anticipated to be ide-
ally suited for reactions with iodanes, such as the Koser
reagent 2b™. As shown for tri-O-acetyl-p-galactal 6, oxi-
dative regioselective deblocking at C-3 takes place in the
presence of 2b and powdered molecular sieves (3 A)
(Scheme 4). This unusual transformation*? furnishes 2,3-
dihydro-4H-pyran-4-one 7123, a member of a relatively un-
explored class of highly functionalized chiral building
blocks for which few versatile accesses from carbohydrates
had hitherto been known 4],

Scheme 4. lodine(l11)-promoted oxidative allylic deblocking of tri-
O-acetyl-p-galactal
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Figure 1. Protective group R dependence of yields in the iodi-
ne(I11)-promoted oxidation of glycals

1 o PhI(OH)OTs ) O
OR

(o]

Ac, Bn
SiR3

R= m-H  —Bz

— MOM — SnBu3

10 20 30 40 50 60 70 80 90 % Yield

This oxidation process can be applied to a wide range
of differently O-3 protected glycals with varying efficiencies
(Figure 1). Thus, the ketone functionality can be elaborated
from diverse precursors including alcohols, esters, acetals,
and ethers, and especially well from 3-O-silylated glycals.
The oxidation is independent of the relative stereochemistry
of the alcohol starting material as well as insensitive to the
nature and number of protecting groups on remaining
stereocenters, making this transformation a very general
oxidation method in glycal chemistry[*°],

Other iodine(l11) reagents such as 2a, 2d, Ph1(OMe)OTs,
or (PhlO), in the presence of different Lewis acids do not
promote this oxidation. However, the reagent system
PhI(OACc),/TMSN3; (2c is formed as the active agent) gives
improved vyields of 3-O-silylated glycals 8, 10 and 12
(Scheme 5)[t8l, Other protecting groups on O-3 lead only to
poor yields of enones or do not react at all. Reaction with
disaccharide 10 is particularly noteworthy as the high-yield-
ing transformation to enone 11 occurs in the presence of
the oxidation-labile phenylselenyl group.

3-Deoxy glycals exhibit a slightly different behaviour, as
these substrates do not have a polarized C—O bond in the
allylic position. Thus, in situ preparation of 2c in the pres-
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Scheme 5. Allylic oxidative deblocking of glycals using the reagent
system 2a/TMSN;
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Scheme 6. Allylic azidation of 3-deoxyglycal 14
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ence of glycal 14 stereoselectively affords 3-azido-3-deoxy
glycal 15 (Scheme 6)17), These azido glycals are valuable
intermediates en route to 3-amino-2,3,6-trideoxy glyco-
sides!*®l. For example, the C-4 epimer of 15 is an important
precursor of daunosamine, a constituent of many anthra-
cycline antitumor agents[*°l,

Studies on the Mechanism

Along with the well-documented iodine(l11)-promoted
oxidation of triisopropylsilyl enol ethers described by
Magnus and co-workers?224 this type of allylic oxidation
illustrates a unique reactivity pattern of polycoordinated
iodine compounds. A mechanistic rationale for these allylic
oxidations has been proposed by this group30!22 and by
Magnus et al.?. As many iodine(l11)-promoted reactions
are thought to proceed via unstable intermediates, often
alkylphenyliodonium species, detailed studies on their
mechanisms are scarce. In addition, it is often unclear as to
whether this kind of iodine(l11) chemistry proceeds via
ionic or radical pathways.

The identification of by-products helped in gaining mech-
anistic insights into the allylic oxidation of cyclic enol ethers
such as glycals. Figure 2 lists starting materials 6, 12, and
21 as well as the most relevant by-products necessary for
describing the mechanism. In some cases, these by-products
are only formed in very small amounts besides the desired
2,3-dihydro-4H-pyran-4-ones!??l. Apart from simple mono-
saccharides, such as vic-bis(tosyloxy)pyran 16, rare enopy-
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ranose 17, orthoester 18 and oxirane 20, various unusual
ring-contracted tetrahydrofurans such as 19 and 22 were
also isolated. Furthermore, efforts were made to track, iso-
late and characterize the possible intermediates of this oxi-
dation process. It was reckoned that enopyranose 17 might
have been a possible precursor of enone 7. However, it was
in fact only instantaneously transformed into enone 7 under
strongly acidic conditions (CH,Cl,, TFA), whereas TsOH
in acetonitrile as well as aqueous bicarbonate solution pro-
ved to be ineffective reagent systems for promoting this con-
version.

Figure 2. By-products formed in the iodine(l11)-promoted oxida-
tion of selected glycals
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To obtain more structural evidence on possible inter-
mediates, oxidation of galactals 6 and 23 was studied in
NMR tubes. The two starting materials reacted at different
rates, which allowed the collection of analytical data for
both the relevant intermediates. In the first step, galactals
6 and 23 were stereoselectively converted into the primary
intermediate, the alkylphenyliodonium species 24231, Once
formed, it rapidly underwent further reaction to enopy-
ranosyl tosylate 25. This further supports the notion that
17 is not an intermediate on the main route, but is formed
in the course of a side reaction.

AcO OTBS A0 OoR  AcO OR
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23 Ph/eIGOTS 25
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A mechanism that is consistent with all the above data,
observations and stereochemical results is outlined in
Schemes 7a and 7b.

The oxidation is initiated by electrophilic attack of the
hypervalent iodine reagent at the a-face of the glycal, and
subsequent trapping of the intermediate oxonium ion 26
with an external nucleophile gives the 2-phenyliodonium
pyranoses 27. In most cases, the tosyloxy ligand is incorpor-
ated, whereas in cases of per-O-benzylated glycals, the
benzyloxy group can serve as the nucleophile. This highly
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Scheme 7a. Proposed mechanism of the iodine(lll)-promoted al-
lylic oxidative deblocking of glycals — part |
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reactive primary intermediate usually undergoes reductive
elimination of Phl, typically in a cis-fashion, to give enopy-
ranoses 28, which are rapidly transformed into 2,3-dihydro-
4H-pyran-4-ones 29 upon aqueous hydrolysis (Scheme 7a).

Scheme 7b. Proposed mechanism of the iodine(l11)-promoted al-
lylic oxidative deblocking of glycals — part Il
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Besides this main pathway, two alternative routes may be
operative, leading to tetrahydrofurans (Scheme 7b). Thus,
when R? = H, intermediate 30 undergoes ring-contraction
by a stereoselective backside attack of the ring oxygen atom
0O-5 on the nucleofugic organoiodine substituent at C-2, to
afford tetrahydrofurfural 31. In contrast, when per-O-ben-
zylated glycals are transformed into 2,3-dihydro-4H-pyran-
4-ones 29 by oxidative deblocking, benzyl alcohol is liber-
ated, which can efficiently compete for oxonium ion 26, af-
fording benzyl glycoside 32. The latter undergoes ring-con-
traction resulting in tetrahydrofuran 33. The common fea-
ture of all of these oxidative routes is the cleavage of the
B,y bond relative to the carbon—iodine bond of the inter-
mediate alkylphenyliodonium species 34. Preference for one
or other of these different routes is determined by the con-
formation of the glycal and the nature of the nucleophiles
present.
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Synthetic Applications of Carbohydrate-Derived 2,3-Dihydro-4H-
pyran-4-ones

Carbohydrate-derived 2,3-dihydro-4H-pyran-4-ones,
though not frequently employed in natural product syn-
thesis?, are versatile chiral building blocks. The enone
functionality is a very appealing structural element as it is
set up for a wide range of further synthetic manipu-
lations[?®, in particular for 1,4-additions of C-nucleophiles,
ultimately leading to C-glycosides[?®. Scheme 8 depicts
some representative examples worked on in these labora-
tories. Enones such as 21 react smoothly with silyl cup-
rates?”1 affording glycosylsilylane 35, thereby introducing a
masked hydroxy group at the anomeric center. Tributylstan-
nyllithium adds in a 1,4-fashion to 2,3-dihydro-4H-pyran-
4-ones such as disaccharide 11, affording glycosyl stannanes
36. Studies by Sinay and co-workers?8! and later by Kessler
and Vasella et al.[??13% showed that these compounds are
ideal precursors of anomeric lithio derivatives and hence
of C-glycosides. Both research groups confirmed that these
anomeric anionic species are configurationally stable and
react with electrophiles with retention of configuration. In
addition to heteroatom-stabilized anions, suitable car-
banions react equally well with these carbohydrate-derived
2,3-dihydro-4H-pyran-4-ones. In fact, they should be ideal
chiral precursors for constructing stable thromboxane A,
37a (TXA,) analogues. Thus, enone 39 was coupled with
the vinyl cuprate derived from vinylstannane 3852, The in-
termediate enolate was directly trapped with allyl iodide to
stereoselectively furnish pyranone 4053, This multi-compo-
nent reaction is the key step of a synthetic approach devel-
oped for stable thromboxane A, (TXA,) analogues such
as 37hB4,

Furthermore, hypervalent iodine reagents in the oxi-
dation state +3 have been employed in a multi-step pro-
cedure that involved an efficient transformation of glycal
41 into 2,3-dihydro-5-iodo-4H-pyran-4-one 42 in one of the
steps3. In analogy to work by Evans and co-workers!®®],
it was found that this vinyl iodide could be alkylated under
Stille reaction conditions furnishing diene 43.

Halogen—ate Reagents Derived from lodine(l11) Precursors

Surveying the literature on synthetic applications of hy-
pervalent iodine reagents in the oxidation state +3, it be-
comes apparent that the electrophilicity of these reagents
has most commonly been exploited in reactions with car-
bon nucleophiles such as electron-rich alkenes and arenes!®l.
In contrast, heteroatoms have rarely found use as nucleo-
philes to date!®¢l. Recently, an investigation was initiated in
these laboratories concerned with ligand transfer reactions
from iodine(I11) onto halide anions®7. As was first pointed
out by Doleschall and Toth[®8], the species generated under
these conditions are believed to be halogen-ate com-
plexes. Apart from their use as a source of iodine rad-
icals(0111] these new reagents had not been exploited in or-
ganic synthesis.

Eur. J. Org. Chem. 1998, 2267—2274



Hypervalent lodine and Carbohydrates — A New Liaison

MICROREVIEW

Scheme 8. Synthetic applications of carbohydrate-derived 2,3-dihy-
dro-4H-pyranones; a) Me,PhSiLi, CuCN, MeLi, THF, 0°C, 20
min, then —40°C and addition of 21, —23°C, 30 min, 98%; b)
BusSnLi, THF, —78°C to —50°C, 2 h, 43%; c) 38, MeLi, CuCN,
THF, —30°C, 1 h, then addition to 39, —78°C to —50°C, 3 h,
then addition of ICH,CH=CH,, —78°C to —20°C 15 h, 58%; d)
PhI(OAc), (2 equiv.), TMSN; (4 equiv.), CH,Cl,, 0°C to r.t., 1 h;
e) pyr. (5 equiv.), then addition of Phl(OAc), (3 equiv.), TMSI (6
equiv.), CH,ClI,, r.t., 12 h, 61% for two steps; f) Bu;SNnCH=CH,,
Pd(Phsz), (0.05 equiv.), toluene, 65°C, 2.5 h, 89%.
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Scheme 9. lodine(l11)-initiated preparation of diacetoxy—halogen—
ate complexes
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The diacetoxy salts 43 are conveniently prepared by treat-
ing ammonium or phosphonium halides 42 with (diace-
toxy)iodobenzene 2a (Scheme 9). Chemically, these brown,
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amorphous salts behave like acetyl hypobromite or acetyl
hypoiodite 44, respectively. The latter has never been iso-
lated, but has been postulated as an intermediate in various
reactionst?l. These salts efficiently add to alkenes to give a-
halo acetates (Scheme 9)13l. Using glycals, 2-halo glycosyl
acetates are formed, which are ideal glycosyl donors for use
in the construction of 2-deoxy glycosides*4. Typically, the
reaction of an electrophile with glycals in the presence of a
glycosyl acceptor preferentially furnishes a trans diaxial 1,2-
addition product, leading to 2-deoxy-a-glycosides™.. In or-
der to obtain access to 2-deoxy-B-glycosides, for which no
reliable synthesis has yet been developed, the electrophile
and nucleophile need to add in a trans diequatorial mode.
This can be achieved if a glycal such as 45, bearing bulky
electron-donating silyl protecting groups, is employed in the
iodoacetoxylation reaction¢l. In an apolar solvent such as
toluene in the presence of a catalytic amount of TMSOTT,
only the 1,2-diequatorial addition product 46 is formed
(Scheme 10)*71. In contrast, the use of polar solvents and
ester or benzyl protection on glycal 47 favours trans diaxial
addition of halonium ion and acetate, thereby furnishing 48
as the major isomer. Dichloromethane is a borderline case
and usually leads to 1:1 mixtures, as exemplified by the con-
version of glycal 49 into disaccharide 50. Using this
method, both bromine and iodine can be introduced at C-
2, which is necessary for exerting stereocontrol in the next
step, i.e. the glycosidation.

Scheme 10. Haloacetoxylations of selected glycals

BugNI(OAc),,
toluene/CH2Cl2 (1:1),

Me ° Me
TBPSO. 07 40°c mpsow OAc
81% TBPSO
TBPSO
45 46 o:p=1:10
AcO OAc EtsNI(OAc)2, AcO OAc
o CH3CN, 1t |
— 5 -0 a:p=95:1
AcO = 91% AcO "
a7 48 OAc
Et4NI(OAG)2,

CHzCl2, 1t
TBPS sgp\;j m

TBPSO

Me
49 mpsowe W
TBPSC
50
a:f=1:1

As part of an ongoing interest in the class of angucyclin
antibiotics[*®l, the use of this reagent system for the con-
struction of the oligosaccharide chain of landomycin A (51)
was envisaged[“1°0, _andomycin A exhibits a broad spec-
trum of antitumor activity, where the length of the carbo-
hydrate chain effects its cytostatic activity®. A unique fea-
ture of the hexasaccharide portion of 51 is its dimeric struc-
ture, each monomer consisting of a trisaccharide con-
structed of one L-rhodinose and two p-olivose units. The
starting point of the synthesis was the iodoacetoxylation of
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glycal 52 in toluene, which afforded glycosyl acetate 53 as
the major product (a-manno/B-gluco = 1:2). The isomers
were easily separated by column chromatography (Scheme
11). The required product was converted in two steps into
disaccharide 55. Parallel to this sequence, methyl B-glyco-
side 54 was prepared from 53 in two steps in 69% overall
yield®2, and was then directly transformed into trisacchar-
ide 56.

Scheme 11. Synthesis of the trisaccharide monomer of landomycin
A; a) BuyNlI, Phl(OAc),, TMSOTf, toluene, 0°C, 12 h, 93% for
both addition products; b) MeOH, TMSOTf, Et,O, —20°C, 12 h;
c) Na, MeOH, r.t., 24 h, 69% for 2 steps; d) TMSOTf, Et,O, r.t.,

24 h, 23%.
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As is apparent from Scheme 9, formation of halogen—ate
complexes 43 is achieved by ligand transfer from the hyper-
valent iodine(l1l) reagent onto halide anions. Instead of
acetate, azide can be transferred equally well (Scheme 12).
This method furnishes halogen azide like species 57 under
much milder conditions than conventionally employed pro-
cedures originally developed by Hassner et al.[®3, In effect,
synthetic equivalents of iodine and bromine azides 58 are
generated at low temperatures in different solvents.

Thus, 2-halo-2-deoxy-B-glucosyl azide 60 is formed pref-
erentially upon treatment of glucal 59 with the reagent sys-
tem bis(azido)iodobenzene 2c (generated from 2a and
TMSN,;) and ammonium bromide™. This glucosyl azide
was efficiently reduced to the corresponding glucosyl amine
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Scheme 12. Preparation of synthetic equivalents of halogen azides
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and coupled with aspartic acid ester 61 to afford 2-deoxy-
glucosyl aspartate 62.

Scheme 13. lodine(l1l)-initiated azidobromination of tri-O-acetyl
glucal 59 and synthesis of a simple 2-deoxy glycopeptide; a)
Et,;NBr, 2a, CH,Cl,, r.t., 12 h, 29%; b) PtO,.,, H,, EtOAC, r.t., 24
h; c¢) 61, 11DQ, CH,CI,, r.t., 24 h, 82% for 2 steps.
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Conclusion

In summary, it has been established that hypervalent
iodine reagents in the oxidation state +3 and derived halo-
gen—ate(l) complexes can be advantageously applied in the
promotion of unique and new transformations in carbo-
hydrate chemstry. The number of hypervalent iodine re-
agents will undoubtedly increase further in the near future,
as will the importance of these reagents for oxidative trans-
formations of natural products, including carbohydrates.
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