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Sugar Allyltin Compounds: Preparation and Application in Organic Synthesis
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General methodology for the preparation of allyltin deriva-
tives is reported, with special attention paid to sugar allyltins.
Typical procedures affording such organometallics involve
the conversion of partially protected hexoses or pentoses
(Sug–CH2OH) into homologated allylic alcohols (Sug–
CH=CH–CH2OH), which are further transformed into the
primary or secondary sugar allyltin derivatives of the general
formula Sug–CH=CH–CH2SnR3, (E)/(Z) ratio � 5:1, or Sug–
CH*(SnR3)–CH=CH2 (single isomer with the (S)-configura-
tion at the newly created chiral center*). Controlled Lewis
acid-induced fragmentation of these hexose-derived organo-
metallics provides highly oxygenated dienoaldehydes with
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the (E) geometry across the internal double bond: CH2=CH–
CH=CH–[CH(OR)]3–CHO. The (Z)-dienoaldehydes are also
available by thermal fragmentation of the secondary sugar
allyltins. Both these synthons ((E) and (Z)) can be further con-
verted into highly functionalized derivatives of bicy-
clo[4.3.0]nonene and bicyclo[4.4.0]decene. Stereochemical
aspects of reactions between sugar allyltins and sugar alde-
hydes (in the presence of Lewis acids or under high pressure)
are also discussed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)
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1. Introduction

The history of organotin chemistry can be dated back to
1849, when Frankland synthesized the first organotin com-
pound, diethyl diiodotin, by treatment of ethyl iodide with
metallic tin.[1] Over fifty years later a number of simple and
mixed tetraalkyltin derivatives were obtained by Pope and
Peachey by treatment of Grignard reagents with SnCl4; this
reaction soon became a standard method for the prepara-
tion of alkyl- and aryltin derivatives.[1] The real interest in
organotin chemistry started in the mid 1960s, however,
when Kuivila discovered that trialkyltin hydrides reacted
with alkyl halides through a radical-chain mechanism in-
volving short-lived trialkyltin radicals.[2] Barton elaborated
an elegant and convenient method based on this for radical
deoxygenation of secondary alcohols.[3] Nowadays or-
ganotin derivatives are important synthetic intermediates,
and their utility and synthesis are described in numerous
monographs.[1,4–6] This review covers only syntheses of al-
lyltin derivatives (and particularly sugar allyltins) and their
application in stereocontrolled organic synthesis.

2. Properties of Allyltin Derivatives

The C–Sn bond is covalent (average length about
2.2 Å[7]), which makes organotin derivatives stable enough
to be isolated in a pure form. Their stability is so high that
activation of the Sn–C bond is required for introduction of
some functional groups.[5] The tin atom is more electroposi-
tive than the carbon atom, so organostannanes show reac-
tivity as carbanions (this polarity may be reversed, however,
by replacing the stannyl group with a thalium moiety[8]) or
as radicals. The strength of the C–Sn bond is dependent on
the nature of the organic substituent and can be arranged
in the following order: allyl � benzyl � ethynyl � phenyl
� vinyl � alkyl.[9] Among allylstannanes the reactivity can
be depicted as: Ph3SnAll � Me3SnAll � All4Sn �
All3SnCl.[10] Since the Sn–allyl bond is weaker than the C–
alkyl(aryl) bond, allylic stannanes are convenient sources of
C3 (allyl) fragments. The trisubstituted stannyl moiety can
be readily replaced with lithium, which makes organotin
derivatives stable precursors of the corresponding organo-
lithium reagents.[11,12] The dissociation energy of the C–Sn
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bond in an allyltin is similar to that of the Sn–H bond;
this linkage can be easily split into alkyl(aryl)tin and allyl
radicals, allowing the allylation of organic compounds to
be performed under radical conditions.[13]

Allylation with allylstannanes (these being much more
reactive than allylsilanes[14]) has found wide application in
organic synthesis since the beginning of the 1970s, because
of its compatibility with the presence of various functional
groups.[15] No wonder, therefore, that allyltin derivatives are
one of the most useful classes of synthetic intermediates
among organic stannanes.

Generally, two main classes of these derivatives may be
considered: i) allyltins, in which the only heteroatom situ-
ated directly at the allylic system is the tin atom (com-
pounds 1 and 1�) and ii) alkoxy- (2 and 2�) and, to lesser
extent, amino-allyltin compounds (Figure 1).

Figure 1. Examples of allyltin derivatives.

Primary allyltin derivatives 1 are more thermodynami-
cally stable than the secondary forms. The latter (1�) are
reasonably stable in nonpolar solvents, although they easily
isomerize into 1 in methanol or in the presence of even mild
Lewis acid.[16]

α-Alkoxyallyltins 2 isomerize to γ-alkoxy-derivatives 2�
on treatment with nonchelating strong Lewis acids (prefera-
bly boron trifluoride–diethyl ether);[17] this is one of the
most useful methods for the preparation of such com-
pounds. No such isomerization is observed, however, when
a mixture of aldehyde and 2 is treated with a Lewis acid,
with the corresponding product 3 being formed.[18] The
same product (although with different relative stereochem-
istry) is formed on treatment of 2 with aldehyde at high
temperature.[19] Regioisomers 2� under the same conditions
provide products 3� (Figure 1).[20]

Only the syntheses and reactions of compounds of the
general formula Bu3Sn–All� (All� = substituted allyl group)
are dealt with here. Moreover, this review preferentially de-
scribes the synthesis and reactivity of compounds of type 1
and 1� and is limited to derivatives in which substituent
R represents a sugar unit. Such sugar allyltins have great
synthetic potential and can be used as chirons in stereose-
lective syntheses of highly oxygenated carbobicyclic deriva-
tives (Section 5).
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3. Synthesis of Allyltin Derivatives

3.1. Synthesis of (Nonsugar) Allyltin Compounds without
Heteroatoms (other than Sn) at the Allylic System

Two general strategies are employed for the preparation
of allyltin derivatives.

Addition of a C2-Fragment Containing Tin to a C1-
Fragment (C2 + C1)

This methodology was described in the mid-1970s.[12,21]

Treatment of tin-containing phosphoranes (C2 fragment)
with aldehydes or ketones (C1 fragment) afforded the corre-
sponding allyltins as mixtures of geometrical isomers (Fig-
ure 2).

Figure 2. Synthesis of allyltins by Wittig reactions.

This method has found rather limited application, proba-
bly due to difficulties in the synthesis of more highly func-
tionalized derivatives and serious problems with reprodu-
cibility of the results. Kishi, however, recently used this
method for the preparation of (Z)-allyltin derivatives as key
intermediates in the total synthesis of cytoblastin.[22]

Reaction of a R3Sn-Fragment with an Allylic C3-Derivative
(C0 + C3)

Most allyltin derivatives are prepared by the ‘C0 + C3’
strategy, from the allylic C3 fragment and a trialkyltin spe-
cies (‘C–C=C + R3Sn’). Four general methods may be con-
sidered for their preparation:
a) Reactions between allylic metallorganic compounds and tin
electrophiles: Bu3SnCl[23] or (Bu3Sn)2O[24] (part a in Fig-
ure 3). This method is not compatible with functional
groups such as C=O, CN.

Figure 3. Synthesis of allyltin derivatives from (a) tin electrophiles
and (b) tin nucleophiles.

b) Reactions between allylic substrates and tin nucleophiles:
(R3Sn–Met)[25] (part b in Figure 3). This may proceed ac-
cording to the SN2 or (to a lesser extent) the SN2� mecha-
nisms and usually provides the primary allyltins. A useful
“one-pot” procedure for the synthesis of allyltins from al-
lylic alcohols has been reported by Weigand and
Bruckner,[26] whilst an elegant method for the synthesis of
the primary allyltins (with a soft tin cuprate reagent[27]) by
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the SN2� mechanism was proposed recently.[28] As already
mentioned, the methods presented here usually provide the
primary allyltin derivatives. There is a big problem with re-
gioselective preparation of the secondary isomers, and gen-
erally there is no useful method to achieve this goal.[29]

c) Generation of allylanions and trapping them with tin elec-
trophiles: Abstraction of a proton from the allylic system
generates the allyl anion, which then reacts with stannyl
electrophiles to produce the corresponding allyltin deriva-
tives[30,31]

d) Treatment of allylic substrates with stannyl radicals: This
method is based on the SR2� mechanism (Figure 4). Sulfur
derivatives (thiocarbonates,[32] sulfones,[33] aryl sulfides,[34]

etc.) are usually applied as allyl components. One of the
most convenient methods[32] consists of conversion of allylic
alcohols into xanthates, followed by sigmatropic thermal
[3,3] rearrangement into dithiocarbonates and subsequent
reaction with Bu3SnH, ultimately providing allyltins, usu-
ally as mixtures of geometrical isomers, with the (E) forms
strongly predominating.

Figure 4. Synthesis of allyltins by radical methods.

e) Other methods: Less common methods are represented
by hydrostannylation[35] or silylstannylation[36] of allenic
substrates and hydrostannylation of dienes.[37] Electrochem-
ical preparation of allylstannanes has also been reported.[38]

3.2. Synthesis of Sugar Allyltin Derivatives

As discussed in Section 3.1., a number of methods can
be used for the preparation of allyltin derivatives,[1–5,32,39]

but they are hardly applicable to sugars.[40] Most of the
methods do not afford any sugar allyltins and quite often
give rise to decomposition of sugar substrates.[40] The most
reliable and reproducible methods allowing sugar allyltins
to be obtained involve treatment of appropriate allylic de-
rivatives with stannyl radicals. The ‘xanthate’ method pro-
posed by Ueno and Okawara[32] was applied by Mortlock
and Thomas[41] in the first synthesis of sugar allyltin deriva-
tive from 2,3-O-isopropylidene-d-glyceraldehyde.

We have adopted the same methodology for the prepara-
tion of more complex sugar allyltins.[42] Firstly, sugar deriv-
atives with free terminal hydroxy groups were converted
into the allylic alcohols by a sequence of standard reactions
involving oxidation, C2-Wittig homologation, and re-
duction of the resulting α,β-unsaturated esters. The alcohols
obtained in this sequence were converted into xanthates and
further subjected to sigmatropic [3,3] rearrangement to di-
thiocarbonates (this process was nonselective). Treatment of
these with tri-n-butyltin hydride provided the desired sugar
allyltins as mixtures of geometrical isomers in ca. 5:1 (E)/
(Z) ratios, regardless of the geometry across the double
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bond in the starting allyl alcohol.[43] Derivatives of fu-
ranoses can be prepared in the same way[44] (Scheme 1).

Scheme 1. i) 1. Swern oxid. then Ph3P=CHCO2Me, 80%; 2. DI-
BAL-H, –23 °C, 80%; 3. NaH, CS2, MeI. ii) toluene, 110 °C, 2 h.
iii) Bu3SnH, toluene,110 °C, 0.5 h.

Although the ‘xanthate’ method is highly reproducible
and provides sugar allyltins in good yields, it has one main
limitation. The allyltins obtained by this method are always
mixtures of geometrical isomers, with the (E) forms strongly
predominating. For many synthetic purposes (e.g., for reac-
tion with aldehydes conducted under high pressure or at
high temperature to afford homoallylic alcohols[39]) pure
geometrical isomers are needed. The accessibility of (Z)-
sugar allyltins by the ‘xanthate’ method, however, is very
limited.

3.2.1. Preparation of Sugar Allyltin Compounds with
Tributyltin Cuprate (Bu3SnCu)

Pure geometrical isomers of sugar allyltins may be pre-
pared by treatment of the corresponding allylic derivatives
with tin nucleophiles, represented by tributyltin cuprate
(‘Bu3SnCu�),[27] tributyltin lithium,[5] or tributyltin sodium
(Bu3SnNa).[45] These nucleophiles may react either in SN2
or in SN2� modes. All these reagents were tested in reaction
with sugar allylic bromides (X = Br) and mesylates (X =
OMs). Only tributyltin cuprate reacted satisfactorily with
sugar allylic derivatives; the other two compounds either

Figure 5. Reactions between sugar allylic derivatives and metallated tributyltin reagents.
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did not react at all or caused decomposition of the starting
material.[46]

Tributyltin cuprate,[27] being a very soft nucleophile, will
react preferentially with the soft end of the allylic system.
Therefore, suitable activation of the sugar allylic moiety
should direct the regioselectivity of the reaction.

The SN2 mode, affording primary allyltin derivatives,
should be preferred for compounds with soft ‘ends’ (e.g.,
iodine), while the SN2� process should dominate for hard
allylic derivatives (e.g., X = OMs). This would allow either
the primary allyltins (with preservation of the geometry ac-
ross the double bond; (Z)-allyltins should be readily avail-
able by this method) or the secondary regioisomers to be
obtained.

Indeed, treatment of Bu3SnCu with derivatives of methyl
α-d-manno-pyranoside (4a–d) fully confirmed our assump-
tion (Figure 5). The highest yield of the secondary deriva-
tive 5 was obtained in the reaction of 4d, with the ‘hard
end�. Moreover, only one stereoisomer of the secondary al-
lyltin was formed, to which the (S) configuration at the
newly created stereogenic center was assigned.[46]

Galactose derivatives represent a special case. The SN2�
process is unlikely because of the strong shielding of the C-
6 center in 7 (Figure 6), and only primary isomers 8 are
formed.[43] Situation is slightly different for diacetonogalac-
tose derivatives. Mesylate (E)-9 reacted with Bu3SnCu to
afford only the primary organometallic derivative (E)-10,
while the (Z) isomer also furnished – besides the primary
product (Z)-10 – the secondary isomers 11 upon treatment
with the same reagent, although in low yields. It is worth
mentioning that these secondary sugar allyltins were
formed in comparable amounts.[47]

Furanose derivatives of sugars also provided secondary
allyltins on treatment with Bu3SnCu (Figure 7). It is very
interesting that the configuration of the regioisomer 14
formed in this process was not dependent on the geometry
of the starting allylic mesylate; the same derivative 14, with
the (S) configuration at C-5, was obtained from both geo-
metrical isomers (E)-12 and (Z)-12.[46]

Another class of sugar allyltins (represented by 16 and
17 in Scheme 2) was prepared by Marshall and Elliott,[48]

by the 1,4-addition of Bu3SnCu to the α,β-unsaturated
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Figure 6. Reactions between allylic derivatives of galactose and Bu3SnCu.

Scheme 2. i) Bu3SnCu. ii) TBSCl (80%).

Figure 7. Reactions between furanose derivatives and Bu3SnCu.

sugar aldehyde 15, followed by trapping of the intermediate
with silyl chloride. These organometallic derivatives were
further used in the synthesis of higher-carbon sugars.

4. Reactions of Allyltin Derivatives

One of the most important reactions of allyltin deriva-
tives is with aldehydes to provide homoallylic alcohols. In
many cases stereocontrolled additions of allyltins to alde-
hydes are key steps in the preparation of complex natural
products. Keck used the addition of Bu3SnAll as a key step
in the preparation of the C1–C9 fragment of rhizoxin.[49]

Radical-mediated annulations with allyltins provide a con-
venient route to carbocyclic derivatives.[50] Oxidation of al-
lyltin derivatives with m-chloroperbenzoic acid proceeds at
the C-3 position to afford allylic alcohols. This can be the
method of choice for the interconversion of primary allylic
alcohols into secondary ones through a 1,3-shift of a hy-
droxy group.[32]

4.1. Synthesis of Homoallylic Alcohols. General Remarks

Allyltyltin derivatives – being much more reactive than
the corresponding silanes – are very useful donors of the
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allyl group. Reactions between allylstannanes and aldehydes
for stereoselective synthesis of homoallylic alcohols have
been designed specially.[4,39c,51] Depending on the nature of
the starting organometallic compound, homoallylic
alcohols (18, 19, or 20) are obtained through thermal or
acid-catalyzed reactions between allyltins and aldehydes;
this process proceeds with rearrangement of the allylic frag-
ment (Figure 8). The uncatalyzed version proceeds through
a six-membered cyclic transition state,[52] while with Lewis
acid catalysis an open-chain transition state has been pro-
posed.[39,53] Allyltributyltins can be conveniently trans-
metallated to form more reactive species.[54]

Figure 8. Reactions between allyltins and aldehydes.

The stereochemistry of the reaction between an allyltin
and an aldehyde depends on the method of activation of
the Sn–C bond. From the (E)-stannane (E)-21 the threo-
product 22 is formed predominantly (or exclusively) when
the reaction is performed at high temperature[52] or under
high pressure.[55] Alternatively, the (Z)-21 isomer affords the
erythro product 23. Such selectivities are explained by the
cyclic six-membered transition states in which the steric ef-
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Figure 9. Stereochemical models for the reactions between allyltins and aldehydes under high pressure or at high temperature (I) or with
catalysis by Lewis acids (II).

fects are minimized[39] (part I, Figure 9). Allylation of alde-
hydes with allylic organometallic reagents can provide
homoallylic alcohols with impressive regio- and stereocon-
trol. Generally, reactions between aldehydes and (E)-but-
2-enyl metal derivatives (Li, Mg, B, Zn, etc.) afford threo
homoallylic alcohols, while the (Z)-organometallic reagents
give erythro derivatives.[39] In contrast, but-2-enylstannanes
provide the erythro adducts regardless of the geometry of
the starting allyltin upon treatment with aldehydes.[56] This
is the result of a very low acidity of the tetraorganotin de-
rivative, which cannot compete with the Lewis acid catalyst
(part II, Figure 9).

For hydroxy- (alkoxy-) or aminoaldehydes, an additional
effect due to complexation to –OR and –NR2 groups also
needs to be considered together with complexation of the
Lewis acid to the C=O group. Some Lewis acids (ZnCl2,
TiCl4, SnCl4, etc.) may form chelates with such carbonyl
compounds to afford five- (for α derivatives) or six-mem-
bered (β) cyclic intermediates.[57] The product expected
from the ‘chelation’ model is therefore usually strongly pre-
ferred. The α-aminoaldehydes react similarly.[58] The selec-
tivity is also dependent on the Lewis acid used[59] (Fig-
ure 10).

Figure 10. a) Reactions between allyltins and α-alkoxyaldehydes. b) Influence of the Lewis acid on stereoselectivity.
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The δ-alkoxyallyltins (such as 24 in Scheme 3) represent
a special case. At high temperature or under high pressure
they react with aldehydes in a normal way [i.e., the products
(25, 25�) are the result of the attack of electrophile (alde-
hyde) on the γ-carbon atom]. However, the situation is
changed when tin tetrachloride is used as activator in this
process. Thomas studied the reactions between such substi-
tuted allyltin derivatives and aldehydes in a series of papers,
and found that the attack of electrophile in the SnCl4-cata-
lyzed process occurred exclusively at the α-carbon atom.[60]

The formation of such products may be explained in terms
of transmetallation of 24 with SnCl4 to afford 27 (an X-ray
structure of such a type of oxastannane has been described
in the literature[61]), which upon treatment with aldehyde
gives compound 26 (Scheme 3). When boron trifluoride was
used 1,4-elimination was observed and the yields of the de-
sired coupling products were low. Aminoallyltins (OBn re-
placed with NBn2) reacted similarly.[62]

When the alkoxy function is located at the ε-position an-
other transmetallated intermediate (28; Scheme 4) is
formed; the reaction between this derivative and aldehyde
affords product with high selectivity.[63]
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Scheme 3. i) ArCHO, 150 °C. ii) SnCl4. iii) PhCHO.

Scheme 4. i) SnCl4. ii) RCHO. iii) 1. InCl3; 2. PhCHO.

The stereochemistry of this process is changed when
InCl3 or BiCl3 are used as promoters[63] (Scheme 4). The
five-membered intermediate 28 can be trapped by exchange
of the chlorine atoms for phenyl groups (with PhLi).[64]

The concept of remote 1,5- and 1,7-asymmetric induc-
tion with allylmetals[65,66] can also be applied to 1,8-induc-
tion.[67] Application of remote asymmetric induction in
SnCl4-catalyzed reactions between β-aminoaldehydes and
allyltins was presented by Thomas in the synthesis of the
antifungal agent panamycin 607.[68]

Alkoxyallyltin derivatives react with imines in a similar
way as with aldehydes.[69]

4.2. Synthesis of Higher-Carbon Sugars from Allyltin
Compounds

Higher-carbon sugars are attractive targets and their syn-
thesis has attracted considerable attention in the last two

Figure 11. Methods for the preparation of higher-carbon sugars by Wittig-type and stannyl methodology.
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decades. A number of methods affording such complicated
molecules have been developed.[70] Over recent years we
have proposed a general methodology for the preparation
of higher-carbon sugars by coupling of two sugar sub-
units.[71]

The precursor 33 is readily obtained from sugar phos-
phoranes[72] 31, phosphonates[73] 32, or vinyltin derivatives
of monosaccharides[74] 34 (Figure 11).

Another class of higher sugar precursors – homoallylic
alcohols flanked at both ends with sugar moieties (e.g., 37
in Figure 12) – was recently prepared by us in a boron tri-
fluoride-catalyzed addition of sugar allyltins to sugar alde-
hydes.[75]

Only this catalyst (BF3·OEt2) was suitable for such trans-
formation, the pyranose derivatives (e.g., 6 or 35) reacting
readily with aldehydes to provide the products 37 in high
yields and with very high diastereoselectivities. Use of other
Lewis acids (e.g., TiCl4, ZnCl2) was associated with decom-
position of sugar organometallics;[76] interestingly, this pro-
cess can be controlled to provide useful chiral synthons in
the form of (E)-dienoaldehydes[42] (e.g., 38), starting materi-
als in stereocontrolled synthesis of carbobicyclic deriva-
tives[77,78] (see Section 5).

The boron BF3·OEt2-catalyzed reaction between the
sugar derivative 35 and the sugar aldehyde 36 afforded the
higher sugar precursor 37 in ca 80% yield. The relative ste-
reochemistry was erythro, as would be expected from the
open-chain model, and the (6R,7S) absolute configuration
was assigned to the product by chemical and spectral corre-
lation.[75] The stereochemistry of this reaction can be ex-
plained in terms of the models shown in Figure 13.

Furanose allyltin derivatives, however, did not react with
aldehydes in the same way as pyranoses; in the presence of
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Figure 12. Behavior of sugar allyltins towards Lewis acids.

Figure 13. The preferred (A) and not preferred (B) transition states in the reaction between 35 and aldehyde 36.

BF3·OEt2 they underwent decomposition prior to the reac-
tion with aldehyde.[75] Use of acid catalysts in formation of
compounds of type 40 (or 41 in Scheme 5) should therefore
be avoided, and other conditions should be checked to
achieve this transformation. The process affording homoal-
lylic alcohols with preservation of the sugar skeleton of fu-
ranose was achieved under high pressure.

Scheme 5. i) 13 kbar, 57 °C, CH2Cl2, 7 days.

Thus, isomer (Z)-39 reacted with aldehyde 36 under
13 kbar pressure to afford the threo derivative 40 as the only
product, in 97% yield[79] (Scheme 5). However, the (E)-13
isomer provided the same threo derivative 40 together with
another threo-homoallylic alcohol 41.[79]

Although the threo product(s) would be expected from
the high-pressure reaction of the (E) isomers according to
the cyclic mechanism of this process (Figure 9), it is hard
to explain the formation of such product with the same rel-
ative stereochemistry from the (Z) isomer under these con-
ditions, unless different mechanisms for the two reactions
are considered. Formation of the threo adducts 40 and 41

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 3415–34323422

from the (E)-organometallic (E)-39 might be explained in
terms of the cyclic model used for such a reaction as shown
in Figure 9. Formation of the threo adduct 40 from the (Z)
isomer is more difficult to explain, since according to this
cyclic model, the (Z)-organometallics should provide the
erythro products. The possibility that the (Z) isomer might
undergo isomerization to (E)-39 prior to reaction with alde-
hyde was excluded, since (E)-39 gives threo adducts with
low stereoselectivity in reaction with 36, while the selectivity
in the reaction of (Z)-39 was very high (97% of only one
stereoisomer).[79] The widely accepted cyclic model there-
fore has to be modified.

Although tetraorganostannanes are weak Lewis acids,
their acidity increases at high pressures. The process studied
by us may therefore be regarded as acid-catalyzed with in-
ternal Lewis acid (Sug-SnBu3). However, in the open-chain,
antiperiplanar model of the acid-catalyzed reaction, the ad-
ducts with the relative erythro configuration would be ex-
pected.[39] The threo product 40 or 41 could, possibly, result
from other transition states 42-I and 42-II with antiper-
iplanar arrangements of the carbonyl and allylstannane
groups, although it is very unlikely due to severe steric re-
pulsions between the arabinose and ribose units (Fig-
ure 14).

Figure 14. Stereochemical open-chain models in the reaction be-
tween 39 and 36, affording threo adducts 40 and 41.

Exclusive formation of the threo-homoallylic alcohols in
the high-pressure reactions of isomeric sugar allyltins (Z)-
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and (E)-39 with aldehyde 36 may be explained in terms of
an open-chain synclinal model, as proposed recently by Ni-
shigaichi and Takuwa.[80] This model postulates that the
carbonyl and olefinic fragments of both reacting molecules
are synclinal to each other; in Nishigaichi and Takuwa’s
original model this transition state is stabilized by external
Lewis acid (e.g., TiCl4).[80]

We propose that the synclinal transition state is stabilized
by tributyltin moiety as part of one reacting partner. Such
a transition state is cyclic, but the conformation of this six-
membered ring is highly distorted from the chair form. Ac-
cording to this model we can propose transition states 43a
and 43b for the reaction between (E)-39 and 36, and 44a
and 44b for the reaction of (Z)-39 (Figure 15); all of these
would produce the threo adducts 40 or 41. The steric inter-
actions in 43a or 43b are comparable, so the stereoselectiv-
ity in the reaction between the (E) isomer 39-E and 36
should be low. The situation is better in the reaction of the
(Z) isomer of 39. Transition state 44b should be so highly
favored over the alternative 44a that only one stereoiso-
meric threo-homoallylic alcohol 40 should be formed, in
very high yield[79] (Figure 15).

Allyltin derivatives have been applied as useful synthons
in directed synthesis of higher-carbon sugars (one example
reported by Marshal has already been shown in Sec-
tion 3.2.). The key step in these preparations consists of the
highly stereoselective boron trifluoride–diethyl ether-cata-
lyzed addition of organometallic derivative 45 to the respec-
tive aldehydes,[81–83] followed by cis-hydroxylation of the
double bond(s) in the resulting homoallylic alcohols with
OsO4 in accordance with Kishi’s rule[84] (Figure 16).

Figure 15. Stereochemical models for high-pressure reactions between isomeric allylstannanes (Z)-39 and (E)-39 and aldehyde 36.
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Figure 16. Stereoselective synthesis of higher-carbon sugars from
allyltin derivatives.

The key step in the preparation of higher aminosugars
also involved a BF3-catalyzed addition of a γ-alkoxyallyltin
to a linear C-6 sugar aldehyde.[85] The synthesis of C-allyl-
glycosides by treatment of S-phenylglycosides with allyltin
compounds under radical conditions was reported by
Keck.[86]

4.3. Controlled Fragmentation of Sugar Allyltin Derivatives

During the work on higher-carbon sugars we prepared
the allyltin 35 (Figure 17), a derivative of d-glucose, and
used it in reaction with a sugar aldehyde.[76]

The target compound – homoallylic alcohol 46 – was
formed in rather small amounts, and the major product
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Figure 17. TiCl4-catalyzed reaction between the sugar allyltin 35 and an aldehyde.

Figure 18. Preparation of different dienoaldehydes by controlled decomposition of sugar allyltin species.

turned to be the dienoaldehyde 47 resulting from the frag-
mentation of the sugar allyltin (Figure 17). (A similar frag-
mentation was observed by McNeill and Thomas[60] when
a δ-alkoxyallyltin species was treated with BF3.)

This rather unusual rearrangement soon became the
standard method in our laboratory for the preparation of
highly oxygenated dienoaldehydes with (E) geometry across
the internal double bond[42,44] (Figure 18).

Several dienoaldehydes 47–49 were prepared conve-
niently by controlled fragmentation of the corresponding
sugar allyltins (derived from d-glucose, d-mannose, and d-
galactose, respectively).[42] Similarly, the dienes 50–52 were
obtained in good yields by this simple method by fragmen-
tation of furanose derivatives[44] (Figure 18).

4.3.1. Thermal Stability of Sugar Allyltin Compounds

The behavior of sugar allyltins at high temperature is
interesting. While the primary isomers are stable up to
214 °C (boiling trichlorobenzene), secondary derivatives
undergo fragmentation in boiling xylene (140 °C) with eli-
mination of the stannyl moiety to provide products iden-
tified as dienoaldehydes, but with (Z) geometry across the
internal double bonds.[46] This observation opened a new,
very interesting opportunity in stereocontrolled organic
syntheses of highly oxygenated carbobicyclic derivatives in
enantiomerically pure form (described in Section 5). While
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fragmentation of the primary isomers with Lewis acids pro-
vided the (E)-dienes as the only products,[46,87] thermal de-
composition of the secondary ones gave the (Z)-dienes.
Both geometrical isomers, (E) or (Z), of dienoaldehydes are
therefore easily available in pure form, either by treatment
of the primary sugar allyltin with zinc chloride (� (E) re-
gardless of the geometry of the starting allyltin), or by a
controlled thermal fragmentation of secondary organome-
tallics (only one stereoisomer formed in reaction of sugar

Figure 19. Preparation of secondary sugar allyltins and their behav-
ior at high temperature and in the presence of ZnCl2.
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allylic mesylates with Bu3SnCu). Interestingly, this second-
ary isomer decomposed to the (E)-diene upon treatment
with ZnCl2.[46] The basic idea of this methodology is pre-
sented in Figure 19. Several (Z)-dienoaldehydes were pre-
pared from secondary sugar allyltins – the exclusive (or
major) products of the reaction of sugar allylic mesylates
with BuSnCu.[46]

This very interesting and useful behavior of sugar al-
lyltins needs explanation. We do not yet know the mecha-
nism of fragmentation induced with a Lewis acid to afford
the (E)-dienes regardless of the configuration of starting al-
lyltin, but highly stereoselective thermal fragmentation of
the secondary isomers can be explained if a concerted pro-
cess is assumed for the elimination of the stannyl moiety.

4.3.2. Mechanism of Thermal Fragmentation of Secondary
Sugar Allyltin Compounds and Determination of Absolute
Configurations

Three different mechanisms of controlled fragmentation
of secondary sugar allyltins merit consideration: the radical
process (involving cleavage of the carbon–oxygen bond un-
der the radical conditions; such a process, although not
common, is known[88]) or two concerted ones: anti (E-2) or
syn elimination. To check whether radicals were involved in
the fragmentation of secondary sugar allyltin derivatives,
compound 5 was heated at 140 °C in the presence of
Bu3SnH and in a separate experiment with (Bu3Sn)2. No
formation either of a reduced product 54 or a primary (Z)-

Figure 20. The (excluded) radical mechanism of decomposition of 5.

Figure 21. Stereochemical models for the controlled decomposition of secondary sugar allyltins.
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or (E)-allylstannane 6 (stable up to at least 214 °C) was
noted, which reasonably excluded the radical mechanism of
fragmentation (Figure 20).[87]

Two other possible mechanisms of such elimination (con-
certed: anti or syn) were therefore analyzed. Were the pro-
cess of controlled fragmentation of secondary sugar al-
lyltins to proceed according to one of these, diastereoiso-
meric organometallics differing in their configuration at the
stereogenic center bearing the stannyl group should decom-
pose to dienoaldehydes with opposite geometries across
their internal double bonds. Although single stereoisomers
(S)-5 were formed with very high diastereoselectivity in re-
actions between the sugar allylic mesylates and Bu3SnCu,
we were also able to isolate traces of the opposite (R)-5
isomers.[46] This isomer underwent similar fragmentation to
that of (S)-5 to provide the diene, but with the (E) configu-
ration across the internal double bond. This result unequiv-
ocally pointed to a concerted mechanism of thermal frag-
mentation of secondary sugar allyltin derivatives, the ques-
tion, however, being which one: syn or anti. This problem
is very important, since knowledge of the mechanism would
allow the configuration at the stereogenic center bearing the
stannyl moiety to be determined. Determination of the con-
figurations of tin derivatives is not trivial, but their struc-
tures may often be deduced from the products of their con-
trolled fragmentation[89] if the mechanisms of such pro-
cesses are known.

We suggested that the anti-(E-2) elimination mechanism
as shown in Figure 21 was more likely, and would be consis-
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Figure 22. Possible mechanisms of decomposition of secondary allylstannanes to afford the (Z)-dienoaldehydes.

tent with literature data[90] proposed for thermal fragmenta-
tion of β-stannyl alcohols and β-stannyl esters. In this case
the configuration at the C-6 center would be (S) (route a
in Figure 22). However, if we assume the syn elimination
mechanism (route b) the configuration would be (6R). 117Sn
NMR spectroscopy was applied to solve this problem.

According to the stoichiometry of the rearrangement, tri-
butyltin methoxide is eliminated. This derivative is rather
unstable and even traces of moisture induce its decomposi-
tion to tri-n-butyltin oxide.[1,91] It should be formed as a
primary product by the anti mechanism and a secondary
product in the syn mode, via the intermediate mixed acetal
57. Such mixed acetals are known, but most of them are
very sensitive to moisture and readily undergo hydrolysis.
Although it is claimed that the adducts of aldehydes with
Bu3SnOMe (mixed acetals of type 57) are stable to hydroly-
sis ‘only if the carbonyl compound is a powerful acceptor
(e.g., chloral)’[92] we have been able to detect such mixed
acetals by 117Sn NMR spectroscopy.[79]

To distinguish between these two possibilities, the syn or
anti mode, we thus applied 117Sn NMR spectroscopy. Tribu-
tyltin methoxide was detected, but no signal for the mixed
acetal 57 was visible in the spectrum of the crude mixture

Figure 23. Synthesis of highly oxygenated perhydroindane and decaline precursors from sugar allyltins.
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obtained by thermal degradation of 5,[79] which, we believe,
supports the E-2 mechanism of the fragmentation.

5. Synthesis of Highly Oxygenated Carbobicyclic
Derivatives from Sugar Allyltin Compounds

Monocyclic analogues of simple sugars such as cycli-
tols,[93] and carbasugars[94] play important roles in bio-
logical processes. Much less is known about bicyclic ana-
logues, their synthesis and biological activity, though it has
been reported that certain highly oxygenated, although ra-
cemic, derivatives of bicyclo[4.4.0]decane 58 and bicy-
clo[4.3.0]nonane 59 showed potent and selective α-gluco-
sidase inhibition at μm concentrations against α- and β-glu-
cosidases.[95]
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We decided to prepare such derivatives (or rather their

convenient precursors) in optically pure form. One of the
most convenient methods for the synthesis of enantiomer-
ically pure compounds is undoubtedly the ‘chiron ap-
proach’:[96] the use of readily available optically pure natural
products such as sugars, aminoacids, terpenes, etc. as start-
ing materials. Retrosynthetic analysis as shown in Figure 23
indicated that the bicyclic derivatives 60 and 61 might be
suitable direct precursors of (optically pure) compounds 58
and 59, respectively.

Such precursors might be obtained from the trienes 62
and 63, and these trienes should be available from dienoal-
dehydes of defined geometry. As shown in Section 4.3., such
synthons are readily available from the corresponding sugar
allyltin derivatives. Moreover, both the (E)- and the (Z)-
dienes are available in pure form through appropriate
choice of reagents. Such dienoaldehydes can be converted
into the trienes 62 and/or 63, and highly stereoselective and
predictable cyclization[97] of these should provide precursors
60 and 61. (In the late 1980s Herczegh[98] reported on the
synthesis of carbobicyclic compounds from sugar chirons
by standard methodology. The preparation of geometrically
pure dienoaldehydes represented a serious problem, how-
ever.)

5.1. Synthesis of Monocarbocyclic Derivatives from Sugar-
Derived Dienoaldehydes

A review on the synthesis of carbocyclic derivatives
based on transition metal-catalyzed cyclization of organos-
tannanes appeared recently.[99]

The dienoaldehydes obtained by us from sugar allyltins,
can serve as precursors of both monocyclic and bicyclic
highly oxygenated derivatives. Since the chemistry of mono-
cyclic analogues is very well explored[93,94,100] we tested only
one type of reaction for the preparation of cyclopenanes as
shown in Scheme 6.

Aldehyde 47, obtained by a controlled fragmentation of
the corresponding d-gluco configured allyltin (c.f. Sec-
tion 4.3.), was treated with tributyltin hydride under radical
conditions to afford cyclopentane 66 as a single stereoiso-
mer, although in moderate yield.[101] Alternatively, conver-
sion of the aldehyde 47 into the xanthate 65 followed by
radical cyclization gave compound 64.[101]

Scheme 6. i) Bu3SnH/AIBN.
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5.2. Synthesis of Carbobicyclic Derivatives from Sugar-
Derived Dienoaldehydes

This section presents an approach to highly oxygenated
bicyclo[4.3.0]nonene and bicyclo[4.4.0]decene derivatives
from sugar allyltins. The general idea was depicted in Fig-
ure 23.

5.2.1. Synthesis of Bicyclo[4.3.0]nonenes

The first synthesis of these bicyclic derivatives was per-
formed by us in 1997.[77] The corresponding dienoaldehydes
47–49 (see Figure 18) were treated with the simplest stabi-
lized Wittig reagent (Ph3P=CHCO2Me) to afford the tri-
enes 47�–49� (Scheme 7). Cyclization of these precursors
was induced by use either of aluminium trichloride or of
high pressure. The reaction under high pressure performed
on a small scale (10 mg) was highly stereoselective and pro-
vided single stereoisomers (67–69), while in an acid-cata-
lyzed process a mixture of isomers were obtained from the
d-xylo- (47�) and d-lyxo- (48�) trienes. The junctions be-
tween the rings were trans, the result of the endo transition
state in this intramolecular Diels–Alder reaction. When the
high pressure reaction was performed on a preparative scale
(1.2 g) significant amounts of the alternative endo adduct
67� were formed in the cyclization of 47�.[102]

Could the absolute configuration at the ring junction
(i.e., at C-1 and C-6) be changed? To test this possibility we
treated the trienes not with achiral Wittig reagent, but with
chiral phosphonates. The syntheses of such sugar-derived
Wittig-type reagents are presented in Scheme 8. The corre-
sponding methyl esters (derived either from d-mannose or
d-glyceraldehyde) afforded the phosphonates 70 with (S)
configuration at the neighboring center and 71 with (R)
configuration in high yield[77b] upon treatment with the di-
methyl methylphosphonate anion (Scheme 8).

Treatment of d-xylo-dienoaldehyde 47 with the phos-
phonate 70 gave compound 72 with the (1R,6S) configura-
tion (Scheme 9), while subjection of the phosphonate 71 to
the same process gave the bicycle 73 with the opposite con-
figurations at these two stereogenic centers. The same ten-
dency was observed for dienoaldehydes 48 and 49.[77b] The
configuration of these two centers can be changed, al-
though the relative geometry is still trans (Scheme 8).[77b]

Thus, the desired bicyclo[4.3.0]nonene system is available
by judicious choice of the reagents.
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Scheme 7. i) AlCl3 (78–85%). ii) 15 kbar (ca. 80% yield in each case).

Scheme 8. i) BuLi, THF, –78 °C, 80–90%.

Scheme 9. i) Toluene, K2CO3, 18-crown-6, room temp.

Scheme 10. i) Boiling xylene (140 °C), Ph3P=CHCO2Me, 2 h.
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The trans junction between the rings is the result of the
preferred endo transition state of the IMDA process. Hav-
ing the (Z)-dienoaldehydes also to hand, we applied these
for the preparation of bicycles with relative cis configura-
tions between the six- and five-membered rings
(Scheme 10).[103]

When secondary d-gluco-configured sugar allyltin 74 was
thermally decomposed in the presence of the simplest stabi-
lized phosphorane (Ph3P=CHCO2Me), the (Z)-dienoal-
dehyde 75 was formed and converted in situ into the triene
76, which underwent spontaneous IMDA reaction to form
the cis-bicycle 77.[103]
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5.2.2. Synthesis of Bicyclo[4.4.0]decenes

During the synthesis of higher-carbon sugars we devel-
oped the methodology of coupling of two sugar subunits
by a Wittig-type methodology. Simple sugars can easily be
converted into sugar phosphoranes[72,104] or phosphon-
ates,[73,104] which can be used as olefinating agents to pro-
vide the α,β-unsaturated enones in good yields (c.f. Fig-
ure 11, Section 4.2).

This methodology was applied for conversion of the di-
enoaldehydes into the corresponding trienes and is pre-
sented in Scheme 11 (exemplified by the synthesis of the
Wittig-type reagents with the d-xylo-configuration from the
aldehyde 47). Aldehyde 47 was oxidized to the acid 78,
which was further transformed into the methyl ester 79. The
synthesis of the Wittig reagent 82 was achieved by conver-
sion of the acid 78 into the imidazolide 80 and its subse-
quent reaction with 3 equiv. of Ph3P=CH2.[78a] The phos-
phonate 81 was prepared in much higher yield (86% vs.
55% of the phosphorane) by treatment of the methyl ester
79 with dimethyl methylphosphonate anion.[78b]

Scheme 11. i) Jones’ oxidation. ii) Im2CO, benzene, room temp.
15 min. iii) Ph3P=CH2, (3 equiv.), benzene, room temp. 2 h. 55%
from 47. iv) CH2N2. v) MeP(O)(OMe)2, BuLi, THF, 15 min., 86%.

Both Wittig-type reagents were used for the synthesis of
the sugar-derived trienes; a model reaction with d-glyceral-
dehyde derivative 83 is shown in Scheme 12. Ylide 82 was
very unreactive, and the process could be conducted only
at high temperature (boiling xylene) or under high pressure
(10 kbar). The triene 84� formed under these conditions cy-
clized in situ to provide the bicyclic derivative 84 as single
stereoisomer.[78a]

The yield of this tandem reaction was not very impres-
sive, however, varying from 35% (at 140 °C) to 50%
(10 kbar). If the rather low yield in the synthesis of phos-
phorane 82 (55% yield from 47) is also taken into account,
the overall yield of 84 is very low. Much more efficient was

Eur. J. Org. Chem. 2005, 3415–3432 www.eurjoc.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3429

Scheme 12. i) Xylene, reflux. ii) Toluene, 10 kbar. iii) K2CO3, 18-
crown-6, toluene, room temp.

the reaction between the phosphonate 81 and aldehyde 83
performed under mild phase-transfer conditions (K2CO3/
toluene/18-crown-6, room temp.), which afforded the same
bicycle 84 in 75% yield (65% overall, calculated on 47).[78b]

We also performed a model study on functionalization
of the precursor 84. Stereoselective reduction of the car-
bonyl group followed by oxidation (epoxidation or cis-hy-
droxylation) of the double bond allowed a number of highly
oxygenated derivatives of decalin, also containing nitrogen
functionalities in the molecule, to be obtained.[105]

Treatment of the phosphonates (derived from sugar al-
lyltins with the d-manno and d-galacto configurations) with
aldehyde 83 under mild phase-transfer conditions also pro-
vided trienes that underwent spontaneous, highly stereose-
lective cyclization to the corresponding bicyclic derivatives
85 and 86 (Scheme 13).[78b]

Scheme 13. i) K2CO3, 18-crown-6, toluene, room temp.

The high stereoselectivity of these processes may be ex-
plained in terms of the endo transition state of the IMDA
process, exemplified by the cyclization of the triene 87[78b]

(Figure 24).
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Figure 24. Stereochemical models of cyclization of triene 87.

6. Conclusion and Perspectives

Sugar allyltins can easily be prepared from simple sugars
either by a xanthate methodology or by treatment of appro-
priately activated sugar allylic derivatives (e.g., mesylates)
with tributyltin cuprate. Such sugar organometallics are
easily transformed into the dienoaldehydes of defined (E)
or (Z) geometry across the internal double bond. These
synthons are further converted – in a highly stereoselective

Figure 25. A concise approach to highly oxygenated carbocyclic derivatives from sugar allyltins.
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manner – into derivatives of bicyclo [4.3.0]nonene and bicy-
clo[4.4.0]decene by simple methods (Figure 25).

Such highly functionalized derivatives are useful precur-
sors of fully hydroxylated, enantiomerically pure perhy-
droindanes and decalins. Alternatively, they may be used
for the preparation of monocyclic derivatives such as cyclo-
hexanes and cyclopentanes with various functionalities (see
Figure 25). Further work in this field is in progress.
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