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REVIEW
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1. INTRODUCTION

Carbohydrates constitute an abundant and inexpensive source of chiral com-
pounds. They are recognized as versatile building blocks in synthetic organic
chemistry, having a variety of functional and stereochemical features. Many of
these compounds can be easily transformed into versatile synthetic intermediates,
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ORDER                        REPRINTS

bearing functional groups as well as predetermined chiral centers. These interme-
diates can then be further elaborated for the synthesis of many naturally occurring
compounds.1

A key element in this strategy is the construction of a ring system from a car-
bohydrate precursor for elaboration into polycyclic chiral compounds.2, 3 Radical
cyclization has been widely used as a tool for access to these complex cyclic and
heterocyclic frameworks, whereas organometallic-catalyzed cyclization reactions
of carbohydrate derivatives have been less studied and only recently has this
methodology attracted much attention. We describe in this short review the differ-
ent organometallic-catalyzed cyclization procedures in carbohydrate chemistry af-
fording enantiopure polycyclic systems.

2. COBALT-CATALYZED CYCLIZATION

Lindsell et al. Were the first workers to investigate the Pauson-Khand ring
forming reaction4,5 with carbohydrate derivatives.6 Hex-2-enopyranosides 1
(n � 1, 2) were treated with Co2(CO)8 to give the hexacarbonyldicobalt complexes
2 (n � 1, 2) (Scheme 1); unfortunately, all attempts to promote intramolecular
Pauson-Khand reaction of complexes 2 were unsuccessful.

Voelter and co-workers7,8 obtained the hexacarbonyldicobalt complexes 5
and 6 (Z � CO2Me) in quantitative yields by treating the acetylenic carbohydrates
3 and 4 with Co2(CO)8 in benzene at room temperature (Scheme 2). Heating of
these compounds at 50°C in DMSO afforded the tricyclic compounds 7 and 8 in
75% and 77% yield, respectively.

During the same period, Marco-Contelles published his results on the cobalt-
mediated cycloisomerization of 1,6-enynes on carbohydrate templates.9, 10 For ex-
ample, after cobalt complex formation and in situ decomposition with NMO 
(N-methylmorpholine oxide), the 1,6-enynes 9, 10 and 11 gave the cyclopen-
tenones 12, 13 and 14 in moderate to good yields in one synthetic operation
(Scheme 3). It is to be noticed that the carbonylative insertion always takes place
from the same side on which the propargyl moiety is located.
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Scheme 1.
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Scheme 2.

Scheme 3.
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Application of this methodology to ketoglycosidic enynes 15a and 15b (treat-
ment by dicobaltoctacarbonyl in CH2Cl2, then by an excess of NMO) afforded the
cyclopentenone spiroacetals 16a and 16b in 76 and 66% yield, respectively
(Scheme 4);11 compound 16a was isolated as a single stereoisomer, whereas 16b
was a mixture of the two diastereoisomers in a ratio 7:1.

3. PALLADIUM-CATALYZED CYCLIZATION

3.1. Metallo-ene Cyclization

The “metallo-ene” type cyclization of 1-acetoxy-2,7-dienes, depicted in
Scheme 5, has been extensively studied by Oppolzer for the construction of vari-
ous five-membered ring compounds.12, 13

This methodology was extended by Holzapfel’s group to carbohydrate
molecules. Palladium(0)-catalyzed cyclization of acetoxy-1,6-diene-C- and O-gly-
coside 17a and 17b gave the cis-fused bicyclic compounds 18a and 18b in 72 and
50% yield, respectively; the reaction was carried out in acetic acid starting with
17a and methanol starting with 17b. The threo derivative 19a gave also compound
18a in 89% yield (Scheme 6).14–16 The observation that both the allyl acetate
derivatives 17a and 19a gave the same cis annulated cyclization product 18a im-
plies a relatively slow trans-cis isomerization of the �-allyl intermediate palladium
complex, since the mechanism for the cyclization reaction proceeds in a suprafa-
cial manner. This observation was previously made by Oppolzer who showed that
cyclisation of trans-disposed “enophiles” occurred, although slower than cis-
disposed “enophiles”.17

This palladium-catalyzed cyclization was also successfully conducted on a
large variety of 4-alkoxy, 4-amido, and 4-alkyl pseudoglycals (Scheme 7).15 Sub-
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Scheme 4.

Scheme 5.
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strates bearing various anomeric phenoxy-, isopropoxy-, propoxy-, or tert-butoxy-
groups, such as 20 and 22, readily cyclized at 80°C in acetic acid to furnish the re-
spective bicyclic products 21 and 23 in quite good yields.

Performing the reaction under carbon monoxide, highly functionalized poly-
cyclic compounds were obtained by trapping of the cyclized alkyl-palladium
intermediate with CO via a cyclization/carbonylation sequence. When the cycliza-
tion was performed under 1atm of CO, 2,3-unsaturated glycosides, bearing the
unsaturated allyl functionality at the anomeric center, such as 24 and 26, or at po-
sition 4, such as 28 and 30, gave the corresponding enantiopure bicyclic esters in
quite good yields (Scheme 8).

3.2. Cycloisomerization

Another access to cyclopentadienic structures is the palladium-catalyzed cy-
cloisomerization of enynes studied by Trost (Scheme 9).18
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Scheme 6.

Scheme 7.
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This reaction was applied by Holzapfel to carbohydrates 32 affording very
nicely the corresponding bicyclic compounds 33 (Scheme 10).14, 15

Cycloisomerization of suitable dienyne carbohydrates 34 afforded the corre-
sponding tricyclic products 35 in the presence of Pd2dba3.CHCl3/tri-o-tolylphos-
phine in acetic acid/benzene at room temperature, whereas performing the reaction
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Scheme 8.

Scheme 9.
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in acetic acid/acetonitrile as the solvent in the presence of PdCl2(CH3CN)2/CuCl2
afforded the chloro compounds 36 in quite good yields (Scheme 11).19

3.3. Heck-Type Cyclization

The intramolecular Heck reaction is now a well-used methodology in organic
synthesis, allowing the sequential formation of several carbon-carbon bonds in a
single step, even in a diastereo- and enantioselective manner.20–24

The application of this methodology to the alkenyl- and arylbranched chain
hex-2-enopyranosides 37 and 38 afforded the cis-fused furo- and pyrano-
[2,3b]pyranones 39 and 40 in good yields (Scheme 12).25 It is noteworthy that cy-
clization failed for 38b for reasons which are not clear.

An unexpected palladium-catalyzed cyclization in carbohydrate chemistry,
providing bicyclic glycals and occurring via a dealkoxypalladation pathway, was
described by Sinou and co-workers.26,27 Reaction of unsaturated carbohydrate 41a
under the standard conditions CH3CN-H2O, Bu4NHSO4, NEt3, Pd(OAc)2, PPh3,
80°C gave the unsaturated bicycle 42a in 72% yield (Scheme 13). It was shown
that no reaction occurred without base, and quaternary ammonium salts (bromide
or hydrogensulfate) were effective in this reaction. Most importantly, the nature of
the phosphine seemed crucial for the cyclization reaction: monophosphines gave
chemical yields of up to 77%, whereas diphosphines gave very low yields.
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Scheme 10.

Scheme 11.
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Under the same conditions, the unsaturated carbohydrate having no protect-
ing group at C-6 gave the corresponding bicyclic compound in 68% yield.

This cyclization reaction was extended to the N-tosyl and C-substituted car-
bohydrates 41b and 41c to give the bicyclic aza- and C-compounds 42b and 42c in
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Scheme 12.

Scheme 13.
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81% and 80% yield, respectively. The analogous unsaturated �-glycoside 41d was
also transformed into the bicyclic compound 42a in 50% yield.

When the cyclization reaction was performed on both ethyl �- or �-4-O-(2�-
bromoprop-2�-enyl)-6-O-(tert-butyldimethylsilyl)-2,3-dideoxy-D-threo-hex-2-
enopyranoside 43 a-b, only formation of the tetrahydrofuran derivative 44 was
observed in 57 and 67% yield, respectively (Scheme 14).

The formation of these different compounds was explained according to
Scheme 15. The cyclization process starts with the formation of a �-alkylpalladium
intermediate A or A� by oxidative addition of compound 41a or 41d to the
palladium(0) complex, followed by an association-insertion reaction. Cleavage of
the alkoxy moiety in the case of A, or cleavage of the cyclic carbon-oxygen bond
of A� afforded two intermediates B and B�, which gave the bicyclic compound
42a or the monocyclic compound 44, respectively. Regeneration of the palla-
dium(0) occurs in the presence of water by ligand exchange followed by reductive
elimination.

According to this mechanism, the replacement of the ethoxy group by an ary-
loxy group in the threo series, such as for compound 45, allowed the formation of
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Scheme 14.

Scheme 15.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
1
2
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

the bicyclic compound 46 (Scheme 16) .28,29 In this case, the scission of the agly-
con moiety is favored versus the cleavage of the carbohydrate moeity, due to the
better leaving group ability of the aryloxy group versus an alkyloxy group.

Stereospecific access to bicyclo[4.4.0] decane systems was also possible us-
ing DMF as the solvent instead of CH3CN-H2O.30,31 Cyclization of the unsaturated
p-tert-butylphenyl hex-2-enopyranoside 47a to the bicyclic product 48a occurred
in 40% yield in the presence of Pd(OAc)2, PPh3, Bu4NHSO4, and NEt3 at 80°C in
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Scheme 16.

Scheme 17.
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DMF as the solvent (Scheme 17). A similar reaction was performed with the N-to-
syl and C-substituted unsaturated carbohydrates 47b and 47c to give the corre-
sponding aza compound 48b and carbocyclic compound 48c in 55% and 30%
yield, respectively.The cyclization process was also extended to cyclopentenyl and
cyclohexenyl derivatives 49 a-b to give the bicyclic compounds 50a and 50b in 47
and 44% yield, respectively.

Heterotricyclic systems were also accessible using this intramolecular pal-
ladium-catalyzed Heck reaction, starting from suitable unsaturated carbohy-
drates.32,33 Under the above conditions [CH3CN-H2O, Bu4NHSO4, NEt3,
Pd(OAc)2, PPh3, 80°C] the unsaturated carbohydrates 51 a-c afforded the tri-
cyclic compounds 52 a-c, after 24 h, in 75, 80, and 78% yield, respectively
(Scheme 18).

The aglycon’s structure, and particularly the degree and the position of the
substitution at the double bond, has a great influence on the course of this cycliza-
tion reaction. The unsaturated carbohydrates 53a, 53b, and 53c gave, respectively,
the tricyclic compounds 54, 55, and 56 in 77, 78, and 79% yield, whereas only the
bicyclic compound 42a was obtained in 72% yield when the reaction was extended
to carbohydrate 53d (Scheme 19).This different behaviour in the last example is
due to the lack of a hydrogen in the �-alkyl intermediate for the �-H elimination
leading to the tricyclic compound.

When the cyclization of compounds 41a or 53d was conducted under the
standard conditions in the presence of sodium formate, 2-deoxy carbohydrates 57
a-b were obtained in 62 and 56% yield, respectively (Scheme 20); the formation of
these compounds are explained by the trapping of the intermediate �-alkylpalla-
dium intermediate A by a hydride.

Finally, a palladium-coupling reaction between ethyl or allyl 4-O-propargyl-
2,3-dideoxy-�-D-erythro-hex-2-enopyranoside 58 a-b and C6H5I under the above
conditions [CH3CN-H2O, Bu4NHSO4, NEt3, Pd(OAc)2, PPh3, 80°C] led to the for-
mation of the bicyclic and tricyclic compounds 59 and 60 in 42 and 54% yield,
respectively (Scheme 21).34
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Scheme 18.
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Scheme 19.

Scheme 20.

Scheme 21.
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4. METATHESIS

The use of olefin metathesis in organic synthesis has grown considerably dur-
ing recent years. Ring-closing metathesis (RCM) reaction has found the widest ap-
plication, since a variety of carbo- and heterocyclic ring systems can be obtained
in quite good yields using molybdenum and ruthenium-based catalysts.35–39

Descotes et al. used a tungsten catalyst for an intramolecular carbohydrate
cyclization.40 Reactions of the unsaturated substrates 61 and 63 in chloroform at
80°C in the presence of the catalyst WCl4(OAr)2 afforded the macrocycles 62 and
64 in quite good yields (Scheme 22).

In connection with the synthesis of annonaceous acetogins and analogs,
Gesson et al.41 used the Grubbs’ carbene catalyst RuCl2(PCy3)2(CHC6H5) for the
RCM reaction of unsaturated esters 65 (Scheme 23); 9- to 15-membered lactones
66 were obtained in moderate to good yields.

A similar approach was applied to acrylates 67 derived from allylic and
homoallylic alcohols by Ghosh et al.42 affording enantiopure �,�-unsaturated �-
and 	-lactones 68 in quite good yields in the presence of added Ti(O-i-Pr)4

(Scheme 23). The presence of this Lewis acid disrupts the possible formation of the
too stable metal chelates formed between the ester carbonyl and the intermediate
carbene species.

Fürstner and co-workers have used the ring-closing metathesis of alkenes for
the preparation of key intermediates in the synthesis of the glycolipid tricolorin A,
that exhibits significant cytotoxic properties against cultured P-388 and human
breast cancer cell lines,43,44 the glycolipid tricolorin G, the allelochemical principle
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Scheme 22.
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of Ipomoea tricolor used as a cover crop for the protection of sugar cane,44 as well
as the core segment found in the simonin, operculin, tuguajalapin, orizabin, mam-
moside, ouamoclin, and stoloniferin family of resin glycosides.44 The ring-closing
metathesis of alkynes was used in the total synthesis of sophorolipid lactone.45
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Scheme 23.

Scheme 24.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
1
2
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

Five-, six-, seven-, eight-, and nine-membered carboxylic and oxygen-con-
taining annulated ring fused carbohydrates were also prepared in good yields using
the RCM reaction.46,47 Compounds 69 and 71 afforded the cis-fused alcohols 70
and 72 in the presence of the Grubbs’catalyst (Scheme 24); the low yield observed
for 70a is probably due to the steric hindrance from the trans-fused ring system.

A complementary approach was described by van Boom et al.48 on glycopy-
ranoids and glycofuranoids. Performing the RCM reaction on the cis- and trans-1-
vinyl-2-O-allyl systems, 73� and 73� afforded the corresponding cis- and trans-
fused pyranopyrans 74 and 75 in good yields (Scheme 25). Even the RCM reaction
of the trans-vinyl-O-allyl derivative 76 gave the trans-fused pyranofuran 77 in
63% yield, when the concentration of the starting material was 0.02 M, in order to
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Scheme 25.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
1
2
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

decrease the formation of dimers. One application is the construction of an inter-
mediate in the synthesis of the functionnalized A-ring moiety of ciguatoxin.49

Derivatives 78 and 79, bearing a vinyl-O-propargyl instead of a vinyl-O-allyl
motif, functioned also as substrates for an enyne-ring-closing metathesis (Scheme
25); the reaction proceeded smoothly under the same conditions to give the highly
functionnalized trans-fused pyranopyrans 80 and cis-fused furanopyrans 81, re-
spectively, in quite good yields.

Cyclization of polyunsaturated compounds 82 in the presence of the
Grubbs’catalyst or the Schrock’s catalyst [2,6-i-Pr2C6H3NMo{OC(CF3)2Me}2

CHCMe2Ph] afforded polycyclic ethers 83 a-d by two-directional double ring-
closing metathesis (Scheme 26).50, 51 In all cases the yields of the trans-fused tri-
cyclic ethers ranged from good to excellent, higher yields being obtained with the
ruthenium catalyst.

The application of the RCM cyclization to 1-exo-methylene glucose deriva-
tives 84 (Scheme 27) in the presence of the Grubbs’ catalyst allowed the prepara-
tion of bicyclic C-glycosylidene derivatives 85 in 20–62% yields.52

The RCM reaction has also been used as a highly stereoselective route to un-
saturated spiroacetals. The cyclization of various carbohydrates 86 a-d having a
terminal alkene-O-alkene arrangement at the anomeric center gave the corre-
sponding unsaturated spiroacetal derivatives 87 a-d in excellent yields in the
presence of the Grubbs’ catalyst at 60°C (Scheme 28).53 It is to be noticed that
treatment of 86e did not lead to the expected spiro compound 87e, but to the for-
mation of a dimeric product.
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Scheme 26.

Scheme 27.
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This cyclization was extended to the allyl-O-butynyl derivatives such as 88,
affording the functionalized unsaturated spiroacetal 89 in good yield (Scheme 28).11

Spiroannulation of a different set of sugar derivatives using RCM was pub-
lished by Jenkins et al.46,47 The RCM reaction of compounds 90 and 92 gave the
spiro dihydropyrans 91 and dihydrofurans 93 in moderate to good yields (Scheme
29).
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Scheme 28.

Scheme 29.
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Scheme 30.

Scheme 31.
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A noteworthy and general method for carbocyclization of carbohydrates
used two consecutive organometallic transformations (Scheme 30).54 In a first re-
action, methyl 
-deoxy-
-iodoglycosides undergo reductive elimination with
zinc to produce a terminal double bond; the aldehyde formed is alkylated in situ
by various organozinc reagents to give the corresponding dienes 95–96. These di-
enes produce the five- and six-membered carbocycles 97–99 in quite good yields
when subjected to ring-closing olefin metathesis in the presence of the commer-
cial available Grubbs’ catalyst, or in better yields using the more reactive cata-
lyst obtained by substituting one tricyclohexylphosphine by an N-heterocyclic
carbene ligand.

A very elegant application of the RCM reaction is the synthesis of C-butenyl
linked homo- and hetero-disaccharides 101 using prearranged C-allylsaccharides
100 (Scheme 31).55

A similar approach was used following a silicon tethering strategy (Scheme
32).56 RCM reaction of the C2-symmetrical bis-alkoxysilane 102 in the presence of
the Grubbs’ catalyst afforded the seven member ring diphenylsilaketal 103 in 31%
yield.

5. CONCLUSION

In conclusion, metal-catalyzed cyclization in carbohydrate chemistry, still in
its infancy, provides a very valuable tool for the construction of enantiopure and
highly functionalized di- and tricyclic structures in organic chemistry. This
methodology, which exhibits very high selectivities and also chemiocompatibility,
is a very nice complement to the radical cyclization procedure, and should find
many applications in the near future for the synthesis of natural products.
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