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Carbocyclic polyols are important constituents of many
biologically active molecules. They exhibit far-reaching bio-
logical effects, ranging from cellular regulation to the selective
inhibition of enzymes which play key roles in living organ-
isms.[1, 2] They may be divided into two categories, those
containing six- and those containing five-membered carbon
rings. Among the most prominent of the six-membered
representatives are cyclohexane hexitols, such as inositol
derivatives,[1b] and pseudosugars,[1f, 2, 3] such as cyclophellitol[4]

and valienamine.[5] Structural analogues of the latter are
constituents of compounds of key pharmacological interest,
for example acarbose,[6] adiposin,[7] trestatin,[8] and amylosta-
tin.[9] Together with a growing number of structurally related
alkaloids,[10] purely synthetic analogues,[11] and natural prod-
ucts containing five-membered polyols,[12, 13] these small but
synthetically challenging molecules have received growing
interest in the last few years.

Owing to their biological significance and the inherent
structural challenge they present, a variety of different
approaches to obtain optically pure carbocyclic polyols has
been developed.[14] These strategies include 1) cyclization of
alicyclic, polyfunctionalized molecules and 2) transformations
of conveniently substituted carbocycles. Included in the first
strategy are cycloaddition reactions,[15] Wittig-type olefina-
tions,[16] radical cyclization approaches[17] including reductive
couplings,[18] ring-closing methathesis (RCM),[19] and a variety
of anionic[14] or transition metal mediated[20] cyclization
reactions of advanced polyhydroxylated compounds. Histor-
ically, a tandem fragmentation/Henry-type cyclization reac-
tion provided the first examples in which cyclohexane[21] and
cyclopentane derivatives[22] were obtained from a carbohy-
drate. An elegant application of the Fujimoto ± Belleau
reaction by Vasella et al.[23] and the anionic rearrangement
of anhydrosugars[24] are also examples of this strategy. Some of
the above transformations allow the direct conversion of
carbohydrate furanosides and pyranosides into carbocyclic
polyols. Strategies which include enantiopure carbocycles as
starting materials feature transformations of quinic acid,[25]

inositols, or conduritol derivatives;[26] desymmetrization of

meso cyclohexene derivatives by asymmetric palladium
catalyzed hydroxycarboxylation;[27] enantioselective alkyla-
tion;[28] and transformation of homochiral carbocycles either
by microbial[29, 30] or chemical oxidation.[28, 31]

Somewhat surprisingly, the biosynthesis of the carbocyclic
polyols is not thoroughly understood, probably because their
biogenesis does not follow a general, unified path. It has been
found that myo-inositol derivatives, for example, are formed
from d-glucose 6-phosphate (1) by stereospecific ring closure
under the catalytic influence of inositol cyclase (Scheme 1).[1b]
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Scheme 1. Synthesis of myo-inositol 1-phosphate (4) from 1 under the
catalytic influence of inositol cyclase.
P � phosphate.

Other biosyntheses bear strong resemblances to the mech-
anism by which d-glucose is converted into shikimic acid (8 ;
Scheme 2). This is the biogenetic path in which nature
produces the benzoid rings of the aromatic amino acids and
an extensive range of other metabolites. At an early stage of
this sequence the hemiacetal intermediate 6 a undergoes
rearrangement and forms the quinic acid derivative 3-dehy-
droquinic acid (7). However, Bartlett and Satake demon-
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Scheme 2. Biogenetic synthesis of shikimic acid (8).
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strated that the unstable 6 a, generated in situ from the
o-nitrobenzyl-protected a-glycoside 6 b, rearranges sponta-
neously to 7 in the absence of a specific enzyme.[32] Moreover,
this uncatalyzed reaction gives rise to a single stereoisomer,
identical to that of the biosynthetic path. This fact suggests
that cyclitol biosynthesis may also be nonenzymatic.

Nature has found a direct way to perform this tandem
fragmentation cyclization reaction in a stereospecific manner
and under neutral conditions. Human creativity and good luck
have uncovered synthetic strategies which can compete
efficiently with nature. With the advent of mild, metal-
mediated cyclization reactions, the early work of Grosheinz
and Fischer,[21] who converted 6-deoxy-6-nitrohexoses into
nitroinositols in a single step, matured to a general strategy of
broad interest. The methods that have been used include
1) the ring contraction of carbohydrate derivatives[33] into
functionalized cyclopentanes and cyclobutanes and 2) the
conversion of a variety of sugar furanosides and pyranosides
into highly functionalized carbocyclic derivatives of five and
six carbon atoms, respectively.

Ring Contraction of Carbohydrate Derivatives

Vinyl carbohydrate derivatives 9 or 12 can be converted
into carbocycles 11 and 13 respectively by sequential treat-
ment with ªCp2Zrº (Cp�C5H5) and BF3 ´ OEt2 (Scheme 3).[34]

The reaction selectively forms the product in which the vinyl
group is cis to the newly formed hydroxyl group. Although the
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Scheme 3. Synthesis of carbocycles 11 and 13 from vinyl carbohydrate
derivatives 9 and 12. Bn�benzyl.

major stereoisomer was expected to show a trans orientation
of the vinyl group with respect to the adjacent a substituent,
the overall selectivity of the reaction depends intimately on
the stereochemistry and nature of the substituents present.
Despite the difficulty encountered with different derivatives
in controlling stereochemistry, the easy access and the
seemingly unhindered choice of the vinyl carbohydrate
starting materials renders this methodology appealing.

Samarium(ii) iodide promotes a comparable transformation
of aldehyde 14 to ring-contracted product 17 (Scheme 4).[35]

The presence of HMPA and tert-butyl alcohol as a proton
source is necessary to obtain a good conversion into the
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Scheme 4. Synthesis of 17 from aldehyde 14. a) SmI2, THF, hexamethyl
phosphoramide (HMPA); b) SmI2, THF, HMPA, tBuOH (2 equiv).

cyclopentane derivative. The reaction is considered to pro-
ceed via the samarium ketyl intermediate, which is reduced to
the disamarium species 15 under the reaction conditions.
After fragmentation, the system is ideally set up for a
subsequent aldol cyclization, involving intramolecular nucle-
ophilic attack of the samarium enolate onto the aldehyde
through a 5-enol exo-exo-trig process. As expected from a
metal-linked chelate, the major stereoisomer is that in which
the two newly created stereocenters are cis with respect to one
another and trans with respect to the adjacent substituents.

A similar reductive ketyl ± olefine coupling is hypothesized
as the key cyclization step in the SmI2-promoted ring
contraction of 6-deoxy-6-iodohexopyranosides[36a] such as 18
(Scheme 5). This sequence requires four single electron
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Scheme 5. The SmI2-promoted ring-contraction reaction of 18 to provide
19 ± 21. a) SmI2, THF, HMPA; b) SmI2, THF, HMPA, then H�. TBS� tert-
butyldimethylsilyl.

transfer (SET) steps (i.e., at least 4 mol equiv of SmI2 are
necessary to complete the reaction) and consist of 1) reduc-
tive dealkoxyhalogenation to give the ring-opened hex-5-enal,
2) an intramolecular ketyl ± olefin reductive coupling to
afford the ring-contracted organosamarium intermediate,

HIGHLIGHTS

774 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 1433-7851/99/3806-0774 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1999, 38, No. 6



and 3) the intermolecular trapping of this intermediate to
produce branched cyclopentitol derivatives such as 19 and 20.
The cyclopentane products were isolated along with the
corresponding 6-deoxypyranoside 21. In cases where cycliza-
tion occurred, the major products usually had a relative trans
configuration between the newly formed methyl group and
the hydroxyl group. In addition, a trans orientation between
the hydroxyl group and the vicinal alkoxy group was
observed.[36b]

Conversion of Sugar Furanosides and Pyranosides into Highly
Functionalized Carbocyclic Derivatives

Sugar enol-ethers which inherently carry both masked
nucleophilic and electrophilic functionalities have been con-
verted into carbocycles. The first breakthrough for this class of
reaction was the mercury(ii)-mediated rearrangement of hex-
5-enopyranoside derivatives, generally termed the Ferrier (II)
reaction.[37] For example 22 a gives the highly functionalized
cyclohexanones 25 a and 26 a (Scheme 6). This remarkable
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Scheme 6. Synthesis of functionalized cyclohexanones 25 and 26 from 22.

reaction has provided a practical route to a large variety of
bioactive substances such as aminocyclitols,[38] pseudosu-
gars,[39] inositols,[40] and other complex hexitols.[41] Among
the various conditions empoyed for the Ferrier (II) reaction,
both catalytic and stoichiometric methods have been inves-
tigated. These afford similar but not identical results.[14, 42]

Also, a ªnontoxic alternativeº makes use of a catalytic amount
of palladium(ii) instead of mercury(ii).[43] This modification
can slightly alter the selectivity, which is not surprising given
the different coordination pattern of the metal center in the
transition state. The basic features of this transformation are
the loss of the glycosidic functionality, for example as
methanol by fragmentation, and the ring-closing aldol reac-

tion. In this cyclization the carbanionic center (C6) attacks the
electrophilic carbonyl center (C1). The stereochemistry of the
newly formed asymmetric center is influenced by the con-
formational bias of the molecule, the chemical nature of the
functionalities present, and the reaction conditions. Yields of
isolated products are also highly dependent upon the exper-
imental conditions. These observations are thought to be due
to the preferred conformation of the given sugar derivative in
the transition state and to the possibility of formation of a
sensitive b-hydroxy ketone, which can undergo elimination
and subsequent aromatization. The scope of the reaction was
enlarged by the demonstration that functionalized exocyclic
olefins may be converted into carbocycles as well. For
example, 22 b, made from the corresponding aldehyde, was
transformed to inosose derivative 25 b with high stereo-
selectivity of each newly formed stereogenic center
(Scheme 6).

The Ferrier (II) reaction is a quite efficient way to form six-
membered carbocycles, but is unsuitable to transform furano-
sides to cyclopentitols. Subtle changes in the transition state
conformation and complexation patterns prevent carbocycli-
zation. The solution for this challenging problem was uncov-
ered with an aluminium hydride based Lewis acid. Five-
membered enollactone 27 was converted into the cyclo-
pentanone derivative 29 as a single epimer upon treatment by
LiAlH(OtBu)3 (Scheme 7).[44] Spectroscopic studies have
established some mechanistic details. Hydride adds rapidly
to the carbonyl, and a stable aluminate complex is formed.
The carbocyclization occurs by protonation followed by
fragmentation and an aldol-type cyclization process.
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Scheme 7. Rearrangement of the enollactone 27 to a cyclopentanone
derivative 29. a) LiAlH(OtBu)3, THF, 0 8C, then NH4Cl (aq.).

Under the particularly mild conditions of a triisobutylalu-
minium-mediated rearrangement the fragmentation of the
ªlockedº anomeric substituent in 22 a was avoided. Retention
of configuration with high selectivity was observed.[45] Lewis
acid assisted endo activation, followed by a ring-opening step,
is hypothesized to generate the zwitterionic enolate 30
(Scheme 8). Ring closure is thought to occur by an intra-
molecular 6-exo-trig aldol condensation. The ªbonusº of the
reaction is the stereoselective formation of a hydroxyl group,
resulting from the final reduction of the keto group, probably
by intramolecular hydrogen delivery from the less hindered b

side. The reaction is fairly general and high-yielding; a wide
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array of sugar starting materials have been used. The good
selectivity in conserving the anomeric stereochemical infor-
mation is worth noting. The reaction proceeds with retention
of configuration.

A similar strategy was developed with titanium(iv) deriv-
atives as Lewis acids.[46] In the presence of [TiCl3(OiPr)] the a-
d-glycoside 22 a undergoes the expected endo cleavage of the
glycosidic bond and forms the carbocyclic glycoside 34 with
retention of configuration at the former anomeric center
(Scheme 9). Although the reaction of the a-glycoside pro-
ceeds in nearly quantitative yield, the corresponding b-
glycoside gives rise to a mixture of different products. The
titanium(iv) reaction is even milder than the triisobutylalu-
minium-mediated rearrangement and does not result in
reduction of the keto functionality.
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Scheme 9. Synthesis of carbocyclic glycoside 34 from 22a. a) [TiCl3(OiPr)]
(1.5 equiv), CH2Cl2, ÿ78 8C, 15 min.

Pseudosugars have been prepared by an elegant thermal
[3,3] sigmatropic rearrangement.[47] This methodology, which
is conceptually different from the fragmentation/cyclization
strategy discussed above, is based on the work of Büchi and
Powell.[48] Although the generality of this approach using
different sugar series remains to be demonstrated, the
simplicity is attractive. Vinyl glucal derivative 35 affords the
cyclohexene aldehyde 37 on heating (Scheme 10). One of the
advantage of this transformation is that the pseudosugar
formed retains the original configuration of the starting sugar.
d-Glucal derivatives give entry to the pseudo-d-glucal series.
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Scheme 10. Synthesis of cyclohexene aldehyde 36 from vinyl glucal
derivative 35. a) 240 8C, o-dichlorobenzene, sealed tube, 1 h.

Conclusion

The access of enantiomerically pure carbocyclic polyols
from carbohydrate furanosides and pyranosides is an attrac-
tive proposition. New methods have made it possible to carry
out such transformations under mild conditions in good yields
and with high, predictable stereoselectivity. Their compati-
bility with a large variety of substituents gives the discussed
rearrangements strategical importance.

German version: Angew. Chem. 1999, 111, 819 ± 823

Keywords: CÿC coupling ´ carbocycles ´ carbohydrates ´
cyclitols ´ cyclizations

[1] a) G. Romero, Cell. Biol. Int. Rep. 1991, 15, 827; b) D. C. Billington,
The Inositol PhosphatesÐChemical Syntheses and Biological Signifi-
cance, VCH, New York, 1993 ; c) L. C. Huang, J. Larner, Adv. Protein
Phosphatases 1993, 7, 373; d) M. J. McConville, M. A. J. Ferguson,
Biochem. J. 1993, 294, 305; e) R. Kapeller, L. C. Cantley, BioEssays
1994, 16, 565; f) Carbohydrate Mimics: Concepts and Methods (Ed.: Y.
Chapleur), WILEY-VCH, Weinheim, 1998 ; g) K. Hinterding, D.
Alonso-Diaz, H. Waldmann, Angew. Chem. 1998, 110, 716; Angew.
Chem. Int. Ed. 1998, 37, 668.

[2] T. Suami, S. Ogawa, Adv. Carbohydr. Chem. Biochem. 1990, 28, 41.
[3] Pseudosugars are carbohydrate derivatives in which the ring oxygen

atom has been replaced by a methylene group.
[4] S. Atsumi, K. Umezawa, H. Iinuma, H. Naganawa, H. Nakamura, Y.

Iitaka, T. Takeuchi, J. Antibiot. 1990, 43, 49.
[5] T. K. M. Shing, L. H. Wan, Angew. Chem. 1995, 107, 1742; Angew.

Chem. Int. Ed. Engl. 1995, 34, 1643.
[6] D. Schmidt, W. Frommer, B. Junge, K. Müller, W. Wingender, E.

Trutscheit, Naturwissenschaften 1977, 64, 536.
[7] a) S. Ogawa, Yuki. Gosei Kagaku Kyokai Shi 1985, 43, 26; b) Y.

Kameda, N. Asano, M. Yoshikawa, K. Mabui, S. Horii, H. Fukawase, J.
Antibiot. 1983, 36, 1157.

[8] J. Itoh, S. Omoyo, T. Shomura, H. Ogino, K. Iwamatsu, S. Inouye, J.
Antibiot. 1981, 34, 1424; 1429.

[9] N. Sakairi, H. Kuzuhara, Tetrahedron Lett. 1982, 23, 5327.
[10] a) R. L. Polt in Amaryllidaceae Alkaloids with Antitumor Activity,

Series Organic Synthesis: Theory and Application, Vol. 3 (Ed.: T.
Hudlicky), JAI Press, Greenwich, 1996, pp. 109 ± 148; b) P. Magnus,
I. K. Sebhat, J. Am. Chem. Soc. 1998, 120, 5341.

[11] S. Vorwerk, A. Vasella, Angew. Chem. 1998, 110, 1765; Angew. Chem.
Int. Ed. 1998, 37, 1732.

[12] A. Bercibar, C. Grandjean, A. Siriwardena, Chem. Rev. , in press.
[13] M. Ishibashi, C. M. Zeng, J. Kobayashi, J. Nat. Prod. 1993, 58, 186.
[14] R. J. Ferrier, S. Middleton, Chem. Rev. 1993, 93, 2779.
[15] a) S. Alleman, P. Vogel, Helv. Chim. Acta 1994, 77, 1; b) Y. Kobayashi,

H. Miyazaki, M. Shiozaki, J. Org. Chem. 1994, 59, 813; c) R. Leung-
Toung, Y. Liu, J. M. Muchowski, Y-L. Wu, J. Org. Chem. 1998, 63,
3235; d) O. Arjona, C. Borrallo, F. Iradier, R. Medel, J. Plumet,
Tetrahedron Lett. 1998, 39, 1977.

[16] a) H. Paulsen, W. von Deyn, Liebigs Ann. Chem. 1987, 125; b) M.
Shiozaki, M. Arai, Y. Kobayashi, A. Kasuya, S. Miyamoto, J. Org.
Chem. 1994, 59, 4450.

[17] a) T. V. RajanBabu, Acc. Chem. Res. 1991, 24, 139. b) A. Martínez-
Grau, J. Marco-Contelles, Chem. Soc. Rev. 1998, 27, 155; c) J. Marco-

HIGHLIGHTS

776 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 1433-7851/99/3806-0776 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1999, 38, No. 6



Contelles, C. Alhambra, A. Martínez-Grau, Synlett 1998, 693. M.
Adinolfi, G. Barone, A. Iadonisi, L. Mangoni, Tetrahedon Lett. 1998,
39, 2021; d) E. Maudru, G. Singh, R. H. Wightman, Chem. Commun.
1998, 1505; e) for a recent one-step radical transformation on sugar
furanosides to cyclopentitols see: P. de Armas, F. García-Tellado, J. J.
Marrero-Tellado, J. Robles, Tetrahedron Lett. 1997, 38, 8081.

[18] a) A. Boiron, P. Ziling, D. Faber, B. Giese, J. Org. Chem. 1998, 63,
5877; b) I. Storch de Garcia, H. Dietrich, S. Bobo, J. L. Chiara, J. Org.
Chem. 1998, 63, 5883.

[19] a) F. E. Ziegler, Y. Wang, J. Org. Chem. 1998, 63, 426; b) O. Sellien,
P. Van de Weghe, D. Le Nonen, C. Strehler, J. Eustache, Tetrahedron
Lett. 1999, 40, 853.

[20] A. Lubineau, I. Billault, J. Org. Chem. 1998, 63, 5668.
[21] a) J. M. Grosheinz, H. O. L. Fischer, J. Am. Chem. Soc. 1948, 70, 1479;

b) for an intermolecular, tandem, ring-opening cyclization variant of
this reaction, see I. Kitagawa, A. Kadota, M. Yoshikawa, Chem.
Pharm. Bull. 1978, 26, 3825.

[22] S. J. Angyal, S. D. Gero, Aust. J. Chem. 1965, 18, 1973.
[23] S. Mizra, L.-P. Molleyeres, A. Vasella, Helv. Chim. Acta 1985, 68, 988.
[24] a) A. Klemer, M. Kohla, Liebigs Ann. Chem. 1986, 967; b) A. Klemer,

M. Kohla, Liebigs Ann. Chem. 1987, 683.
[25] a) T. K. M. Shing, Y. Cui, Y. Tang, J. Chem. Soc. Chem. Commun.

1991, 754; b) T. K. M. Shing, Y. Tang, Tetrahedron 1991, 47, 4571.
[26] M. Balci, Pure Appl. Chem. 1997, 69, 97.
[27] B. M. Trost, L. S. Chupak, T. Lübbers, J. Am. Chem.Soc. 1998, 120,

1732.
[28] Y. Landais, CHIMIA 1998, 52, 104.
[29] a) M. Hudlicky, D. A. Entwistle, K. K. Pitzer, A. J. Thorpe, Chem. Rev.

1996, 96, 1195; b) M. Hudlicky, K. A. Abboud, D. A. Entwistle, R.
Fan, R. Maurya, A. J. Thorpe, J. Bolonick, B. Myers, Synthesis 1996,
897; c) T. Hudlicky, A. J. Thorpe, Chem. Commun. 1996, 1993.

[30] a) F. Yan, B. V. Nguyen, C. York, T. Hudlicky, Tetrahedron 1997, 53,
11541; b) M. Banwell, C. De Savi, K. Watson, Chem. Commun. 1998,
1189.

[31] A. Maras, H. Seçen, Y. Sütbeyaz, M. Balci, J. Org. Chem. 1998, 63,
2039.

[32] P. A. Bartlett, K. Satake, J. Am. Chem. Soc. 1988, 110, 1628.
[33] H. Redlich, Angew. Chem. 1994, 106, 1407; Angew. Chem. Int. Ed.

Engl. 1994, 33, 1345.
[34] a) H. Ito, Y. Motoki, T. Taguchi, Y. Hanzawa, J. Am. Chem. Soc. 1993,

115, 8835; b) Y. Hanzawa, H. Ito, T. Taguchi, Synlett 1995, 299; c) D. J.
Jenkins, A. M. Riley, B. V. L. Potter, J. Org. Chem. 1996, 61,
7719.

[35] a) A. CheÂnedeÂ, P. Pothier, M. Sollogoub, A. J. Fairbanks, P. SinayÈ, J.
Chem. Soc. Chem. Commun. 1995, 1373; b) J. J. C. GroveÂ, C. W.
Holzapfel, D. B. G. Williams, Tetrahedron Lett. 1996, 37, 5817.

[36] a) J. L. Chiara, S. Martinez, M. BernabeÂ, J. Org. Chem. 1996, 61, 6488;
b) for an elegant SmI2/Pd0-promoted carbohydrate ring contraction
see: J. M. Aurrecoechea, B. LoÂ pez, Tetrahedron Lett. 1998, 39, 2857.

[37] R. J. Ferrier, J. Chem. Soc. Perkin Trans. 1 1979, 1455.
[38] D. H. R. Barton, J. Camara, P. Dalko, S. D. Gero, B. Quiclet-Sire, P.

Stütz, J. Org. Chem. 1989, 54, 3764.
[39] a) D. H. R. Barton, S. Augy-Dorey, J. Camara, P. Dalko, J. M.

DelaumeÂny, S. D. Gero, B. Quiclet-Sire, P. Stütz, Tetrahedron 1990,
46, 215; b) S. Augy-Dorey, P. Dalko, S. D. Gero, B. Quiclet-Sire, J.
Eustache, P. Stütz, Tetrahedron 1993, 49, 7997.

[40] a) S. L. Bender, R. J. Budhu, J. Am. Chem. Soc. 1991, 113, 9883;
b) V. A. Estevez, G. D. Pestwich, J. Am. Chem. Soc. 1991, 113, 9885.

[41] S. Amano, N. Ogawa, M. Ohtsuka, S. Ogawa, N. Chida, Chem.
Commun. 1998, 1263.

[42] C. Taillefumier, Y. Chapleur, D. Bayeul, A. Aubry, J. Chem. Soc.
Chem. Commun. 1995, 937.

[43] a) S. Adam, Tetrahedron Lett. 1988, 29, 6589; b) P. Laszlo, A. Dudon, J.
Carbohydr. Chem. 1992, 11, 587; c) T. Iimori, H. Takahashi, S. Ikegami,
Tetrahedron Lett. 1996, 37, 649.

[44] P. BeÂ langer, P. Prasit, Tetrahedron Lett. 1988, 29, 5521.
[45] S. K. Das, J.-M. Mallet, P. SinayÈ, Angew. Chem. 1997, 109, 516; Angew.

Chem. Int. Ed. Engl. 1997, 36, 493.
[46] M. Sollogoub, J.-M. Mallet, P. SinayÈ, Tetrahedron Lett. 1998, 39, 3471.
[47] A. V. R. L. Sudha, M. Nagarajan, Chem. Commun. 1998, 925.
[48] G. Büchi, J. E. Powell, Jr., J. Am. Chem. Soc. 1967, 89, 4559.

HIGHLIGHTS

Angew. Chem. Int. Ed. 1999, 38, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 1433-7851/99/3806-0777 $ 17.50+.50/0 777


