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Abstract

Recent advances in structural and conformational analysis of fluorinated carbohydrates by NMR spectroscopy are
reviewed. Characteristic 1H, 13C, and 19F NMR chemical shifts and coupling constants for selected examples are
given and the spectral data of a series of fluorinated carbohydrates were collected in continuation of the review of
Csuk and Glänzer [Ad6. Carbohydr. Chem. Biochem., 46 (1988) 73–177]. © 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Nuclear magnetic resonance (NMR) spec-
troscopy has been of primary importance in
elucidating the structure and stereochemistry
of carbohydrates, proteins, nucleic acids, and
other natural or synthetic products [1–4].
The advances in NMR in the last two
decades are due to the construction of high-
field spectrometers (up to 800 MHz) com-
bined with highly efficient computer systems
and the introduction of new NMR tech-
niques, facilitating higher sensitivity as well
as increased resolution and correlating power
of the experiments. Highlights in this respect
were the introduction of two- and higher-di-
mensional methods with implementation of
inverse correlation techniques [5–10] and the
use of field-gradient technology, which
greatly reduces experiment times [10–15].

Monosaccharides and fluorinated monosac-
charides can easily be analyzed in most cases
by conventional one-dimensional (1D) NMR
techniques using comparative 1H and 13C
data of analogous compounds. In complex
spectra of oligo- and polysaccharides, unam-
biguous assignment of signals and extraction
of NMR parameters, spin coupling constants
and chemical shifts, in general, are only pos-
sible if appropriate 2D or multi-dimensional
correlation methods determining connections
and spatial proximities of atoms are used.

Fluorinated carbohydrates contain a fur-
ther NMR-active nucleus, fluorine, which
possesses favorable NMR properties: 100%
natural abundance, high sensitivity (gF/gH=
0.94), and high chemical-shift resolution [16].
19F chemical shifts and 19F–1H, 19F–13C, or
19F–19F couplings are additional parameters
that can be immensely helpful in structural
and conformational analysis.

Due to their excellent NMR properties, 19F
labels can be used as appropriate NMR
probes for investigating biologically relevant
compounds and various processes in biologi-
cal and medical systems [17,18]. For this pur-
pose, the substance to be studied is 19F
labeled in a specific position to facilitate the
assignment of resonances [19]. Another pro-
cedure is the introduction of labeled com-

pounds into organisms in order to detect
their position, conversion or other interac-
tions by in vivo or in vitro 19F measurements.
In this way, the solution structure of E. coli
tRNA [20], DNA–protein interactions [21],
and metabolism of 5-fluorouracil [22–24],
which is of special interest in cancer research,
have been studied.

The increased importance of fluorinated
carbohydrates in chemistry and biochemistry
and the new possibilities in structural and
conformational analysis given by NMR en-
couraged us to write this paper as an exten-
sion of the prominent review of Csuk and
Glänzer [25].

2. 1H, 13C, and 19F NMR spectroscopy

An excellent guide for performance of
NMR experiments was delivered by Braun et
al. [26]. Experimental aspects of two-dimen-
sional NMR were described in detail by Hull
[27].

The structure of fluorinated monosaccha-
rides, and of course non-fluorinated com-
pounds, can easily be analyzed on the basis
of standard 1H and 13C and, additionally, 19F
NMR spectra. Differentiation between C,
CH, CH2, and CH3 signals in the 13C NMR
spectrum follows from DEPT (distortionless
enhancement of polarization transfer) [7,28]
or APT (attached proton test) spectra [29]. If
comparison of NMR data with those of
analogous compounds is unsuccessful, a com-
plete assignment of all 1H and 13C signals, in
general, is possible by recording 1H,1H-COSY
(correlation spectroscopy) and 13C,1H correla-
tion spectra. 1H,1H-COSY [7,30,31] correlates
coupled protons (vicinal or geminal cou-
plings), whereas 13C,1H correlation (HET-
COR, heteronuclear correlation) [9,32] or the
inverse (proton-detected) variants 1H,13C-
HMQC (heteronuclear multiple quantum
coherence) [9,33] and 1H,13C-HSQC (het-
eronuclear single quantum coherence) [34],
respectively, correlate carbon atoms with di-
rectly bound protons.

Furthermore, coupling with fluorine atoms
can be helpful in the assignment of signals in
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1H and 13C NMR spectra, respectively (see
Section 3). The direct extraction of spin cou-
pling constants from 1H NMR spectra might
be difficult for complex coupling patterns or
if multiplets overlap. The spectra can be sim-
plified by the classical spin decoupling tech-
niques [35–37] or by recording 2D
correlation spectra, for example, 2D J-re-
solved 1H NMR spectra [7] or phase-sensitive
1H,1H-COSY spectra [7,31]. In the case of
higher-order coupling, computer-aided spec-
tral analysis of the coupled multiplets has to
be performed [38].

Conformational analysis is mainly based
on the angular dependence of coupling con-
stants (Karplus relationship [39–41]). The
analysis can be greatly supported by classical
NOE (nuclear Overhauser enhancement) dif-
ference spectroscopy [8,42–45], which allows
the spatial proximity of protons to be deter-
mined. Recording of 2D NOESY spectra
[42,46] supplies NOE information for all pro-
tons in a molecule in a single experiment. In
connection with TOCSY (total correlation
spectroscopy) spectra, NOESY or ROESY
(rotating frame Overhauser enhancement
spectroscopy) experiments [42,47,48], respec-
tively, are the most important tools for inves-
tigating the solution structure of complex
carbohydrates, oligo- and polysaccharides,
glycoproteins or other carbohydrate con-
taining compounds [49]. Unlike COSY,
TOCSY spectra [50] can in principle correlate
all protons of a chain with each other. There-
fore, they are successfully used for identifica-
tion of single residues in oligosaccharides
[49,51].

Various 1D versions of 2D experiments
with selective excitation have been developed,
which can alternatively supply necessary in-
formation concerning the assignment in a
sometimes shorter time. In this respect the
1D TOCSY method [52,53] should be men-
tioned; it is sometimes preferable, in particu-
lar, in complex spectra in which a separate
proton signal, e.g., the anomeric proton, can
be used as starting point for the magnetiza-
tion transfer. This method has often been
used for the analysis of oligosaccharides or
oligonucleotides in which the proton reso-

nances of identical component residues barely
differ in their chemical shifts [54,55].

Problems of localization of substituents at
the ring atoms or branching of molecules
that do not follow from 1H or 13C NMR
spectra can be solved by means of long-range
heteronuclear (13C,1H) COSY spectra: 13C,1H-
COLOC (correlation spectroscopy via long-
range coupling) [9,56] or the more sensitive
inverse variant 1H,13C-HMBC (heteronuclear
multiple bond correlation) [9,57]. For exam-
ple, the position of an acetyl group might be
indicated by coupling of the CO carbon atom
to the corresponding ring proton over three
bonds. Furthermore, long-range 13C,1H cou-
plings across glycosidic bonds might be im-
portant for sequence or conformational
analyses [58,59].

Compared with proton and carbon NMR,
multi-dimensional NMR spectroscopy includ-
ing fluorine plays only a secondary role. For
fluorinated monosaccharides, the 19F chemi-
cal shifts and coupling constants, in general,
can easily be extracted from 1D NMR spec-
tra. However, in the case of crowded spectra
the use of 2D 19F NMR techniques was
found to be a powerful tool in structural and
conformational analysis, e.g., of fluorinated
oligonucleotides [19].

Another means for identification of sig-
nals is the determination of relaxation rates
of nuclei, particularly the spin–lattice relax-
ation time T1 as a molecular mobility
parameter [60–62]. An example of this is the
assignment of 19F NMR resonances observed
for 3-deoxy-3-fluoroglycogen given in Ref.
[63].

3. NMR chemical shifts and coupling
constants

3.1 1H NMR spectroscopy

3.1.1 1H chemical shifts.
Fluorine substitution in carbohydrates, in

general, causes low-field shifts of the signals of
adjacent protons. This effect is largest for
geminal protons. (For the following structures
see Refs. [64,65].)
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3.1.2 19F,1H coupling constants.
The 19F,1H couplings are mainly determined

by the Fermi-contact term [66] and are there-
fore similar to the 1H,1H couplings, e.g., the
dependence of 3JF,H on the dihedral angle as
well as the relation 2JF,H\3JF,H\4JF,H for
saturated systems.

Geminal couplings 2JF,H. The values of gemi-
nal coupling constants for pyranoses are in the
range 43–59 Hz, and those for furanoses in
the range 49–66 Hz [67]. For fluorinated
pyranose derivatives, an increment system has
been developed based on substituent effects
[68]. (For the following structures see Refs.
[65,69–74].)

Vicinal couplings 3JF,H. An angular depen-
dence is characteristic for this type of coupling
[75–80]. In addition, the coupling constants
are found to depend on the electronegativity
of neighboring substituents [67]. In general,
for aliphatic compounds, the dependence can
be stated analogously to 3JH,H: 3JF,H trans\
3JF,H cis\3JF,H gauche. However, this range is
valid only for structurally similar systems,
since electronic substituent effects may exert a
strong influence. (For the following structures
see Refs. [65,69–74,76,79,81].)
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Long-range 19F,1H couplings. Couplings
over four and five bonds are relatively fre-
quent. The largest magnitude is observed
when the coupled nuclei adopt a coplanar ‘W’
arrangement [65,67,82].

2%,3%-Dideoxy-4%-fluoroalkylnucleotides ex-
hibit long-range 7JH,F and 6JC,F couplings,
which are mainly transmitted via a through-
space mechanism [83]. Through-space cou-
plings can always occur if the nuclei
concerned are in spatial proximity [84,85].
Generally, long-range couplings transmitted
either via through bond or through space are
highly sensitive to the steric environment of
the coupled atoms [86], therefore, their general
applicability as a tool for stereochemical stud-
ies is questionable. (For the following struc-
tures see Refs. [73,83,87–89].)

3.2 13C NMR spectroscopy

3.2.1 13C chemical shifts.
An excellent review on 13C NMR data of

monosaccharides has been published by Bock
and Pedersen [90]. Introduction of fluorine
into a carbohydrate molecule causes a signifi-
cant low-field shift of the signals of the adja-
cent carbon atoms (a effect) [91]. (For the
following structures see Refs. [90,92,93].)

3.2.2 19F,13C coupling constants.
The 19F,13C coupling constants can be di-

rectly taken from the proton broad-band de-
coupled 13C NMR spectra. They represent a
useful tool for assigning the 13C NMR signals.
In spectra of polyfluorinated carbohydrates
higher-order couplings may require computer
analysis [38,93,94].

Couplings o6er one bond 1JF,C. The cou-
plings, ranging between 160 and 250 Hz, are
influenced by the steric and electronic effects
of substituents attached to the coupled carbon
atom, as well as by the orientation of the
fluorine atom. Increasing electronegativity of
the substituent causes an increase in the cou-
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pling constant. (For the following structures see
Refs. [40,72,92,95,96].)

Geminal couplings 2JF,C. These coupling con-
stants are in the range 15–40 Hz. They are
found to be dependent on the orientation of
electronegative substituents attached to the
coupled carbon atom with respect to the
fluorine [67]. (For the following structures see
Refs. [40,72,92,95,96].)

Vicinal couplings 3JF,C. The angular depen-
dence of vicinal F,C couplings, ranging from 0
to 20 Hz, parallels that of 3JF,H and 3JH,H [39]
(Karplus-type relationship [40,41]). Further-
more, the influence of electronegative sub-
stituents, attached directly or adjacent to the
coupled carbon atom, has been found on the
magnitude of coupling constants [40]. (For

the following structures see Refs. [40,72,-
74,92,95,96].)

Long-range couplings nJF,C. 19F,13C couplings
over four bonds, 4JF,C may often be detected;
their magnitude is found to depend on the ori-
entation of the coupled nuclei [40,92]. Cou-
plings over five or six bonds are also known
[83,97]. (For the following structures see Refs.
[40,83,92,97,98].)

3.3 19F NMR spectroscopy.
19F NMR data of fluorinated carbohydrates

have been reviewed in Refs. [25,67]; those of
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specifically fluorinated compounds are in com-
pounds are included in a series of articles
[99–104].

3.3.1 19F chemical shifts.
There are characteristic 19F chemical shift

ranges for different types of CF groups (see
Table 1).

In the case of aldohexopyranosyl fluorides, a
anomers show characteristic high-field shifts
with regard to b anomers, due to the higher
shielding of the axially positioned F atom com-
pared with the equatorially positioned fluorine.
For the a and b anomers of deoxy-monofluoro-
hexopyranoses, there are no such significant
differences. The corresponding shifts in fura-
nosyl fluorides depend greatly on the configu-
ration at the other ring atoms. (For the
following structures see Refs. [65,69–71,73,
76,81,105].)

3.3.2 19F,19F coupling constants.
The 19F,19F couplings can be extracted from

the 19F{1H} NMR spectra. For complex spec-
tra, e.g., of polyfluorinated compounds, sim-
plifications may be obtained, for instance, by
using selective decoupling or recording two-di-
mensional correlation spectra [16,19,26]. If nec-
essary, computer simulations for complete
spectra analysis can be used [38,94].

Geminal couplings 2JF,F. The coupling con-
stants 2JF,F for aliphatic CF2 groups range from
200 to 350 Hz, and for �CF2 from 10 to 100 Hz.
(For the following structures see Refs. [105–
108].)

Vicinal couplings 3JF,F. For 1,2-difluoropyra-
noses, vicinal F,F coupling constants are found
in the range 10–20 Hz. Generally, in contrast
to 3JH,H and 3JF,H, there is no correlation with
the dihedral angle (Karplus relationship [41])
for 3JF,F because of dominating substituent ef-
fects. (For the following structures see Refs.
[70,76,109,110].)

Long-range couplings nJF,F. Long-range cou-
plings over four and five bonds have been re-
ported [111,112]. They are of special interest,
because the coupling constants may be en-
larged by the spatial proximity of coupled nu-
clei (through-space couplings [84] (see F,H
couplings)). (For the following structures see
Refs. [71,111–113].)

Table 1
Characteristic 19F chemical shift ranges (Hz) for the different
types of CF groups

Range Group Examples

−65 to −90 OCRF2 3,6-anhydro-2,2-difluoro-D-
glucofuranoses

−110 to −140 CR2F2 2-deoxy-2,2-difluorohexo-
pyranoses;

OC(R)F hexofuranosylfluorides
glycosylfluoridesOCHF−135 to −150

−180 to −220 RCHF 2-deoxy-2-fluorohexopyranoses
6-deoxy-6-fluorohexopyranoses−225 to −245 CH2F
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NMR data for pyranoses with fluorine atom at C-1 a
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a For further examples (fluorine atom in anomeric position) see Refs. [126–130].
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Table 3
NMR data for pyranoses with fluorine atom at C-2 a
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Table 3 (Continued)
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Table 3 (Continued)

a For further examples (fluorine atom at C-2) see Refs. [142–144].
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Table 4
NMR data for pyranoses with fluorine atom at C-3 a
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Table 4 (Continued)

a For further examples (fluorine atom at C-3) see Refs. [152–156].
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Table 5
NMR data for pyranoses with fluorine atom at C-4 a
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Table 5 (Continued)

a For further examples (fluorine atom at C-4) see Refs. [161–163].
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Table 6
NMR data for pyranoses with fluorine atom at C-5 a

a For further examples (fluorine atom at C-5) see Refs. [165,166].
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Table 7
NMR data for pyranoses with fluorine atom at C-6 a

a For further examples (fluorine atom at C-6) see Refs. [169–172].
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NMR data for furanoses with fluorine atom at C-1 a

a For further examples (fluorine atom in anomeric position) see Refs. [175–179].
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Table 9
NMR data for furanoses with fluorine atom at C-2 a
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Table 9 (Continued)

a For further examples (fluorine atom at C-2) see Refs. [188–190].
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Table 10
NMR data for furanoses with fluorine atom at C-3 a
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Table 10 (Continued)
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Table 10 (Continued

a For further examples (fluorine atom at C-3) see Refs. [197–201].
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Table 11
NMR data for furanoses with fluorine atom at C-4
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Table 12
NMR data for furanoses with fluorine atom at C-5
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Table 13
NMR data for furanoses with fluorine atom at C-6
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NMR data for furanoses with fluorine atom in 1%-position



M. Michalik et al. / Carbohydrate Research 327 (2000) 185–218 215

4. NMR tables

Table 2 [114–126], Table 3 [72,115,116,131–
141], Table 4 [116,135,145–151], Table 5
[89,150,157–160], Table 6 [89,164], Table 7
[114,150,167,168], Table 8 [74,125,173,174],
Table 9 [96,137,138,141,180–187], Table 10

[162,184,186,191–196], Table 11 [202], Table 12
[203–205], Table 13 [206], and Table 14 [108]
give NMR data of selected examples of fluori-
nated carbohydrates, which include the most
common pyranoses and furanoses available in
the literature since 1989. The chemical shifts are
referred to TMS (1H, 13C) and CFCl3 (19F).

Glossary

References

[1] W.R. Croasmun, R.M.K. Carlson (Eds.), Two-Dimen-
sional NMR Spectroscopy, Applications for Chemists
and Biochemists, 2nd ed., VCH, Weinheim, 1994.

[2] J. Cavanagh, W.J. Fairbrother, A.G. Palmer III, N.J.
Skelton, Protein NMR Spectroscopy, Principles and
Practice, Academic, New York, 1996.

[3] L.D. Hall, in W. Pigman, D. Horton (Eds.), The Carbo-
hydrates; Chemistry and Biochemistry, Vol. IB, 2nd ed.,
Academic, New York, 1980, pp. 1299–1326.

[4] E. Breitmaier, W. Voelter, Carbon-13 NMR Spec-
troscopy, High-Resolution Methods and Applications in
Organic Chemistry and Biochemistry, 3rd ed., VCH,
Weinheim, 1990.

[5] H. Kessler, M. Gehrke, C. Griesinger, Angew. Chem.,
100 (1988) 507–554; Angew. Chem., Int. Ed. Engl., 27
(1988) 490–536.

[6] R.R. Ernst, G. Bodenhausen, A. Wokaun, Principles of
Nuclear Magnetic Resonance in One and Two Dimen-
sions, Oxford Science, Oxford, 1987.

[7] A.E. Derome, Modern NMR Techniques for Chemistry
Research, Pergamon, Oxford, 1987.

[8] J.K.M. Sanders, B.K. Hunter, Modern NMR Spec-
troscopy, second ed., Oxford University Press, London,
1993.

[9] G.E. Martin, A.S. Zektzer, Two-Dimensional NMR
Methods for Establishing Molecular Connecti6ity, A
Chemist ’s Guide to Experiment Selection, Performance,
and Interpretation, VCH, Weinheim, 1988.

[10] C. Griesinger, H. Schwalbe, J. Schleucher, M. Sattler, in
W.R. Croasmun, R.M.K. Carlson (Eds.), Two-Dimen-

sional NMR Spectroscopy, Applications for Chemists
and Biochemists, second ed., VCH, Weinheim, 1994, pp.
457–580.

[11] A.D. Bain, J. Magn. Reson., 56 (1984) 418–427.
[12] T.J. Norwood, Chem. Soc. Re6., 23 (1994) 59–66.
[13] W.S. Price, Ann. Rep. NMR Spectrosc., 32 (1996) 53–

142.
[14] D. Canet, Prog. NMR Spectrosc., 30 (1997) 101–135.
[15] S. Berger, Prog. NMR Spectrosc., 30 (1997) 137–156.
[16] (a) S. Berger, S. Braun, H.-O. Kalinowski, NMR-Spek-

troskopie 6on Nichtmetallen, 19F-NMR-Spektroskopie,
Vol. IV, Georg Thieme Verlag, Stuttgart, 1994. (b) S.
Berger, S. Braun, H.-O. Kalinowski, NMR Spec-
troscopy of the Non-Metallic Elements, Wiley,
Chichester, 1997.

[17] M.J.W. Prior, R.J. Maxwell, J.R. Griffith, NMR Basic
Princ. Prog., 28 (1992) 101–130.

[18] J.T. Gerig, Prog. NMR Spectrosc., 26 (1994) 293–370.
[19] B. Reif, V. Wittmann, H. Schwalbe, C. Griesinger, K.

Wörner, K. Jahn-Hofmann, J.W. Engels, W. Bermel,
Hel6. Chim. Acta, 80 (1997) 1952–1971.

[20] W.-C. Chu, V. Feiz, W.B. Derrick, J. Horowitz, J. Mol.
Biol., 227 (1992) 1164–1172.

[21] F. Rastinejad, P. Lu, J. Mol. Biol., 232 (1993) 105–122.
[22] A.N. Stevens, P.G. Morris, R.A. Iles, P.W. Sheldon,

J.R. Griffiths, Br. J. Cancer, 50 (1984) 113–117.
[23] W.E. Hull, R.E. Port, R. Herrmann, B. Britsch, W.

Kunz, Cancer Res., 48 (1988) 1680–1688.
[24] D. Parisot, M.C. Malet-Martino, R. Martino, P. Cras-

nier, Appl. En6iron. Microbiol., 57 (1991) 3605–3612.
[25] R. Csuk, B.I. Glänzer, Ad6. Carbohydr. Chem.

Biochem., 46 (1988) 73–177.



M. Michalik et al. / Carbohydrate Research 327 (2000) 185–218216

[26] S. Braun, H.-O. Kalinowski, S. Berger, 150 and More
Basic NMR Experiments, A Practical Course, second
ed., Wiley–VCH, Weinheim, 1998.

[27] W.E. Hull, in W.R. Croasmun, R.M.K. Carlson (Eds.),
Two-Dimensional NMR Spectroscopy, Applications for
Chemists and Biochemists, 2nd ed., VCH, Weinheim,
1994, pp. 67–456.

[28] K.V. Schenker, W. v. Philipsborn, J. Magn. Reson., 66
(1986) 219–229.

[29] S.L. Patt, J.N. Shoolery, J. Magn. Reson., 46 (1982)
535–539.

[30] W.P. Aue, E. Bartholdi, R.R. Ernst, J. Chem. Phys., 64
(1976) 2229–2246.

[31] A. Bax, R. Freeman, J. Magn. Reson., 44 (1981) 542–
561.

[32] R. Freeman, G.A. Morris, J. Chem. Soc., Chem. Com-
mun., (1978) 684–686.

[33] A. Bax, S. Subramanian, J. Magn. Reson., 67 (1986)
565–569.

[34] G. Bodenhausen, D.J. Ruben, Chem. Phys. Lett., 69
(1980) 185–189.

[35] W. v. Philipsborn, Angew. Chem., 83 (1971) 470–489;
Angew. Chem., Int. Ed. Engl., 10 (1971) 472–490.

[36] M.L. Martin, J.-J. Delpuech, G.J. Martin, Practical
NMR Spectroscopy, Heyden, London, 1980, pp. 203–
206.

[37] L.D. Hall, Ad6. Carbohydr. Chem. Biochem., 29 (1974)
11–40.
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Stütz, J. Carbohydr. Chem., 4 (1985) 521–528.
[98] Y. Takagi, H. Sohtome, T. Tsuchiya, S. Umezawa, T.

Takeuchi, J. Antibiot., 45 (1992) 355–362.
[99] (a) T.D. Inch, Annu. Re6. NMR Spectrosc., 2 (1969)

35–82. (a) T.D. Inch, Annu. Re6. NMR Spectrosc., 5A
(1972) 305–352.

[100] R. Fields, Annu. Re6. NMR Spectrosc., 5A (1972) 99–
513.

[101] R. Bentley, Annu. Re6. Biochem., 41 (1972) 812–996.
[102] G. Kotowycz, R.U. Lemieux, Chem. Re6., 73 (1973)

669–698.
[103] J.W. Emsley, L. Phillips, V. Wray, Progr. Nucl. Magn.

Reson. Spectrosc., 10 (1976) 83–756.
[104] R.E. Wasylishen, Annu. Re6. NMR Spectrosc., 7 (1977)

245–291.
[105] J. Adamson, A.B. Foster, J.H. Westwood, Carbohydr.

Res., 18 (1971) 345–347.
[106] R.A. Sharma, I. Kavai, Y.L. Fu, M. Bobek, Tetrahe-

dron Lett., (1977) 3433–3436.
[107] J.M.J. Tronchet, D. Schwarzenbach, F. Barbalet-Rey,

Carbohydr. Res., 46 (1976) 9–17.
[108] J.S. Houlton, W.B. Motherwell, B.C. Ross, M.J. Tozer,

D.J. Williams, A.M.Z. Slawin, Tetrahedron, 49 (1993)
8087–8106.

[109] L.D. Hall, R.N. Johnson, J. Adamson, A.B. Foster,
Can. J. Chem., 49 (1971) 118–123.

[110] L.D. Hall, R.N. Johnson, J. Adamson, A.B. Foster, J.
Chem. Soc., D, (1970) 463–464.

[111] A.B. Foster, J.H. Westwood, B. Donaldson, L.D. Hall,
Carbohydr. Res., 25 (1972) 228–231.

[112] L.D. Hall, R.N. Johnson, A.B. Foster, J.H. Westwood,
Can. J. Chem., 49 (1971) 236–240.

[113] A.D. Barford, A.B. Foster, J.H. Westwood, L.D. Hall,
R.N. Johnson, Carbohydr. Res., 19 (1971) 49–61.

[114] L.A. Noecker, J.R. Edwards, Tetrahedron Lett., 38
(1997) 5779–5780.

[115] M. Albert, K. Dax, J. Ortner, Tetrahedron, 54 (1998)
4839–4848.

[116] A. El-Laghdach, R. Echarri, M.I. Matheu, M.I. Bar-
rena, S. Castillon, J. Garcia, J. Org. Chem., 56 (1991)
4556–4559.

[117] R. Echarri, M.I. Matheu, S. Castillon, Tetrahedron, 50
(1994) 9125–9134.

[118] C. Unverzagt, H. Kunz, J. Prakt. Chem./Chem.-Ztg.,
334 (1992) 570–578.

[119] J. Juenneman, I. Lundt, J. Thiem, Acta Chem. Scand.,
45 (1991) 494–498.

[120] Y. Nakahara, H. Iijima, S. Shibayama, T. Ogawa,
Carbohydr. Res., 216 (1991) 211–225.

[121] M. Teichmann, G. Descotes, D. Lafont, Synthesis,
(1993) 889–894.

[122] R. Miethchen, D. Rentsch, Liebigs Ann. Chem., (1994)
1191–1197.

[123] A.M. Horneman, I. Lundt, J. Carbohydr. Chem., 14
(1995) 1–8.

[124] R. Miethchen, C. Zur, J. Prakt. Chem./Chem.-Ztg., 337
(1995) 189–195.

[125] M. Palme, A. Vasella, Hel6. Chim. Acta, 78 (1995)
959–969.

[126] J.-P. Praly, L. Brard, G. Descotes, L. Toupet, Tetrahe-
dron, 45 (1989) 4141–4152.

[127] R. Miethchen, D. Peters, C. Pedersen, J. Fluorine
Chem., 56 (1992) 37–44.

[128] C.J.J. Elie, C.E. Dreef, R. Verduyn, G.A. van der
Marel, J.H. van Boom, Tetrahedron, 45 (1989) 3477–
3486.

[129] P.J. Garegg, P. Konradsson, S. Oscarson, K. Ruda,
Tetrahedron, 53 (1997) 17727–17734.

[130] M.S. Motawia, C.E. Olsen, B.L. Moeller, J. Marcussen,
Carbohydr. Res., 252 (1994) 69–84.

[131] H.H. Baer, F.H. Mateo, L. Siemsen, Carbohydr. Res.,
195 (1990) 225–245.

[132] B.M. Heskamp, G.H. Veeneman, G.A. van der Marel,
C.A.A. van Boeckel, J.H. van Boom, Tetrahedron, 51
(1995) 5657–5670.

[133] J.D. McCarter, M.J. Adam, C. Braun, M. Namchuk,
D. Tull, S.G. Withers, Carbohydr. Res., 249 (1993)
77–90.

[134] M. Bols, I. Lundt, E.R. Ottosen, Carbohydr. Res., 222
(1991) 141–149.

[135] Y. Kobayashi, T. Tsuchiya, T. Ohgi, N. Taneichi, Y.
Koyama, Carbohydr. Res., 230 (1992) 89–105.

[136] S. Cottaz, P. Rollin, H. Driguez, Carbohydr. Res., 298
(1997) 127–130.

[137] M. Bols, I. Lundt, Acta Chem. Scand., 44 (1990) 252–
256.

[138] P.N. Sanderson, B.C. Sweatman, R.D. Farrant, J.C.
Lindon, Carbohydr. Res., 284 (1996) 51–60.

[139] A. El-Laghdach, M.I. Matheu, S. Castillon, C. Bliard,
A. Olesker, G. Lukacs, Carbohydr. Res., 233 (1992)
C1–C3.

[140] I. Matheu, R. Echarri, S. Castillon, Tetrahedron Lett.,
33 (1992) 1093–1096.

[141] J.M. Garcı́a Fernández, R.R. Schnelle, J. Defaye, Te-
trahedron : Asymmetry, 6 (1995) 307–312.

[142] R. Miethchen, H. Prade, J. Holz, K. Praefcke, D.
Blunk, Chem. Ber., 126 (1993) 707–712.

[143] G. Baisch, R. Oehrlein, Bioorg. Med. Chem., 5 (1997)
383–392.

[144] A. Burton, P. Wyatt, G.-J. Boons, J. Chem. Soc.,
Perkin Trans. 1, (1997) 2375–2382.

[145] M. Bols, H. Grubbe, T.M. Jespersen, W.A. Szarek,
Carbohydr. Res., 253 (1994) 195–206.

[146] P. Bravo, M. Frigerio, G. Fronza, A. Ianni, G. Resnati,
Tetrahedron, 46 (1990) 997–1008.

[147] F. Leclerq, K. Antonakis, Carbohydr. Res., 222 (1991)
277–282.

[148] E. Umemura, T. Tsuchiya, Y. Kobayashi, K. Tanaka,
Carbohydr. Res., 224 (1992) 141–163.



M. Michalik et al. / Carbohydrate Research 327 (2000) 185–218218

[149] F. Leclercq, K. Antonakis, Carbohydr. Res., 193 (1989)
307–313.

[150] T.L. Lowary, O. Hindsgaul, Carbohydr. Res., 249 (1993)
163–195.

[151] M.-J. Egron, F. Leclercq, K. Antonakis, M.I. Bennani-
Baiti, C. Frayssinet, Carbohydr. Res., 248 (1993) 143–
150.

[152] F. Leclercq, M.-J. Egron, K. Antonakis, M.I. Bennani-
Baiti, C. Frayssinet, Carbohydr. Res., 228 (1992) 95–
102.

[153] M. Sharma, R.J. Bernacki, M.J. Hillman, W. Korytnyk,
Carbohydr. Res., 240 (1993) 85–94.

[154] P. Fernandez, J. Jimenez-Barbero, M. Martin-Lomas,
Carbohydr. Res., 254 (1994) 61–80.

[155] Y. Mori, N. Morishima, Bull. Chem. Soc. Jpn., 66 (1993)
2061–2067.

[156] J.A.L.M. van Dorst, A.L.M.C.J. van Heusden, J.M.
Tikkanen, J.P. Kamerling, J.F.G. Vliegenthart, Carbo-
hydr. Res., 297 (1997) 209–228.

[157] F. Oberdorfer, R. Haeckel, G. Lauer, Synthesis, (1998)
201–206.

[158] T. Taguchi, Y. Kodama, M. Kanazawa, Carbohydr.
Res., 249 (1993) 243–252.

[159] K. Koch, R.J. Chambers, Carbohydr. Res., 241 (1993)
295–299.

[160] M. Sharma, R.J. Bernacki, B. Paul, W. Korytnyk,
Carbohydr. Res., 198 (1990) 205–221.

[161] P. Fernandez, J. Jimenez-Barbero, J. Carbohydr. Chem.,
13 (1994) 207–234.

[162] L.A. Mulard, P. Kovac, C.P.J. Glaudemans, Carbohydr.
Res., 259 (1994) 21–34.

[163] M.-C. Chapeau, P.A. Frey, J. Org. Chem., 59 (1994)
6994–6998.

[164] T. Sugai, G.-J. Shen, Y. Ichikawa, C.-H. Wong, J. Am.
Chem. Soc., 115 (1993) 413–421.

[165] A. Berger, A. de Raadt, G. Gradnig, M. Grasser, H.
Loew, A.E. Stuetz, Tetrahedron Lett., 33 (1992) 7125–
7128.

[166] J.L.-C. Liu, G.-J. Shen, Y. Ichikawa, J.F. Rutan, G.
Zapata, J. Am. Chem. Soc., 14 (1992) 3901–3910.

[167] S.H. Khan, R.K. Jain, S.A. Abbas, K.L. Matta, Carbo-
hydr. Res., 198 (1990) 259–273.

[168] E. Petrakova, U. Spohr, R.U. Lemieux, Can. J. Chem.,
70 (1992) 233–240.

[169] S. Kaneko, T. Yamazaki, T. Kitazume, J. Org. Chem.,
58 (1993) 2302–2312.

[170] S.H. Khan, J.O. Duus, S.C. Crawley, M.M. Palcic, O.
Hindsgaul, Tetrahedron : Asymmetry, 5 (1994) 2415–
2436.

[171] W.M. Best, R.V. Stick, D.M.G. Tilbrook, Aust. J.
Chem., 50 (1997) 13–18.

[172] D. Peters, C. Zur, R. Miethchen, Synthesis, (1998)
1033–1038.

[173] R. Miethchen, T. Gabriel, G. Kolp, Synthesis, (1991)
885–888.

[174] H.H. Baer, F.H. Mateo, L. Siemsen, Carbohydr. Res.,
187 (1989) 67–92.

[175] J.G. Buchanan, D.G. Hill, R.H. Wightman, I.K. Boddy,
B.D. Hewitt, Tetrahedron, 51 (1995) 6033–6050.

[176] B. Ernst, T. Winkler, Tetrahedron Lett., 30 (1989) 3081–
3084.

[177] A.E. Lloyd, P.L. Coe, R.T. Walker, O.W. Howarth, J.
Fluorine Chem., 60 (1993) 239–250.

[178] K. Shanmuganathan, T. Koudriakova, S. Nampalli, J.
Du, J.M. Gallo, J. Med. Chem., 37 (1994) 821–827.

[179] P. Martin, Hel6. Chim. Acta, 79 (1996) 1930–1938.
[180] M.J. Robins, K.B. Mullah, S.F. Wnuk, N.K. Dalley, J.

Org. Chem., 57 (1992) 2357–2364.
[181] F.A. Davis, H. Qi, Tetrahedron Lett., 37 (1996) 4345–

4348.
[182] I. Lundt, D. Albanese, D. Landini, M. Penso, Tetrahe-

dron, 49 (1993) 7295–7300.
[183] T.S. Chou, P.C. Heath, L.E. Patterson, L.M. Poteet,

R.E. Lakin, A.H. Hunt, Synthesis, (1992) 565–570.
[184] I.A. Mikhailopulo, G.G. Sivets, N.E. Poopeiko, N.B.

Khripach, Carbohydr. Res., 278 (1995) 71–89.
[185] R.J. Wysocki, M.A. Siddiqui, J.J. Barchi, J.S. Driscoll,

V.E. Marquez, Synthesis, (1991) 1005–1008.
[186] M.-B. Giudicelli, D. Picq, D. Anker, Tetrahedron, 48

(1992) 6033–6042.
[187] H.Y. Zhang, H.W. Yu, L.T. Ma, J.M. Min, L.H.

Zhang, Tetrahedron : Asymmetry, 9 (1998) 141–149.
[188] M.-B. Giudicelli, M.-A. Thome, D. Picq, D. Anker,

Tetrahedron, 48 (1992) 5123–5134.
[189] M.-B. Giudicelli, M.-A. Thome, D. Picq, D. Anker,

Carbohydr. Res., 249 (1993) 19–38.
[190] B. Reif, V. Wittmann, H. Schwalbe, C. Griesinger, K.

Woerner, Hel6. Chim. Acta, 80 (1997) 1952–1971.
[191] P. Bravo, E. Piovosi, G. Resnati, G. Fronza, J. Org.

Chem., 54 (1989) 5171–5176.
[192] F. Seela, H.-P. Muth, Hel6. Chim. Acta, 74 (1991)

1081–1090.
[193] I.A. Mikhailopulo, T.I. Pricota, N.E. Poopeiko, T.V.

Klenitskaya, N.B. Khripach, Synthesis, (1993) 700–704.
[194] C.-K. Lee, H. Jiang, J. Carbohydr. Chem., 14 (1995)

407–416.
[195] Y.E. Raifeld, A.A. Nikitenko, B.M. Arshava, I.E. Mik-

erin, L.L. Zilberg, Tetrahedron, 50 (1994) 8603–8616.
[196] R.P. Elliott, G.W.J. Fleet, K. Vogt, F.X. Wilson, Y.

Wang, Tetrahedron : Asymmetry, 1 (1990) 715–718.
[197] H. Rosemeyer, F. Seela, Hel6. Chim. Acta, 72 (1989)

1084–1094.
[198] M.J. Robins, V. Neschadimenko, B.-O. Ro, C.-S. Yuan,

R.T. Borchardt, S.F. Wnuk, J. Org. Chem., 63 (1998)
1205–1211.

[199] A. van Aerschot, P. Herdewijn, Bull. Soc. Chim. Belg.,
98 (1989) 937–942.

[200] L.S. Jeong, V.E. Marquez, J. Org. Chem., 60 (1995)
4276–4279.

[201] L. Jie, A. van Aerschot, J. Balzarini, G. Janssen, R.
Busson, J. Med. Chem., 33 (1990) 2481–2487.

[202] A.R. Maguire, W.-D. Meng, S.M. Roberts, A.J. Wil-
letts, J. Chem. Soc., Perkin Trans. 1, (1993) 1795–1808.

[203] P. Munier, M.-B. Giudicelli, D. Picq, D. Anker, J.
Carbohydr. Chem., 15 (1996) 739–762.

[204] L. Schmidt, E.B. Pederson, C. Nielsen, Acta Chem.
Scand., 48 (1994) 215–221.

[205] C. Fossey, D. Laduree, M. Robba, J. Heterocycl. Chem.,
32 (1995) 627–635.

[206] S. Lavaire, R. Plantier-Royon, C. Portella, Tetrahedron :
Asymmetry, 9 (1998) 213–226.


