
Carbohydrate Research 341 (2006) 1298–1311
Perspective
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Abstract—The discovery of the Ramberg–Bäcklund procedure for preparing exo-glycals from S-glycoside dioxides, developed inde-
pendently in (Old) York and New York, is reviewed. The methodology is successful with glucose, galactose, mannose, xylose,
fucose, ribose, altrose, 2-deoxy-arabino-hexose (2-deoxy-glucose) and daunosamine derivatives, and has been used to prepare di-,
tri- and tetra-substituted exo-glycals. More recent developments, such as one-pot variants, and protecting group-free procedures,
are also covered. Synthetic applications of the exo-glycals, for example, to prepare b-glycosidase inhibitors, spirocyclic glucose
derivatives, b-C-glycosides, C-glycosyl porphyrin glycoconjugates and C-glycosyl amino acids, are also discussed. Finally, applica-
tions of the Ramberg–Bäcklund process for the synthesis of known and novel C-glycosides, and in natural product synthesis, are
reviewed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The Ramberg–Bäcklund reaction, in which a-halo-
genated sulfones are converted into regio-defined alkenes
on treatment with base (Eq. 1), has attracted consider-
able interest from both mechanistic and synthetic view-
points, since its discovery in 1940.1–3 The development
of Meyers’ modification (Eq. 2),4 in which the sulfone
undergoes an in situ halogenation-Ramberg–Bäcklund
reaction, has further extended the synthetic utility of this
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process. This reaction, which has been widely employed
to prepare natural and nonnatural targets, has been well
reviewed.2,3

In the Taylor group in York, early contributions to
this area concerned (i) the development of mild condi-
tions for carrying out the Ramberg–Bäcklund reaction
on a-iodosulfones, (ii) the isolation of episulfones from
the Ramberg–Bäcklund reaction, (iii) the preparation
of episulfones by the oxidation of episulfides, (iv) the
generation and synthetic applications of episulfone a-
R2

R1 R3

R4
ð1Þ

S
O2

R4

Cl
R3

R2

R1 R3

R4

Base

-HX, -SO2

ð2Þ

k.ac.uk; rfranck@hunter.cuny.edu

mailto:rjkt1@york.ac.uk
mailto:rfranck@hunter.cuny.edu


H3CO O

O OH

OH X

O

OH

O

NH
H3C

3a, X = O daunomycin
3b, X = CH2 C-analogue

R. J. K. Taylor et al. / Carbohydrate Research 341 (2006) 1298–1311 1299
anions and (v) the discovery of new variants of the pro-
cess including the epoxy-Ramberg–Bäcklund reaction,
and the tandem conjugate addition-Ramberg–Bäcklund
reaction.5 These procedures were utilised in a number of
target syntheses including tetrahydrodicranenone B,
trans-carbovir and unsaturated amino acids (e.g., con-
version of methionine-derived sulfones into protected
LL-allyl glycine).5 Having investigated the Ramberg–
Bäcklund reactions of amino acid-derived sulfones, a
study of sulfones derived from other ‘chiral pool’ sub-
strates seemed appropriate. The initial idea was to utilise
thiosugar-derived sulfones (e.g., 1) in the Ramberg–
Bäcklund reaction to prepare enantiopure cyclopentenes
(e.g., 2). It took some time to realise this aim, but it was
eventually completed, one example being shown in
Scheme 1.6
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Figure 1. Daunomycin (3a) and its C-glycoside analogue (3b).
The major difficulty with this first foray into carbo-
hydrate chemistry was that the preparation of the thio-
sugar precursors (e.g., 1) was rather laborious. In the
search for more readily available carbohydrate-derived
sulfones, we decided to investigate the use of the readily
available S-glycoside dioxides in the Ramberg–Bäckl-
und reaction. This topic, and its extensions into the
preparation of C-glycosides, C-linked disaccharides, C-
glycosyl amino acids, etc., is the subject of this review.

At about the same time, the Franck group in New
York was focussed on the goal of the synthesis of 3b,
the C-glycoside analogue of daunomycin 3a (Fig. 1),
an antitumour anthracycline which was known to be
deactivated by cleavage of the glycoside linkage. A
promising approach, requiring tin chemistry to create
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the C-glycosidic linkage, had been described by Acton
about a decade ago.7,8 The New York efforts were cen-
tred on forging a C-linkage between a glycoside and an
intact anthracycline. Proceeding after difficulties with
phosphorus-based couplings, the Franck group also
turned to the same concept being developed by the Tay-
lor laboratory.9
2. Initial studies—exo-glycal synthesis

The initial objective of both groups was to convert read-
ily available furanose and pyranose systems 4 into the
corresponding protected thioglycosides 5 and then sulf-
ones 6. The Meyers variant of the Ramberg–Bäcklund
reaction using sulfones 6 would be expected to produce
exo-glycals 7 (Scheme 2).

The parent 1-exo-methylene compounds (7, R =
R 0 = H) have been used as glycosidase inhibitors,10–14

and are valuable synthetic intermediates.15–22 A number
of procedures have been published for the preparation of
exo-methylene glycals,15–25 but the method of choice
would appear to be methylenation of the corresponding
lactones using dicyclopentadienyl(dimethyl)titanium
(or the Tebbe reagent).17,21,22 Until recently, there has
been no general method to prepare substituted exo-gly-
cals 7 (R, R 0 5 H), however.26 The S-glycoside dioxides
6 required for this study were readily prepared from
monosaccharides 4 using standard procedures as out-
lined in Scheme 3.27–31
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Initial studies to investigate the viability of the Ram-
berg–Bäcklund reaction to produce exo-glycals were
carried out using the glucose-derived benzyl sulfone 8

(Scheme 4). Gratifyingly, the required exo-glycal 9 was
formed in a reasonable yield, with the Z-product pre-
dominating, using Meyers’ original conditions (CCl4,
KOH, 56%). However, when the modified conditions
recently reported by Chan et al.32 (CBr2F2, KOH/
Al2O3) were employed, phenyl glycal 9 was produced
in 94% yield.33,34

A range of exo-glycals were then prepared using this
Ramberg–Bäcklund methodology (Fig. 2).33,34 As can
be seen, the glucose-derived methylene compound 10a

was prepared, as were the phenyl, methyl and ethyl
substituted alkenes 9, 10b,c (all with the Z-alkene pre-
dominating). Although unoptimised, galactose, man-
nose, xylose, fucose and ribose derived alkenes 10d–h

were equally accessible. Tetra-substituted alkenes 10i–l

were also prepared by this methodology, although
in these cases the required transformation was only
observed using Meyers’ conditions. Further work is
needed to optimise these yields, but the availability of
highly hindered glycals, particularly adamantene deriva-
tive 10l, is noteworthy.
O
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Scheme 4.
As mentioned, exo-glycals have proved to be valuable
glycosidase inhibitors, but for the above methodology to
be of use in this area it is important to be able to remove
the hydroxyl protection without reducing or hydrolysing
the enol ether moiety. Benzyl protection is not suitable
for this purpose and the compatibility of other protect-
ing groups with the Ramberg–Bäcklund conditions was
explored. Sulfone 11, protected by t-butyldimethylsilyl
(TBDMS) groups, was therefore investigated and Ram-
berg–Bäcklund reaction proceeded smoothly: desilyl-
ation was accomplished using tetrabutylammonium
fluoride (TBAF). This two-step sequence produced the
unprotected enol ether 12 (which was acetylated for
characterisation purposes) (Scheme 5).34
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Figure 2. exo-Glycals prepared via Meyers’ variant of the Ramberg–Bäcklund reaction (a = using CBr2F2;32 b = using CCl4
4).
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R. J. K. Taylor et al. / Carbohydrate Research 341 (2006) 1298–1311 1301
Similar results were published by Franck et al. at the
same time (preparing 9, 13a–d, Fig. 3).9,35 The dauno-
mycin C-glycoside analogue 13c, although not an exo-
glycal, was obtained using the standard Chan conditions
on the benzylic sulfone of a separately formed C-glyco-
side of daunosamine.
Investigations are underway to probe the mechanisms
of these reactions: preliminary results from the York
group are collected in Schemes 6 and 7. Thus, a brief
treatment of sulfone 8 with a reduced amount of base
and CBr2F2 produced the intermediate a-bromosulfone
14 in 36% yield, along with exo-glycal 9 (32%) and
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unreacted starting material (Scheme 6). One diastereo-
mer of bromide 14 was characterised by X-ray crystal-
lography. Treatment of bromide 14 with base produced
exo-glycal 9 in almost quantitative yield. Therefore, in
the case of benzylic sulfones, at least, the reaction path-
way seems to involve bromination at the benzylic posi-
tion rather than at the anomeric site.

Further information was obtained using mannose
derivatives (Scheme 7).� The ready elimination of the
axial C-2 substituent in mannose derivatives has bedev-
illed anomeric carbanion chemistry,36 but such 1,2-gly-
cal formation is not seen in the Ramberg–Bäcklund
approach. Starting from the a-sulfone 15, the exo-glycal
10e was obtained in 94% yield (Scheme 7a). Even more
surprisingly, a study of the b-mannose sulfone 16

revealed little, if any, elimination of the axial C-2 benzyl-
oxy substituent (Scheme 7b). However, treatment of 16

with base (in the absence of CBr2F2) did produce 1,2-
glycal 17, as shown. These observations indicate that
anomeric deprotonation must produce a conformation
from which b-elimination is slow compared to the Ram-
�McAllister, G. D.; Taylor, R. J. K. Unpublished results.
berg–Bäcklund reaction (1,3-elimination). More detailed
conformational discussions have been published.34
3. Synthetic applications of Ramberg–Bäcklund-derived

exo-glycals

The York group also investigated synthetic applications
of these novel exo-glycals.37,38 As shown in Scheme 8,
the Z-phenyl derivative 9 was utilised in a formal syn-
thesis of C-glycoside 20, reported to be a new b-glyco-
sidase inhibitor by Schmidt and Dietrich.14 Thus,
hydroboration using borane–THF followed by oxida-
tion gave a separable 25:75 mixture of a- and b-alcohols
18 and 19 in 65% overall yield. Schmidt and Dietrich
converted alcohol 19 into enzyme inhibitor 20 in five
high-yielding steps. The advantage of our new proce-
dure is the brevity of the synthetic route: Schmidt and
Dietrich required eight steps to prepare alcohol 19 from
DD-glucal.14

In studies to prepare the C-glycosidic northwest quad-
rant of altromycin B 21,39,40 the New York team also
explored hydroborations of exo-glycals. When exo-gly-
cal 22, prepared via Ramberg–Bäcklund chemistry, was
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subjected to standard hydroboration conditions, the C-
glycoside product 23 was formed with high b-selectivity.
This outcome was not useful for the ultimate synthetic
goal because it is the a-isomer in the 4C1 conformation
which is required, and which will hopefully then flip to
the 1C4 conformation of the C-glycoside of the northwest
quadrant. When the same experiments were carried out
O
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with the glucose-derived glycal 24, the desired a-C-glyco-
side 25 was the preferred (and desired) product which
ultimately was converted into the altromycin model
(Scheme 9).41 It was not possible to rationalise the differ-
ences in hydroboration outcomes among glycals 9 and
24, both with similar glucose conformations. Clearly,
the protecting groups must have a powerful effect.
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Belica and Franck also showed that the catalytic
hydrogenation of exo-glycals 9, 13a–d (Fig. 3) was
uneventful9 and, in almost every example examined,
the corresponding b-C-glycoside was the exclusive prod-
uct (>95%). The two main problems with this simple
and efficient method were that the common benzyl pro-
tecting group was subject to hydrogenolytic cleavage,
which was not always desirable; and the a-C-glycoside
configuration did not seem to be accessible by this meth-
od. The acid-catalysed silane, or ‘ionic hydrogenation’
method originally developed by Kursanov, and then ap-
plied to carbohydrates by Kishi and Sinaÿ,42–44 was
therefore studied (Scheme 10). Thus, Ramberg–Bäck-
lund product 29 was easily converted into its masked
ketal form 30. This species, via acetate 32, was then
subjected to anomeric carbonium ion formation coupled
with hydride transfer in an inter-molecular manner from
the axial face to afford b-C-glycoside 33. To force the
hydride transfer from the b-face to produce a-C-glyco-
side 36, the hydride was delivered in an intra-molecular
fashion, via a silane linked to the 4-hydroxy of galac-
tose, that is, 34. Needless to say, this is a nongeneral
route for preparation of a-C-glycosides.

One observation of note is the use of C2Br2F4 in the
Ramberg–Bäcklund reaction of 28 to 29 in place of
Chan’s original CBr2F2. The higher boiling point
(C2Br2F4, bp 47 �C, cf. CBr2F2, bp 23 �C) allows many
Ramberg–Bäcklund reactions that would otherwise be
difficult at lower temperatures, and has been used by
Franck in many later studies.

Ramberg–Bäcklund methodology was also used to
prepare the spirocyclic sugars 41 and 42 (Scheme 11).
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These compounds, which are simplified analogues of
natural products such as papulacandin D,45 have re-
cently been prepared by a photolytic route.46 In the
Ramberg–Bäcklund synthesis (Scheme 11), the benzyl-
ated thioglucose derivative 3727 was alkylated giving
sulfide 38, which was oxidised to sulfone 39, both steps
proceeding in good yield. The Ramberg–Bäcklund reac-
tion proceeded smoothly on the unprotected alcohol 39

using Chan’s CBr2F2 conditions32 giving exo-glycal 40

in 73% yield. Cyclisation was effected by treatment of
enol ether 40 with camphorsulfonic acid (CSA) in meth-
anol to produce a separable mixture of spiroacetals 41

and 42 (30:70) in 75% yield.
Finally, exo-glycal 43 was used by Franck and

co-workers in the synthesis of hydrolytically stable
porphyrin glycoconjugates 44 and 45 (Scheme 12).47
4. A simplified Ramberg–Bäcklund approach to

C-glycosides

A stream-lined Ramberg–Bäcklund approach to C-gly-
cosides was subsequently developed by the York
group.48 This involves the synthesis of glycosyl sulfones
by Horner–Wadsworth–Emmons olefination of a gly-
cosyl lactol 46 with phosphonate 47, followed by subse-
quent Michael addition and Ramberg–Bäcklund
reaction (Scheme 13).

Proof-of-principle studies were carried out using
phosphonate 47 and diisopropylidene mannofuranose
51 (Scheme 14). In this study, sulfone 52 was isolated
in good yield as a single isomer after the HWE-conjugate
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addition process. Reaction of 52 under Chan’s one-
pot halogenation/Ramberg–Bäcklund conditions gave
C-glycoside 53 in excellent yield, as a single stereo- and
geometric isomer [N.B. the use of Meyers’ conditions
(aq CCl4, t-BuOH, KOH, 60 �C) only gave 53 in a 48%
yield]. This study demonstrated that thioglycoside diox-
ides were not an essential requirement for the Ram-
berg–Bäcklund reaction on carbohydrate derivatives
(see also Fig. 3, 13c).

This sequence was used to prepare a range of pro-
tected furanose C-glycosides 54a–e (Fig. 4).48 In each
case, Ramberg–Bäcklund reaction proceeded in good
to excellent yield, with only the E-isomeric alkene prod-
uct being observed.

The York group also showed that this sequence could
be carried out in one-pot by adding KOH/Al2O3 and
CBr2F2 to the reaction mixture after 18 h. C-Glycoside
53 was isolated in an excellent 78% yield (Scheme
15).48 This approach is currently being optimised and
extended.
5. A protecting group-free approach to C-glycosides using

the Ramberg–Bäcklund reaction

The York group recently disclosed a protecting group-
free approach to C-glycoside synthesis based on the
above one-pot sequence.49 2-Deoxy-DD-erythro-pentose
(2-deoxy-ribose) 55 and phosphonate 47 gave C-glyco-
O

BnO OBn

Ph
OBn

O

O O

OTBS

O

O O

OBn
Ph

54a 83%
(α:β = 1:2.4)

54b 77%

54d 78%

Figure 4. C-Glycosides prepared by the HWE/conjugate addition/Ramberg–

O

O O

OH

O

O

51

NaH, 47, THF
then
KOH/Al2O3, CBr

78%

Scheme 15.
side 56 in good yield as a mixture of diastereomers under
the one-pot procedure (Scheme 16).

This sequence is not limited to a single monosaccha-
ride. DD-Arabinose 57 and DD-lyxose 59 were both con-
verted into the corresponding C-glycosides by this
method (acetylation was employed to aid purification,
Scheme 17). These processes were not optimised, but
serve to demonstrate the potential generality of the
procedure.
6. The Ramberg–Bäcklund approach to C-linked
disaccharides

The York group has also been able to access C-linked
disaccharides using the Ramberg–Bäcklund reaction
methodology (Scheme 18).38 Alkylation of thiol 37 with
iodide 61 (from the hydroboration/iodination of exo-
glycal 10a) gave the corresponding sulfide, which was
immediately oxidised giving sulfone 62. Ramberg–
Bäcklund reaction using Meyers’ conditions gave enol
Ph O

O O

OTBS
Ph

O

O O

OBn
Ph

54c 81%

54e 70%

Bäcklund sequence. Yields refer to Ramberg–Bäcklund step.

O

O O

O

O
Ph

53

2F2



O
OAc

57

(i) NaH, 47, DMF
(ii) KOH/Al2O3, CBr2F2
(iii) Ac2O, pyr

28%, α:β = 1:1

O

HO
OH

OH

AcO

Ph

58

OH
OAc

O
OAc

59

(i) NaH, 47, DMF
(ii) KOH/Al2O3, CBr2F2
(iii) Ac2O, pyr

20%, α:β = 1:1

O

HO
OH

OH

AcO

Ph

60

OH
OAc

Scheme 17.
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ether 63, predominantly as the Z-isomer (Z:E = 91:9).
Reduction with concomitant debenzylation, followed
by acetylation for characterisation purposes, gave C-
isotrehalose 64 in 69% over two steps.

Using this approach, C-homoisotrehalose 65 and
methyl C-gentiobioside 66 were prepared (Fig. 5).

By using the novel glucose-derived phosphonate 67, it
proved possible to extend the HWE/conjugate addition/
Ramberg–Bäcklund methodology to the synthesis of a
novel C-linked disaccharide (Scheme 19).48 Horner–
Wadsworth–Emmons olefination/Michael addition with
mannofuranose 51 proceeded smoothly giving sulfone
68 as a mixture of diastereomers. This mixture under-
O

OBn

BnO
BnO

BnO I

O

OBn

BnO
BnO

BnO
SH

O
O

OAc
OAc

OAc
OAc

AcO
AcO

OAc

AcO

+

(i) K2CO3,
(ii) mCPBA

  93% (2 

(i) H2, Pd(OH)2/C
(ii) Ac2O, pyridin

 69% (2 ste

61

64

37

Scheme 18.

O

OAc

AcO
AcO

OAc
65

57%

O

OAc
OAc
OAc

AcO

Figure 5. C-Glycosides 65 and 66. Yields refer to the Ramberg–Bäcklund re
went Ramberg–Bäcklund reaction in good yield, giving
alkene 69. After reduction/deprotection and acetylation,
novel C-disaccharide 70 was isolated in moderate yield.
7. The Ramberg–Bäcklund approach to C-linked glycosyl

amino acids and glycerolipids

In addition to C-linked disaccharides, it proved possible
to use the Ramberg–Bäcklund reaction in the synthesis
of novel C-glycosyl amino acids 73 and 76.38,50 This
was achieved in two separate approaches: (i) via glycosyl
sulfone 71 (Scheme 20);38 and (ii) by a hydroboration/
Suzuki sequence from Ramberg–Bäcklund-derived
exo-glycal 10a (Scheme 21).50

An exo-glycal approach was subsequently used by
Ohnishi and Ichikawa in the synthesis of the C-glycoside
analogue of N-Fmoc-serine b-N-acetylglucosaminide 79
(Scheme 22).51 Sulfone 77 underwent Ramberg–Bäck-
lund reaction using Chan’s conditions to give exo-glycal
78 in 38% yield solely as the Z-isomer. Subsequent
transformations gave the protected C-glycosyl amino
acid 79.

In recent years, Franck and co-workers have pub-
lished a series of papers on the synthesis and biological
activity of novel C-glycosyl glycerolipids 82, 83 and
86.52,53 Schemes 23 and 24 outline their syntheses from
glucosamine- and 2-deoxyglucose-derived sulfones 80

and 84.
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Of these three glycerolipids, 82 showed antiprolifera-
tive activity against SK-N-MC (neuronal), HS578T
(breast) and DU145 (prostate) cells. IC50 values were
comparable with those of the parent glycoside.

In 2004, Franck and co-workers published the synthe-
sis and biological activity of the C-glycoside analogue of
immunostimulant a-galactoceramide KRN7000.54 Once
again, this was achieved through Ramberg–Bäcklund
reaction of sulfone 87, giving exo-glycal 88 as an unde-
termined mixture of isomers (Scheme 25). A second key
step in the sequence was the application of the intra-
molecular hydride transfer method described in Scheme
10 to this more complex glycal system. In fact, the iso-
propylidene function of 89 and its derived 4-O-linked
silane was not compatible with the acidic conditions
required for activation of the anomeric centre; thus car-
bonate 90 was used as a more robust diol protecting
group to permit the necessary reduction to take place.
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Subsequent manipulations gave analogue 91. This was
shown to have remarkable activity in a range of assays,
in particular a mouse malaria model, where 91 was
shown to be approximately 1000 times more protective
than the parent glycoside against the sporozoite stage
of malaria.
8. Summary

The Ramberg–Bäcklund procedure for preparing exo-
glycals from S-dioxides and related carbohydrate-de-
rived sulfones, developed independently in York and
New York, clearly has great synthetic potential. The
methodology has been successfully applied to glucose,
galactose, mannose, xylose, fucose, ribose, altrose and
2-deoxyglucose, and has been used to prepare di-,
tri- and tetra-substituted exo-glycals. More recent
developments, such as one-pot variants, and protecting
group-free procedures, which are currently being opti-
mised, should enhance the value of this new method-
ology. Synthetic applications of the product alkenes,
for example, to prepare b-glycosidase inhibitors, spiro-
cyclic glucose derivatives, b-C-glycosides, C-linked
disaccharides, C-glycosyl amino acids, C-glycosyl gly-
cerolipids, C-glycosyl porphyrin glycoconjugates, and
natural products (approaches to altromycin B and the
C-glycoside of daunomycin), illustrate the scope of the
methodology. Research in this area is continuing, on
both sides of the Atlantic, particularly concerning the
application of the Ramberg–Bäcklund carbohydrate
procedure to the preparation of bioactive targets.
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