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a Department of Chemistry, Faculty of Science, University of Kragujevac, R. Domanovića 12, 34000 Kragujevac, Serbia
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Abstract: Bromination of glycals with tribromides
formed in situ from bromine and different bromide
salts in dichloromethane (DCM) or acetonitrile
(AN) was found to give predominantly the products
of anti addition of bromine from the C-6 side in
high yields. The same selectivity, which was much
higher compared to bromination with bromine
alone, was achieved in bromination of these sub-
strates by anodic generation of bromine from the
same salts.
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Due to the susceptibility of the carbon-halogen bond
to be attacked by a wide range of reagents halogeno
sugars represent an important class of compounds.
First of all they are versatile starting materials in the
synthesis of other carbohydrate derivatives, but also
represent valuable chiral precursors in the syntheses
of diverse non-sugar compounds. Among the halo-
geno sugars, those containing halogen atoms in posi-
tions 1 or/and 2 are of particular interest. Thus, ac-
cording to the Koenigs–Knorr protocol[1] and its
modifications, glycosyl bromides and chlorides have
become by far the most frequently used glycosyl
donors in O-glycosylation of both sugar and non-
sugar compounds (aglycones).[2] Although the
chemistry of carbohydrates has been dominated by
this “natural” electrophilic reactivity of the anomeric
carbon, glycosyl halides have been successfully ap-
plied also in the generation of the corresponding
anomeric carbanions[3] and radicals.[4] 2-Halogenated
sugars, on the other hand, are interesting as precur-
sors for 2-deoxy sugars, since a halogen atom can be
removed by reducing agents[5] or by photolysis.[6] Ac-
cordingly, 1,2-dihalogeno sugars also represent prom-

ising intermediates, as it has already been demon-
strated.[7]

Although other methods have been reported,[8] ad-
dition of bromine to the corresponding glycals seems
to be the simplest way to synthesize 1,2-dibromo
sugars. However, this addition may lead to four possi-
ble diastereomeric products and the drawback of this
methodology is the lack of stereoselectivity when free
bromine is used. The first application of this reaction
was reported by Fischer and co-workers in 1920,[9]

who studied the addition of molecular bromine to
3,4,6-tri-O-acetyl-d-glucal. Nakamura and co-workers
found, however, that these authors did not determine
correctly the structure of the product(s)[10] and report-
ed the formation of a mixture of d-gluco- and d-
manno derivatives. At the same time Lemieux and
Fraser-Reid reported that this reaction gave a-d-
gluco- and a-d-manno derivatives in a 2:1 ratio.[11]

They proposed a mechanism which leads to the prod-
ucts of thermodynamic control. Later investigations
have shown, however, that the product distribution
during bromination of peracylated glycals is under ki-
netic control, and that the stereoselectivity of the re-
action depends on the polarity of solvents,[12] and
even on the electron-withdrawing or -donating effect
of the substituent at C-5.[12a] Considerably higher se-
lectivity in the bromination of glycals was achieved by
using quaternary ammonium tribromides as the bro-
mine donating reagents.[13]

The inconvenience of handling elemental bromine,
and even solid tribromides, prompted us to examine
whether the electrochemical oxidation of bromides
was a suitable way to perform the bromination of
glycals. This was encouraged by recent successful ap-
plication of bromine generated at the anode in the
bromination of 5-unsaturated steroids[14] and estro-
gens.[15] In the present paper we report our first re-
sults obtained by studying the electrochemical bro-
mination of three peracylated glycals, namely 3,4,6-
tri-O-acetyl-d-glucal (1a), 3,4,6-tri-O-acetyl-d-galac-
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tal (1b), and 6-deoxy-3,4-di-O-acetyl-l-glucal (1c)
(Scheme 1).

The investigations were conceptualized as the elec-
trolysis of bromides in the presence of glycals in ap-
propriate systems of solvents and electrolytes. Tetra-
ethylammonium bromide (TEAB) in dichlorome-
thane (DCM) and lithium bromide and acetonitrile
(AN) were chosen as the electrolysis media. These
solvents were selected because they are aprotic and
their polarities are very different (dielectric constants:
eCH2Cl2 =8.90 and eCH3CN =37.50). It was interesting to
examine whether the distribution of isomeric 1,2-di-
bromo sugars by electrochemical bromination of gly-
cals would follow the selectivity of the bromination
by tetraalkylammonium tribromide, or with molecular
bromine. Since literature reports on the bromination
of 1a with bromine even in the same solvents were
contradictory,[11,12a,13a,c] first we brominated each sub-
strate (1a–c) in DCM and AN by non-electrochemical
methods. In this way we had the possibility to com-
pare classical chemical and electrochemical bromina-
tions under the same conditions, particularly consider-
ing the fact that bromination in aprotic media could
be affected considerably by trace impurities, and a
very careful control of the reaction conditions was
needed to avoid scatter in the results.[16]

Thus, when we treated glycal 1a with free bromine
in DCM, two of the four possible isomeric 1,2-dibro-
mo sugars, namely a-d-mannose (2a) and a-d-glucose
derivative (3a ; see Scheme 1), were obtained in a
93% overall yield. The ratio manno/gluco=19:81
(see Table 1, run 1) pointed to the syn addition of
bromine from the a-side as the main reaction path-
way. This result is almost the same as that reported by
Ruasse and co-workers for bromination in dichloro-
ethane,[13c] and similar to Lemieux and Fraser-ReidSs
results on bromination in chloroform.[11] However,
this finding differs considerably from other literature
reports on bromination of the same substrate in di-
chloroethane, chloroform and ethyl acetate,[11,12,13a]

particularly because we did not obtain the b-d-gluco
derivative 4a.

Having in mind the basic intention to generate bro-
mine at the anode in bromide-containing media, we
treated compound 1a with Br2 in dichloromethane in
the presence of TEAB, in order to have the exact pa-
rameters for the comparison of classical and electro-
chemical methodologies. As we expected, the results
were almost the same as those reported by Lafont[13a]

and Ruasse[13c] for the bromination with solid tetraal-
kylammonium tribromides, that is, the main product
was the a-d-manno derivative 2a, as the result of an
anti addition from the b-side. It pointed to the in situ
formation of tetraethylammonium tribromide
(TEATB) and its further action. Additional experi-
ments were devoted to checking whether cations of in
situ formed tribromide salts did or did not play any
role in this reaction. Thus, we brominated 1a in DCM

Scheme 1. Bromination of glycals.

Table 1. Chemical bromination of glycals with molecular
bromine without and with additives.

Run Substrate Solvent Brominating agent Product
distribution
[%][a,b]

2 3 4

1 1a DCM Br2 19 81
2 1a DCM Br2/TEAB[c] 88 12
3 1a DCM Br2/TBAB[c] 89 11
4 1a DCM Br2/CTAB[c] 80 20
5 1a DCM Br2/KBr/18-crown-6[d] 77 23
6 1a AN Br2 72 28
7 1a AN Br2/LiBr[c] 90 10
8 1b DCM Br2 17 65 18
9 1b DCM Br2/TEAB[c] 85 15
10 1b AN Br2/LiBr[c] 80 20
11 1c DCM Br2 31 60
12 1c DCM Br2/TEAB[c] 77 23
13 1c AN Br2/LiBr[c] 81 19

[a] Overall yield up to 95%.
[b] Determined from 1H NMR spectra of the reaction mix-

ture.
[c] In a ratio 1:1.
[d] In a ratio 1:1:1.
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with bromine in the presence of tetrabutylammonium
bromide (TBAB), cetyltrimethylammonium bromide
(CTAB) and a KBr/18-crown-6 combination. It
turned out that the stereochemistry of this reaction is
almost independent of the character of cation, since
the a-D-manno derivative 2a was the predominant
product (Table 1, runs 3–6).

Bromination of 1a in AN with free bromine, with-
out any additive gave results which were different
from bromination in DCM. The main product in this
case was the a-d-manno derivative 2a (see Table 1,
run 6). Selectivity in formation of this compound in-
creased with the use of lithium bromide as an additive
(Table 1, run 7).

The other two glycals, 1b and 1c, were brominated
under conditions that we selected on the basis of
above results as the most promising for the synthetic
application. Namely, these substrates were subjected
to bromination with bromine without any additive in
DCM (in order to obtain predominantly the products
of syn-addition from the a-side) and with Br2/TEAB/
DCM and Br2/LiBr/AN combinations (in order to
obtain predominantly the products of anti-addition
from the b-side). The obtained results are listed in
Table 1. As can be seen, galactal 1b and glucal 1a
behave differently in bromination with bromine in
DCM without a catalyst. In addition to the minor
product of anti addition from the b-side (a-talo deriv-
ative 2b), under these conditions 1b gave both the syn
and anti addition products from the a-side, that is,
both anomers of per-O-acetylated 2-bromo-2-deoxy-
d-galactopyranosyl bromides (3b and 4b). The talo/
galacto ratio in this bromination was, however, almost
the same as the manno/gluco ratio in bromination of
1a (17:83 vs. 19:81). Bromination of 1b with bromine

in the presence of bromide salts (TEAB in DCM and
LiBr in AN) proceeded with high selectivity, giving
mainly the a-talo derivative 2b, as the product of an
anti addition from the b-side, similarly to bromina-
tions with tetraalkylammonium tribromides.[13] .

Bromination of substrate 1c gave results very simi-
lar to 1a (Table 1, runs 11–13).

Considering these results we conclude that the elec-
trochemical bromination of glycals should proceed in
a way similar to reactions of these substrates with
bromine/bromide combinations, i.e. , it should exhibit
a selectivity similar to that reported in the literature
for brominations with solid tetralkylammonium tri-
bromides.[13a,c] Before the preparative electrochemical
bromination we performed some cyclovoltammetric
measurements. We examined the electrochemical be-
haviour of glucal 1a in the presence of bromide in
DCM and in AN. This substrate and bromide ions
have first been analyzed separately. Figure 1 (dashed
lines) displays the voltammograms of glycal at a Pt
electrode. No oxidation or reduction wave appears in
both solvents and therefore glycal is not electroactive
in the potential window of interest. As shown in
Figure 1 (solid lines), bromide ions (i.e., TEAB in
DCM and LiBr in AN) exhibit two well-defined oxi-
dation waves (O1 and O2 at 420 and 730 mV in DCM,
i.e., 340 and 600 mV in AN, respectively) on the for-
ward potential sweep and two reduction waves (R1

and R2 at �180 and 400 mV, that is, �70 and
460 mV).

Peak currents of waves O1 and O2 are in a 2:1 ratio
for both solvents. In addition, anodic and cathodic
waves are proportional to the concentration of bro-
mide ions (data not shown). This behaviour is in good
concordance with already reported data on the oxida-

Figure 1. Cyclic voltammograms for the oxidation of 5 mM bromide (a) in dichloromethane and (b) in acetonitrile. Also
shown are the voltammograms (dashed lines) for 2 mM glucal 1a alone (a) in dichloromethane and (b) in acetonitrile. All
solutions contained 0.05M Et4NClO4 as supporting electrolyte. Scan rate: 0.1 V·s�1. Electrode: Pt (2 mm diameter). Counter-
electrode: Pt wire.
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tion of bromide at Pt electrode in different solvents.[17]

The O1 wave corresponds to the electro-oxidation of
bromide which leads to the formation of molecular
bromine, Br2. This heterogeneous reaction is followed
by the addition of bromide to the electrogenerated
bromine forming thus the tribromide anion, Br3

�. At
the higher potentials corresponding to the O2 wave,
tribromide dissociates and forms Br2.

[17] On the back-
ward potential sweep, the R1 and the R2 waves are
due to the corresponding reverse processes. The
shape of the R1 wave is less well-defined probably be-
cause a chemical step follows the electron transfer re-
action. All these processes are summarized below.

The reactivity of the electrogenerated bromine has
been studied in the presence of various concentrations
of glycal in both solvents. Typical voltammograms are
represented on Figure 2.

The influence of glycal on waves R1 and R2 has
been investigated using cyclic voltammetry. By adding
glycal to the solution, the peak current of wave O1 re-
mains constant since glucal 1a is not electroactive as
seen on Figure 1 while the peak current of wave R1

decreases. This decrease is directly related to glycal.
The voltammograms are affected in the same manner
for both solvents (Figure 2a and b). The cathodic R2

wave is not modified by the addition of glycal (data
not shown). In the presence of glucal 1a, the decrease
of the R1 wave arose as a consequence of the partial
homogeneous reaction of the electrogenerated prod-
uct with 1a. This shows that tribromide is the chemi-
cal species reacting directly with glucal 1a.

According to Scheme 2, both bromine and tribro-
mide exist in the solution through the electrolysis of a
bromide salt. As our results in brominations of glycals
with bromine without and in the presence of bro-
mides showed, the reaction of bromine with the bro-

mide to form tribromide is a faster process than addi-
tion of free bromine to glycal. Knowing that, we start-
ed the preparative electrochemical bromination of
glycals by the simplest way – compound 1a was sub-
mitted to constant current electrolysis (50 mA, 2 F/
mol) in 0.05M solution of TEAB in DCM, using an
undivided cell, supplied by platinum and aluminum
plates as an anode and a cathode, respectively. Analy-
sis of the reaction mixture showed that more than
50% of the starting substrate remained unchanged,
but the consumed part of it was converted mainly
into the manno derivative 2a. Apparently, an impor-
tant part of the flowed electric charge was spent by
some side reactions, possibly by cathodic reduction of
the species formed by anodic processes. In general,
such a problem could be solved by electrolysis in a di-
vided electrolytic cell. Thus, when constant current
electrolysis (20 mA) was performed in the cell in
which the platinum anode was separated from the
aluminum cathode by the membrane (a ceramic
probe) the substrate 1a placed in the anodic compart-
ment was completely brominated after consuming
2 F/mol charge. Selectivity of the reaction was the
same as in the cases of bromination of this substrate
with tetraalkylammonium tribromides[13a,c] and with
bromine in the presence of bromide salts (Table 2,
run 1). The electrolysis in which the combination
KBr/18-crown-6=1:1 as the electrolyte was used in
the same solvent gave also 2a as the main product.

Figure 2. Cyclic voltammograms of (a) 5 mM TEAB in dichloromethane and of (b) 5 mM LiBr in acetonitrile with increasing
glycal concentrations. Solid line: no glycal; dotted line: 1 mM glycal; dashed line: 2 mM glycal. All solutions contain 0.05M
Et4NClO4 as supporting electrolyte. Scan rate: 0.1 V·s�1. Electrode: Pt (2 mm diameter). Counter-electrode: Pt wire.

Scheme 2. Electrode reactions.
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Electrochemical experiments in which AN has been
used as the solvent and LiBr as the electrolyte gave
completely the same results as those performed in
DCM, as well as those performed in AN using the
bromine/LiBr combination in classical chemical meth-
ods.

This electrochemical methodology was applied to
the bromination of the other two substrates. The ob-
tained results are given in Table 2, and exhibit that
this method leads to the same products as the classical
ones, that is, the main products of bromination of gly-
cals were products of an anti addition from the b-side
(2b, c).

In conclusion, our investigations showed that bro-
mination of glycals could be performed using in situ
formed tribromides with the same selectivity as it was
reported for bromination with solid teraalkylammoni-
um tribromides. Moreover, we showed that this bro-
mination could be achieved with the same selectivity
by electrochemical oxidation of bromides to bromine.
This electrochemical method is very simple and does
not require complex and expensive equipment. Al-
though tetraalkylammonium tribromides (used in the
existing methods for bromination of glycals) are com-
mercially available, they are irritant and sensitive re-
agents. Their storage and handling requires serious
caution. The main advantage of the present electro-
chemical method is that these salts, as well as potassi-
um and lithium tribromides could be formed in situ,
avoiding the mentioned problems. Bearing in mind
also an excellent dosage control (by simple current
control) in this case, what is not easy in many classical
methods when a solid should be gradually introduced

into the reaction mixture, this procedure might be
recommended as the superior one.

Experimental Section

All chemicals were commercially available and used as re-
ceived, except that the solvents were purified by distillation.
Cyclic voltammetry curves were obtained by using a CH In-
struments (Austin, TX) potentiostat CHI760b Electrochemi-
cal Workstation. A standard three-electrode cell (5 mL),
equipped with a platinum wire and a silver wire immersed
in 0.1M TEAB solution in CH3CN as the counter and refer-
ence electrode, respectively. A platinum disk (d=2 mm)
was used as the working electrode, and all potentials are
given with respect to the Fc+/Fc couple. A cylindrical glass
vessel equipped with a magnetic stirrer, a cylindrical plati-
num foil as the anode (Ø=2.5 cm), a ceramic tube as the
membrane (Ø=1.5 cm), and an aluminum spiral as the cath-
ode was assembled as the divided electrochemical cell for
preparative electrolysis. A Uniwatt Beha Labor-NetzgerWt
(NG 394) was used as a direct current source for the elec-
trolysis. NMR spectra were recorded on a Varian Gemini
(200 MHz) spectrometer, using CDCl3 as the solvent and
TMS as the internal standard. Chemical shifts are expressed
in d (ppm). For TLC, silica gel 60 on Al plates, layer thick-
ness 0.2 mm (Merck), was used.

General Procedure for Chemical Bromination of
Glycals

A glycal (1 mmol) without or with the additive (1.1 mmol;
see Table 1) was dissolved in DCM or AN (10 mL), protect-
ed from the light, and cooled in an ice bath. To this mixture
1.1 mmol of Br2 dissolved in 0.22 mL of DCM was added in
one portion, and stirring continued for 2 h. If DCM was
used as the solvent, the reaction mixture was successively
washed with a 1M aqueous solution of Na2S2O3, water and
brine, and dried over anhydrous Na2SO4. Evaporation of the
solvent gave a mixture of dibromides in 90–95% overall
yields. The mixtures were analyzed by NMR spectroscopy
without separation. 18-Crown-6, when used, was separated
from the sugar derivatives by column chromatography
(SiO2/toluene-ethyl acetate, 9:1). If the reaction was carried
out in AN, the solvent was evaporated, water (10 mL)
added to the rest and the mixture extracted with DCM (2X
10 mL). The obtained DCM solution was treated as de-
scribed above.

Compounds 2a–c and 3a–c are known, and their spectra
were in agreement with those given in the literature.[8,11,12a,-

b,13a]

In the 1H NMR spectrum of the mixture obtained from 1b
by bromination in DCM without additives (Table 1, run 1),
in addition to signals belonging to known dibromides 2b and
3b, a doublet appeared at 5.60 ppm. On the basis of the
chemical shift and coupling constant (9.6 Hz) we concluded
that it corresponded to an axial anomeric H atom, neigh-
bouring to another axial H atom, that is, it belongs to 3,4,6-
tri-O-acetyl-2-bromo-2-deoxy-b-d-galactopyranosyl bromide
(4b). In the 13C NMR spectrum of this mixture the signal at
81.9 ppm should belong to C-1 of 4b.

Table 2. Electrochemical bromination of glycals.

Run Substrate Solvent Electrolyte Product dis-
tribution[a,b]

2 3

1 1a DCM 0.05M TEAB 90 10
2 1a DCM 0.05M KBr/18-

crown-6
93 7

3 1a AN 0.2M LiBr 90 10
4 1b DCM 0.05M TEAB 92 8
5 1b DCM 0.05M KBr/18-

crown-6
95 5

6 1b AN 0.2M LiBr 88 12
7 1c DCM 0.05M TEAB 82 18
8 1c DCM 0.05M KBr/18-

crown-6
84 16

9 1c AN 0.2M LiBr 82 18

[a] Overall yield up to 95%.
[b] Determined from 1H NMR spectra of the reaction mix-

ture.
[c] In the anodic compartment 1.1 mol of TEAB per mol of

the substrate was added.
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General Procedure for Electrochemical Bromination
of Glycals

0.5 mmol of a substrate 1a–c and 25 mL of a solution of the
corresponding electrolyte (see Table 2) were placed in the
anodic compartment of the cell (outside the ceramic tube).
The same solution of the electrolyte (3 mL) was used as the
catholyte. The constant current electrolysis (20 mA) was
stopped after 85 min (calculated to provide 5% more than
2 F/mol charge). The resulting reaction mixture was worked
up as in the case of above described classic experiments.

Acknowledgements

This work was supported by the Ministry of Science and En-
vironmental Protection of the Republic of Serbia (grant
2042).

References

[1] W. Koenigs, E. Knorr, Ber. dtsch. chem. Ges. 1901, 34,
957–981.

[2] K. Toshima, K. Tatsuta, Chem. Rev. 1993, 93, 1503–
1531.

[3] L. Soms�k, Chem. Rev. 2001, 101, 81–135.
[4] a) J.-P. Praly, Adv. Carbohydr. Chem. Biochem. 2001,

56, 65–151; b) H. Togo, W. He, Y. Waki, M. Yokoyama,
Synlett 1998, 700–717.

[5] H. Arita, N. Ueda, Y. Matsuhima, Bull. Chem. Soc.
Jpn. 1992, 45, 567–569.

[6] R. W. Binkley, D. Bankaitis, J. Carbohydr. Chem. 1982,
1, 1–8.

[7] a) K. Bock, I. Lundt, C. Pedersen, Carbohydr. Res.
1984, 130, 125–134; b) D. Horton, W. Priebe, O.
Varela, Carbohydr. Res. 1985, 144, 305–315; c) J. Boro-
wiecka, Heteroatom Chem. 2000, 11, 292–298.

[8] A. Fogh, I. Lundt, C. Pedersen, P. Rasmussen, Acta
Chim. Scand. B, 1977, 31, 768–770.

[9] E. Fischer, M. Bergmann, H. Schotte, Ber. dtsch. chem.
Ges. 1920, 53B, 509–547.

[10] H. Nakamura, S. Tejima, M. Hagaki, Chem. Pharm.
Bull. 1964, 12, 1302–1307.

[11] R. U. Lemieux, B. Fraser-Reid, Can. J. Chem. 1964, 42,
532–538.

[12] a) P. Boullanger, G. Descotes, Carbohydr Res, 1976, 51,
55–63; b) D. Horton, W. Priebe, O. Varela, J. Org.
Chem. 1986, 51, 3479–3485.

[13] a) M. Teichmann, G. Descotes, D. Lafont, Synthesis
1993, 889–894; b) G. Bellucci, C. Chiappe, F.
D’Andrea, G. Lo Moro, Tetrahedron 1997, 53, 3417–
3424; c) A. Boschi, C. Chiappe, A. De Ruberts, M.
Francoise Ruasse, J. Org. Chem. 2000, 65, 8470–8477.

[14] S. Milisavljevic, K. Wurst, G. Laus, M. D. Vukicevic,
R. D. Vukicevic, Steroids 2005, 70, 867–872.

[15] I. Damljanovic, M. Vukicevic, R. D. Vukicevic, Bull.
Chem. Soc. Jpn. 2007, 80, 407–409.

[16] G. Bellucci, R. Bianchini, R. Ambrosetti, G. Ingrossog,
J. Org. Chem. 1985, 50, 3313–3318.

[17] a) M. Mastragostino, S. Valcher, P. Lazzari, J. Electroa-
nal. Chem. 1981, 126, 189–198; b) G. D. Allen, M. C.
Buzzeo, C. Villagran, C. Hardacre, R. G. Compton, J.
Electroanal. Chem. 2005, 575, 311–320.

34 asc.wiley-vch.de O 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Adv. Synth. Catal. 2008, 350, 29 – 34

COMMUNICATIONS Marija Čolović et al.
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