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Abstract—Carbohydrates carrying an aromatic aglycon are important natural products and thus key synthetic targets. However,
due to the electron-withdrawing properties of aromatic rings, phenols are difficult to glycosylate. This review covers the most com-
mon carbohydrate donors used for aromatic O-glycosylation (anomeric acetates, halides, trichloroacetimidates and thioglycosides)
as well as some less common donors. The scope of the review is to give practical examples of aromatic O-glycosylations and to offer
guidelines for glycosylation of typical aromatic residues. Anomeric acetates or trichloroacetimidates, activated under acidic condi-
tions, are preferred for electron rich aromatic aglycons, while glycosyl halides, activated using basic conditions, are preferred for
electron deficient aromatic residues.
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1. Introduction plant origin (e.g., arbutin, sennoside A and glucofran-
gulin A, Fig. 1).
Naturally occurring carbohydrates carrying aromatic The first synthesis of a glycosidic linkage was the cou-
aglycons are important compounds with examples such pling of peracetylated glucosyl chloride to potassium phe-
as antibiotics (e.g., vancomycin and chromomycin) and nolate, which was reported by Michael in 1879." Since
a range of more or less complex glycosylated phenols of then, carbohydrate synthesis has evolved into a thriving
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Figure 1. Examples of naturally occurring glycosylated aromatic compounds.
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Scheme 1. Examples of donor interconversions. Reagents and conditions: (a) Ac,O, NaOAc, 140 °C, 1 h;? (b) HBr/HOACc, Ac,0, rt, 1 h* (c) RSH,
BF;-OEt,, CH,Cl,, 0 °C, 45 min;’ (d) amine, THF, 75 °C, 18 h;° (e) NaSPh, Et,0, rt, 2 d;’ (f) IBr, CH,Cl,, 0 °C, 10 min;® (g) NBS, acetone, H,O, rt,
1 h;? (h) Zn/Ag-C, THF, —20 °C, 10 min;'° (i) AgF, CH5CN, rt, 2 h;!! (j) DAST, NBS, CH,Cl,, 0 °C to rt, 25 min;'*!? (k) DAST, CH,Cl,, —78 °C,
15 min;'? (1) HF/pyridine, 0 °C, 6 h;'"* (m) CI3CCN, DBU, CH,Cl,, —10 °C to rt, 3 h.'

field with an abundance of methods for the formation of
the glycosidic linkage. The most common donors and
their interconversions are summarized in Scheme 1. Con-
ditions for activation of different donors can be found in
the recent review by Nicolaou and Mitchell.?

Glycosidic bonds can be formed either through an Sy2
type mechanism, usually under basic conditions with gly-
cosyl halides, or through an Sy1 type mechanism under
acidic conditions. The stereochemical outcome of Lewis
acid-promoted glycosylations is influenced by several
factors. The anomeric effect generally directs the aglycon
to the thermodynamically preferred axial orientation.
However, participating groups (e.g., esters) at C2 can
interact with the intermediate oxacarbenium ion to form
a cyclic dioxolenium ion. The dioxolenium ion is subse-
quently opened by the acceptor in an Sy2 manner, which
results in a 1,2-trans-glycosidic bond (i.e., B-glucosides
and o-mannosides). B-pD-Glucosides and galactosides,
as well as a-D-mannosides, are therefore fairly easily syn-
thesized by standard methods, whereas a-D-glucosides
and galactosides can be formed by anomerization of
the kinetic B-products. However, f-pD-mannosides are
difficult to synthesize and usually special methods need
to be used.

A search of the literature concerning aromatic O-gly-
cosylations revealed increasing interest in the recent
years. The search was separated into the four most com-
mon donors, that is, anomeric acetates, glycosyl halides,
trichloroacetimidates and thioglycosides (Fig. 2). Ha-
lides are most common, followed by anomeric acetates
and trichloroacetimidates, while thioglycosides are less
commonly used for aromatic O-glycosylation. There
are also examples of aromatic O-glycosylation using
sugars unprotected at the anomeric centres (e.g., by
Mitsunobu conditions or SyAr), glycals, anomeric phos-
phates and also enzymatic methods.
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Figure 2. Published articles concerning aromatic O-glycosylation,
1970-2005.

There are several specific problems associated with
glycosylation of phenols. First, compared to the ali-
phatic chain in alcohols, the aromatic ring in a phenol
is electron withdrawing. Under acidic conditions, this
results in phenols being weaker nucleophiles compared
to alcohols. Nevertheless, acceptable yields can usually
be obtained using phenols carrying electron-donating
groups (e.g., p-methoxyphenol). Phenols are also consid-
erably more acidic than alcohols, usually by 6-8 pK,
units, which means that they are easily deprotonated
and usually give good yields under basic conditions,
especially with phenols carrying electron-withdrawing
substituents.
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Scheme 2. Reagents and conditions: (a) appropriate phenol, TMSOTT,
CH,Cl,, —30°C to rt, 3 h.

Second, due to the electron donating properties of
the hydroxyl group, phenols are ambident nucleophiles.
Glycosylation of phenols under acidic conditions can
therefore, especially at elevated temperatures, give con-
siderable amounts of C-glycosides. This observation
has been used for synthetic purposes as exemplified by
the synthesis of compound 6 (Scheme 2).'

A third problem is steric hindrance from substituents
on the phenolic compound. The nucleophilicity of phe-
nols and alcohols in glycosylation reactions can be
enhanced by tributylstannylation or trimethylsilyla-
tion,'” ! which gives better yields in some reactions,
but fails in others.?

Apart from the excellent review, covering O-glycosyl-
ations under neutral or basic conditions, by Jensen in
2002, there have been few reviews on aromatic O-gly-
cosylations.?’"*? The scope of this review is to give prac-
tical examples of aromatic O-glycosylations and to offer
guidelines for glycosylation of typical phenols. In the
following text, the terms o- or B-selectivity refer to a
normal D-pyranoside system (e.g., glucose or galactose).
For rules on the anomeric nomenclature for other com-
pounds, we use the IUPAC carbohydrate nomenclature
recommendations.*

2. Use of glycosyl acetates

Glycosyl acetates can be activated by Lewis as well as
Bronsted acids (Helferich conditions) and used as
donors in aromatic O-glycosylations (Scheme 3).

2.1. General considerations

The strength of glycosyl acetates as donors in glycoside
synthesis lies in their simplicity, i.e., the peracetylated
compounds are inexpensive and either commercially
available or easily synthesized in one step from the
corresponding free sugars. As a result, virtually all gly-

BF3°OEt;, (1 equiv.)
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CHyCly, r.t., 1-24h

Scheme 3. General BF;-OEt, catalyzed aromatic O-glycosylation.
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Figure 3. Distribution of yields in 213 aromatic O-glycosylations using
anomeric acetates.

cosylation reactions using anomeric acetates are per-
formed with the peracetylated compounds. If several
protecting groups are essential, usually some other do-
nor is used.

A literature search of one-step aromatic O-glycosyla-
tions using glycosyl acetates generated 213 hits, which
were analyzed with reference to yield (Fig. 3). The
yields of aromatic O-glycosylation using anomeric ace-
tates are usually lower compared to trichloroacetimi-
dates.”®* One reason is the anomerization of both
the starting material and the product. For example, in
a few hours using 3 equiv of BF;-OEt, peracetylated
B-glucose pentaacetate anomerized to o-glucose penta-
acetate, which was shown to be inert.”> Long reaction
times, high temperature and polar solvents usually tend
to give more of the o-glucoside.?® However, contrary to
glycosylation of alcohols and other sugars, it is not easy
to obtain good yields of the a-glucosides of aromatic
aglycons due to the formation of C-glycosides, espe-
cially in the case of activated aromatic compounds.
The yield of the a-product can be optimized in benzene
at reflux.?®

Typical aromatic B-glycosylations are performed in
dichloromethane as solvent with equimolar amounts of
BF;-OEt, and reactants for 1-24 h at room temperature
(Scheme 3). SnCly, p-toluenesulfonic acid (pTSA) and
other Lewis acids have also been used, but most often
with substantially lower yields.?”-*® The yields and reac-
tion rates are clearly dependent on the nucleophilicity of
the phenol; electron donating groups (e.g., alkoxy) usu-
ally give better yields. Generally, substituents in the
ortho-position tend to give lower yields irrespective of
the electronic properties (Scheme 4).2%%
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Scheme 4. Reagents and conditions: (a) appropriate phenol, BF3-OEt,
(0.1 equiv), CH,Cl,, rt, 48 h.

2.2. Prevention of product anomerization

It is known that phenyl glucosides do not anomerize to
any appreciable amount using Lewis acid catalysis.*
However, in the presence of a catalytic amount of phe-
nol, the anomerization is fast and the rate of anomer-
ization is dependent on the aromatic moiety; that is,
aglycons carrying electron donating substituents ano-
merize faster.® It is also possible to convert B-glyco-
sides of very acidic phenols to a-glycosides using alkali
as catalyst.>! To prevent anomerization, Lee et al. pre-
sented the use of a sub-equimolar amount of base.”’
The use of 2.5 equiv of BF;-OEt, and 0.5 equiv of tri-
ethylamine (TEA) resulted in excellent glucosylation
yields of different phenols (Scheme 5). However, higher
ratios of base compared to Lewis acid prevent any
reaction as exemplified by a quantitative recovery of
the starting material in the reaction with 3-diethylamino-
phenol.?® We have also observed a much lower rate of
anomerization in glycosylations performed on solid
support and the aminomethylated resin may possibly
act in the same way as the added base.>> We evaluated
Lee’s method by dixylosylation of a dihydroxynaphtha-
lene in an excellent 81% yield (unpublished result,
Scheme 5).
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Scheme 5. Reagents and conditions: (a) appropriate phenol, BF3-OEt,
(2.5 equiv), TEA (0.5 equiv), CH,Cl,, rt, 6-41 h; (b) 2,6-dihydroxy-
naphthalene, BF5OEt, (2.5equiv), TEA (0.5equiv), CH,Cl,, rt,
overnight.
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Scheme 6. Reagents and conditions: (a) p-nitrophenol, BF;-OEt,,
CH,Cl,, —20 °C, 50 min, 62%; (b) p-nitrophenol, TMSOTf, CH,Cl,,
—20 °C, 50 min, 80%; (c) phenol, BF5-OEt,, CH,Cl,, 50 °C, 48 h.

2.3. Use of other glycosyl esters

Anomeric trifluoroacetates have been used for the syn-
thesis of a number of aromatic glycosides.*® The trifluo-
roacetate was activated either by BF;-OEt, or TMSOTTf
and gave good yields (85-90%) using activated aromatic
aglycons. Deactivated aromatic acceptors gave lower
yields using BF3-OEt,, but the yields could be improved
using TMSOTf (Scheme 6). The drawback of this
method is the multi-step synthesis of donor 12. Perb-
enzoylated glucose (13) has also been used as donor
and gave an excellent yield of a-glucoside 14 upon pro-
longed reaction times (Scheme 6).>* There are also
examples of the use of other anomeric benzoates.>

3. Use of glycosyl halides

Glycosyl halides are by far the most used carbohydrate
donors for aromatic O-glycosylation. Of these, the vast
majority are glycosyl bromides as indicated by Figure
4. Glycosyl bromides are generally more reactive com-
pared to glycosyl chlorides, yet not as unstable as the
corresponding iodides. There are very few examples of
aromatic O-glycosylations using glycosyl iodides.*®

3.1. Glycosyl bromides and chlorides

A literature search of one-step aromatic O-glycosyl-
ations using glycosyl bromides and chlorides generated

£

Figure 4. Distribution of publications concerning aromatic O-glyco-
sylation using glycosyl halides (1970-2005).
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Figure 5. Distribution of yields in 356 aromatic O-glycosylations using
glycosyl bromides and chlorides.

356 hits, which were analyzed with reference to yield
(Fig. 5.)

Generally, the glycosyl halides give less than 60%
yield of the product but their strength lies in their sim-
plicity and well-known procedures; they are especially
useful for glycosylation under basic conditions. Glycosyl
bromides are usually isolated as the thermodynamically
favored a-anomer and glycosylation generally results in
the inversion of stereochemistry.

The original Michael procedure (i.e., the use of a
halide in combination with a phenolate) has evolved
into three variations: phase transfer catalysis (PTC),
use of mixed solvents (e.g., aqueous methanol) and use
of aprotic solvents (Scheme 7).

The most common procedure is phase transfer cataly-
sis. In these reactions, the glycosyl bromide is dissolved
in dichloromethane or chloroform and a water/metha-
nol solution of the base (NaOH, K,CO; or LiOH) is
added together with a suitable phase transfer catalyst
such as tetrabutylammonium salts (TBA or Q salts) or
crown ethers. A few typical examples are shown in
Scheme 8. The synthetically challenging compound 18
was prepared using the corresponding protected gluco-
syl bromide under PTC conditions, which gave better re-
sults compared to both acetate and trichloroacetimidate
donors.*

NaOH (aq.), BusNBr -0
AcO—5g = _~OPh

CH,Cly,, Phenol
rt,1h

AcO—‘N;%B r

Scheme 7. General aromatic O-glycosylation using a glycosyl bromide
and PTC conditions.

OAc

0 O OBn
OAc
ilkaee

AcO
15 b Ac(;&/ \©\

55%

AcO AcO
AcO . AcO

AcO 83%

AcO
15 4‘:, ACO/&/ \@\

59%

Scheme 8. Reagents and conditions: (a) appropriate phenol, K,COj3
(aq), CHCLs, BnEt;NCl, rt, 2 d;*” (b) appropriate phenol, n-BuyNBr,
CHCl;, NaOH (aq), 60 °C, 6 h;*® (c) appropriate phenol, n-BuyNBr,
CH,Cl,, NaOH (aq), rt, 45 min.2°

An anionic exchange resin was used for the formation
of nitrophenoxides and subsequent glycosylation, which
provided the products in yields from 40% up to 98% as
shown in Scheme 9.%° The use of DMF as a solvent re-
sulted in increased formation of 2-substituted glycols,
which are produced by elimination.

Apparently, due to less f-elimination, galactose gener-
ally seems to give better yields compared to glucose as
illustrated in Schemes 9 and 10.***' Another general
observation is that aromatic residues with electron-with-
drawing groups tend to give better yields, possibly due
to easier deprotonation and subsequent phase transfer.
A few examples are given in Scheme 11.*'*? PTC condi-
tions have also been used in a solid phase approach to
phlorizin analogs as shown by the xylosylation and sub-
sequent cleavage to give compound 28 in 92% yield and
88% purity (Scheme 12).%*

Investigations using tetra-O-benzyl-a-p-glucopyrano-
syl bromide and several phenols, as well as different
phase transfer catalysts, showed no differences in yields

AcO a AcO
AcO AcO

a: Ry =NOy, R, =Rz =H, 79%
b: H1 = R3 =H, R2 = NOz, 40%
¢: Ry = Ry = H, Ry = NOj, 56%

OAc 0Ac OAc 0Ac

[0}
&‘ 4’ AcO &/ o Ry
OAc

21
a: Ry =NO,, Ry =Rz =H, 94%
b: Ry = Rg = H, Ro = NOp, 90%
¢: Ry = Rp = H, Rg = NO,, 98%

Scheme 9. Reagents and conditions: (a) appropriate phenol bound to
Amberlyst A-26, 2-propanol, rt, 8 h.
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Scheme 10. Reagents and conditions: (a) appropriate phenol, BuyNBr,
CHCl;, NaOH (aq), rt, 1 h.
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Scheme 11. Reagents and conditions: (a) appropriate phenol, NaOH
(aq), CHCl;, BnEt;NBr, 60 °C, 3 h.
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Scheme 12. Reagents and conditions: (a) NaOH (5% aq), dichloro-
ethane, n-Bu;BnNCl, rt, 15 h; (b) TFA (10% in CH,Cl,), rt, 30 min.

between the catalysts and no obvious trend in the reac-
tivity of phenols carrying electron-donating or with-
drawing groups, possibly due to the high reactivity of
the per-O-benzylated compound.** One problem associ-
ated with phase transfer reactions is low solubility of
some aromatic aglycons.**** Another variation of
the original Michael protocol is the use of aprotic sol-
vents such as DMF, HMPA or DMSO.*” A very inter-
esting example is the glycosylation of 4-methyl
umbelliferone with chloride 29, one of the few good
yielding glycosylations reported for 2-acetamido-2-
deoxy sugar derivatives (Scheme 13).%8

Apart from Michael type reactions, glycosyl halides
can be activated using the Koenigs—Knorr procedure,
i.e., the use of silver salts (e.g., Ag,CO5,* AgOTf? or

65% NHAc
29 30

OAc OAc
AcO 0 a AcO O
Acoéﬁ Acc&vo 0._0
AcHN
C

Scheme 13. Reagents and conditions: (a) 4-methyl umbelliferone,
DMF, rt, 16 h.
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AcO — = AcO O,
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Scheme 14. Reagents and conditions: (a) l-naphthol, BF3-OEt,,
CH;CN, rt, 3 h, 90%, o:p = 40:60; (b) 1-naphthol, BF5-OEt,, 1,1,3,3-
tetramethylguanidine, CH;CN, rt, 3 h, 93%, a:3 = 3:97.

31

Ag,0°) or mercury salts.’* Typical solvents are
CH,Cl,,* quinoline® and pyridine.*

3.2. Fluorides

Glycosyl fluorides are relatively stable (both o and B),
which facilitates synthesis and purification but hampers
their use as donors in glycosylation reactions. Mukai-
yama introduced the use of glycosyl fluorides, and a
number of different promoter systems have been devel-
oped.’’? For aromatic O-glycosylations, the use of
BF;-OEt, is most common and typical reaction condi-
tions are given in Scheme 14. The addition of a hindered
base (1,1,3,3-tetramethylguanidine) resulted in excellent
B-selectivity,”*>* and also lowered the amount of C-gly-
cosides formed.>> Another promoter system that gives
good yield is Cp,HfCl,/AgCl04.>>>¢ Finally, glycosyl
fluorides have been used in Michael type reactions using
sodium phenolate in ethanol-CH,Cl,.””

3.3. Glycosylation of aromatic heterocycles

There are very few reported examples of glycosylation of
aromatic heterocycles. Most syntheses are reported by
Hanessian et al. in the search for new donors for glyco-
sylation (especially 3-methoxypyridyl, MOP).”® A few
examples, synthesized from glycosyl bromides (Glc,
Fuc, GlcN;, GalN;, GleNAc, GalNAc, Xyl, Ara) and
silver salts of the heterocycles in 30-77% yield, are

0} o o}
ﬁﬂ/o | Ns EWO:ENj L'i,ﬂﬂ/o | Na
33 34 35
J o A &

OMe
N

0 o}
L'“L/LS/O N\j “{S/o NNy
36 LN 37 w

Figure 6. Examples of glycosylated aromatic heterocycles.
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shown in Figure 6. There are also examples of glycosyl-
ation of heterocycles carrying nitro groups.>-®

4. Use of glycosyl trichloroacetimidates

Trichloroacetimidate donors can be activated even at
low temperatures by a catalytic amount of Lewis acid
and thus this is the method of choice for sensitive or
complicated targets (Scheme 15). The trichloroacetimid-
ate method usually works well for the synthesis of 1,2-
trans-glycosides.

A literature search of one-step aromatic O-glycosyla-
tions using trichloroacetimidate donors generated 115
hits, which were analyzed with reference to yield
(Fig. 7). As can be seen, the trichloroacetimidate method
generally gives excellent yields.

4.1. General considerations

Anomerically pure trichloroacetimidates can be synthe-
sized from the corresponding hemiacetal by treatment
with trichloroacetonitrile in CH,Cl, and a suitable base
(K,CO; for B-imidate, NaH for a-imidate or DBU for
an anomeric mixture). One difference from the acetates
is the very fast and complete activation of the trichloro-

BF3*OEt, (0.2 equiv.) —_-0
ACO—p AcO—y = _~OPh
0 Phenol (1 equiv.)
/g CHxCly, -40 °C, 3-12 h
Clec” ~NH

Scheme 15. General trichloroacetimidate reaction.
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Figure 7. Distribution of yields in the 115 one-step aromatic O-
glycosylations using trichloroacetimidates found in the literature.
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Scheme 16. Comparison of yields of B-glucosides produced using
glycosyl acetate 7 or corresponding trichloroacetimidate 38.

acetimidate donor which usually results in better yields
compared to anomeric acetates (Scheme 16).2°** Seeber-
ger and co-workers have shown that some reactions are
optimally run for just a few minutes at —60 °C.%!

Typical aromatic B-glycosylations using trichloroacet-
imidates are performed in CH,Cl, as solvent, using a
sub-stoichiometric amount of the promoter, usually
BF;-OEt,. There are also examples of reactions run
in dichloroethane,®® acetonitrile'® or diethylether.®®
BF3;-OEt, is the far most common promoter (>90%)
but there are examples of other promoters such as
TMSOTTY,'*** AgOTf* and even LiClO, (which was
used as a nearly neutral system).®* The promoter has
been used in as little as 0.16 equiv®® up to several equiv-
alents.®® Normal temperatures are between —40 °C up
to room temperature but there are examples of reactions
run at —78 °C®” and in CH,Cl, at reflux.*> However,
high temperatures might result in C-glycosylation.'®
Even if the reaction is likely complete in a few minutes,
typical reaction times are 3—12 h. There are no reports of
significant anomerization using the trichloroacetimidate
method, which is probably due to the small amounts of
acid used. Usually, activated molecular sieves (MS AW-
300 is the preferred choice) are used to ensure anhydrous
conditions. However, in the synthesis of compound 42
(Scheme 17) the yield dropped from quantitative to less
than 40% with the addition of MS AW-300.® There are
also reports that the molecular sieves in themselves can
activate the donor.

In a search for optimized conditions for glycosylation
of naphthols we investigated the use of trichloroacetim-
idates in acetonitrile, which we found superior over
CH,Cl, (unpublished results). The results are shown in
Table 1. A slight excess of donor compared to acceptor
and catalytic amounts of BF;-OEt, and activated mole-
cular sieves (3 A) gave the best results.

Some examples of compounds synthesized using the
trichloroacetimidate methodology are shown in Figure
8. The aromatic O-glycosylation in the synthesis of van-
comycin (1), was performed in 70% yield in solution and
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Scheme 17. Reagents and conditions: (a) BF;OEt, (0.5equiv), method.

CH,Cl,, rt, 1 h.
4.2. Use of other glycosyl imidates

Table 1. Optimization of glucosylation of 2-naphthol using 2,3,4,6-

tetra-O-acetyl-D-glucopyranosyl trichloroacetimidate in acetonitrile The first imidate used for glycoside synthesis was an

N-methyl-acetimidate’* and a few other imidates have
OAc OAc

been used for aromatic O-glycosylation. An example is
AcQ 2 OYNH A0S R O the use of an N-phenyltrifluoroacetimidate for the syn-

OAc OAc thesis of flavonoid 7-O-glucosides (Scheme 18).”
38 CCl3 32

Acceptor Donor BF;OEt, 3AMS Yield 5. Use of thioglycosides and related compounds

(equiv) (equiv) (equiv) (%)

i (1)2 ?'5 ig jf Thioglycosides are relatively stable carbohydrate deriva-

1 s 05 No 69 Fives that can be activated by thiophilic reagents, us.ually

1 15 0.1 No 74 iodonium species generated from, for example, N-iodo-

1 1.5 0.1 Yes 98 succinimide and triflic acid (NIS/TfOH, Scheme 19).

! 23 05 No 100 There are also anomeric sulfoxides as well as a few
 Decomposition. examples of glycosylselenides and -tellurides used for

0

MeOOGC AcO~ OAc ><
MegHCCOZ% AcO (0] [0) O>(O
Me,HCCO, AcO -0

MegHCCOQ
(e} (@] (0] o)
44,81% m 45, 65% moa
Z > NHCOPh =

MeOOC MeO CN
Me,HCCO, 0
MezHCCOZ
Me,HCCO,
43,90% é& \@COOMe
Oéc 46, 91%
AcO «(CH H,)3CoF
5 0 +(CH2)gSO(CH2)3C2F5
OAc
MeOOC
47, 98% AcO o
AcO
OAc OAc 48, 77%

Figure 8. Examples of compounds synthesized using the trichloroacetimidate methodology. Compounds 43,7 44,%° 457! 46,7 47°% and 48.7
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NIS/TfOH 0
AcO—~3 a2\ -OPh

—-0
AcO—p = SR
Phenol

CHzclg, -40 °C, 30 min

Scheme 19. General thioglycoside reaction.

aromatic O-glycosylation. Generally, the thioglycosides
give lower yields compared to other donors.

5.1. Alkyl- and arylthioglycosides

Despite the fact that thioglycosides are the most popular
donors in carbohydrate synthesis (approx 50% of all do-
nors used in carbohydrate synthesis the year 2000 were
thioglycosides),”® they are not frequently used for aro-
matic O-glycosylation. The major reason is probably
incompatibilities between the promoter systems used
for thioglycoside activation and the aromatic residues.
In particular, activated aromatic compounds are prone
to react with iodonium ions, an observation that has
been used for the synthesis of iodoarenes.”” The aro-
matic residues that have been glycosylated using thiogly-
cosides are usually relatively simple phenols and the
yields are moderate to good. A few examples are given
in Scheme 20.

The complex aromatic acceptor of vancomycin could
not be glycosylated using thioglycosides under a variety
of conditions (NIS, DMTST) and instead the synthesis
was performed using a trichloroacetimidate donor.®?
The difficulties using thioglycosides for aromatic O-gly-

OTBDPS

SPh

AcO Q a

MeO OAc

MeO OAc 68%
51 /@/

o
OBn OBn

OBn 71%
53
SPh
AcO L C . AcO
AcO OAc 59% AcO OAc
O 0Bz

>< oéci/ %

64% \©\

Scheme 20. Reagents and conditions: (a) appropriate phenol, NIS,
TMSOTf, CH,Cl,, 4 A MS, 0°C, 2 h;”® (b) appropriate phenol, NIS,
TMSOT{, CH,ClL, —42°C, 30 min;” (c) appropriate phenol, NIS,
TfOH, CH,ClL;*® (d) appropriate phenol, NIS, TMSOTf, CH,Cl,,
—15°C, 1 h.®

BnO __OTBDPS BnO _OTBDPS

OMe
o) o)
AllO STol AllIO O:@

OBz 85% OBz

59 61 MeO

Scheme 21. Appropriate phenol, 60, MS AW-300, Tf,O, CH,Cl,,
—45°Ctort, 1 h.

cosylation stimulated the development of a new pro-
moter system, that is, N-(phenylthio)-g-caprolactam
(60), which was used to synthesize compound 61 in
85% yield (Scheme 21).%

5.2. Glycosyl sulfoxides and sulfimides

Glycosyl sulfoxides were introduced for glycosylation of
unreactive substrates, such as phenols, in 1989.84 Thio-
glycosides can easily be oxidized to sulfoxides, which
can be used as donors by activation with triflic anhy-
dride (Tf,0). Interestingly, the o/B-ratios can be con-
trolled by careful choice of protecting groups and
solvent as shown in Scheme 22.

Subsequently, the methodology was used for glycosyl-
ation of 2,6-dimethoxyphenol, activated as the tributyltin
derivative, in an excellent 92% yield.*> One problem asso-
ciated with the use of Tf,O for activation was interference
with amides, but this could be suppressed by pretreatment
with BF3-OEt, and vancomycin was glycosylated in 13%
yield over two steps.®®¢ The analogous sulfimides,
formed from the thioglycoside by reaction with chlora-
mine T, can also be used for glycosylation, upon activa-
tion with Cu(OTf),/Cu0.?” Sulfimides have been used
for glycosylation of p-methoxyphenol in excellent yields
(Scheme 23).

5.3. Glycosyl selenides and tellurides

To our knowledge, there is only one example of an aro-
matic O-glycosylation using a selenide, that is, the digly-

OBn OBn
BnO a BnO
BnO BnO

Bn Ph 70%
of =2:1

OPv o OPiv
i o © b PivO (0]
PivO | iv
PivO s® — = PO 0
OPiv Ph 80% OPiv
all B 65

Scheme 22. Reagents and conditions: (a) appropriate phenol, Tf,0,
2,6-di-t-butyl-4-methylpyridine, toluene, —78 °C; (b) appropriate phe-
nol, Tf,0, 2,6-di-t-butyl-4-methylpyridine, CH,Cl,, —78 °C.
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© A
OAc NTs OAc
AcO O deo a _AcO 2 o
AcO N AcO
oac Et 91% OAc
66 8b OMe

Scheme 23. Reagents and conditions: (a) p-methoxyphenol, Cu(OTf),,
CuO, 4 A MS, CH,Cl,, rt, 2.5h.

AcO AcO

AcO-AcO
0460 Acgo&g ACAOC&Q
AcO O a
Seph 497

67 68

Sc!leme 24. Reagents and conditions: (a) 4,4'-biphenol, NIS, TfOH,
4 A MS, CH,Cl,, 0 °C to rt, 50 min.

OAc OAc OAc OAc

o 0}
AcO &VTGTCl a AcO &'
AcO AcO o @ OH
69 70 (45%)

OAc OAc

0}
AcO
AcO

71 (39%)
o)

Scheme 25. Reagents and conditions: (a) 1,4-benzoquinone, benzene,
hv, 100 °C, 1 h.

cosylation of 4,4’-dihydroxybiphenyl in 49% yield, using
peracetylated a-selenomannoside 67 and the NIS/TfOH
promoter system (Scheme 24).% Galactosyl telluride 69
was used in the attempted synthesis of a C-glycoside
but gave a-glycoside 70 in 45% yield in addition to
39% of the expected C-glycoside 71 (Scheme 25).%

6. Other methods for aromatic O-glycosylation

Carbohydrate derivatives unsubstituted at the anomeric
centre can be used directly, either by in situ activation or
by using the carbohydrate as the nucleophile. Other pos-
sibilities are glycals and anomeric phosphates; Fischer
glycosylation is usually not viable.

6.1. Mitsunobu reaction

Carbohydrate hemiacetals can be activated in situ by
using Mitsunobu conditions. The sugar hemiacetal and
a suitable phenol are stirred with triphenylphosphine
and diethyl azadicarboxylate (DEAD) to give aromatic
glycosides. Perbenzylated 2-naphthyl glucoside 73 was
thus synthesized in 56% yield in THF at 0 °C (Scheme

1275
OBn OBn
BnO O a__ BnO % o
BnO BnO
BnO 56% BnO OO
OH
72 73
OAc OAc
o b (0]
AcO OH AcO 0
OAc 39% OAc OO
74 75
MeO MeO
(0] (0]
%OH © %O 0__0
O 80% o]
OK O\< _—
(0] (0]
76 77 OCHPh,

Scheme 26. Reagents and conditions: (a) 2-naphthol, PPh;, DEAD,
THF, 0°C to rt, 12 h; (b) 2-naphthol, PPh;, DEAD, toluene, 0 °C,
2.75 h; (c) appropriate phenol, PPh;, DEAD, DMF, rt, 30 min.

26).”° g-L-arabinopyranoside 75 and noviose derivative
77 were synthesized using similar conditions.”'*?
Mitsunobu conditions were also used for glycosyla-
tion of calixarenes in toluene.’® The reaction of calix[4]-
arene with 1.1 equiv of 2,3:5,6-di-O-isopropylidene-o-D-
mannofuranose using 1.5 equiv of DEAD and PPhj; in
toluene gave monoglycosylated compound 79 in 71%
yield (Scheme 27). Bisglycosylation using tetraacetyl-
o,B-D-glucopyranose (2.2 equiv) gave 50% yield of a
mixture of the a,a- and a,B-diglucopyranosides.
Finally, Mitsunobu glycosylation was evaluated using
several different phenols, where the acidity of the phe-
nols was varied using electron donating or withdrawing
substituents in the para-position (Scheme 28).”* The
yields were clearly dependent on the acidity of the phe-
nols, that is, the least acidic compounds gave low yields.

AO» ,,g"

X X
O OH 3
0050 0050
a
71%
78 OH 79

Scheme 27. Reagents and conditions: (a) calix[4]arene, PPh;, DEAD,
toluene, 70 °C, 30 min.

MeOOC MeOOG
Aco% c AcO

o)
AcO OH Acm/o
OAc OAc
80 0, 49% 8 R
r

aR=N

b:R=B 1%
c:R=H 26%
dR=Me 10%
e: R=0OMe trace

Scheme 28. Reagents and conditions: (a) appropriate phenol, PPh;,
DEAD, THF, rt, 24 h.
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The yields of 81d and 81e could be improved (35% for
81d and 21% for 8le) by prior complexation of the
phenols with chromium tricarbonyl, which increased
the acidities.

6.2. Nucleophilic aromatic substitution

Carbohydrate hemiacetals can also be used as the nucle-
ophile in aromatic substitutions using activated fluoroa-
renes. Unprotected glucose and nine other unprotected
mono and disaccharides were reacted with 1-fluoro-
2,4-dinitrobenzene in saturated aqueous NaHCO; solu-
tion to give the corresponding B-glycosides in 15-30%
yield.”” The low yields can be explained by the forma-
tion of both a- and B-pyranosides as well as furanosides,
but the simplicity makes the method valuable. Reaction
with acetylated compound 82, using 1,4-diazabicyclo-
[2,2,2]octane (DABCO) as base, gave 80% yield of 83
which could be converted to the o-anomer with
K,CO; in DMF.”

Glycosides of methyl 2-hydroxy-3,5-dinitrobenzoate
(DISAL, e.g., compound 85) are used for glycosylation
under neutral or mildly basic conditions. These glyco-
sides are synthesized from methyl 2-fluoro-3,5-dini-
trobenzoate under basic conditions as exemplified by
compound 85 (Scheme 29).°” The anomeric ratio of
the product was directed by the anomeric ratio of the
starting material, that is, the pure o-hemiacetal gave
an 8.4:1 o:p ratio.

6.3. Use of glycals

An unusual aromatic O-glycosylation was performed by
Helferich et al. where glucal 86 was reacted with 9,10-
phenanthrenequinone in a UV-promoted [4+2] cycload-
dition to give compound 87 in 50% yield (Scheme
30).”%% Compound 87 was then subsequently opened
by ozonolysis to remove the aromatic moiety.

Glucals can also be oxidized to the corresponding
o-1,2-anhydroglucoside by treatment with 3,3-di-
methyldioxirane. The anhydrosugar can then react with
nucleophiles such as phenols (Scheme 31).1°%1°! Danj-

A A
Ooc 5 Ooc NO»
AcO a Ac
cAcO OH AcO O\©\

OAc 80% OAc
82 83 NO,

Og" X ogn COOMe
BnO BnO
BnO OH BnO 0
OBn 89% OBn
84 85 O,N NO,

Scheme 29. Reagents and conditions: (a) 1-fluoro-2,4-dinitrobenzene,
DABCO, DMF, rt, 90 min; (b) methyl 2-fluoro-3,5-dinitrobenzoate,
Li,CO;, DMAP, CH,Cl,, rt, 0.5 h.

OAc OAc
Aco% a AcO O
AcO — - AcO
(0]
86 87 (@)

Scheme 30. Reagents and conditions: (a) 9,10-phenanthrenequinone,
hv, benzene.

OBn OBn
BnO 0 a BnO 0
anO —— Bng&
88 g9 O
b, 61%

Scheme 31. Reagents and conditions: (a) 3,3-dimethyldioxirane, ace-
tone, CH,Cl,, 0 °C, 10 min; (b) phenol, K,CO;, 18-crown-6, acetone,
reflux, 4 h.

shefsky et al. noted that anhydroglucoside 89 reacted
slowly with phenol under Lewis acidic conditions
(ZnCl,) to give a 1.8:1 ratio of a- and B-phenylglucoside
90. However, reaction with potassium phenolate gave a
clean conversion to the B-glucoside without any trace of
the o-anomer.'” Glycal derivatives with good leaving
groups at the allylic position are readily converted into
aryl 2,3-unsaturated aldosides by heating with
phenols.'?

6.4. Use of glycosyl phosphates

Anomeric phosphates were introduced as synthetic car-
bohydrate donors by Ikegami and co-workers,'*® and
compound 92 was synthesized in an excellent 92% yield
(Scheme 32). It was later shown that O-glycosides were
formed in good yields (79%) in 15 min but then rear-
ranged to C-glycosides on prolonged reaction times

OBz
O

OBz
91
a | 92%
OBz
BzO 0
Bzoéhvo
92 OBz

Scheme 32. Reagents and conditions: (a) appropriate phenol,
TMSOTHT, 1,1,3,3-tetramethylurea, CH,Cl,, rt, 1 h.
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BnO

BnO
BnO
O\FI,/OPh

o
a |15 min a|3h
BnO
BnO BnO O
BnO BnO
BnO

Scheme 33. Reagents and conditions: (a) 2-naphthol, TMSOTTY,
CH,Cl,, 0 °C.

HO

o

(3 h, Scheme 33)."%%15 Anomeric dimethylphosphino-
thioates gave aromatic glycosides in moderate yields
(79%, o:p 65:35 for p-methoxyphenol) upon activation
by silver perchlorate.'®

6.5. Use of glycosylidene carbenes

A very interesting, however not yet generally applicable,
method for glycosylation is the use of glycosylidene
carbenes (Scheme 34).'"7 The carbenes are formed by
decomposition of, for example, diazirine 96, without
any use of promoter, and O-glycosides are formed in
75% yield (o:B, 20:80) together with C-glycosides.
p-Nitrophenol yielded only O-glycosides (a:f, 40:60).

6.6. Glycosylation by biotransformation

Despite the natural abundance of aromatic glycosides,
there are few examples of biotransformations for
glycosylation of phenolic compounds. Kieslich et al.
published glucosylations of a number of aromatic com-
pounds, exemplified by the reaction with Sporotrichum

sulfurescens, which gave 4-O-methylated glucoside 102,
and Rhizopus colinii, which gave 103 (Scheme 35).'%® Re-

BnO
BnO O
an&(/N
BnO N/
96
BnO BnO
BnO BnO \©
BnO BnO HO
BnO O BnO &
'Bno BnO
BnO
OH 100

BnO

Scheme 34. Reagents and conditions: (a) phenol, rt.

. 2o .
—— —_— ——

OH
RO O 4
HO 102: R=H

OH 103: R = Me

HO 101

Scheme 35. Reagents and conditions: (a) Sporotrichum sulfurescens,
60 h; (b) Rhizopus colinii, 90 h. The medium contained 3% glucose.

o Tk “
MeO

105 (0]

Scheme 36. Reagents and conditions: (a) Phytolacca americana, 25 °C,
3 days. The medium contained 3% sucrose.

cently, capsaicin was glucosylated to give compound 105
in 50% yield by Phytolacca americana (Scheme 36).'%

There are several examples of glycosylations using
UDP activated glucose!'*!''? or glucuronic acid.'!'*11¢
A wide range of phenols were tested for UDP-glucose
dependent glycosylation by Rauvolfia arbutin synthase
and gave yields from 0.8% up to 100%."'° Other sugars
(e.g., L-noviose) can also be used by specific enzymes
(e.g., L-noviosyl transferase).!'” Recently, use of nucleo-
tide diphosphosugars (NDP-sugars) was presented for
glycorandomization using a large set of carbohydrates
and four aromatic aglycons,''® and a similar approach
was used for randomization of vancomycin.'"”

7. Aromatic anomeric protecting groups

Aromatic residues have been used as anomeric protect-
ing groups and methods for their cleavage are shown be-
low. B-Phenyl glucosides can be hydrolyzed by sodium
hydroxide to yield 1,6-anhydroglucose in excellent yields
(Scheme 37). Because the a-glucosides are inert, 1,2-
anhydro-a-glucopyranose is probably an intermediate.
Several phenyl glucosides, carrying electron donating
or withdrawing groups, have been examined.'”® Phenyl
glucosides can also be cleaved by photoinduced
electron-transfer with sensitization with 1,4-dicyano-
naphthalene to give free glucose (Scheme 37).'%!

The p-methoxyphenyl group (pMP) have turned out
to be a stable, yet easily removed anomeric protecting
group. The p-methoxyphenyl glycosides can be cleaved
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(0]

OH a Og
HO O - '
HO/&/O

OH \© OH OH
106 107

OH

b 0
HO

106 —_— HoégMOH

OH

108

Scheme 37. Reagents and conditions: (a) NaOH (aq, 1.7 M); (b) 1,4-
dicyanonaphthalene, CH;CN, H,O, hv.

Scheme 38. Reagents and conditions: (a) CAN, CH3CN, H,O0, 0 °C,
10 min; (b) BzCl, ZnCl,, CH,Cl,, 30 °C, 8 h; (¢) AcBr, ZnBr,, CH,Cl,,
rt, 24 h; (d) thiophenol, BF3-OEt,, toluene, 60 °C, 16 h.

to yield the hemiacetal, but also converted directly into
glycosyl chlorides, bromides and thiophenyl glycosides
according to Scheme 38.'°*'* Similarly, the p-nitro-
phenyl group is a very stable anomeric protecting group
that can be reduced to a corresponding p-acetamidophe-

Table 2. Preferred donors for glycosylation of various phenols®®

a0 T 0
\©\N02 \b \©\NHAC
o

Scheme 39. Reagents and conditions: (a) H,, Pd, Ac,O; (b) CAN,
CH;CN, H,0, 0 °C, 20 min.

nyl group and then cleaved by ammonium cerium(IV)
nitrate (CAN) oxidation. The concept is shown in
Scheme 39.'%*

8. Conclusions

The advantages and limitations of different O-glycosyla-
tion methods for aromatic compounds are summarized
below and are listed in Table 2. Peracetylated carbohy-
drates are very simple to synthesize in a one-step proce-
dure and give moderate to good yields in glycosylation
of activated phenols. The problem of anomerization
can be minimized by addition of 0.5 equiv of triethyl-
amine to the reaction mixtures. For more difficult phe-
nols or more complex carbohydrates, other methods
are preferable. Anomeric halides are simple to synthesize
from the peracetylated compounds and other anomeric
protecting groups, and are especially valuable for glyco-
sylation under basic conditions and for electron deficient
phenols. Trichloroacetimidates are more difficult to syn-
thesize, compared to acetates or halides, but usually give
better yields, especially with more complex phenols. The
trichloroacetimidate method is preferred for expensive
donors; however, they are less preferred for strongly
activated phenols or for a-glycosylation. Despite their

OH OH

X
AN
EDG{\j EDG—:i)
EDG &

OH OH OH

X
X |
EWG{) EWGQ
Z N2 EWG

+++ ++

lL-/L&/OAc
/O

Hﬁ _ _

Br
_0
Sy +¢ ++
CCls
_0

T 0° _ _

SNAF

+ — —
+ ++ ++
-+ + -

4+

2EDG = electron donating group, EWG = electron-withdrawing group.

°The reactivities of different donor—acceptor combinations are indicated as: preferred (++-), suitable (++), less suitable (+), not suitable (—).

¢Short reaction time (min) necessary for good yields.
4 The aromatic residue is a fluoroarene.
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popularity for the synthesis of glycosides from aliphatic
alcohols, thioglycosides have not been extensively used
for aromatic O-glycosylation. Nucleophilic aromatic
substitution is the method of choice for aromatic resi-
dues carrying several electron-withdrawing groups.
Finally, Mitsunobu conditions can also work well for
electron deficient phenols.

Acknowledgement

The Crafoord Foundation supported this work.

—

10.

11.

12.

13.

18.

19.

20.

21.

22.

23.

24.

References

. Michael, A. J. Am. Chem. Soc. 1879, 1, 305-312.
. Nicolaou, K. C.; Mitchell, H. J. Angew. Chem., Int. Ed.

2001, 40, 15761624, and references cited therein.

. Wolfrom, M. L.; Thompson, A. Methods Carbohydr.

Chem. 1963, 2, 211-215.

. Lemieux, R. U. Methods Carbohydr. Chem. 1963, 2, 221~

222, and references cited therein.

. Ferrier, R. J.; Furneaux, R. H. Methods Carbohydr.

Chem. 1980, 8, 251-253.

. Johnsson, R.; Ellervik, U. Synlett 2005, 2939-2940, and

references cited therein.

. Fisher, E.; Delbriick, K. Chem. Ber. 1909, 42, 1476-1482.
. Kartha, K. P. R.; Field, R. A. Tetrahedron Lett. 1997, 38,

8233-8236.

. Motawia, M. S.; Marcussen, J.; Lindberg Meller, B. J.

Carbohydr. Chem. 1995, 14, 1279-1294.

Csuk, R.; Fiirstner, A.; Glianzer, B. I.; Weidmann, H. J.
Chem. Soc., Chem. Commun. 1986, 1149-1150.
Teichmann, M.; Descotes, G.; Lafont, D. Synthesis 1993,
889-894.

Nicolaou, K. C.; Dolle, R. E.; Papahatjis, D. P.; Randall,
J. L. J. Am. Chem. Soc. 1984, 106, 4189-4192.
Nicolaou, K. C.; Ueno, H. In Preparative Carbohydrate
Chemistry; Hanessian, S., Ed.; Marcel Dekker: New
York, 1997.

. Yokoyama, M. Carbohydr. Res. 2000, 327, 5-14.
. Schmidt, R. R.; Jung, K.-H. In Preparative Carbohydrate

Chemistry; Hanessian, S., Ed.; Marcel Dekker: New
York, 1997.

. Mahling, J.-A.; Schmidt, R. R. Synthesis 1993, 325-

328.

. Ogawa, T.; Matsui, M. Carbohydr. Res. 1976, 51, C13—

C18.

Clerici, F.; Gelmi, M. L.; Mottadelli, S. J. Chem. Soc.,
Perkin Trans. 1 1994, 985-988.

Mukaiyama, T.; Katsurada, M.; Iida, Y. Chem. Lett.
1992, 2105-2108.

Kroger, L.; Thiem, J. J. Carbohydr. Chem. 2003, 22, 9—
23.

Jensen, K. J. J. Chem. Soc., Perkin Trans. 1 2002, 2219—
2233.

Conchie, J.; Levvy, G. A.; Marsh, C. A. Adv. Carbohydr.
Chem. 1957, 12, 157-187.

Nomenclature of carbohydrates . Carbohydr. Res. 1997,
297, 1-92.

Burger, K.; Kluge, M.; Koksch, B.; Fehn, S.; Bottcher,
C.; Hennig, L.; Miiller, G. Heterocycles 2004, 64, 143—
152.

25

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.
55.

56.

57.

58.

1279

. Ellervik, U.; Jansson, K.; Magnusson, G. J. Carbohydr.
Chem. 1998, 17, 777-784.

Sokolov, V. M.; Zakharov, V. 1.; Studentsov, E. P. Russ.
J. Gen. Chem. 2002, 72, 806-811.

Smits, E.; Engberts, J. B. F. N.; Kellogg, R. M.; van
Doren, H. A. J. Chem. Soc., Perkin Trans. 1 1996, 2873~
2877.

Ponticelli, F.; Trendafilova, A.; Valoti, M.; Saponara, S.;
Sgaragli, G. Carbohydr. Res. 2001, 330, 459-468.

Lee, Y. S.; Rho, E. S.; Min, Y. K.; Kim, B. T.; Kim, K.
H. J. Carbohydr. Chem. 2001, 20, 503-506.
Montgomery, E. M.; Richtmyer, N. K.; Hudson, C. S. J.
Am. Chem. Soc. 1942, 64, 690-694.

Lindberg, B. Acta Chem. Scand. 1950, 4, 49-51.
Jacobsson, M.; Ellervik, U. Tetrahedron Lett. 2002, 43,
6549-6552.

Li, Z.-J.; Cai, N.-L.; Cai, M.-S. Synth. Commun. 1992,
22, 2121-2124.

France, R. R.; Compton, R. G.; Davis, B. G.; Fairbanks,
A.J.; Rees, N. V.; Wadhawan, J. D. Org. Biomol. Chem.
2004, 2, 2195-2202.

Barroca, N.; Jacquinet, J.-C. Carbohydr. Res. 2002, 337,
673-689.

Adinolfi, M.; Iadonisi, A.; Pezzella, A.; Ravida, A.
Synlett 2005, 1848-1852.

Jung, S.-H.; Cho, S.-H.; Dang, T. H.; Lee, J.-H.; Ju,
J.-H.; Kim, M.-K; Lee, S.-H.; Ryu, J.-C.; Kim, Y. Eur.
J. Med. Chem. 2003, 38, 537-545.

Bao, C.; Lu, R.; Jin, M.; Xue, P.; Tan, C.; Zhao, Y.; Liu,
G. Carbohydr. Res. 2004, 339, 1311-1316.

Iversen, T.; Johansson, R. Synthesis 1979, 823-824.
Mohri, K.; Watanabe, Y.; Yoshida, Y.; Satoh, M.; Isobe,
K.; Sugimoto, N.; Tsuda, Y. Chem. Pharm. Bull. 2003,
51, 1268-1272.

Dess, D.; Kleine, H. P.; Weinberg, D. V.; Kaufman, R.
J.; Sidhu, R. S. Synthesis 1981, 883-885.

Kleine, H. P.; Weinberg, D. V.; Kaufman, R. J.; Sidhu,
R. S. Carbohydr. Res. 1985, 142, 333-337.

Zenkoh, T.; Tanaka, H.; Setoi, H.; Takahashi, T. Synlett
2002, 867-870.

Brewster, K.; Harrison, J. M.; Inch, T. D. Tetrahedron
Lett. 1979, 20, 5051-5054.

Du, Y.; Wie, G.; Linhardt, R. J. Tetrahedron Lett. 2003,
44, 6887-6890.

Desai, R. N.; Blackwell, L. F. Synlett 2003, 1981-1984.
Wiederschain, G. Y.; Kozlova, I. K.; Ilyina, G. S
Mikhaylova, M. A.; Beyer, E. M. Carbohydr. Res. 1992,
224, 255-272.

Delmotte, F. M.; Privat, J.-P. D. J.; Monsigny, M. L. P.
Carbohydr. Res. 1975, 40, 353-364.

Watanabe, Y.; Shiozaki, M.; Kamegai, R. Carbohydr.
Res. 2001, 335, 283-289.

Beejmohun, V.; Grand, E.; Mesnard, F.; Fliniaux, M.-A.;
Kovensky, J. Tetrahedron Lett. 2004, 45, 8745-8747.
Mukaiyama, T.; Murai, Y.; Shoda, S.-i. Chem. Lett.
1981, 431-432.

Toshima, K. Carbohydr. Res. 2000, 327, 15-26.
Yamaguchi, M.; Horiguchi, A.; Fukuda, A.; Minami, T.
J. Chem. Soc., Perkin Trans. 1 1990, 1079-1082.
Oyama, K.-i.; Kondo, T. Synlett 1999, 1627-1629.
Oyama, K.-1.; Kondo, T. J. Org. Chem. 2004, 69, 5240-
5246.

Matsumoto, T.; Katsuki, M.; Suzuki, K. Chem. Lett.
1989, 437-440.

Wozney, Y. V.; Kalicheva, 1. S.; Galoyan, A. A. Bioorg.
Khim. 1982, 8, 1388-1392.

Hanessian, S.; Lou, B. Chem. Rev. 2000, 100, 4443-4464.



1280

59

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

. Tokutake, S.; Kasai, K.; Tomikura, T.; Yamaji, N.;
Kato, M. Chem. Pharm. Bull. 1990, 38, 3466-3470.

Ma, S.-J.; Hiratake, J.; Nakai, Y.; Izumi, M.; Fukase, K.;
Kusumoto, S.; Sakata, K. Anal. Biochem. 2002, 302, 291—
297.

Ratner, D. M.; Murphy, E. R.; Jhunjhunwala, M.;
Snyder, D. A.; Jensen, K. F.; Seeberger, P. H. Chem.
Commun. 2005, 578-580.

Thompson, M. J.; Hutchinson, E. J.; Stratford, T. H.;
Bowler, W. B.; Blackburn, G. M. Tetrahedron Lett. 2004,
45, 1207-1210.

Bohm, G.; Waldmann, H. Liebigs Ann. 1996, 613-619.

Hasuoka, A.; Nakayama, Y.; Adachi, M.; Kamiguchi,
H.; Kamiyama, K. Chem. Pharm. Bull. 2001, 49, 1604—
1608.

Jeselnik, M.; Plavec, J.; Polanc, S.; Kocevar, M. Carbo-
hydr. Res. 2000, 328, 591-597.

Yao, N.-H.; He, W.-Y.; Lam, K. S.; Liu, G. J. Comb.
Chem. 2004, 6, 214-219.

Nicolaou, K. C.; Mitchell, H. J.; Jain, N. F.; Bando, T.;
Hughes, R.; Winssinger, N.; Natarajan, S.; Koumbis, A.
E. Chem. Eur. J. 1999, 5, 2648-2667.

Komba, S.; Ito, Y. Can. J. Chem. 2002, 80, 1174-1185.
Nicolaou, K. C.; Cho, S. Y.; Hughes, R.; Winssinger, N.;
Smethurst, C.; Labischinski, H.; Endermann, R. Chem.
Eur. J. 2001, 7, 3798-3823.

Brown, R. T.; Carter, N. E.; Mayalarp, S. P.; Schein-
mann, F. Tetrahedron 2000, 56, 7591-7594.

Khan, A. R.; Tiwari, V. K.; Ahmad, R.; Srivastava, A.
K.; Tripathi, R. P. J. Enzyme Inhib. Med. Chem. 2004,
19, 107-112.

Uhrig, R. K.; Picard, M. A.; Beyreuther, K.; Wiessler, M.
Carbohydr. Res. 2000, 325, 72-80.

Burnett, D. A.; Caplen, M. A.; Domalski, M. S.; Browne,
M. E.; Davis, H. R.; Clader, J. W. Bioorg. Med. Chem.
Lett. 2002, 12, 311-314.

Pougny, J.-R.; Jaquinet, J.-C.; Nassr, M.; Duchet, D.;
Milat, M.-L.; Sinay, P. J. Am. Chem. Soc. 1977, 99,
6762-6763.

Li, M.; Han, X. W.; Yu, B. J. Org. Chem. 2003, 68, 6842~
6845.

Fiigedi, P. Eurocarb XI, Lisbon, 2001.

Johnsson, R.; Meijer, A.; Ellervik, U. Tetrahedron 2005,
61, 11657-11663, and references cited therein.

Moutel, S.; Prandi, J. J. Chem. Soc., Perkin Trans. 1
2001, 305-315.

Gu, G. F.;Du, Y. G.; Hu, H. Y.; Jin, C. Carbohydr. Res.
2003, 338, 1603-1607.

Gueyrard, D.; Barillari, J.; Tori, R.; Palmieri, S.; Rollin,
P. Tetrahedron Lett. 2000, 41, 8307-8309.

Gu, G. F.; Du, Y. G.; Pan, J. Carbohydr. Res. 2002, 337,
1313-1317.

Ritter, T. K.; Mong, K.-K. T.; Liu, H.; Nakatani, T.;
Wong, C.-H. Angew. Chem., Int. Ed. 2003, 42, 4657—
4660.

Duron, S. G.; Polat, T.; Wong, C.-H. Org. Lett. 2004, 6,
839-841.

Kahne, D.; Walker, S.; Cheng, Y.; Van Engen, D. J. Am.
Chem. Soc. 1989, 111, 6881-6882.

Ge, M.; Thompson, C.; Kahne, D. J. Am. Chem. Soc.
1998, 120, 11014-11015.

Thompson, C.; Ge, M.; Kahne, D. J. Am. Chem. Soc.
1999, 121, 1237-1244.

Chéry, F.; Cassel, S.; Wessel, H. P.; Rollin, P. Eur. J.
Org. Chem. 2002, 171-180.

Hayes, W.; Osborn, H. M. 1.; Osborne, S. D.; Rastall, R.
A.; Romagnoli, B. Tetrahedron 2003, 59, 7983-7996.

89

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

M. Jacobsson et al. | Carbohydrate Research 341 (2006) 12661281

. Yamago, S.; Hashidume, M.; Yoshida, J.-i. Tetrahedron
2002, 58, 6805-6813.

Brenstrum, T. J.; Brimble, M. A. ARKIVOC 2001, vii,
37-48.

Grummitt, A. R.; Harding, M. H.; Anderberg, P. L;
Rodger, A. Eur. J. Org. Chem. 2003, 63-71.

Musicki, B.; Periers, A.-M.; Laurin, P.; Ferroud, D.;
Benedetti, Y.; Lachaud, S.; Chatreaux, F.; Haesslein, J.-
L.; Iltis, A.; Pierre, C.; Khider, J.; Tessot, N.; Airault,
M.; Demassey, J.; Dupuis-Hamelin, C.; Lassaigne, P.;
Bonnefoy, A.; Vicat, P.; Klich, M. Bioorg. Med. Chem.
Lett. 2000, 10, 1695-1699.

Marra, A.; Scherrmann, M.-C.; Dondoni, A.; Casnati,
A.; Minari, P.; Ungaro, R. Angew. Chem., Int. Ed. Engl.
1994, 33, 2479-2481.

Badman, G. T.; Green, D. V. S.; Voyle, M. J. Organomet.
Chem. 1990, 388, 117-121.

Sharma, S. K.; Corrales, G.; Penadés, S. Tetrahedron
Lett. 1995, 36, 5627-5630.

Koeners, H. J.; de Kok, A. J.; Romers, C.; van Boom, J.
H. Recl. Trav. Chim. Pays-Bas 1980, 99, 355-362.
Peterson, L.; Jensen, K. J. J. Org. Chem. 2001, 66, 6268—
6275.

Helferich, B.; Mulcahy, E. N.; Ziegler, H. Chem. Ber.
1954, 87, 233-237.

Helferich, B.; Gross, E. Chem. Ber. 1952, 85, 531-
535.

Dushin, R. G.; Danishefsky, S. J. J. Am. Chem. Soc.
1992, 114, 3471-3475.

Tromp, R. A.; van Boom, S. S. G. E.; Timmers, C. M.;
van Zutpen, S.; van der Marel, G. A.; Overkleeft, H. S.;
van Boom, J. H.; Reedjik, J. Bioorg. Med. Chem. Lett.
2004, 14, 4273-4276.

Ferrier, R. J.; Zubkov, O. A. Org. React. 2003, 62, 569—
736.

Hashimoto, S.-i.; Honda, T.; Ikegami, S. J. Chem. Soc.,
Chem. Commun. 1989, 685-687.

Palmacci, E. R.; Seeberger, P. H. Org. Lett. 2001, 3,
1547-1550.

Plante, O. J.; Palmacci, E. R.; Andrade, R. B.; Seeberger,
P. H. J. Am. Chem. Soc. 2001, 123, 9545-9554.
Yamanoi, T.; Fujioka, A.; Inazu, T. Bull. Chem. Soc.
Jpn. 1994, 67, 1488-1491.

Vasella, A. Pure Appl. Chem. 1991, 63, 507-518.
Kieslich, K.; Vidic, H.-J.; Petzoldt, K.; Hoyer, G.-A.
Chem. Ber. 1976, 109, 2259-2265.

Hamada, H.; Ohowa, S.; Nishida, T.; Katsuragi, H.;
Takeda, T.; Hamada, H.; Nakajima, N.; Ishihara, K.
Plant Biotech. 2003, 20, 253-255.

Arend, J.; Warzecha, H.; Hefner, T.; Stockigt, J.
Biotechnol. Bioeng. 2001, 76, 126-131.

Kaminaga, Y.; Sahin, F. P.; Mizukami, H. FEBS Lett.
2004, 567, 197-202.

Nakajima, N.; Ishihara, K.; Hamada, H. J. Biosci.
Bioeng. 2001, 92, 469-471.

Kren, V.; Ulrichova, J.; Kosina, P.; Stevenson, D.;
Sedmera, P.; Prikrylova, V.; Halada, P.; Simanek, V.
Drug Metab. Dispos. 2000, 28, 1513-1517.

Kittelmann, M.; Rheinegger, U.; Espigat, A.; Oberer, L.;
Aichholz, R.; Francotte, E.; Ghisalba, O. Adv. Synth.
Catal. 2003, 345, 825-829.

Nicoll-Griffith, D. A.; Yergey, J. A.; Trimble, L. A
Silva, J. M.; Li, C.; Chauret, N.; Gauthier, J. Y.; Grimm,
E.; Léger, S.; Roy, P.; Thérien, M.; Wang, Z.; Prasit, P.;
Zamboni, R.; Young, R. N.; Brideau, C.; Chan, C.-C;
Mancini, J.; Riendeau, D. Bioorg. Med. Chem. Lett.
2000, /0, 2683-2686.



116.

117.

118.

119.

M. Jacobsson et al. | Carbohydrate Research 341 (2006) 12661281

Reiss, P.; Burnett, D. A.; Zaks, A. Bioorg. Med. Chem.
1999, 7, 2199-2202.

Meyers, C. L. F.; Oberthiir, M.; Xu, H.; Heide, L;
Kahne, D.; Walsh, C. T. Angew. Chem., Int. Ed. 2004, 43,
67-70.

Albermann, C.; Soriano, A.; Jiang, J.; Vollmer, H.;
Biggins, J. B.; Barton, W. A.; Lesniak, J.; Nikolov, D. B.;
Thorson, J. S. Org. Lett. 2003, 5, 933-936.

Fu, X.; Albermann, C.; Jiang, J.; Liao, J.; Zhang, C.;
Thorson, J. S. Nat. Biotech. 2003, 21, 1467-1469.

120.

121.

122.

123.

124.

1281

Dyfverman, A.; Lindberg, B. Acta Chem. Scand. 1950, 4,
878-884.

Timpa, J. D.; Griffen, G. W. Carbohydr. Res. 1984, 131,
185-196.

Murakata, C.; Ogawa, T. Carbohydr. Res. 1992, 235, 95—
114.

Zhang, Z.; Magnusson, G. Carbohydr. Res. 1996, 295,
41-55.

Fukase, K.; Yasukochi, T.; Nakai, Y.; Kusumoto, S.
Tetrahedron Lett. 1996, 37, 3343-3344.



	Aromatic O-glycosylation
	Introduction
	Use of glycosyl acetates
	General considerations
	Prevention of product anomerization
	Use of other glycosyl esters

	Use of glycosyl halides
	Glycosyl bromides and chlorides
	Fluorides
	Glycosylation of aromatic heterocycles

	Use of glycosyl trichloroacetimidates
	General considerations
	Use of other glycosyl imidates

	Use of thioglycosides and related compounds
	Alkyl- and arylthioglycosides
	Glycosyl sulfoxides and sulfimides
	Glycosyl selenides and tellurides

	Other methods for aromatic O-glycosylation
	Mitsunobu reaction
	Nucleophilic aromatic substitution
	Use of glycals
	Use of glycosyl phosphates
	Use of glycosylidene carbenes
	Glycosylation by biotransformation

	Aromatic anomeric protecting groups
	Conclusions
	Acknowledgement
	References


