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A new strategy for the activation of glycosyl halide donors to be utilized in glycosylation reactions is
presented, utilizing the ferrocenium (Fc) complexes [FcB(OH),ISbFe and FcBF,4 as promoters. The scope
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Introduction

Carbohydrates are a large class of diverse biopolymers with
complex structures that are involved in many key biological
processes such as cellular communication,' the regulation of
tumor proliferation,” and immune response.* Extraction of pure
carbohydrates from natural sources is difficult.* Chemical
synthesis through glycosylation provides the most efficient
access to carbohydrates and has become the main approach for
the investigation and synthesis of carbohydrate-based vaccines
and pharmaceuticals.” Glycosylation is the construction of
glycosidic linkages between electrophilic glycosyl donors (with
a leaving group at the anomeric position) and the free hydroxyl
unit of a glycosyl acceptor; it is a key step in the synthesis of
carbohydrates (Scheme 1).® Two epimers « and 8 can form,
differing only in the configuration at the anomeric carbon, and
a high excess of one over the other one is highly desirable.” The
glycosyl donors are typically activated through their leaving
group.® Organic as well as Bronsted acids are employed for that
purpose in stoichiometric or catalytic quantities.” Metal-based
activators have been employed as well, in catalytic or stoichio-
metric quantities.” Transition-metal catalyzed or promoted
glycosylation reactions are less common but known in the
literature.'®'* Transition metals in the form of metal complexes
can be tuned through the attached ligands, allowing for
improvement of performance through catalyst modifications.
As such, their employment can advance the selective formation
of glycosidic bonds and the synthesis of valuable carbohydrates
through glycosylation.

As part of our long-standing interest in the catalytic activa-
tion of propargylic alcohols to obtain propargylic ethers with
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glycosylation products were formed in 95 to 10% isolated yields with «/8 ratios ranging from 1/1 to
B only (2 to 14 h reaction time at room temperature, 40 to 100% ferrocenium promoter load).

alcohol nucleophiles,*> we found that ferrocenium cations can
be employed for that purpose.’?*® Ferrocenium complexes
(Scheme 1, Fc = ferrocenium) are a large compound class, that
have been employed as catalysts or reagents in organic trans-
formations.”® They can be tuned through the substituents on
the cyclopentadienyl ring systems coordinated to the iron.
Given some similarities between propargylic etherification and
glycosylation reactions (both may proceed through a carboca-
tion intermediate and form a carbon-oxygen bond), we were
hypothesizing that ferrocenium cations may also promote
glycosylation reactions. Iron is an abundant, inexpensive, non-
toxic, and environmentally friendly metal, and its metal
complexes have been intensely investigated as catalysts to
substitute catalyst systems based on more expensive or more
harmful metals." Iron salts of the general formula FeX; (with X
= CL,** CF3503,' NO; (ref. 17) or SO4)"® have successfully been
employed as catalysts or reagents in O-glycosylation reactions or
Ferrier rearrangements. However, we are not aware of the
application of iron-based complexes beyond these simple,
Lewis acidic iron salts. Simple iron salts are not very well soluble
in organic solvents. Furthermore, it has been argued that iron
salts like Fe(CF3S03), may create small amounts of protons in
solution, and that the corresponding glycosylation reactions are
actually Brgnsted acid catalyzed.” The application of metal
complexes may circumvent that problem. We introduce here for
the first time ferrocenium complexes as a new, tunable class of
iron(m) complexes promoting glycosylation reactions. Ferroce-
nium salts are well soluble in CH,Cl,, the solvent of choice for
many glycosylation reactions.

Results and discussion

We decided to employ the known galactosyl halides 1 and 2 and
the glucosyl halides 3 and 4 as donors (Scheme 1); they are
readily available and iron has an affinity to halides, which may
promote activation. Furthermore, we selected a set of four

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Glycosyl donors, acceptors and ferrocenium promoters employed in the study.

known, benzyl-protected acceptors 5 to 8, differing in the
position of the free OH group to be engaged in the glycosylation
reaction. As promoters, we selected the known iron(m) ferroce-
nium salts [FcB(OH),|SbFs and FcBF, (Scheme 1). Details of the
synthesis of the donors and acceptors as well as the glycosyla-
tion reactions are given in the ESI.}

In test reactions, we investigated these donors and acceptors
employing the two promoters, and optimized the reaction
conditions. When the freshly synthesized donors, the glucosyl
acceptors and 40-70 mol% of the ferrocenium promoter were
combined in CH,Cl, along with 4 A molecular sieves under
argon at room temperature, the corresponding products 11 to
27 were obtained in 95 to 10% yield after chromatographic
workup. No further additives were required. The results of these
optimization efforts are compiled in Table 1.

It turned out that galactosyl donor 1 gave in combination
with the most reactive glycosyl acceptor 5 (the free OH group
is located on a primary carbon atom) the highest yield of the
corresponding disaccharide (11, 86%, entry 1). When
employing 100 mol% of the ferrocenium promoter, the yield
improved to 95% (entry 2). However, we decided to keep
employing 60 mol% of the promoter for practical reasons.
The yields dropped to 64 to 45% when the secondary glycosyl
acceptors 6 to 8 were employed (entries 3 to 5). Given the
steric differences between 5 and 6 to 8, the somewhat lower
yields are not surprising. The ferrocenium complex
[FcB(OH),|SbFs was the promoter of choice for the galactosyl
chloride donor 1. Interestingly, the corresponding glucosyl
chloride donor did not give any glycosylation, we only
observed hydrolysis.

Glycosylation between galactosyl fluoride donor 2 and
glycosyl acceptors 5 to 9 gave the corresponding disaccharides
15 to 19 in somewhat lower yields of 50 to 10%, when the
promoter FcBF, was employed (entries 6 to 10). To investigate
the impact of an increased amount of promoter in the yield, we

© 2021 The Author(s). Published by the Royal Society of Chemistry

performed the reaction in entry 6 with 100 mol% of the
promoter. The yield decreased from 50% to 42% and we
observed hydrolysis. The benzylidene acetal protected acceptor
9 (entry 10) resulted in an isolate yield of only 10% with
a promoter loading of 70 mol%; however, when the promoter
was increased to 100 mol%, a 42% yield was obtained. In order
to investigate whether an acid scavenger has an impact on the
yield, we performed the reaction in entry 6 in the presence of
various amounts of 2,6-di-tert-butyl-pyridine. Surprisingly, the
yield decreased drastically in the presence of the scavenger. It
has been described that metal salts can form small amounts of
Bronsted acids in solution, which may be the actual catalysts.*
However, there seems a promoter-dependency on the reaction,
which makes mere Brgnsted acid catalysis unlikely. In general,
the interrelation between promoter load and yield seems not to
be straightforward.

The fluoride glycosyl donor 3 together with the glycosyl
acceptors 5 to 9 gave the corresponding disaccharides 20 to 24
in 52 to 12% isolated yields (entries 11 to 15). For these reac-
tions, FcBF, was the promoter of choice, as [FcB(OH),|SbF¢ did
not lead to any conversion. The benzylidene acetal protected
acceptor 9 gave the poorest yield of 12% (entry 15). As exem-
plified in entry 16, the benzoyl-protected fluoride glucosyl donor
4 gave also a poor yield of 24% of the corresponding disaccha-
ride 25, when the acceptor 5 was employed.

Finally, we investigated whether other secondary alcohols
can be employed in the title reaction and selected cholesterol
(10) as an acceptor (entries 17 and 18). Certain sterol glycosides
can exhibit pharmaceutical activity.*® Utilizing FcBF, as the
promoter, the glycosylation products 26 and 27 were obtained
in 87 and 55% isolated yields. All /@ ratios in Table 1 ranged
from 1 : 1 to § only with no clear trend obvious. However, only
the 8 epimer was obtained when the OBz protected donor 4 was
employed (entry 16), which may be attributed to the directing
effect the OBz group can exert.*

RSC Adv, 2021, 1, 36814-36820 | 36815
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Table 1 Ferrocenium-catalyzed glycosylation reactions
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Entry  Donor Acceptor Product Promoter Time yield’ /8
OBn
BnO _oBn OH BnQ o
0]
BnO R BE?O EnO P
1 BnO CI B”OoMe BnO [FcB(OH),]SbFs, 60 mol% 4 h 86%, 1/1.1
BnO Q
1 5 BnO
BnO M
1 OMe
OBn
BnO _oBn OH BnO o
0]
BnO R BEE‘)O BnO P
2° BnO ‘CI BnOG\e BnO [FcB(OH),]SbFg, 100 mol% 2 h 95%, 1/1.1
BnO Q
1 5 BnO
BnO M
1 OMe
OBn BnO _oBn
et 3
n BnO OB
3¢ 1 BnOOMe BnO o 0 n [FcB(OH),]SbFs, 60 mol% 6 h, 64%, 1.2/1,
6 BnO
12 BnOOMe
OBn OBn
BnO Q BnO 0]
HO BnO o b 1 h /
4 1 FcB(OH),|SbFg 60 % 6 h, 63%, 1.6/1
BnOAp e BnO BnOd1e [FeB(OH),]SbFs 60 mo
7 (@)
BnO ~OBn 13
OBn OBn
BnO Q BnO Q
BnO BnO
54 1 ) HOOM e Bnoél/%“OOM e [FcB(OH),]SbFs 60 mol% 6 h, 45%, 1.2/1
O 14
BnO ~OBn
BnO _0oBn OH BnO ~OBn
o) BnO Q o)
_ BnO BnO BnO 0
6>/ BnO F BnOG\e BnO FcBF,, 70 mol% 2 h, 50%, 1/1.3
2 5 BnO O
BnO
15 BnOOMe
OBn BnO _oBn
HO Q go
BnO BnO OBn
7° 2 FcBF,, 70 mol% 6 h, 31%, 1/1
BnOOMe BnO B(r?o (o]
6 16 BnOOMe
OBn OBn
Bnﬁ)o Q Bn%ﬁoz
g’ 2 BnOSue BnO BnO BnOOMe FcBE,, 70 mol% 6 h, 34%, 2.3/1
7 0]
17
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0] (¢}
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BnO N OMe
9 OMe 9
OH
BnO BnO Q 0
BnO BnO
11° BnO F BnOOMe FcBF,, 70 mol% 4h, 45%, 1/1
3 5
OBn
HO Q
120 3 BnO BnO FcBF,, 70 mol% 8 h, 52%, 1.5/1
NYOMe
6
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BnO Q
HO
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7
OBn
BnO Q
BnO
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8
0]
Ph/\g o
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Table1 (Contd.)
Entry  Donor Acceptor Product Promoter Time yield o/
BnO __oBn
0]
BnO
17 BnO F Bn0_-OBN FcBF,, 40 mol% 8 h, 87%, 1/5
0
2 BnO
BnO O
26
OBn
BnO Q
BnO
18 BnO F 10 OBn FcBF,, 40 mol% 14 h, 55%, 1/1
n BnO’éOI
BnO
3 BnO O

27

“ The galactosyl chloride donor (0.035 mmol), glycosyl acceptor (0.015 mmol), 4 A molecular sieves and the ferrocenium salt in CH,Cl, at room
temperature. ? The glycosyl fluoride donor (0.05 mmol), glycosyl acceptor (0.06 mmol), 4 A molecular sieves and the promoter in CH,Cl, at
room temperature. ° The glycosyl fluoride donor (0.05 mmol), glycosyl acceptor (0.04 mmol), 4 A molecular sieves and the promoter in CH,Cl,
at room temperature. ¢ The glycosyl fluoride donor (0.02 mmol), glycosyl acceptor (0.02 mmol), 4 A molecular sieves and the promoter in

CH,Cl, at room temperature. ¢ Isolated yield after chromatographic workup.

In the presence of 100 mol% promoter, only 42% isolated yield

were obtained, and hydrolysis was observed. The reaction virtually shut down in the presence of 0.25 to 1 equivalents 2,6-di-tert-butyl-pyridine.
¢ In the presence of 70 mol% promoter, only 10% isolated yields were obtained.

The results in Table 1 reveal a number of important trends,
which will guide the development of refined versions of the
ferrocenium complexes as glycosylation promoters or catalysts.
First, the nature of the leaving group determines which
promoter is the most suitable. For the chloride donor 1,
[FcB(OH),]SbF is the promoter of choice, whereas for fluoride
donors, FcBF, is better suitable, as determined during our
optimization efforts. To what extent the B(OH), group plays
arole in the glycosylation mechanism requires further research.
It is known, though, that boron has some affinity to OH
groups,* and the B(OH), unit may exert a directing effect on the
glycosylation reactions. When we reduced the load of the
promoter, lower yields were obtained and with increased
promoter load, the yields either increased somewhat (Table 1,
entries 2 and 10) or they decreased somewhat due to hydrolysis
(Table 1, entry 6). These findings point toward an involvement
of the promoter in the key step of the glycosylation.

To obtain an understanding about the mode of activation,
we also investigated other leaving groups (Fig. 1). The donors 28
with the bromide leaving group and Bn and Bz protecting
groups did not give any appreciable amount of product, and so
did not donor 29 with an n-pentenyl leaving group, donor 30
with the trichloroacetimidate leaving group or donor 31 with
a sulfide leaving group." These findings may give some hint
about potential activation modes. The leaving groups in Fig. 1
are generally activated by Brensted or Lewis acids." As such, the
ferrocenium promoters do not merely play the role of a Lewis
acid, because donor 30 with a nitrogen atom as well as donor 31
with a sulfur atom should interact well with the iron center. The

36818 | RSC Adv, 2021, 11, 36814-36820

trichloroacetimidate leaving group was successfully activated by
FeCls,*? which may be more Lewis acidic compared to the fer-
rocenium complexes employed herein. On the other hand, an n-
pentenyl leaving group was previously proven to also not be
activated by Fe(CF3S03)3,>* which may be due to the low affinity
of Fe(m) to isolated double bonds, through which the leaving
group may be activated. The mode of activation is currently

OR
RO 0
RO
Br OBn
RO
BnO Q
28a,R=Bz BnO O~
b, R=Bn OBz
29
BnO _-OBn

0 BnO _0OBn

BnO (0]

BnO CF3 BnO SEt
o~( BnO
31
30 NPh
OH [FcB(OH),]SbFg
BnO 0 CH,Cl,,
BnO
BnO 4AMS, 1t
5 OMe
no reaction

Fig.1 Other leaving groups employed in the title reaction.
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under investigation. However, the interplay between the leaving
group, the protecting groups, the promoter and the promoter
load seems to be multifaceted, opening avenues for directed,
selective activation of corresponding donors by systematic
promoter tuning.

The challenge of iron-promoted or iron-catalyzed glycosyla-
tion reactions is the general affinity of iron to oxygen. Both the
donors and acceptors feature a number of oxygen atoms. The
oxygen atoms of the protected hydroxyl groups in the sugars
may be complexed by the iron promoter. When complexed to
atoms other than the leaving group, the ferrocenium promoter
will not be able to activate the donor, which explains the rela-
tively high promoter loadings of 40 to 70 mol% required for the
reaction to proceed efficiently. Along these lines, the benzoyl-
protected donor 4 gave a relatively low yield of only 24%
(entry 16), a trend we also observed during our optimization
efforts utilizing other acceptors. The carbonyl units in the
protection groups of donor 4 provide an extra number of oxygen
atoms, offering additional opportunities for the ferrocenium
promoter to coordinate. In turn, the cholesterol acceptor 10
(featuring only one oxygen atom from the -OH group) gave
relatively high yields from 87 to 55% (entries 17 and 18),
however, no glycosylation was observed with the benzoyl-
protected donor 4. There is clearly a correlation between the
number of oxygen atoms present in the substrates and the
efficiency of the ferrocenium promoter.

A large number of ferrocenium complexes are known in the
literature.”® The advantages of the ferrocenium systems
described herein is their tunability through substituent to be
placed on the cyclopentadienyl ligand. Furthermore, as out-
lined above, they exhibit good solubility in organic solvents
such as CH,Cl,. Future investigations of iron-promoted or
catalyzed glycosylation reactions may need to find a balance
between the affinity of the ferrocenium complexes to the leaving
group and the oxygen atoms present in the donor and acceptor
molecules, and such studies are currently underway.

In summary, we introduced for the first time ferrocenium
complexes as a tunable platform to promote glycosylation
reactions. The combination of the appropriate ferrocenium
complexes with the donors seems to be crucial and will require
further research. Given the large structural diversity of ferro-
cenium salts available, the research described herein offers new
avenues for the glycosylation of a variety of donors and accep-
tors. As opposed to simple metal salts, ferrocenium cations can
be tuned through their substituents on the cyclopentadienyl
rings to improve reactivity and selectivity and they tend to be
well soluble in organic solvents, which may lead to more effi-
cient and selective glycosylation reactions.
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