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The chemical synthesis of linear high DP oligomaltoses (OMs) is much more efficient by the opening of cyclodextrins
(CDs). The a, B, and y-CDs are cyclic oligosaccharides composed of 6, 7, or 8 glucose units respectively linked by a a-1,4
glycosidic bond. They are industrially prepared using CD glucanotransferase on starch.
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| 1. Introduction

While enzymatic catalysis leads to mixtures produced in relatively small amounts, the chemical synthesis of pure linear
OM with high DP is complex. For example, the total synthesis of hexamaltooligosaccharides with various protecting
groups was achieved by Takahashi et al. in 14 steps from maltose in 4% overall yield . Starting from these products,
they pursued their work by synthesizing octamaltooligosaccharides in 21% vyield using a protected B-maltosy! fluoride
donor &,

The chemical synthesis of linear high DP oligomaltoses (OMs) is much more efficient by the opening of cyclodextrins
(CDs). The qa, B, and y-CDs are cyclic oligosaccharides composed of 6, 7, or 8 glucose units respectively linked by a a-1,4
glycosidic bond ( Scheme 1 ). They are industrially prepared using CD glucanotransferase on starch 3. Very recently, B-
CD was also prepared with 70% vyield from maltose using the same enzyme and l-adamantane carboxylic acid as
supramolecular template to control the reaction [4l.
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Scheme 1. The most common cyclodextrins.

CDs are available in rather large quantity with well-characterized structures. Among CDs, the B-CD is a fairly cheap raw
material.



Firstly, we will review herein the enzymatic opening of CDs. Then the different reactions described in literature for OM
preparations, by chemical ring-opening of CDs, will be described. Finally, we will discuss the different applications of these
molecules of interest through further functionalization.

| 2. Enzymatic Ring-Opening of Cyclodextrins

A review of CD degrading enzymes (Cyclomaltodextrinases, EC 3.2.1.54, cyclomaltodextrin hydrolases) and a-amylases
from microbial sources ( Bacillus coagulans , B. macerans , alkalophilic Bacillus sp., Pseudomonas , among others) was
published in 1992 B, The authors analyzed the action pattern of these enzymes and found that they could open CDs to
lead to the corresponding OM. For example, the action of Pseudomonas a-amylase on o-CD results in a very rapid
accumulation of maltohexaose, but then the latter is degraded to smaller molecules, mainly maltotriose, maltose and
glucose. A similar behavior was reported by H. Bender for a CD-degrading enzyme isolated from Flavobacterium sp. The
enzyme hydrolyzed OM and CDs to glucose, maltose, and maltotriose (€.

Uchida et al. ! reported the use of cyclomaltodextrinase from Bacillus sphaericus E-244 for the preparation of
maltoheptaose and maltooctaose from B-CD and y-CD respectively. The enzyme has not only a CD-hydrolyzing activity
(decycling of CDs) but also a coupling activity (transfer of a D-glucose unit). They described the enzymatic synthesis of
maltoocta- and nonaose from CDs and D-glucose by the coupling reaction, catalyzed by cyclomaltodextrinase ( Scheme 2
). However, the preparation of maltohexa-, hepta- and/or octaose by this approach required further purification, because
small molecules such as glucose, maltose, and maltotriose were also formed.
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Scheme 2. CDs opening and transglycosylation using cyclomaltodextrinase.

These limitations were circumvented by Fraschini et al. 8 by using modified CDs in one primary position (oxidized to
carboxylic acid) and two different enzymes: CD glucanotransferase (CGTase) and amyloglucosidase. They obtained
mainly tri- and tetrasaccharide derivatives, thus avoiding further degradation.

PFTA, a thermostable amylase from Pyrococcus furiosus, was cloned and expressed in Escherichia coli. Unlike CD-
hydrolyzing enzymes, which were known to produce mainly maltose starting from CDs, PFTA liberated various small OM
(from mono- to heptasaccharide) [&. The difference in the rate of CDs opening (fast) and the hydrolytic activity on the
resulting open-chain OM (slow) was exploited to obtain mixtures rich in maltohexaose, maltoheptaose, and maltooctaose
from a-, B-, and y-CD respectively ( Scheme 3 ) 29,
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Scheme 3. Fast-opening activity of the amylase from Pyrococcus furiosus.

| 3. Acetolytic Cleavage of Cyclodextrins

The viability of the acetolytic cleavage process in the production of OM from CD derivatives has evolved since the middle
of the last century LURL2M3IA4A The early efforts to selectively prepare these oligomers were unsuccessful and led to a
mixture of mono and oligomers, in which the amount of the desired hexa-, hepta-, or octa- maltooligosaccharides did not
exceed 2-49% U234 |n 1990, Liptak et al. (13 patented their research results on the acetolysis of peracetylated CDs
using a mixture of acetic anhydride and sulfuric acid. To increase the efficiency of previous procedures, they optimized the
reaction conditions by varying the amount of sulfuric acid between 1-10% in acetic anhydride, the temperature (0-100
°C), and the reaction time 22! The Table 1 summarizes the results for the acetolysis of peracetylated a-CD.

Table 1. Optimization of the acetolysis of peracetyl-a-cyclodextrin.



Entry Temperature (°C) Time (h) Sulfuric Acid Conc. (vol%) Yield %

1 0 72 6 35
2 30 30 6 35
3 40 11 6 38
4 50 10 2 35
5 50 4 6 49
6 50 15 10 35
7 60 2 6 43
8 78 0.5 6 40
9 100 0.1 6 40

During this process, the fission of a single glycosidic bond was observed and two acetyl groups were introduced, one at
the reducing end and another at the non-reducing end of the linear OM. The maltoheptamer and maltooctamer were also
prepared from peracetyl-p- and y-CDs in 41% and 52 %, respectively.

In another study, Sakairi et al. 18l extended this method to perbenzoylated CDs to prepare partially benzoylated OM
derivatives having acetyl groups at reducing and non-reducing ends. These derivatives are useful for the preparation of
various derivatives substituted at both ends. Starting from perbenzoylated CDs and using a similar procedure 8 gave
1',4Vdi-O-acetyl derivative of octadeca-O-benzoyl-a-maltohexaose, 1'.4V'-di-O-acetylated heneicosa-O-benzoyl-o-
maltoheptaose, and tetracosa-O-benzoyl-a-maltooctaose in 51%, 37%, and 48% yield respectively ( Scheme 4 ). Other
attempts were performed with chloroacetic anhydride or trifluoroacetic anhydride in presence of a catalytic amount of
sulfuric acid. However, these attempts failed, leading to complex mixtures. The authors assumed that this was due to the
random cleavage of the glycosidic bond and the intra- or inter-molecular migration of acetyl groups.

More recently, Djedaini-Pilard et al. 2 significantly improved this procedure. In their conditions, they described the
formation of di-O-acetylated maltohexaose, -heptaose, and -octaose derivatives from per-O-benzoylated o- , -, and y-CD
in 70-82% yields. Thus, the authors extended this method to the ring-opening of CDs, halogenated in primary positions,
to lead to novel C-6 modified OMs.

| 4. Ring-Opening Cyclodextrins Using Other Acidic Conditions

With a pKa of -8, perchloric acid HCIO, is a stronger acid than sulfuric acid. In 2001, with the aim of preparing specific
neocyclodextrins (neoCDs), Vasella et al. 8 performed the ring-opening of peracetylated a-CD, carrying out acetolysis by
a method derived from that developed by Liptak et al. 12, This procedure consisted in reacting peracetylated a-CD with
Ac,0, in the presence of HCIO, (70% by weight aqueous solution) at 0 °C for 20 h. After crystallization in ethanol, they
obtained the desired peracetylated maltohexaose in 95% yield (o/ > 9/1) ( Scheme 8 ). This reaction was confirmed in
2010 by Lehn et al. 129, which described similar yields.

Since the use of perchloric acid led to a better yield than in the case of sulfuric acid, the following year the authors
described the application of this new procedure to peracetylated y-CD. 29 Under these conditions, acetylated
maltooctaose was obtained in 80% yield, again after crystallization in ethanol.

Very recently, our group 21 demonstrated the interest of triflic anhydride in DCM, instead of acetic anhydride with sulfuric
acid, to perform the ring-opening of a-, B-, and y-CD. These conditions allow the selective preparation of 1-azido
derivatives, propargyl, and allyl glycosides by the opening of the corresponding perbenzoylated CD followed by their in
situ glycosylation with rather good yields and selectivity ( Scheme 12 ).

The Table 2 resumes the various conditions of acetolysis or hydrolysis for ring-opening of CD in literature. To highlight the
most important parameter of the reaction, we sorted the conditions by type of acid, then by functional groups present on
CDs, then by type of CD, and finally by acid concentration. We can thus see that, together with the acid concentration, the
temperature and the stirring time are also important factors. We can conclude that perchloric acid at 0 °C led to the
highest yields (95% of maltohexaose) from peracetylated a-CD. To avoid esterification or etherification of the cyclodextrin
prior to the ring-opening, FeCls conditions are very efficient because they led to 20—23% yield of 99% pure peracetylated
maltooligosaccharides after three steps of recrystallization, whatever the CD.



Table 2. Conditions for ring-opening of CD (* mixture of regioisomers).
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