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Synthesis of carbohydrate building blocks via regioselective uniform
protection/deprotection strategies
Tinghua Wang and Alexei V. Demchenko*

Department of Chemistry and Biochemistry, University of Missouri - St. Louis, One University Boulevard, St. Louis,
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Scope 1: sugar is uniformly protected leaving only one
(or two) free hydroxyl;
Scope 2: uniformly protected sugar is deprotected to
liberate only one (or two) hydroxyl

ABSTRACT: Discussed herein is the synthesis of partially protected carbohydrates by manipulating only one type of a protecting
group for a given substrate. The first focus of this review is the uniform protection of the unprotected starting material in the way
that only one (or two) hydroxyl groups remain unprotected. The second focus involves regioselective partial deprotection of
uniformly protected compounds in the way that only one (or two) hydroxyl groups become liberated..

Contents challenges in carbohydrate chemistry.'3 During sequencing of
simple monosaccharides into larger oligomeric networks,
most of the functional groups need to be temporarily blocked
by protecting groups. On the other hand, functional groups
involved in the coupling process need to be left unprotected
or regioselectively liberated. Therefore, it is significant to
develop regioselective methods to simplify the preparation of
partially or differentially substituted synthetic intermediates.4
As a consequence, regioselective protection and deprotection
of carbohydrates has been a vibrant area of research.
Orthogonal or selectively removable protecting group
manipulations have been extensively employed in
oligosaccharide synthesis.>® However, these strategies require
a specialized knowledge of various protecting groups, reaction
conditions for their installation and removal, and application
strategies to different sugar series.

1. Introduction and basic considerations
2. Synthesis of partially substituted building blocks by
uniform regioselective protection
2.1 Ester groups
2.2 Alkyl and silyl groups
23  Cyclic groups
3. Synthesis of partially substituted building blocks by
regioselective deprotection of uniformly protected
substrates
3.1 Ester group removal and migration
3.2 Ether group removal
3.3  Cyclic group removal and opening
4. Conclusions and outlook
5. References

Despite a significant progress in this area, and the availability
1. Introduction and basic considerations of streamlining one-pot processes,”*? in a majority of the
applications a large number of protecting group manipulation
steps are required to obtain the desired regioselectively
substituted product. While orthogonal, semi-orthogonal, or
selectively removable protecting groups represent a very
important direction of carbohydrate synthesis, discussed
herein in the synthesis of partially protected carbohydrates by
manipulating only one type of a protecting group for a given
derivative. While some overlap with orthogonal protecting
group strategies is inevitable, a more comprehensive coverage

Carbohydrates are the most abundant molecules among the
four essential classes of biomolecules that also include nucleic
acids, lipids, and proteins. Unlike proteins and nucleic acids,
which follow template-driven synthetic pathways, there is no
general route to the synthesis of carbohydrates.
Monosaccharides are polyhydroxylated molecules, and
regioselective protection and deprotection of specific
hydroxyl groups over others represents one of the major
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of the topic is available in a number of excellent recent
reviews.>*37% Two major focuses of this review article are
depicted in Scheme 1. The first focus is the protection of the
unprotected starting material in the way that only one (or
two) hydroxyl groups remain unprotected. The second focus
leads to the formation of the same type of derivatives, but it
rather involves regioselective partial deprotection of
uniformly protected compounds. At times, we chose to
discuss these two major focus areas in application to
differentially protected carbohydrates. These examples
include some new reactions that have only been applied to
such molecules, but in our opinion could also be generally
relevant to the uniformly protected systems.

Scheme 1. The overview of protecting group strategies
described herein
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The application of partially protected building blocks is
fundamental to  oligosaccharide  synthesis. Mono-
hydroxylated building blocks can be directly utilized as
glycosyl acceptors in glycosylation reactions. Di-hydroxylated
building blocks can also be utilized as glycosyl acceptors, for
example, for the synthesis of branched glycan sequences.
Alternatively, the diols are useful synthetic intermediates for
further transformations because the differentiation between
two hydroxyls is typically much simpler than that of fully
unprotected sugars containing four or more hydroxyls.

Inherent difference in reactivity of various hydroxyl groups in
carbohydrates have been investigated to achieve selective
protection. Primary hydroxyl groups are sterically less
hindered than their secondary counterparts, which offers an
opportunity for their regioselective protection.” The best-
known examples is the use of bulky (trityl, silyl) protecting
groups to selectively protect primary hydroxyl groups in the
presence of secondary ones. Steric hindrance, as well as the
electronic effects, can also be utilized to some extent to
discriminate between certain secondary hydroxyl groups.®® In
addition, hydrogen bond networks were also proposed as a
possible driving force for the regioselective protection.

Early studies by Williams and co-workers revealed general
reactivity trends of various hydroxyls.' These studies also gave
an appreciation that even similarly positioned hydroxyls of
different sugar series may have different reactivities towards
regioselective protection. Thus, the order of reactivity towards
benzoylation was determined to be: 2-OH > 3-OH > 4-OH for
D-gluco, 3-OH > 2-OH > 4-OH for D-manno, and 2-OH, 3-OH
> 4-OH for the D-galacto series. In 1990, Hanessian attempted
partial acetylation of methyl a-D-glucopyranoside 1 with and
without the use of zinc chloride additive.2° Compared with the
control experiment, the addition 1 equiv of zinc(II) chloride
enhanced the selectivity of the formation of the 3,4-diol
product (Scheme 2). However, the regioselectivity and the
product distribution was below preparative value for
mainstream application in carbohydrate synthesis. This
example clearly illustrates the challenge that synthetic

chemists dealing with
carbohydrates face.

regioselective  protection of

Scheme 2. Partial acetylation of methyl a-D-
glucopyranoside 1 provides a mixture of products

OH Additive none ZnCl,
- 0, 0,
HO Q 2.4 equiv. Ac,0 ft(r;{Ac ;é‘; 302

HO 2.8 equiv. pyridine 3-OH 18%  21%
HOOMe DMF, rt, 3 days 2.0H 8% trace

1 99% 3,4-diol 9% 65%
2,4-diol  28% trace

23diol gy -

mono-Ac 12%

2. Synthesis of partially substituted building
blocks by uniform regioselective protection

This section is focused on discussing those methods wherein
the unprotected (or polyol) starting material is
regioselectively protected in the way that only one (or two)
hydroxyl groups remain unprotected.

2.1. Ester groups

Ester protecting groups are ubiquitous in carbohydrate
chemistry because acylation of hydroxyl groups is typically an
efficient and high-yielding process. Common methods of
esterification utilize an acid chloride or an acid anhydride as
the acylating reagent in the presence of pyridine. Sometimes,
more reactive nucleophilic catalysts such as DMAP are also
employed. In 1975, Williams and co-workers observed that
benzoylation of a-D-glucose with benzoyl chloride (4.2 equiv)
in anhydrous pyridine at -35 °C provided 1,2,3,6-tetrabenzoate
(4-OH derivative) 2 in 37% yield (Scheme 3). When similar
conditions were applied to a-D-mannose, the respective 4-OH
derivative 3 was obtained in 51% yield.>* The synthesis of
1,2,3,6-tetrabenzoate 4 from o-D-galactose using benzoyl
chloride in pyridine at low temperature was achieved in 38%
yield.?>* These results clearly demonstrate that 4-OH is
typically the least reactive hydroxyl access these sugar series.
In contrast, a very recent report describes selective
benzoylations of various a-D-galactopyranosides 5 with
benzoyl cyanide to produce 3-OH compound 6 in good yields
of 61-67%.24 The regioselectivity achieved was rationalized by
the existence of the “cyanide effect” that favors 4-O-
benzoylation and “the alkoxy group mediated diol effect” that
favors 2-O-benzoylation with BzCN in the presence of DMAP.

An efficient method for regioselective benzoylation of diols
and polyols was developed by Dong and co-workers.?s This
regioselective method does not rely on any amine bases or
metal-based catalysts. Thus, benzoylation of methyl
glycosides of the D-gluco, D-galacto, and D-manno series with
benzoic anhydride catalyzed by tetrabutylammonium
benzoate led to 2,4-diols in 70-91% yield.

Tin-mediated acylation was initially developed and used for
monoacylations of polyhydroxylated compounds.?627 The tin-
mediated reactions of carbohydrates with acylating reagents
has been an effective way to acheive differentiation between
1,2- and 1,3-diol pairs.?® More recently, Zhang and Wong
performed regioselective polyacylation reactions of various
sugars using an excess of BzCl and Bu,SnO at higher
temperatures (70-100 °C).> The stannylene acetal was
proposed as an intermediate of the reaction of methyl o-D-
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glucopyranoside 1 with O-2 coordinating with the anomeric
methoxy and O-6 coordinating with the ring oxygen. This
reaction produced 4-OH glucoside 7 with high regioselectivity
in 91% yield (Scheme 3). Interestingly, while a comparable
outcome was achieved with the D-manno substrate, the D-
galacto counterpart gave much lower regioselectivity.?o
Tosylation and benzylation can also be achieved
regioselectively using a similar approach.3° The principles and
applications of tin-mediated reactions have been extensively
reviewed.3"34

Scheme 3. Regioselective benzoylation

OH , 0Bz
HO Qo BzCl (4.2 equiv.) HO o
HO Py -35°C 199
HOoH

37% E$ZOOBZ
a-D-glucose 2
HO—HO
HO Q BzCl (4.2 equiv.) BzO0— OBz
HO Q
HO Py -35°C 195
OH 51%
OB
o-D-mannose 3 z
HO —OH HO _ 0Bz
(0] BzClI (4.0 equiv.) o)
HO Py 0°C B20
HOoH 38% Bz0 g,
a-D-galactose 4
HO _oH BzCN (3.1 equiv.) BzO OBz
Q DMAP (0.2 equiv.) P
HO DIPEA (3.7 equiv.), CHCl;~ |,
HO -10°Ctort, 8 h
OR BzO g
61-67%
5 (R = Me, All, PMP) 6
OH 1. Bu,SnO (3.0 equiv.) OBz
HO 0 2.BzCl (3.2 equiv)  HO Q
HO T’ BzO
{J
HOOMe BzO5me
1 7

Regioselective acetylation can be achieved by using iodine
with ether-protected sugar derivatives.3> Upon the treatment
of 3-O-benzyl glucose 8 with acetic anhydride containing
iodine at rt, 1,6-di-O-acetate 9 was obtained in 90% yield
(Scheme 4). The reaction rate was improved at higher
temperatures, but the regioselectivity was not affected. Many
methods have been known to perform selective acetylation.
Joseph et al. developed a regioselective one-pot silylation and
acetylation method to form a partially acetylated sugar.3° After
TMSOTf{-catalyzed silylation of D-glucose with HMDS,
followed by acetylation, 6-O-acetyl glucopyranose 10 was
formed as the major product via per-O-trimethylsilylated
intermediate (Scheme 4). When per-O-TMS protected sugar
in a mixture of pyridine and acetic anhydride is treated with
acetic acid, regioselective exchange of TMS for acetate
protecting groups occurs.3’ This process was termed as
Regioselective Silyl Exchange Technology (ReSET). This
method has been applied to glucose,3® galactose, mannose,
lactose,3” and sialic acids3® Regiocontrol is achieved by
limiting the equivalents of acetic acid, varying thermal
conditions and using microwave assistance.

Besides the ReSET approach, many catalysts such as 1-
acetylimidazole,+° C,-symmetric chiral 4-
pyrrolidinopyridine,#  copper(ll),# tetrabutylammonium
acetate, Mitsunobu conditions,* borinic acids,454° and
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cyanides#” can help to achieve regioselective acylation.
However, very few of them can protect free sugars in one step
and leave only one hydroxyl group free. MoCl, has been used
as an effective catalyst for selective 3-acetylation of methyl 6-
deoxyhexoses.4® Acetylation with Ac,O in the presence of
catalytic  MoCl; produced 3-O-acetyl derivative 12
regioselectively in 091% yield from methyl o-L-
rhamnopyranoside 11 (Scheme 4). Kulkarni and co-worker
also studied acylation of rhamnosides.49 In particular,
acetylation of phenylthio B-L-rhamnopyranoside with acetyl
or benzoyl chloride (1.1 equiv) in the presence of catalytic
Me2SnClz2 at rt afforded the corresponding 3-O-acylated
derivatives in 95-98% yield. When the same starting material
was benzoylated with 2.1 equiv of BzCl in pyridine at -30 °C,
2,3-di-O-benzoylated rhamnoside was produced in 71%
yield.49

Scheme 4. Examples of regioselective acetylation

OH OAc
HO/&% Iy, Ac,0 HO/&%
BnO rt, 30 min BnO

HO ©OH HO OAc
8 90% 9
OH
HO o 1) cat. TMSOTY, HMDS ogc
HO CH,Cl,, 1, 1h T'\T’Il\sncs)o
HO ‘OH 2) AcOH, Ac,0,
TMSO
Py, rt, 48 h OTMS
D-glucose 10
78%
OMe OMe
o Ac,0, MoCls (1 mol%) o
HO DME, rt, 48 h HO
HO OH 1% AcO OH
11 12

When Kurahasbhi et al. treated octyl a- and pB-glucopyranosides
with a sub-stoichiometric amount of acetic anhydride in the
presence of a catalytic amount of DMAP, 3-, 4- and 6-
nonoacetylated glucosides were obtained in a 2/2/1 ratio.>°
Recently, Ren et al described a method for selective
acetylation of glycosides using tetrabutylammonium acetate
as catalyst.#3 However, all these investigations of inherent
reactivity differences and partial protections of glycoside
hydroxyl groups did not provide products with exclusive
regioselectivity. More recently, mono-hydroxyl building
blocks  were  synthesized by  reagent-dependent
regioselectively controlled poly-acetylation.5' For methyl 3-D-
galactopyranoside 13, the use of Ac,O or AcCl as acetylating
reagents lead to the formation of 2-OH compound 14 or 4-OH
compound 15, respectively (Scheme 5). For methyl B-D-
glucopyranoside 16, either acetylating reagent gave 4-OH
compound 17 as the major product. When treated with 3.3
equiv. of Ac,0 in acetonitrile solvent, both methyl o-D-
glucopyranoside 1 and methyl a-D-mannopyranoside 19 gave
the corresponding 4-OH products 18 and 20 in 90% yield. To
explain the regioselectivity obtained, reagent-dependent
thermodynamic and kinetic control and dynamic assistance
mechanisms were proposed.>' Thus, when acetyl chloride was
used as the acylating a monodentate chlorostannane complex
was generated, whereas acylation with acetic anhydride
proceeded via a less reactive bidentate acetoxystannane.



Organic & Biomolecular Chemistry

Scheme 5. Reagent-dependent tin-mediated acetylation

AcO _oAc
H 1) Bu,SnO (3.3 equiv.), [e)
O _0H MeOH, 70 °C, 2h ACO OMe
o} 2) AcCl, toluene, 0-22 °C, 6h HO
HO OMe 57% 14
HO —
HO
13 1) Bu,SnO (3.3 equiv.), Og"
MeOH, 70 °C, 2h
2) Ac,0, toluene, 0-22°C, 6h  AcO OMe
70% AcO
15
OAc

1) Bu,SnO (2.2 equiv.),

Q
Og MeOH, 70 °C, 2h '}%ﬁwe
HO 2) Ac,0, toluene, 0-22 °C, 6h AcO
HO OMe i
Ho  —| 17 (35%)
16 1) Bu,SnO (3.3 equiv.), OAc
MeOH, 70 °C, 2h HO Q
2) AcCl, toluene, 0-22 °C, 6h  AcO OMe
AcO
17 (53%)
OH OAc
HO Q 1) Bu,SnO, MeOH, 70 °C, 2h  HO Q
HO 2) Ac,0 (3.3 equiv.), CHsCN, AcO
HO 0-22 °C, 6h AcO
1 ~OMe 90% 18 OMe
HO—HO AcO— oOAc
HO o} 1) Bu,SnO, MeOH, 70°C, 2h 1 0
HO 2) Ac,0 (3.3 equiv.), CHsCN, ' AcO
0-22 °C, 6h
19 OMe 90% 20 OMe

The introduction of bulky ester groups was proven to be a
much more promising venue. Becker and Galili prepared
partially pivaloylated saccharides by using pivaloyl chloride in
the presence of pyridine.5 1,3,4,6-Tetra-O-pivaloyl derivative
22 was formed in 59% yield as the major product resulting
from the reaction of D-mannose 21 with pivaloyl chloride in
the presence of pyridine in chloroform at 35 °C (Scheme 6).
Alternatively, a similar reaction performed at -10 °C produced
a tetra-pivaloylated product with the free 4-OH group.5
Regioselective pivaloylation of trichloroethyl galactoside 23
using pivaloyl chloride in the presence of pyridine in
dichloromethane gave 4-OH product 24 in 64% yield (Scheme
6). A selective and high yielding double pivaloylation of
different sugar substrates using pivaloyl chloride has also been
described. See, for example, the synthesis of diols 25 and 26
depicted in Scheme 6.5¢ Equatorial hydroxyl groups adjacent
to axial substituents were observed have higher reactivity as
they were more accessible than equatorial ones flanked by
other equatorial substituents. For compound 27, which does
not have any axial hydroxyl groups, selective protection
occurred at the C6 and C3 positions to afford product 28.

2.2. Alkyl and silyl groups

Alkyl group protection is widely used in carbohydrate
chemistry due to its stability. Simple alkyl ethers such as
methyl ethers are less preferred in complex carbohydrate
synthesis because they are too stable to be removed.? Of the
numerous alkyl protecting groups known, the most important
are the benzyl (Bn) and allyl (All) groups and their derivatives.
Direct regioselective benzylation of polyols is fairly rare. One
such example was described by Koto et al 5example wherein
3-OH derivative 29 was obtained in 61% from methyl
glucoside 1 by controlled heating with excess BnCl in the

presence of NaH added potrionwise to 3.3 equiv total (Scheme
7).

Scheme 6. Regioselective protection with pivaloyl

groups
HO—Ho PivO—Ho
HO Q PivCl, Py, CH4Cl Pivoﬁ&/ ,
HO 35°C. 23 h PivO OPiv
OH : 2
21 59% 22
HO -
og PivCl, HO Og"’
CH,Cl,/P
HO — 5% pio
HO OTCE 64% pivo OTCE
23 24
OH OPiv
HO o] 3-5 equiv. PiVCI_ HO Q
HO Pyridine, 0 °C HOA—~
1 HOOMe 83% 25 PIVOOMe
HO—Ho PivO HO
HO Q 3-5equiv. PVCl_ HO Q
HO Pyridine, 0 °C PivO
19 OMe 91% 46 OMe
OH OPiv
HO Q 3-5 equiv. PiVCl_ HO Q
H&/SPh Pyridine, 0 °C PivO SPh
HO 83% HO
27 28

In a majority of applications regioselective alkylations require
metal chelating reagents and additives. Alkylations
proceeding via tin intermediates is arguably the most
common method to achieve regioselective protection.3-3356-60
Other metal catalysts such as copper(Il),* nickel(II),%> and
iron(I1)%3 have also been used for regioselective alkylation.
These methods are primarily used for selective mono- and di-
alkylation, the formation of monohydroxylated products
commonly used substrates containing other protecting
groups, such as benzylidene acetals.

Recently, Vishwakarma and co-workers improved the tin-
mediated alkylation method by using catalytic amount of
Me,SnCl, and Ag,0 as additives, which gave excellent
selectivity at rt. Thus, 2,3-diol 30 was regioselectively alkylated
producing 3-O-allyl and 3-O-p-methoxylbenzyl derivatives 31
and 32 in excellent yields. (Scheme 7).°4 Oshima et al.
developed an alkylation method specific for the C-3 position
using cyclic phenylboronate in the presence of an amine.%
Taylor devised C-3 alkylation reaction using a diarylborinic
acid derivative.®® ladonisi developed another method for
selective benzylation that is applicable to primary hydroxyl
group using stoichiometric amount of DIPEA and BnBr and
catalytic amount of TBAL®? Some tin-mediated alkylations
allow for multiple protections. Representative examples
include the synthesis of 3,6-di-Bn derivative 33 from methyl
galactoside 5,> and 2,6-di-Bn derivative 34 from methyl
glucoside 1 (Scheme 7).%% Benzylation of per-TMS-protected
sugars via reductive etherification of benzaldehyde® has also
received notable attention, most prominently as a part of the
multi-step one-pot sequences.9"

Halmos et al. investigated the regioselective silylation of
galactopyranosides using TBDMSCI and imidazole in the
presence of DMF.7° For both the a- and B-anomers 5 and 13,
the corresponding 2,6-di-O-silylated compounds were formed
predominantly. Much higher regioselectivity was observed for
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B-anomer 13 (Scheme 7). Schlaf and co-worker devised a silane
alcoholysis method for selective trisilylation using
homogeneous metal catalysts.” High selectivity for silylation
of galactoside 5 was achieved in the presence of Ir(I) catalyst.
As a result, 2,3,6-tri-O-tert-butyldimethylsilyl galactoside 35
was obtained in 89% yield.

Scheme 7. Regioselective alkylation and silylation

OH OBn
Hgo Q BnBr (8 equiv), NaH (3.3 equiv) B”ﬁo Q
105 °C, ~20 h

HO ome 61% BnOome
1 29
Ph—vo O Me,SnCl, (10 mol%) ~ Ph—\-0 10
o) RBr (1.5 equiv.) 80
HO Ag,0 (1.1 equiv.)
OMe MeCN, 24h OMe
30 31 R=Al  92%
32 R=PMB 97%
HO —OH  1)Bu,SnCI (0.1 equiv.), TBAB (0.1 equiv.) H®P ~OBn
Q K,CO3 (1.5 equiv.), BnBr (2.0 equiv.) (0]
HO MeCN/DMF (10:1), 80 °C, 3h BnO
HO Ome 2) NaS)H (1.5 equiv.), BnBr (1.5 equiv.) HO Ome
5 80 °C, 3h 33
73%
OH . ) OBn
o 1) Bup,SnO (2.1 equiv.), TBAB (0.5 equiv.) o
HO Toluene, reflux, 1h HO
HO " HO
HO 2) BnBr (4.0 equiv.), 100 °C, 10 h
OMe 85% BnO ome
1 34

HO _oH

o}
HO R4
HO Ry

13R;=OMe, R, = H
5 R;=H,R,=O0Me

TBDMSCI (3.2 equiv.) Staring Material 13 5

imidazole (2.0 equiv.) 2,6-OTBDMS 84% 31%
DMF, rt, 24h 2,3,6-OTBDMS 14% 24%

2,4,6-OTBDMS 0 25%

HO _OH [I(COD)(PPh3)3]*SbFg HO _oTBDMS
fo) (4 mol%) o

HO TBDMSH (3.5 equiv.) TBDMSO

HO DMA, 70 °C, 15 h TBDMSO (e
5 OMe 89% 35

2.3. Cyclic groups

Cyclic acetals and ketals have been widely used for the
protection of various diol systems in synthetic carbohydrate
chemistry.7>75 The installation of multiple acetal/ketal groups
in a single monosaccharide unit is commonly used for polyols
or alditols.7® Although the double protection using cyclic
acetals/ketals would have been a very effective method to
obtain building blocks containing only one hydroxyl group in
hexoses it remains fairly rare beyond diacetone glucofuranose
(3-OH) and galactopyranose (6-OH). Thus, Rokade and Bhate
devised a simple and convenient large-scale method for the
synthesis of di-O-isopropylidene protected sugars by using
deep eutectic solvent (DES) prepared from choline chloride
and malonic acid.”7 D-Glucose can be directly converted to
1,2:5,6-di-O-isopropylidene-a-D-glucofuranose 36 in 90%
yield whereas D-galactose can be converted into 1,2:3,4-di-O-
isopropylidene-a-D-galactopyranose 37 in 92% yield (Scheme
8). D-Fructose can also be protected as 2,3:4,5-di-O-
isopropylidene-B-D-fructopyranose 38 using this method in
89% yield. In case of D-mannose, 2,3:5,6-di-O-isopropylidene-
o/B-D-mannofuranose with the wunprotected anomeric
hemiacetal was formed. All these building blocks represent
regioselectively protected compounds that have only one
hydroxyl group. Hence, these can be used as glycosyl
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acceptors or intermediates for the further protection directly.
In addition, one ketal is typically less stable than another,
which offers a convenient opportunity for further
diversification.”® The double protection using benzylidene
acetal is much less explored. In one such application, 1,2:3,4-
di-O-benzylidene-D-galactopyranose could be synthesized
from D-galactose using benzaldehyde and ZnCl,.7 Wood et al.
improved the preparation of 4,6-O-benzylidene-D-
glucopyranose, which lead to the formation of 1,2:4,6-di-O-
benzylidene-a-D-glucopyranose as an by-product.®°

Scheme 8. Double ketal protection of hexoses

% "
O -
Hﬂgﬁg“ DES/CH;COCH, | O
HO 'OH 55 °C, 20 min o
D-glucose 90% 36 o
HO _oH O __OH
Q DES/CH3COCH; >( 0
HO 55 °C, 20 min o]
HO OH 92% 0 o
D-galactose 37 )<
OH
HO— o] OH OA(
~ DES/CH;COCH,4 0 0
oy %5 °C 25min o
89% ﬁ\
OH 0 OH
D-fructose 38
3. Synthesis of partially substituted building

blocks by regioselective deprotection of uniformly
protected substrates

In addition to protection strategies, partially substituted
derivatives can be obtained by regioselective deprotection of
fully substituted precursors. This approach also extends to the
uniformly protected precursors.

3.1 Ester group removal and migration

In general, esters are moderately stable under acidic
conditions in the absence of water and other hydroxylated
solvents. However, many esters are labile in the presence of
nucleophiles, particularly alkoxides, amines, organometallics,
and hydride transfer agents. It has been observed that
essentially the same ester groups may have different stability
at different positions of the ring. Thus, Haines et al. reported
that a primary amine can be used for selective deacetylation
of sucrose.® Fully acetylated sucrose 39 was treated with
propylamine at rt for 50 min to give diol 40 in 22% yield
(Scheme 9).

Isopropylamine was also investigated but gave even lower
yields. Ren and co-workers were able to carry out
regioselective deprotections of primary acetyl esters in the
presence of iodine.®> As depicted in Scheme 9, when various
S-tolyl (Tol) glycosides 41, 43 and 45 were treated with 1%
iodine-methanol solution at 70 °C for 5.5 h, 6-OH products
42, 44 and 46 were obtained in 38-43% yields. It was presumed
that the electrophilic attack of iodine on the oxygen atom of
the primary acetate is more favorable than that of the more
hindered acetates at secondary positions. Very recently,
Lecourt and co-workers achieved a similar outcome by using
a combination of DIBAL-H and Cp,ZrCl, to promote the
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regioselective cleavage of primary acetates on a variety of
substrates.®

Scheme 9. Examples of regioselective deacetylation

OAc
AcO Q OAc OAc propylaming OAC
AcO rt, 50 min ACO
22%
AcOQ OA AcOg
39 OAc
OAc OH
AcO Q AcO (o]
1% 1,/MeOH (wiv) ~ AG
AcO STol 1% lo/MeOH (wiv)
C o o 70°C. 55 h AcO STol
4 42.8% 42 NPhh
AcO 1% I,/MeOH (W/)  AcO 0
AcO STol ™70 °c,55h AcO STol
43 OAc 38% OAc
a4
Ogc OH
ACA%&STO| 1% 1,/MeOH (wiv) Aco/&/s_r |
N 70°C,55h °
45 3 41% 46 N3

Some acyl groups may undergo migration through a
neighboring group effect via the formation of the respective
orthoester as an intermediate. Acyl group migration has been
proven to be a useful approach to obtain partially substituted
building blocks for oligosaccharide synthesis.480 In 1962,
Helferich and Zirner®” synthesized 1,3,4,6-tetra-O-acetyl-a-D-
glucopyranose 47 from D-glucose via a three-step in-situ
procedure. This synthesis requires strict control of the
reaction temperature and reactant addition and still gives only
27% yield overall (Scheme 10).

A few years later, Chittenden reported a simplified method for
the synthesis of 1,3,4,6-tetra-O-acetyl-a-D-galactopyranose
using trifluoroacetic acid-water solution.8 1,2,3,4,6-penta-O-
acetyl-B-D-galactopyranose 48 was treated with aqueous
trifluoroacetic acid at rt for 5 h to give 1,3,4,6-tetra-O-acetyl-
a-D-galactopyranose 49 in 72% yield (Scheme 10). The o-
anomer of D-galactopyranose/glucopyranose pentaacetate is
unreactive under these reaction conditions. When 1,2,3,4,6-
penta-O-acetyl-B-D-glucopyranose was treated under the
same reaction conditions, only 2,3,4,6-tetra-O-acetyl-D-
glucopyranose was produced as the major product.

Recently, Demchenko et al. reinvestigated the synthesis of 2-
OH glucose.?9 When acetobromoglucose 50 was treated with
cerium(IV) ammonium nitrate (CAN) 2-OH glucose 47 was
obtained in 5% yield (Scheme 10). This procedure was
recently further improved by using AgNO; as the additive and
glycosyl nitrates were found to be intermediates in this
reaction.?® AgNO,; is able to convert glycosyl bromide 50 to
glycosyl nitrate 51 in 77% yield within 5 min. Subsequently, 2-
OH glucose 47 formed by re-dissolving compound 51 in wet
MeCN (Scheme 10). The isolation of glycosyl nitrate 51
suppressed the formation of by-product 2,3,4,6-tetra-O-
acetyl-D-glucopyranose. Hanessian and Kagotani found that
lithium hydroperoxide could be used to remove the 2-O-acetyl
group regioselectively from methyl 2,3,4,6-tetra-O-acetyl-a-
D-glycoside 52 to afford 2-OH product 53 in 50% yield
(Scheme 10).° For penta-O-acetyl-D-glucose, lithium
hydroperoxide removed the acetyl group at C-2 position as
well as at the anomeric position.

Scheme 10. The synthesis of 2-OH derivatives
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Hydrazine hydrate can also be used for selective deacetylation
at C-2 position.” On the treatment of various glycosides 52, a-
54 and B-54 the corresponding 2-OH products 53, a-55 and B-
55 was obtained in moderate yields of 46-49% (Scheme 10).
When a bismuth(III) salt was used to promote glycosylation
of allyl alcohol with glucosyl iodide 57, obtained from glucose
pentaacetate 56, the corresponding 2-OH allyl glucoside 55
was formed as the major product in 57% yield instead of the
anticipated tetra-O-acetylated product (Scheme 10).9> An allyl
orthoester intermediate was suggested to form during the
bismuth(III) activation step.

3.2. Ether group removal

Benzyl groups are commonly used as protecting groups in
carbohydrate chemistry. Due to their general stability, these
groups are considered to be “permanent” protecting groups
that are only removed at the end of the target synthesis.
However, it was observed that some benzyl groups may have
different stability at different positions of the ring. In
particular, regioselective acetolysis of 6-O-benzyl group in the
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presence of secondary benzyl groups is arguably the best
known and most commonly applied approach.99 For
example, freshly fused ZnCl, in Ac,0/AcOH has been used for
the acetolysis of 6-O-benzyl groups in mono- and disaccharide
derivatives at room temperature.?® Per-benzylated mannoside
58 was treated with ZnCl, in Ac,0/AcOH for 2 h to produce 6-
O-acetyl product 59 in 85% yield (Scheme 11). The same type
of a transformation can be achieved by regioselective
acetolysis with toluenesulfonic acid9? or isopropenyl acetate
(IPA) in the presence of iodine or iodine/silane.” Thus, when
a premixed solution of iodine and polymethylhydrosiloxane
(PMHS) in dichloromethane was used followed by the
addition of IPA as the acetylating reagent, 6-O-acetyl
compound 59 was formed from per-O-benzylated mannoside
58 in 80% yield. More recently, Li and co-workers developed a
highly efficient and mild method for regioselective de-O-
benzylation by transforming primary benzyl ethers to silyl
ethers using Co,(CO)s-Et;SiH under 1 atm of CO.98 Per-O-
benzylated =~ mannoside 58  was  treated  with
Co,(CO)s/Et;SiH/CO  conditions to give 6-O-triethylsilyl
compound 60 in 92% yield (Scheme 11). This method was also
successfully applied to various monosaccharide substrates
with different anomeric protecting groups, as well as natural
disaccharides and trisaccharides including sucrose, raffinose
and others. A similar protocol was applied to the
regioselective removal of methyl ether protecting groups.%®
For per-O-methylated thioglucoside, primary methyl group
was removed selectively and the respective 6-O-acetyl product
was formed in 52% yield along with 3,6-di-O-acetyl compound
was also formed as a minor side-product.

Scheme 11. Examples of regioselective primary
debenzylation
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The earlier examples of regioselective de-o-benzylation
include that of perbenzylated methyl lyxoside by Grignard
reagent,* and perbenzylated methyl ribofuranoside with tin
tetrachloride.* The selective heterogeneous catalytic transfer
hydrogenolysis perbenzylated 1,6-anhydrohexoses catalyzed
by palladium on charcoal was developed by Martin-Lomas.*>
1,6-Anhydro-2,3,4-tri-O-benzyl-B-D-mannopyranose 61 was
treated with 10% Pd/C in refluxing 2-propanol for 4 h, to
produce 1,6-anhydro-3-O-benzoyl-B-D-mannopyranose 62 in
40% vyield (Scheme 12). The regioselective removal of one
secondary benzyl substituent in per-benzylated 1,6-
anhydrohexoses by Lewis acids SnCl, and TiCl, was developed
by Meguro and co-workers.’3 1,6-Anhydro-2,3,4-tri-O-benzyl-
B-D-mannopyranose 61 was treated with SnCl, to produce 2-
OH derivative 63 in 92% along with its 3-OH regioisomers
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(5%). A similar result albeit lower yield of 62 due to relaxed
regioselectivity were obtained with TiCl,. Spectral studies
showed the evidence of the formation of the metal-sugar
complexes, thus requiring three appropriately situated alkoxyl
groups for the selective de-O-benzylation.

Catalytic transfer hydrogenation (CTH) can be performed
using HCO,NH, and Pd/C catalyst to selectively remove 2-O-
benzyl groups in derivatives of D-glucose, D-mannose, and D-
galactose.’*# Sinay, Sollogoub and their co-workers developed

a method for regioselective de-O-benzylation of
polybenzylated sugars using an excess of
triisobutylaluminium  (TIBAL) or diisobutylaluminium

hydride (DIBAL-H)."s Treatment of per-benzylated glucoside
64 with 5 equiv. of TIBAL in toluene at 50 °C led to 2-O-
debenzylated product 65 in 98% yield (Scheme 12). For the
reaction to occur, a 1,2-cis arrangement of adjacent oxygen
atoms is required to form a chelation complex with the first
mole of the aluminum reagent. The second mole of the
reagent then induces the regioselectivity of the de-alkylation
by coordinating preferentially to one of the oxygen atoms of
the selected pair. The same transformation, albeit much
slower rate, can be performed in the presence of AlMe,.1°

ladonisi and co-workers developed another method for
regioselective O-debenzylation using I,/Et;SiH at low
temperature.’®? The regioselectivity is dependent on the
nature of the precursor and the most sterically hindered
position is often deprotected. Methyl galactoside 66 was
treated with 1.25 equiv. of I, and 1.25 equiv. of Et,SiH at low
temperature for 15 min to afford 4-OH derivative 67. In case of
disaccharide 68, the 3-O-benzyl group was removed with
excellent regioselectivity to produce compound 69 in 96%
yield (Scheme 12).

Scheme 12. Examples of regioselective secondary
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An interesting reaction proceeding via a xanthate-mediated
intramolecular 1,7-hydrogen atom transfer of a benzylic
hydrogen atom to an O-silylmethylene radical was found
capable of initiating the regioselective mono-de-O-
benzylation of benzylated saccharides.’®® This method can be
applied to a variety of substrates and gave moderate to good
yields (Scheme 12). Xanthate 70 was treated with dilauroyl
peroxide, followed by acid and TBAF in refluxing 1,2-
dichloroethane to give diol 71 in 75% yield. The reaction
terminates by an ionic mechanism and is general for
benzylated substrates having a variety of functional groups.
Intramolecular activation of per-benzylated C-glycosides to
affect regioselective deprotection at C-2 can be carried out in
the presence of iodine.*9° Boron trichloride (BCL) has also
been investigated as a reagent to achieve regioselective
deprotection of'1,2- or 1,3-cis oriented secondary benzyl ethers
of poly-benzylated C-glycosyl derivatives. Another method
for regioselective de-O-benzylation of poly-benzylated sugars
is to use CrCl,/Lil in moist EtOAc."> The regioselectivity is
dependent on the three-point coordination between the
carbohydrate and Cr.

p-Methoxylbenzyl (PMB) ethers are less stable than
unsubstituted benzyls. Kartha and co-workers explored a
possibility for regioselective PMB removal using SnCl, at low
temperature.> When di-O-PMB derivative 72 was treated
with SnCl, (0.25 mmol) in CH,Cl, at -20 °C for 8 min, 2-O-PMB
group was removed and mono-O-PMB ether 73 was obtained
in 70% yield (Scheme 13). The initial preferential removal of
the 2-O-PMB group in 72 was rationalized by the formation of
a tin complex as an intermediate. Regioselective removal of p-
methoxybenzyl (PMB) group at the C-5 position for
hexafuranose and pentafuranose derivatives was achieved
using a catalytic amount of tin chloride dihydrate (SnCl,-
2H,0) or 0.5-10% solution of trifluoroacetic acid (TFA) in
dichloromethane in good yields.*+ For tri-O-PMB protected
glucofuranose 74, the 5-O-PMB group could be removed
selectively using a 0.5% solution of TFA in CH,Cl, to form the
5-OH product 75 in 80% yield (Scheme 13).

Scheme 13. Regioselective removal of PMB groups
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The regioselective deprotection of a primary tert-
butyldimethylsilyl (TBDMS) group of fully O-TBDMS
protected monosaccharides by using boron trichloride (BCL)
was devised.”s Fully O-TBDMS protected benzyl mannoside
76 was treated with BCl;at 25°C for 2.8 h and gave 81% of the
6-OH product 77 (Scheme 14). The TBDMS group was also
observed to migrate from the C-6 to C-4 position of glucosides
under typical basic benzylation conditions."® Cui et al
developed a method to selectively remove a primary
trimethylsilyl (TMS) group of per-O-TMS protected
carbohydrates using ammonium acetate (NH,OAc)."” On the
treatment of the per-O-TMS protected glucoside 78 with 2
equiv. of NH,OAc the corresponding 6-OH product 79 was
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obtained in 91% yield (Scheme 14). Various monosaccharides
and disaccharides were investigated under these reaction
conditions giving the desired products in excellent yields.
When the precursor had no primary TMS group, no reaction
occurred under these reaction conditions.

Scheme 14. Regioselective desilylation
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3.3. Cyclic group removal and opening

In di-O-isopropylidene protected derivative, sometimes one
ketal can be removed regioselectively over another. The
regioselective removal of the acetal groups of di-O-
isopropylidene-protected pyranoses was barely studied. The
few known examples include the removal of 3,4-O-
isopropyliden in the presence of 1,2-O-isopropylidene ketal in
diacetone galactose with dilute hydrochloric acid in acetone,"8
and with concentrated nitric acid in ethyl acetate.3* Recently,
Zhang et al. developed the removal of 1,2-O-isopropylidene in
the presence of 3,4-O-isopropylidene ketal in diacetone
galactose. Di-O-acetate 81 was obtained in 78% yield from the
di-O-isopropylidene protected pyranose 8o in the presence of
TFA and acetic anhydride (Scheme 15).7 The same conditions
were also successfully applied to the regioselective 4,5-O-
acetolysis of 2,3:4,5-di-O-isopropylidene-B-D-fructopyranose
82 to produce compound 83 in 76% yield. The corresponding
1,2-O-isopropylidene derivatives were obtained selectively by
UV irradiation  of  1,2:5,6-di-O-isopropylidene-a-D-
glucofuranose and 1,2:3,5-di-O-isopropylidene-a-D-
xylofuranose, respectively."9

Scheme 15. Regioselective deprotection of
isopropylidene
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In 1994, Luh and co-workers reported that di-acetonide
glucose derivative 84 can be reductively opened to produce
mono-hydroxyl derivatives with high regioselectivity using
MeMgl.>° When diacetone glucose 84 was treated with 4
equiv. of MeMgl in benzene at 60 C for 1 h, the corresponding
2-OH derivative 85 was formed in 95% yield (Scheme 15). In a
similar fashion, treatment of compound 86 with MeMgl
afforded 87 exclusively in 68% yield (Scheme 15). Presumably,
the chelation of the Grignard reagent with the methoxy group
at C-6 controls the regioselectivity.

Cyclic acetals are important protecting groups in
carbohydrate chemistry and many can be opened
regioselectively to form mono hydroxyl products. Many
methods have been developed to dedicated to this topic,'> and
a very recent review by Janssens et al. offers the most up to
date coverage of the topic.?? Discussed herein are only some
representative examples relevant to the topic of this review. In
1969, Bhattacharjee and Gorin applied the mixed hydrides in
the reduction of carbohydrate series for the first time.'>3 One
molar equivalent of LiAlH,-AICl, (1/1) was used for the
reduction of hexafuranose and hexapyranose acetals. After 40
h, a uniformly protected 6-OH derivative 89 was obtained in
64% yield from methyl 2,3-di-O-benzyl-4,6-O-benzylidene-f3-
D-glucopyranoside 88 (Scheme 16). The 2-OH derivative g1
was obtained in 56% yield from methyl 2,3:4,6-di-O-
benzylidene-oa-mannopyranoside 9o in 3.5 h when 2
equivalents of LiAlH,-AICl; (1/1) mixture was used. The
formation of trace amounts of the 3-OH side product was also
noted (Scheme 16). The study of the factors that orient the
cleavage of a 4,6-O-benzylidene group undertaken by Liptak
and co-workers showed that the direction of the cleavage of
the benzylidene ring is affected by the bulkiness of the
protecting group at C-3>4'25 and exo/endo stereochemistry of
benzylidene acetal. 2627 This was investigated on a series of
2,3-O-benzylidene protected L-rhamnopyranosides wherein
2-OH products were favored from exo-isomers whereas 3-OH
products were obtained from exo-benzylidene precursors.’27-
129 Jt was also demonstrated that the direction of cleavage is
independent on the anomeric configuration or the character
of the aglycone moiety.:3°

Garegg et al. discovered that reductive opening of 4,6-O-
benzylidene acetals of hexapyranosides using NaBH,CN-HCI
gave different regioselectivity than LiAlH ,-AlCl,, yielding 6-O-
benzyl product 4,6-O-benzylidene acetals.3"3*> 6-O-Benzyl
derivatives 93, 95 and 97 were obtained from the reductive
cleavage of the starting materials 92, 94 and 96 in 60-95%
yield (Scheme 16). This may be explained by steric factors.
When a reducing agent with a greater steric demand like
LiAIH,-AICl, is used, the reductive opening reaction tends to
for 60H products. When NaBH,CN-HClI is used, the steric
requirement of the electrophile is much smaller and the
direction of the equilibrium is governed mainly by the relative
basicities of O-4 and O-6, and the formation of the secondary
4-OH product typically prevails. The direction of
regioselective opening of 4,6-O-benzylidene acetals of
hexapyranosides using BH;*Me;N-AICL; in different solvents
were investigated by Ek et al.33 For the reaction of 4,6-O-
benzylidene derivative 92 in toluene 60H product 98 was
obtained. When THF was used as the reaction solvent, 4OH
product 93 was obtained (Scheme 16). A pronounced solvent
effect was also reported by Oikawa et al. who used
BH,*Me,NH/BF;*OEt, to perform a regioselective reductive
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opening of the 4,6-O-benzylidene acetals.3* When the
reaction was carried out in CH,Cl,, the 6-OH product was
regioselectively obtained. Conversely, when the reaction was
performed in CH,CN, 4-OH product was predominantly
formed.

Other useful methods to affect the regioselective opening of
benzylidene include DIBAL,553% Et;SiH-TFA,3° Et,SiH-
BF;-Et,0,4° BH,*THF-Bu,BOTf“ BH,"NMe,-Me,BBr at -78
°C,42 BH, in combination with metal triflates at rt,"3 BH; or
Me,EtSiH with Cu(OTf),,*4 BH,;*THF and CoCL,*5 Et;SiH and
[,,4 among others.>> The development of new methods has
been complemented by a variety of mechanistic
investigations.'47'5 4-Methoxybenzylidene acetals can also be
selectively opened in a similar fashion and using similar
reagents to as benzylidene acetals.'53'54 Regioselective opening
of other acetals including 4,6-O-prop-2-enylidene,3* fluorous
benzylideness phenylsulfonylethylidenes® has also been
explored. Oxidative and photooxidative methods for opening
of benzylidene acetal have also been developed. N-
Bromosuccinimide (NBS) was found to be an effective reagent
to regioselectively open 4,6-O-benzylidene acetals to afford 6-
bromo 4-benzoates.’>” Regioselective partial deprotection of
carbohydrates protected as benzylidene acetals can be
achieved by irradiation of the protected sugar with NBS in the
presence of water.’s® Photolysis is an alternative mild and
regioselective method to open an acetal protecting group.
Early studies by Tanasescu and co-workers on light-induced
cleavage of o-nitrobenzylidene acetals.’s9'% have been
complemented by more recent studies dedicated to
photochemical conversion of cyclic acetals to the
corresponding esters.'6"164

Scheme 16. Reductive opening of benzylidene acetals
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Orthoesters are other common type of protecting groups in
carbohydrate chemistry. Orthoesters can be regioselectively
opened to the corresponding hydroxyacetate derivatives
under mild acidic conditions.’®s The substrate a-D-glucoside
99 was treated with a mixture of water and chloroform in the
presence of TsOH, giving the corresponding 4-OH derivative
100 as the major compound in 60% yield as well as the minor
product 6-OH isomer 101 in 30% yield (Scheme 17). Among
other applications, orthoesters can be reduced into the
corresponding acetals.’®0'%7 Nicolaou and co-workers showed
that cyclic 1,2-carbonates can be regioselectively cleaved with
organolithium reagents at low temperature to afford
regioselective esters.'® Thus, derivative 102 was treated with
PhLi to afford 4-O-benzoyl derivative 103 in high yield
(Scheme 17). A number of useful ring-opening reactions can
be achieved with anhydrosugars.’3'%9774 Thus, Hori and co-
workers performed acid-catalyzed methanolysis of 1,6-
anhydro-2,3,4-tri-O-benzyl-B-D-mannopyranose 61 using 7%
HCl MeOH solution (Scheme 17).°3 This reaction produced
methyl 2,3,4-tri-O-benzyl-a-D-mannopyranoside 104 in 77%
yield together  with  methyl 2,4-di-O-benzyl-a-D-
mannopyranoside 105 that was isolated in 14% yield. An
efficient method was developed for selective 5-O-opening of
3,5-O-di-tert-butylsilylene-D-galactofuranosides to give the
corresponding 5-OH derivative.'3 Thiogalactofuranoside 106
was treated with 1.1 equiv. of TBAF at -20 °C for 40 h and gave
5-OH derivative 107 in 90% yield (Scheme 17).

Scheme 17. Regioselective ring opening of other cyclic

groups.
OMe
0 AcO HO
0 Q TsOH HO Q. ACOZ Q
AcO HZOy CHC|3 AcO C!
AcO oMe AcO OMe AcO ope
99 100 60% 101 30%
0 BzO
Oﬁ/ Q PhLi o)
o OMe “THF,-78°C HO OMe
HO
102 93% 103 MO
o)
OBn Ho\ 98" Ho\ Jg"
9/ o8 7% HCI, BROJ + BnO
n MeOH n HO
OBn OMe OMe
61 104 77% 105 14%
t—Bl‘,I
tBY  STol I N
t-BU*/Si’QO TBAF (1.1 equiv.) HO 0og
CH2C|2,
© OBz 20 °C, 40 h HO OBz
90%
BzO BzO
106 z 107
4. Conclusions and outlook

The application of partially protected building blocks is
fundamental to carbohydrate chemistry. The Glycoscience
community has been working for many years on developing
methods for the synthesis of building blocks. Some efforts to
commercialize advanced synthetic intermediates have been
made. Nevertheless, this remains an underdeveloped area of
research. As Seeberger notes 'differentially protected
monosaccharide building blocks is currently the bottleneck for
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chemical synthesis"7s Indeed, most bench time in
carbohydrate chemistry lab is dedicated to making building
blocks. It is very common that researchers experience
significant setbacks because they have to continue to remake
building blocks. The synthesis of even simple compounds may
require six, eight, ten or even more steps. As a result, poor
accessibility to regioselectively protected building blocks
hampers development of all methods, both traditional manual
syntheses of glycans in solution and modern automation
platforms.76-178

This review article summarizes advances in the area made
towards the regioselective protection/partial deprotection
with the major focus on the synthesis of mono- or di-hydroxyl
derivatives in one step form the completely unprotected or
uniformly protected precursors in one step. “Unlike the
synthesis of peptides and oligonucleotides, there are no
universal building blocks or methods for the synthesis of all
glycans” 79 It is also true for methods used for the synthesis of
building blocks. Some excellent methods can only be applied
to the synthesis of sugars of a particular series, whereas
attempts to apply certain conventions to a broader range of
substrates may fail even with one different stereocenter.

AUTHOR INFORMATION

Corresponding Author

* Department of Chemistry and Biochemistry, University of
Missouri - St. Louis, One University Boulevard, St. Louis,
Missouri 63121, USA; demchenkoa@umsl.edu

ACKNOWLEDGMENT

This work was supported by the National Institute of General
Medical Sciences (GMi20673) and the National Science
Foundation (CHE-1800350).

5. References

(1)  Oscarson, S.: Protective group strategies. In The organic
chemistry of sugars; Levi, D. E., Fugedi, P., Eds.; CRC, Taylor & Francis:
Boca Raton - London - New York, 2006; pp 53-88.

2) Wauts, P. G. M.; Greene, T. W.: Greene's Protective Groups in
Organic Synthesis; 4" ed.; Wiley-Interscience, 2007.

(3)  Polyakova, S. M.; Nizovtsev, A. V.; Kuznetskiy, R. A.; Bovin, N.
V. New protecting groups in oligosaccharide syntehsis. Russ. Chem. Bull.
2015, 974-989.

(4)  Volbeda, A. G.; van der Marel, G. A.; Codée, J. D. C.: Protecting
Group Strategies in Carbohydrate Chemistry. In Protecting Groups —
Strategies and Applications in Carbohydrate Chemistry; Vidal, S., Ed.;
Wiley-VCH: Weinheim, 2019; pp 1-28.

(5)  Agoston, K.; Streicher, H.; Fiigedi, P. Orthogonal protecting
group strategies in carbohydrate chemistry. Tetrahedron: Asymmetry
2016, 27, 707-728.

(6)  Pfrengle, F.; Seeberger, P. H.: Orthogonally Protected Building
Blocks for Automated Glycan Assembly. In Protecting Groups —
Strategies and Applications in Carbohydrate Chemistry; Vidal, S., Ed.;
Wiley-VCH: Weinheim, 2019; pp 451-472.

7 Wang, C. C.; Lee, J. C.; Luo, S. Y.; Kulkarni, S. S.; Huang, Y.
W.; Lee, C. C.; Chang, K. L.; Hung, S. C. Regioselective one-pot
protection of carbohydrates. Nature 2007, 446, 896-899.

(8)  Huang, T.Y.; Zulueta, M. M.; Hung, S. C. Regioselective one-pot
protection, protection-glycosylation and protection-glycosylation-
glycosylation of carbohydrates: a case study with D-glucose. Org. Biomol.
Chem. 2014, 12, 376-382.

(9)  Kulkarni, S. S.: Regioselective, One-Pot Functionalization of
Carbohydrates. In Selective Glycosylations: Synthetic Methods and
Catalysts; Bennett, C. S., Ed.; Wiley-VCH, 2017; pp 225-276.

(10) Kulkarni, S. S.; Wang, C. C.; Sabbavarapu, N. M.; Podilapu, A.
R.; Liao, P. H.; Hung, S. C. "One-Pot" Protection, Glycosylation, and


mailto:demchenkoa@umsl.edu

Page 11 of 14

Protection-Glycosylation Strategies of Carbohydrates. Chem. Rev. 2018,
118, 8025-8104.

(11)  Huo, Z.; Ding, D.; Zhang, Y.; Lei, N.; Gu, G.; Gao, J.; Guo, Z.;
Cai, F. Carbohydrate O-benzylation through trialkylsilane-mediated
reductive etherification. J. Carbohydr. Chem. 2018, 37, 327-346.

(12) Beau, J. M.; Bourdreux, Y.; Despras, G.; Gouasmat, A.; San Jose,
G.; Urban, D.; Vauzeilles, B.: One - pot Multistep Regioselective
Protection of Carbohydrates Catalyzed by Acids. In Protecting Groups —
Strategies and Applications in Carbohydrate Chemistry; Vidal, S., Ed.;
Wiley-VCH: Weinheim, 2019; pp 201-226.

(13)  Guo, J.; Ye, X. S. Protecting groups in carbohydrate chemistry:
influence on stereoselectivity of glycosylations. Molecules 2010, 15,
7235-7265.

(14) Filice, M.; Guisan, J. M.; Palomo, J. M. Recent Trends in
Regioselective Protection and Deprotection of Monosaccharides. Curr.
Org. Chem. 2010, 14, 516-532.

(15) Lawandi, J.; Rocheleau, S.; Moitessier, N. Regioselective
acylation, alkylation, silylation and glycosylation of monosaccharides.
Tetrahedron 2016, 72, 6283-6319.

(16) Jager, M.; Minnaard, A. J. Regioselective modification of
unprotected glycosides. Chem. Commun. 2016, 52, 656-664.

(17) Donnier-Maréchal, M.; Vidal, S.; Fiore, M.: Protecting Groups at
the Primary Position of Carbohydrates. In Protecting Groups — Strategies
and Applications in Carbohydrate Chemistry; Vidal, S., Ed.; Wiley-VCH:
Weinheim, 2019; pp 29-68.

(18)  Goekjian, P. G.; Vidal, S.: Regioselective Protection at the
Secondary Positions of Carbohydrates with Acyclic Protecting Groups. In
Protecting Groups — Strategies and Applications in Carbohydrate
Chemistry; Vidal, S., Ed.; Wiley-VCH: Weinheim, 2019; pp 109-144.

(19) Williams, J. M.; Richardson, A. C. Selective acylation of
pyranosides-I. Benzoylation of methyl a-D-glycopyranosides of mannose,
glucose and galactose. Tetrahedron 1967, 23, 1369-1378.

(20) Hanessian, S.; Kagotani, M. Novel methods for the preparation of
partially acetylated carbohydrates. Carbohydr. Res. 1990, 202, 67-79.

(21) Batey, J. F.; Bullock, C.; O'Brien, E.; Williams, J. M. The
selective monobenzoylation of monosaccharides. Carbohydr. Res. 1975,
43, 43-50.

(22) Garegg, P. J.; Hultberg, H. Synthesis of di- and tri-saccharides
corresponding to receptor structures recognised by pyelonephritogenic E.
coli fimbriae (pili). Carbohydr. Res. 1982, 110, 261-266.

(23) Leon, B.; Liemann, S.; Klaffke, W. Synthesis of Some
Specifically Deoxygenated D-Hexopyranosyl Phosphates. J. Carbohydr.
Chem. 1993, 12, 597-610.

(24) Li, T.; Li, T.; Cui, T.; Sun, Y.; Wang, F.; Cao, H.; Schmidt, R. R.;
Peng, P. Regioselective One-Pot Benzoylation of Triol and Tetraol Arrays
in Carbohydrates. Org. Lett. 2018, 20, 3862-3865.

(25) Xu, H.; Ren, B.; Zhao, W.; Xin, X.; Lu, Y.; Pei, Y.; Dong, H.;
Pei, Z. Regioselective mono and multiple alkylation of diols and polyols
catalyzed by organotin and its applications on the synthesis of value-added
carbohydrate intermediates. Tetrahedron 2016, 72, 3490-3499.

(26) Ogawa, T.; Beppu, K.; Nakabayashi, S. Trimethylsilyl
trifluoromethanesulfonate as an effective catalyst for glycoside synthesis.
Carbohydr. Res. 1981, 93, c6-c9.

(27) Tsuda, Y.; Haque, M. E.; Yoshimoto, K. Regioselective
Monoacylation of Some Glycopyranosides via Cyclic Tin Intermediates.
Chem. Pharm. Bull. 1983, 31, 1612.

(28) Robertson, J.; Stafford, P. M.: Selective hydroxyl protection and
deprotection. In Carbohydrates; Osborn, H., Ed.; Elsevier Science Ltd.,
2003; pp 9-68.

(29) Zhang, Z.; Wong, C.-H. Regioselective benzoylation of sugars
mediated by excessive Bu2SnO: observation of temperature promoted
migration. Tetrahedron 2002, 58, 6513-6519.

(30) Jenkins, D. J.; Potter, B. V. L. On the selectivity of stannylene-
mediated alkylation and esterification of methyl 4,6-O-benzylidene a-D-
glucopyranoside. Carbohydr. Res. 1994, 265, 145-149.

(31) David, S.; Hanessian, S. Regioselective manipulation of hydroxyl
groups via organotin derivatives. Tetrahedron 1985, 41, 643-663.

(32) David, S.: Selective O-substitution and oxidation using stannylene
acetals and stannyl ethers. In Preparative Carbohydrate Chemistry;
Hanessian, S., Ed.; Marcel Dekker, Inc.: New York, 1997; pp 69-83.

(33) Grindley, T. B. Applications of tin-containing intermediates to
carbohydrate chemistry. Adv. Carbohydr. Chem. Biochem. 1998, 53, 17-
112.

Organic & Biomolecular Chemistry

(34) Unrau, A. M. The structural significance of glyceraldehyde and
glycolaldehyde in polysaccharide degradations and their recovery and
identification as the reduced analogs. Can. J. Chem. 1963, 41, 2394-2397.

(35) Kartha, K. P. R.; Field, R. A. Iodine: a versatile reagent in
carbohydrate chemistry IV. Per-O-acetylation, regioselective acylation
and acetolysis. Tetrahedron 1997, 53, 11753-11766.

(36) Joseph, A. A.; Verma, V. P.; Liu, X.-Y.; Wu, C.-H.; Dhurandhare,
V. M.; Wang, C.-C. TMSOTf{-Catalyzed Silylation: Streamlined
Regioselective One-Pot Protection and Acetylation of Carbohydrates. Eur.
J. Org. Chem. 2012, 2012, 744-753, ST44/741-S744/742.

(37) Hsieh, H.-W.; Schombs, M. W.; Witschi, M. A.; Gervay-Hague,
J. Regioselective Silyl/Acetate Exchange of Disaccharides Yields
Advanced Glycosyl Donor and Acceptor Precursors. J. Org. Chem. 2013,
78, 9677-9688.

(38) Witschi, M. A.; Gervay-Hague, J. Selective Acetylation of per-O-
TMS-Protected Monosaccharides. Org. Lett. 2010, 12, 4312-4315.

(39) Park, S. S.; Gervay-Hague, J. Synthesis of Partially O-Acetylated
N-Acetylneuraminic Acid Using Regioselective Silyl Exchange
Technology. Org. Lett. 2014, 16, 5044.

(40) Moitessier, N.; Englebienne, P.; Chapleur, Y. Directing-
protecting groups for carbohydrates. Design, conformational study,
synthesis and application to regioselective functionalization. Tetrahedron
2005, 61, 6839-3853.

(41) Ueda, Y.; Muramatsu, W.; Mishiro, K.; Furuta, T.; Kawabata, T.
Functional group tolerance in organocatalytic regioselective acylation of
carbohydrates. J. Org. Chem. 2009, 74, 8802-8805.

(42) Chen, I. H.; Kou, K. G. M.; Le, D. N.; Rathbun, C. M.; Dong, V.
M. Recognition and Site-Selective Transformation of Monosaccharides by
Using Copper(Il) Catalysis. Chem. Eur. J. 2014, 20, 5013-5018.

(43) Ren, B.; Rahm, M.; Zhang, X.; Zhou, Y.; Dong, H.
Regioselective acetylation of diols and polyols by acetate catalysis:
mechanism and application. J. Org. Chem. 2014, 79, 8134-8142.

(44) Wang, G.; Ella-Menye, J.-R.; St, M. M.; Yang, H.; Williams, K.
Regioselective esterification of vicinal diols on monosaccharide
derivatives via Mitsunobu reactions. Org. Lett. 2008, 10, 4203-4206.

(45) Lee, D.; Taylor, M. S. Borinic acid-catalyzed regioselective
acylation of carbohydrate derivatives. J. Am. Chem. Soc. 2011, 133, 3724-
3727.

(46) Fukuhara, K.; Shimada, N.; Nishino, T.; Kaji, E.; Makino, K.
Regioselective, Tin-Free Sulfation of Unprotected Hexopyranosides by
Using Phenylboronic Acid. Eur. J. Org. Chem. 2016, 2016, 902-905.

(47) Peng, P.; Linseis, M.; Winter, R. F.; Schmidt, R. R.
Regioselective Acylation of Diols and Triols: The Cyanide Effect. J. Am.
Chem. Soc. 2016, 138, 6002-6009.

(48) Evtushenko, E. V. Regioselective Monoacetylation of Methyl
Pyranosides of Pentoses and 6-Deoxyhexoses by Acetic Anhydride in the
Presence of MoCl5. Synth. Commun. 2006, 36, 1593.

(49) Sanapala, S. R.; Kulkarni, S. S. From L-Rhamnose to Rare 6-
Deoxy-L-Hexoses. Org. Lett. 2016, 18, 3790-3793.

(50) Kurahashi, T.; Mizutani, T.; Yoshida, J.-i. Effect of
intramolecular hydrogen-bonding network on the relative reactivities of
carbohydrate OH groups. J. Chem. Soc., Perkin Trans. 1 1999, 465-474.

(51) Dong, H.; Pei, Z.; Bystrom, S.; Ramstrom, O. Reagent-Dependent
Regioselective Control in Multiple Carbohydrate Esterifications. J. Org.
Chem. 2007, 72, 1499-1502.

(52) Becker, D.; Galili, N. Synthesis and utilization of saccharide
intermediates. Carbohydr. Res. 1993, 248, 129-141.

(53) Moore, C. J.; Auzanneau, F. I. Synthesis of 4" manipulated Lewis
X trisaccharide analogues. Beilstein J. Org. Chem. 2012, 8, 1134-1143.

(54) Jiang, L.; Chan, T.-H. Regioselective Acylation of
Hexopyranosides with Pivaloyl Chloride. J. Org. Chem. 1998, 63, 6035-
6038.

(55) Koto, S.; Takebe, Y.; Zen, S. The synthesis of methyl 2,4,6-tri-O-
benzyl-a-D-glucopyranoside. Bull. Chem. Soc. Jpn. 1972, 45,291-293.

(56) David, S.; Thieffry, A.; Veyrieres, A. A mild procedure for the
regiospecific benzylation and allylation of polyhydroxy-compounds via
their stannylene derivatives in non-polar solvents. J. Chem. Soc., Perkin
Trans. 1 1981, 1796-1801.

(57) Halila, S.; Banazza, M.; Demailly, G. Regioselective benzylation
of pentitols, tetritols, and some hexitols via their stannyl ether derivatives:
versatile synthesis of monobenzylalditols. J. Carbohydr. Chem. 2001, 20,
467-483.

(58) Demizu, Y.; Kubo, Y.; Miyoshi, H.; Maki, T.; Matsumura, Y.;
Moriyama, N.; Onomura, O. Regioselective Protection of Sugars
Catalyzed by Dimethyltin Dichloride. Org. Lett. 2008, 10, 5075.



Organic & Biomolecular Chemistry

(59) Giordano, M.; Iadonisi, A. Tin-Mediated Regioselective
Benzylation and Allylation of Polyols: Applicability of a Catalytic
Approach Under Solvent-Free Conditions. J. Org. Chem. 2014, 79, 213-
222.

(60) Xu, H.; Lu, Y.; Zhou, Y.; Ren, B.; Pei, Y.; Dong, H.; Pei, Z.
Regioselective Benzylation of Diols and Polyols by Catalytic Amounts of
an Organotin Reagent. Adv. Synth. Catal. 2014, 356, 1735.

(61) Eby, R.; Webster, K. T.; Schuerch, C. Regioselective alkylation
and acylation of carbohydrates engaged in metal complexes. Carbohydr.
Res. 1984, 129, 111-120 and references therein.

(62) Gangadharmath, U. B.; Demchenko, A. V. Nickel(II) chloride -
mediated regioselective benzylation and benzoylation of diequatorial
vicinal diols. Synlett 2004, 2191-2193.

(63) Ren, B.; Ramstrém, O.; Zhang, Q.; Ge, J.; Dong, H. An Iron (III)
Catalyst With Unusually Broad Substrate Scope in Regioselective
Alkylation of Diols and Polyols. Chem. Eur. J. 2016, 22, 2481.

(64) Saikam, V.; Dara, S.; Yadav, M.; Singh, P. P.; Vishwakarma, R.
A. Dimethyltin Dichloride Catalyzed Regioselective Alkylation of cis-1,2-
Diols at Room Temperature. J. Org. Chem. 2015, 80, 11916-11925.

(65) Oshima, K.; Kitazono, E. I.; Aoyama, Y. Complexation-Induced
Activation of Sugar OH Groups. Regioselective Alkylation of Methyl
Fucopyranoside via Cyclic Phenylboronate in the Presence of Amine.
Tetrahedron Lett. 1997, 38, 5001.

(66) Chan, L.; Taylor, M. S. Regioselective Alkylation of
Carbohydrate Derivatives Catalyzed by a Diarylborinic Acid Derivative.
Org. Lett. 2011, 13, 3090-3093.

(67) Giordano, M.; Iadonisi, A. A practical approach to regioselective
O-benzylation of primary positions of polyols. Tetrahedron Lett. 2013, 54,
1550-1552.

(68) Zhou, Y.; Li, J.; Zhan, Y.; Pei, Z.; Dong, H. Halide promoted
organotin-mediated carbohydrate benzylation: mechanism and application.
Tetrahedron 2013, 69, 2693-2700.

(69) Hatakeyama, S.; Mori, H.; Kitano, K.; Yamada, H.; Nishizawa,
M. Efficient reductive etherification of carbonyl compounds with
alkoxytrimethylsilanes. . Tetrahedron Lett. 1994, 35, 4367-4370.

(70) Halmos, T.; Montserret, R.; Filippi, J.; Antonakis, K. Studies of
the selective silylation of methyl a- and B-d-aldohexopyranosides: stability
of the partially protected derivatives in polar solvents. Carbohydr. Res.
1987, 170, 57-69.

(71)  Chung, M.-K.; Schlaf, M. Regioselectively Trisilylated
Hexopyranosides through Homogeneously Catalyzed Silane Alcoholysis.
J. Am. Chem. Soc. 2005, 127, 18085-18092.

(72) De Belder, A. N. Cyclic acetals of the aldoses and aldosides. Adv.
Carbohydr. Chem. 1965, 20, 219-302.

(73) De Belder, A. N. Cyclic acetals of the aldoses and aldosides.
Highlights of the literature since 1964, and a supplement to the tables.
Adv. Carbohydr. Chem. Biochem. 1977, 34, 179-241.

(74) Brady, R. F., Jr. Cyclic acetals of ketoses. Adv. Carbohydr. Chem.
Biochem. 1971, 26, 197-278.

(75)  Schuler, M.; Tatibouét, A.: Strategies Toward Protection of 1,2 -
and 1,3 - Diols in Carbohydrate Chemistry. In Protecting Groups -
Strategies and Applications in Carbohydrate Chemistry; Vidal, S., Ed.;
Wiley-VCH: Weinheim, 2019; pp 307-336.

(76)  Chiellini, E.; Bemporad, L.; Solaro, R. Novel hydroxyl containing
polyesters and polycarbonates by the copolymerization of glycidyl ethers
of protected alditols and cyclic anhydrides. J. Bioact. Compat. Polym.
1994, 9, 152-169.

(77) Rokade, S. M.; Bhate, P. M. Practical preparation of mono- and
di-O-isopropylidene derivatives of monosaccharides and methyl 4,6-O-
benzylidene glycosides from free sugars in a deep eutectic solvent. J.
Carbohydr. Chem. 2017, 36, 20-30.

(78) Zhang, P.; Ling, C. C. A mild acetolysis procedure for the
regioselective removal of isopropylidene in di-O-isopropylidene-protected
pyranoside systems. Carbohydr. Res. 2017, 445, 7-13.

(79) Pacak, J.; Cerny, M. 1,2:3,4-Di-O-benzylidene-D-
galactopyranose. Collect. Czech. Chem. Commun. 1961, 26, 2212-2216.

(80) Wood, H. B., Jr.; Diehl, H. W.; Fletcher, H. G., Jr. 1,2,4,6-Di-O-
benzylidene-a-D-glucopyranose and improvements in the preparation of
4,6-O-benzylidene-D-glucopyranose. J. Am. Chem. Soc. 1957, 79, 1986-
1988.

(81) Haines, A. H.; Konowicz, P. A.; Jones, H. F. Selective
deacetylation of sucrose octa-acetate with primary amines to give
2,3,4,6,1',6'-hexa-O-acetylsucrose. Carbohydr. Res. 1990, 205, 406-409.

(82) Ren, B.; Cai, L.; Zhang, L.-R.; Yang, Z.-J.; Zhang, L.-H.
Selective deacetylation using iodine-methanol reagent in fully acetylated
nucleosides. Tetrahedron Lett. 2005, 46, 8083-8086.

(83) Gavel, M.; Courant, T.; Joosten, A. Y. P.; Lecourt, T. Regio- and
Chemoselective Deprotection of Primary Acetates by Zirconium
Hydrides. Org. Lett. 2019, 21, 1948-1952.

(84) Tanner, D. D.; Law, F. C. P. Free-radical acetoxy group
migration. J. Amer. Chem. Soc. 1969, 91, 7535-7537.

(85) Barclay, L. R. C.; Griller, D.; Ingold, K. U. Kinetic applications
of electron paramagnetic resonance spectroscopy. 38. Rearrangement of -
(acyloxy)alkyl and B-(benzoyloxy)alkyl radicals. J. Am. Chem. Soc. 1982,
104, 4399-4403.

(86) Barclay, L. R. C.; Lusztyk, J.; Ingold, K. U. Mechanism of
rearrangement of B-acyloxyalkyl radicals. J. Am. Chem. Soc. 1984, 106,
1793-1796.

(87) Helferich, B.; Zirner, J. Synthesis of tetra-O-acetyhexoses with a
free 2-hydroxyl group. Synthesis of disaccharides. Chem. Ber. 1962, 95,
2604-2611.

(88) Chittenden, G. J. F. A simplified synthesis of a-D-
galactopyranose 1,3,4,6-tetraacetate. Carbohydr. Res. 1988, 183, 140-143.

(89) Nigudkar, S. S.; Hasty, S. J.; Varese, M.; Pornsuriyasak, P.;
Demchenko, A. V.: Synthesis of 1,3,4,6-tetra-O-acetyl-a-D-glucopyranose
revisited. In Carbohydrate Chemistry: Proven Synthetic Methods; van der
Marel, G., Codee, J., Eds.; CRC Press, 2014; Vol. 2; pp 183-187.

(90) Wang, T.; Nigudkar, S. S.; Yasomanee, J. P.; Rath, N. P.; Stine,
K. J.; Demchenko, A. V. Glycosyl nitrates in synthesis: streamlined access
to glucopyranose building blocks differentiated at C-2. Org. Biomol.
Chem. 2018, 6, 3596-3604.

(91) Li, J.; Wang, Y. An Efficient and Regioselective Deprotection
Method for Acetylated Glycosides. Synth. Commun. 2004, 34,211-217.

(92) Pastore, A.; Adinolfi; Iadonisi, A. BiBr3-promoted activation of
peracetylated glycosyl iodides: straightforward access to synthetically
useful 2-O-deprotected allyl glycosides. Eur. J. Org. Chem. 2008, 6206-
6212.

(93) Ponpipom, M. M. Synthesis of 3-O-substituted D-mannoses.
Carbohydr. Res. 1977, 59, 311-317.

(94) Eby, R.; Sondheimer, S. J.; Schuerch, C. Selective acetolysis of
primary benzyl ethers. Carbohydr. Res. 1979, 73, 273-276.

(95) Sakai, J.; Takeda, T.; Ogihara, Y. Synthesis of oligosaccharides.
Part 1. Selective acetolysis of benzyl ethers of methyl D-
glucopyranosides. Carbohydr. Res. 1981, 95, 125-131.

(96) Yang, G.; Ding, X.; Kong, F. Selective 6-O-debenzylation of
mono- and disaccharide derivatives using ZnClI2-Ac20-HOAc.
Tetrahedron Lett. 1997, 38, 6725-6728.

(97) Cao, Y.; Okada, Y.; Yamada, H. Facile and regioselective
preparation of partly O-benzylated D-glucopyranose acetates via acid-
mediated simultaneous debenzylation-acetolysis. Carbohydrate research
2006, 341,2219-2223.

(98) Yin, Z.-J.; Wang, B.; Li, Y.-B.; Meng, X.-B.; Li, Z.-J. Highly
Efficient and Mild Method for Regioselective De-O-benzylation of
Saccharides by Co2(CO)8-Et3SiH-CO Reagent System. Org. Lett. 2010,
12, 536-539.

(99) Zhao, Y.-t.; Huang, L.-b.; Li, Q.; Li, Z.-j. A mild method for
regioselective de-O-methylation of saccharides by Co2(CO)8/Et3SiH/CO
system. Tetrahedron 2016, 72, 5699-5706.

(100) Kawana, M.; Kuzuhara, H.; Emoto, S. The use of Grignard
reagents in the synthesis of carbohydrates. III. The one-way anomerization
of methyl glycofuranosides and the opening of their furanose rings. Bull.
Chem. Soc. Jpn. 1981, 54, 1492-1504.

(101) Martin, O. R.; Kurz, K. G.; Rao, S. P. An efficient synthesis of
partially protected a-D-ribofuranosides from D-ribose by way of a unique
selective debenzylation reaction. J. Org. Chem. 1987, 52, 2922-2925.

(102) Del Carmen Cruzado, M.; Martin-Lomas, M. O-benzyl protecting
groups as hydrogen donors in catalytic transfer hydrogenolysis. Selective
debenzylation of 1,6-anhydro hexoses. Tetrahedron Lett. 1986, 27, 2497-
2500.

(103) Hori, H.; Nishida, Y.; Ohrui, H.; Meguro, H. Regioselective de-
O-benzylation with Lewis acids. J. Org. Chem. 1989, 54, 1346-1353.

(104) Beaupere, D.; Boutbaiba, I.; Wadouachi, A.; Frechou, C.;
Demailly, G.; Uzan, R. Regioselective de-O-benzylation via catalytic
hydrogen transfer. Access to monosaccharide derivatives having a free
hydroxyl group on carbon 2. New J. Chem. 1992, 16, 405-411.

(105) Lecourt, T.; Herault, A.; Pearce, A. J.; Sollogoub, M.; Sinay, P.
Triisobutylaluminium and diisobutylaluminium hydride as molecular

Page 12 of 14



Page 13 of 14

scalpels: the regioselective stripping of per-benzylated sugars and
cyclodextrins. Chem. Eur. J. 2004, 10, 2960-2971.

(106) lJia, C.; Pearce, A. J.; Blériot, Y.; Zhang, Y.; Zhang, L.-H.;
Sollogoub, M.; Sinay, P. Trimethylaluminium promoted rearrangements
of unsaturated sugars into cyclohexanes. Tetrahedron: Asymmetry 2004,
15,699-703.

(107) Pastore, A.; Valerio, S.; Adinolfi, M.; Iadonisi, A. An Easy and
Versatile Approach for the Regioselective De-O-benzylation of Protected
Sugars Based on the 12/Et3SiH Combined System. Chem. - Eur. J. 2011,
17,5881-5889, S5881/5881-S5881/5861.

(108) Attouche, A.; Urban, D.; Beau, J.-M. A Tin-Free Regioselective
Radical De-O-benzylation by an Intramolecular Hydrogen Atom Transfer
on Carbohydrate Templates. Angew. Chem., Int. Ed. 2013, 52, 9572-9575.

(109) Cipolla, L.; Lay, L.; Nicotra, F. New and Easy Access to C-
Glycosides of Glucosamine and Mannosamine. J. Org. Chem. 1997, 62,
6678-6681.

(110) Cipolla, L.; La Ferla, B.; Rauter, A. P.; Nicotra, F. Regioselective
debenzylation of C-glycosylpropene. Carbohydr. Chem.: Proven Synth.
Methods 2012, 1, 167-173.

(111) Xie, J.; Menand, M.; Valery, J.-M. Regioselective debenzylation
of C-glycosyl compounds by boron trichloride. Carbohydr. Res. 2005,
340, 481-487.

(112) Falck, J. R.; Barma, D. K.; Venkataraman, S. K.; Baati, R.;
Mioskowski, C. Regioselective de-O-benzylation of monosaccharides.
Tetrahedron Lett. 2002, 43, 963-966.

(113) Kartha, K. P. R.; Kiso, M.; Hasegawa, A.; Jennings, H. J. Novel
selectivity in carbohydrate reactions. III. Selective deprotection of p-
methoxybenzyl (PMBn) ethers of carbohydrates by tin(IV)chloride. J.
Carbohydr. Chem. 1998, 17, 811-817.

(114) Bouzide, A.; Sauve, G. Regioselective Deprotection of p-
Methoxybenzyl Ethers of Furanose Derivatives. Tetrahedron Lett. 1999,
40, 2883-2886.

(115) Yang, Y.-Y.; Yang, W.-B.; Teo, C.-F.; Lin, C.-H. Regioselective
Deprotection of Tert-Butyldimethylsilyl Ethers by Boron Trichloride.
Synlett 2000, 1634-1636.

(116) WANG, W.; LL, X.-L.; ZHANG, P.-Z.; CHEN, H. Approach to a
Facile and Selective Benzyl-Protection of Carbohydrates Based on Silyl
Migration. Chin. J. Chem. 2008, 26, 208-212.

(117) Cui, Y.; Cheng, Z.; Mao, J.; Yu, Y. Regioselective 6-
detrimethylsilylation of per-O-TMS-protected carbohydrates in the
presence of ammonium acetate. Tetrahedron Lett. 2013, 54, 3831-3833.

(118) Levene, P. A.; Meyer, G. M. The ring structure of
diacetonegalactose. J. Biol. Chem. 1931, 92, 257-262.

(119) Balanina, I. V.; Zarubinskii, G. M.; Danilov, S. N. Effect of
ultraviolet irradiation on the stability of monosugar ketals. Zh. Obshch.
Khim. 1972, 42, 1876.

(120) Chen, Y.-H.; Luh, T.-Y.; Lee, G.-H.; Peng, S.-M. A convenient
selective synthesis of monosaccharide derivatives having only one free
hydroxy group. J. Chem. Soc., Chem. Commun. 1994, 2369-2370.

(121) Garegg, P. J.: Regioselective cleavage of O-benzylidene acetals to
benzyl ethers. In Preparative Carbohydrate Chemistry; Hanessian, S., Ed.;
Marcel Dekker, Inc.: New York, 1997; pp 53-67.

(122) Janssens, J.; Risseeuw, M. D. P.; Van der Eycken, J.; Van
Calenbergh, S. Regioselective Ring Opening of 1,3-Dioxane-Type Acetals
in Carbohydrates. Eur. J. Org. Chem. 2018, 6405-6431.

(123) Bhattacharjee, S. S.; Gorin, P. A. J. Hydrogenolysis of
carbohydrate acetals, ketals, and cyclic orthoesters with lithium aluminum
hydride - aluminum trichloride. Can. J. Chem. 1969, 47, 1195-1206.

(124) Liptak, A.; Jodal, I.; Nanasi, P. Stereoselective ring cleavage of 3-
O-benzyl- and 2,3-di-O-benzyl-4,6-O-benzylidenehexopyranoside
derivatives with the lithium aluminum hydride-aluminum chloride
reagent. Carbohydr. Res. 1975, 44, 1-11.

(125) Nanasi, P.; Liptak, A. Carbohydrate methyl ethers. VI. Synthesis
of phenyl B-D-glucopyranoside derivatives partially methylated in the
sugar moiety. Magy. Kem. Foly. 1974, 80, 217-225.

(126) Liptak, A.; Fugedi, P.; Nanasi, P. Stereoselective hydrogenolysis
of exo- and endo-2,3-benzylidene acetals of hexopyranosides. Carbohydr.
Res. 1976, 51, C19-C21.

(127) Liptak, A.; Fugedi, P.; Nanasi, P. Synthesis of mono- and
dibenzyl ethers of benzyl a-L-rhamnopyranoside. Carbohydr. Res. 1978,
65,209-217.

(128) Liptak, A. Hydrogenolysis of the dioxolane type exo- and endo-
benzylidene derivatives of carbohydrates with the lithium aluminum
hydride-aluminum trichloride reagent. Tetrahedron Lett. 1976, 3551-3554.

Organic & Biomolecular Chemistry

(129) Fugedi, P.; Liptak, A.; Nanasi, P.; Neszmelyi, A. Synthesis of 4-
O-a-D-galactopyranosyl-L-rhamnose and 4-O-a-D-galactopyranosyl-2-O-
B-D-glucopyranosyl-L-rhamnose using dioxolane-type benzylidene acetals
as temporary protecting-groups. Carbohydr. Res. 1980, 80, 233-239.

(130) Liptak, A.; Jodal, I.; Nanasi, P. Hydrogenolysis of benzylidene
acetals: synthesis of benzyl 2,3,6,2',3',4'-hexa-O-benzyl-B-cellobioside, -
maltoside, and -lactoside, benzyl 2,3,4,2',3',4'-hexa-O-benzyl-f3-
allolactoside, and benzyl 2,3,6,2',3',6'-hexa-O-benzyl-B-lactoside.
Carbohydr. Res. 1976, 52, 17-22.

(131) Garegg, P. J.; Hultberg, H. A novel, reductive ring-opening of
carbohydrate benzylidene acetals, with unusual regioselectivity.
Carbohydr. Res. 1981, 93, C10-C11.

(132) Garegg, J.; Hultberg, H.; Wallin, S. A novel, reductive ring-
opening of carbohydrate benzylidene acetals. II. Carbohydr. Res. 1982,
108, 97-101.

(133) Ek, M.; Garegg, P. J.; Hultberg, H.; Oscarson, S. Reductive ring
openings of carbohydrate benzylidene acetals using borane-
trimethylamine and aluminum chloride. Regioselectivity and solvent
dependance. J. Carbohydr. Chem. 1983, 2, 305-311.

(134) Oikawa, M.; Liu, W. C.; Nakai, Y.; Koshida, S.; K, F.; Kusumoto,
S. Regioselective reductive opening of 4,6-O-benzylidene acetals of
glucose or glucosamine derivatives by BH;.Me,NH-BF;.OEt,. Synlett
1996, 1179-1180.

(135) Mikami, T.; Asano, H.; Mitsunobu, O. Acetal-bond cleavage of
4,6-O-alkylidenehexopyranosides by diisobutylaluminum hydride and by
lithium triethylborohydride-titanium tetrachloride. Chem. Lett. 1987,
2033-2036.

(136) Suzuki, K.; Nonaka, H.; Yamaura, M. Reductive Ring-Opening
Reaction of 1,2-O-Benzylidene and 1,2-O-p-Methoxybenzylidene-a-D-
glucopyranose Using Diisobutyl Aluminum Hydride. J. Carbohydr. Chem.
2004, 23, 253-259.

(137) Tanaka, N.; Ogawa, I.; Yoshigase, S.; Nokami, J. Regioselective
ring opening of benzylidene acetal protecting group(s) of hexopyranoside
derivatives by DIBAL-H. Carbohydr. Res. 2008, 343, 2675-2679.

(138) Sarpe, V. A.; Kulkarni, S. S. Desymmetrization of trehalose via
regioselective DIBAL reductive ring opening of benzylidene and
substituted benzylidene acetals. Org. Biomol. Chem. 2013, 11, 6460-6465.

(139) DeNinno, M. P.; Etienne, J. B.; Duplantier, K. C. A method for
the selective reduction of carbohydrate 4,6-O-benzylidene acetals.
Tetrahedron Lett. 1995, 36, 669-672.

(140) Debenham, S. D.; Toone, E. J. Regioselective reduction of 4,6-O-
benzylidenes using triethylsilane and BF3-Et20. Tetrahedron: Asymmetry
2000, /1, 385-387.

(141) Jiang, L.; Chan, T. H. Borane/Bu,BOT{ : a mild reagent for the
regioselective reductive ring opening of benzylidene acetals in
carbohydrates. Tetrahedron Lett. 1998, 39, 355-358.

(142) Ghosh, M.; Dulina, R. G.; Kakarla, R.; Sofia, M. J. Efficient
Synthesis of a Stereochemically Defined Carbohydrate Scaffold:
Carboxymethyl 2-Acetamido-6-Azido- 4-O-Benzyl-2-deoxy-a-D-
Glucopyranoside. J. Org. Chem. 2000, 65, 8387-8390.

(143) Wang, C.-C.; Luo, S.-Y.; Shie, C.-R.; Hung, S.-C. Metal
trifluoromethanesulfonate-catalyzed regioselective borane-reductive ring
opening of benzylidene acetals: a concise synthesis of 1,4-dideoxy-1,4-
imino-L-xylitol. Org. Lett. 2002, 4, 847-849.

(144) Shie, C.-R.; Tzeng, Z.-H.; Kulkarni, S. S.; Uang, B.-J.; Hsu, C.-
Y.; Hung, S.-C. Cu(OTf)2 as an efficient and dual-purpose catalyst in the
regioselective reductive ring opening of benzylidene acetals. Angew.
Chem., Int. Ed. 2005, 44, 1665-1668.

(145) Tani, S.; Sawadi, S.; Kojima, M.; Akai, S.; Sato, K.-I. A novel
method for regioselective ring-opening reduction of 4,6-O-benzylidene
hexopyranoside derivatives using CoCI12 and BH3-THF. Tetrahedron Lett.
2007, 48, 3103-3104.

(146) Panchadhayee, R.; Misra, A. K. Regioselective reductive ring
opening of benzylidene acetals using triethylsilane and iodine. Synlett
2010, 1193-1196.

(147) Johnsson, R.; Cukalevski, R.; Dragen, F.; Ivanisevic, D.;
Johansson, I.; Petersson, L.; Wettergren, E. E.; Yam, K. B.; Yang, B.;
Ellervik, U. Reductive openings of benzylidene acetals. Kinetic studies of
borane and alane activation by Lewis acids. Carbohydr. Res. 2008, 343,
2997-3000.

(148) Johnsson, R.; Olsson, D.; Ellervik, U. Reductive Openings of
Acetals: Explanation of Regioselectivity in Borane Reductions by
Mechanistic Studies. J. Org. Chem. 2008, 73, 5226-5232.

(149) Johnsson, R.; Ohlin, M.; Ellervik, U. Reductive Openings of



Organic & Biomolecular Chemistry

Benzylidene Acetals Revisited: A Mechanistic Scheme for Regio- and
Stereoselectivity. J. Org. Chem. 2010, 75, 8003-8011.

(150) Lee, I. C.; Zulueta, M. M. L.; Shie, C.-R.; Arco, S. D.; Hung, S.-
C. Deuterium-isotope study on the reductive ring opening of benzylidene
acetals. Org. Biomol. Chem. 2011, 9, 7655-7658.

(151) Manabe, S.; Ito, Y. Hafnium(IV) tetratriflate in selective
reductive carbohydrate benzylidene acetal opening reaction and direct
silylation reaction. Tetrahedron Lett. 2013, 54, 6838-6840.

(152) Pan, X.-1.; Zhou, Y.-x.; Liu, W.; Liu, J.-y.; Dong, H.
Stereoelectronic control of cleavage of dioxolane five-membered ring on
carbohydrates. Chem. Res. Chin. Univ. 2013, 29, 551-555.

(153) Joniak, D.; Kosikova, B.; Kosakova, L. Hydrogenolytic cleavage
of methyl 4,6-O-(4-methoxybenzylidene)-a-D-glucopyranoside with
lithium aluminum hydride-aluminum chloride. Collect. Czech. Chem.
Commun. 1978, 43, 769-773.

(154) Johansson, R.; Samuelsson, B. Regioselective reductive ring
opening of 4-methoxybenzylidene acetals of hexopyranosides. Access to a
novel protective group strategy. J. Chem. Soc., Chem. Commun. 1984,
201-202.

(155) Kojima, M.; Nakamura, Y.; Takeuchi, S. A practical fluorous
benzylidene acetal protecting group for a quick synthesis of disaccharides.
Tetrahedron Lett. 2007, 48, 4431-4436.

(156) Chery, F.; Cabianca, E.; Tatibouet, A.; De Lucchi, O.; Lindhorst,
T. K.; Rollin, P. Reductive opening of carbohydrate
phenylsulfonylethylidene (PSE) acetals. Carbohydr. Res. 2015, 417, 117-
124.

(157) Hanessian, S. Reaction of O-benzylidene sugars with N-
bromosuccinimide. I. Methyl 4,6-O-benzylidene hexopyranosides.
Carbohydr. Res. 1966, 2, 86-88.

(158) Binkley, R. W.; Goewey, G. S.; Johnston, J. C. Regioselective
ring opening of selected benzylidene acetals. A photochemically initiated
reaction for partial deprotection of carbohydrates. J. Org. Chem. 1984, 49,
992-996.

(159) Tanasescu, I. A photochemical reaction of bis-o-
nitrobenzalpentaerythritolspiran. Bul. Soc. Stiinte Cluj 1924, 2, 111-120.

(160) Tanasescu, L.; lonescu, M. Photochemical reactions with
derivatives of o-nitrobenzylidene acetals. XIII o-Nitrobenzylidenexylose
and o-nitrobenzylidene-1,2-cyclohexanediol. Bull. Soc. Chim. Fr. 1940, 7,
77-83.

(161) Elad, D.; Youssefyeh, R. D. Photochemical conversion of acetals
to carboxylic esters. Tetrahedron Lett. 1963, 2189-2191.

(162) Matsuura, K.; Maeda, S.; Araki, Y.; Ishido, Y. Synthetic studies
of carbohydrate derivatives with photochemical reaction. II.
Photochemistry of benzylidene sugar derivatives. Bull. Chem. Soc. Jap.
1971, 44, 292.

(163) Suzuki, M.; Inai, T.; Matsushima, R. Photoreactions of cyclic
benzylidene acetals with ketones in the presence and absence of dissolved
oxygen. Bull. Chem. Soc. Jpn. 1976, 49, 1585-1589.

(164) Collins, P. M.; Oparaeche, N. N. Photochemical rearrangement of
o-nitrobenzylidene carbohydrate derivatives. Route to partially protected
sugars. J. Chem. Soc., Chem. Commun. 1972, 532-533.

(165) Bouchra, M.; Calinaud, P.; Gelas, J. A new method of
orthoesterification, under kinetic control, at non-anomeric positions.
Application to the D-glucose and D-mannose series and selective
hydrolysis of the corresponding orthoesters. Carbohydr. Res. 1995, 267,
227-237.

(166) Bhattacharjee, S. S.; Gorin, P. A. J. Hydrogenolysis of cyclic and
acyclic orthoesters of carbohydrates with lithium aluminum hydride-
aluminum trichloride. Carbohydr. Res. 1970, 12, 57-68.

(167) Gorin, P. A. J.; Finlayson, A. J. Synthesis and chromatographic
properties of partially O-methylated 2-deoxy-2-methylamino-D-glucoses.
Standards for methylation studies on polysaccharides. Carbohydr. Res.
1971, 18, 269-279.

(168) Nicolaou, K. C.; Couladouros, E. A.; Nantermet, P. G.; Renaud,
J.; Guy, R. K.; Wrasidlo, W. Synthesis of C-2-taxol analogs. Angew.
Chem. 1994, 106, 1669-1671.

(169) Gorin, P. A. J. Hydrogenolysis of carbohydrates. VI. Cyclic ketals
and related compounds. J. Org. Chem. 1959, 24, 49-53.

(170) Wood, A. J.; Holt, D. J.; Dominguez, M.-C.; Jenkins, P. R. The
Stereoselective Preparation of an Enantiomerically Pure Cyclopentane
Using Intramolecular Aldol Cyclopentannulation of a Glucose Derivative.
J. Org. Chem. 1998, 63, 8522-8529.

(171) Nishiyama, K.; Nakayama, T.; Natsugari, H.; Takahashi, H.
Synthesis of ether-linked sugar by nucleophilic opening of carbohydrate
oxiranes. Synthesis 2008, 3761-3768.

(172) Yan, N.; Lei, Z.-W.; Su, J.-K_; Liao, W.-L.; Hu, X.-G. Ring
opening of sugar-derived epoxides by TBAF/KHF2: An attractive
alternative for the introduction of fluorine into the carbohydrate scaffold.
Chin. Chem. Lett. 2017, 28, 467-470.

(173) Tilve, M. J.; Cori, C. R.; Gallo-Rodriguez, C. Regioselective 5-O-
Opening of Conformationally Locked 3,5-O-Di-tert-butylsilylene-D-
galactofuranosides. Synthesis of (1—5)- B -D-Galactofuranosyl
Derivatives. J. Org. Chem. 2016, 81, 9585-9594.

(174) Cerny, M.; Stanek, J., Jr. 1,6-Anhydro derivatives of aldohexoses.
Adv. Carbohydr. Chem. Biochem. 1977, 34, 23-177.

(175) Borman, S. One-Pot Route To Sugar Building Blocks. Method
avoids time-consuming synthetic steps. Chem. Eng. News 2007, 85, 9.

(176) Seeberger, P. H. The logic of automated glycan assembly. Acc.
Chem. Res. 2015, 48, 1450-1463.

(177) Hahm, H. S.; Schlegel, M. K.; Hurevich, M.; Eller, S.;
Schuhmacher, F.; Hofmann, J.; Pagel, K.; Seeberger, P. H. Automated
glycan assembly using the Glyconeer 2.1 synthesizer. Proc. Natl. Acad.
Sci. 2017, 114, E3385-E3389.

(178) Panza, M.; Pistorio, S. G.; Stine, K. J.; Demchenko, A. V.
Automated Chemical Oligosaccharide Synthesis: Novel Approach to
Traditional Challenges. Chem. Rev. 2018, 118, 8105-8150.

(179) Hsieh-Wilson, L. C.; Griffin, M. E. Improving Biologic Drugs via
Total Chemical Synthesis. Science 2013, 342, 1332-1333.

Page 14 of 14



