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A new organocatalytic glycosylation method exploiting the lactol
functionality has been disclosed. The catalytic generation of glyco-
syl oxacarbenium ions from lactols under forcible conditions via
weakly Bronsted-acidic, readily available secondary amine salts
affects the diastereoselective glycosylation of 2-deoxypyranoses
and furanoses. This operationally simple iminium catalyzed acti-
vation of 2-deoxy hemi-acetals is a potential alternative to the
existing cumbersome methods that need specialized handling. The
mechanisms for this unique transformation and kinetic/thermo-
dynamic effects have been discussed based on both experimental
evidence and theoretical studies.

The formation of iminium ions'® by a reaction between sec-
ondary amines/amine salts and aliphatic/aromatic aldehydes
has been extensively explored since the seminal work by
MacMillan et al.” and Barbas et al.® In the case of aliphatic
aldehydes,'? the thus-generated iminium ions tautomerize
into the corresponding enamines that are trapped by a multi-
tude of electrophiles (Scheme 1a), whereas iminium ions
formed from o,f-unsaturated aldehydes are prone to undergo
1,2 or 1,4-nucleophilic addition reactions. Liu et al. have show-
cased the iminium/enamine catalyzed functionalization of
masked aldehydes i.e. lactols’ and cyclic hemi-aminals® that
react with nitrostyrenes, a,f-unsaturated ketones and keto-
malonates.”” We envisioned that in the case of lactols, the
iminium ions that tautomerize into enamines, under forcible
conditions, could be trapped intramolecularly which upon the
expulsion of ammonium species could lead to the generation
of oxacarbenium ions® (Scheme 1b), one of the most important
intermediates in organic chemistry. The thus-generated oxa-
carbenium ions if trapped by nucleophiles like alcohols would
lead to the development of a novel organocatalytic method for
the synthesis of acetals.
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Scheme 1 Organocatalytic dehydrative glycosylation.

We have chosen 2-deoxysugar lactols as substrates to study
the hypothesis. 2-Deoxysugar acetals i.e. 2-deoxyglycosides are
part of several natural products with anticancer” and antibiotic
properties’®® and it has been shown that these structural
motifs are important for their activity.” Most of the sugar
lactols require the anomeric derivatization prior to glycosylation
and 2-deoxysugars are no exception.'” However, the derivatized
2-deoxysugar donors are relatively unstable'" and require careful
handling. Several direct and indirect methods for the synthesis
of 2-deoxyglycosides'? involving C-2 heteroatom substitu-
tions,""?13 1,2-epoxides,'" enol ethers,'” and hemi-acetals'®
have been developed over the past two decades.

Despite the significant advantages, dehydrative glycosyla-
tion has not evolved into a commonly used method owing to
the unique challenges posed by lactol donors e.g. the self-con-
densation reaction of the lactols often compete with the
desired glycosylation product. 2-Deoxy lactols pose a bigger

This journal is © The Royal Society of Chemistry 2018
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Sterically Hindered 2,4,6-Tri-tert-butylpyridinium Salts as Single
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ABSTRACT: We demonstrate here that the strained and
bulky protonated 2,4,6-tri-tert-butylpyridine salts serve as
efficient catalysts for highly stereoselective glycosylations of
various glycals. Moreover, the mechanism of action involves an
interesting single hydrogen bond mediated protonation of

glycals and not via the generally conceived Bronsted acid @ R
pathway. The counteranions also play a role in the outcome of o
the reaction. /—I:,'\O
H H
Trapped Proton Not Favourable Favourable

2,4,6-Tri-tert-butylpyridine (TTBPy), a highly hindered
pyridine derivative, was first synthesized by Mach and Dimroth
in 1968 from stable oxonium salts." TTBPy, along with its well-
studied analogue, 2,6-di-fert-butylpyridine (DTBP),”™ are
known for their inability to coordinate even to smaller Lewis
acids like CH;™ or BF; except with a proton.™ This typical
non-nucleophilic basicity has been exploited in a variety of
reactions, in particular, as an acid scavenger or as a buffering
agent in studies of reactions of metal ions in aqueous
solutions.® Effenberger and co-workers used TTBPy in
characterizing the concentration of acylium ions in aromatic
acylation reactions to exploit its ability to trap the released
triflic acid.” The profound effect of TTBPy on ky/kp, values in
these reactions has also been studied. Shibata and co-workers
used the TTBPy/TL,O system for the synthesis of indole
triflones.” More recently, Berke and co-workers found that the
bulky TTBPy in the presence of B(C.F;); can heterolytically
cleave H,, showing frustrated Lewis pair (FLP) activity
(Scheme 1, a). In addition, it was also found that TTBPy
can form a stable frustrated Lewis pair with [(acridine)BCl,]-
[AICL] that can also heterolytically cleave H,.” Intriguingly,
Ingleson and co-workers observed that the position of the
hydride from H, has been found to be the C9 position of
acridine and not the usually expected boron.

The best and the most common use of the 2,4,6-tri-tert-
butylpyridine (TTBPy), along with other hindered bases,
2,4,6-tri-tert-butylpyrimidine (TTBP), 2,6-di-tert-butyl-4-meth-
ylpyridine (DTBMP), and 2,6-di-tert-butylpyridine (DTBP),
has been in glycosylation reactions again as a trap to capture
the released sulfonic acids at lower temperatures.'”

Gin and co-workers introduced the use of excess of TTBPy
in the sulfoxide-catalyzed activation of glycosyl hemiacetals
(Scheme 1, b)."""'* However, Crich later introduced TTBP as

< ACS Publications @ 2019 American Chemical Society
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a potential alternative to TTBPy on the grounds that the
former is a nonhygroscopic white crystalline powder unlike the
hindered pyridine derivatives.'” Though the mechanism is not
clear, Ye and co-workers observed an intriguing stereoswitch'*
in glycosylation reactions of glucosamine derivatives in the
presence and absence of 2,4,6-tri-terf-butylpyrimidine.
However, curiosity lingers on the reactivity of these hindered
pyridine and pyrimidine compounds as bases. For example, it is
known that the aqueous pK, of DTBP is about ~2 units lower
than expected, though the gaseous state pK, is in line with
predicted values.”” The weak basicity of 2,4,6-tri-tert-
butylpyridine, similar to that of DTBP or TTBP, is attributed
to the inability of TTBPyH to be solvated in aqueous solutions
due to high steric shielding and hence behaves as a weak base
(pK, = 3.4). This effect is more pertinent in DMSO in which
the pKpyso of DTBP is 0.81, suggesting an extremely weak
hydrogen bonding of DTBPH with a large DMSO molecule
(relative to H,Q). It is evident that the ability of the cationic
Bronsted acid TTBPyH depends extensively on the hydrogen-
bonding character of the solvent. However, we were curious to
understand the behavior of TTBPyH in the more generally
used solvents like DCE or DCM with low dielectric constants
(e = 10.36 and & = 8.93, respectively) where it is used as a
proton-trapping agent. On the other hand, very recently, it has
been shown that Schrenier’s thiourea, whose pKpyso is 8.5,
catalyzes the tetrahydropyranylation of alcohols via a Bronsted
acid mechanism."*™** This led us to question whether TTBPy,
whose conjugate acid is a much stronger acid in DMSO, is safe
as a non-nucleophilic base in glycosylation reactions,
particularly in reactions involving glycals. This thought carries
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Abstract

Abstract
The contents of the thesis entitled “Development of New Organocatalytic Methods towards the
Synthesis of 2-Deoxy and 2,6-Dideoxy Glycosides” have been divided into five chapters based
on the experimental works, results, and calculations during the complete course of the research
period. The first chapter of the thesis is the literature review of deoxy glycosides. The second
chapter contains the dehydrative glycosylation of 2-deoxy hemiacetals via iminium ion catalysis.
The third chapter describes the open-close strategy towards ribo-lactol to form biologically
relevant 2-deoxy riboglycosides using pyrrolidinium salts. Chapter four reveals us that protonated
sterically hindered TTBPYy salts act as a single hydrogen bond donor to activate glycals towards
stereoselective glycosylation. The fifth chapter contains the cooperative catalysis of DMAP salts
and Schreiner’s thiourea towards dehydrative glycosylation of 2-deoxy and 2,6-dideoxy

glycosides.

Chapter 1. Literature Survey on Synthesis of Deoxy Sugars

Chapter 1 deals with the basic introduction about deoxysugars, general methods of

glycosylation and state of the art literature on 2-deoxysugars.

Glycosylation:

Carbohydrates are one of the most essential biomolecules on earth. Our understanding of
these biomolecules has tremendously improved over the past decades. However, there is still a
need for more studies to decipher the role of these biomolecules in cellular processes like
development and growth of tumors, metastasis, or viral and bacterial infections. The tremendous
medicinal potential of glycomolecules has been exploited by the development of synthetic
carbohydrate-based therapeutic agents. Improved methods of isolation and synthesis of complex
carbohydrates have become crucial for the growth of the field of glycoscience. The majority of
carbohydrates in nature exists as polysaccharides (cellulose, starch, and chitin) or glycoconjugates
(glycopeptides, glycolipids). In recent vyears, significant progress in the synthesis of
oligosaccharides has been achieved. Despite this progress, there are still problems with the direct
formation of glycosidic linkages. However, when the glycobiology field is expanding, there is a
need for reliable and stereocontrolled glycosylation methods.

TH-2479 136122012



Abstract

Deoxy Sugars:

2-deoxyglycosides are a class of carbohydrates in which the hydroxyl group at C2 position
is replaced by a hydrogen atom. For example, 2-deoxy-D-ribose is a crucial component of the sugar
backbone of deoxyribonucleic acid (DNA). Besides, 2-deoxy sugars, mainly, 2,6-dideoxy and
2,3,6-trideoxy sugars, widely exist in natural molecules with biological activity and are reported

to play an essential role in their bioactivities.

Challenges in the Synthesis of 2-deoxyglycosides:

R

i
HO 1

OR

Stereoseletive synthesis of 2-deoxyglycosides has been a difficult task due to the lack of
neighboring group participation from C2 position to regulate the stereochemistry at anomeric
carbon. However, moderate selectivity towards thermodynamically more stable a-glycosides is
generally achievable with assistance from the ‘anomeric effect’. Hence, in order to achieve the

synthesis of B-glycosides, there is a need to override the anomeric effect.

General Strategy:

Generally, most of the glycosylation reactions utilize a two-step strategy. The anomeric
hydroxyl group is converted to a relatively unstable intermediate latent leaving group that can be
activated in the presence of promoters, additives, molecular sieves, etc., in the presence of alcohols

as acceptors to achieve the glycosylated products 4 as shown in Scheme 1.

PGO, PGO PGO

step 2
PGO O step 1 PGO O Promoter, Additives PGO (0]
PGO —» PGO » PGO
2 3 4 AMS, ROH 4
OH unstable LG OR

PG = Protecting group
LG = Leaving group

Scheme 1: Glycosylation of 2-deoxysugars: General Strategy.
This thesis addresses the challenge of dehydrative glycosylation, which obviates the
conversion of anomeric hemiacetals to a leaving group, specifically for 2-deoxyglycosides using

a novel organocatalytic strategies.
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Chapter 2. Secondary Amine Salts Catalyzed Controlled Activation of 2-Deoxy

Sugar Lactols towards Stereoselective Dehydrative Glycosylation

Chapter 2 deals with the development of a new organocatatalytic glycosylation method
utilizing the benchtop pyrrolidine hydrochloride as a catalyst. This chapter unveils a new mode of
reactivity for secondary amines where these amine salts have been used to generate oxocarbenium
ions, the most important intermediates in carbohydrate chemistry.

General Introduction:

Formation of iminium ions by the reaction between secondary amines/amine salts and
aliphatic/aromatic aldehydes has been extensively explored since the seminal work by MacMillan
et al. and Barbas et al. In case of aliphatic aldehydes, the thus generated iminium ions tautomerize
into the corresponding enamines that are trapped by a multitude of electrophiles whereas iminium
ions formed from a,fB-unsaturated aldehydes are prone to undergo 1,2 or 1,4-nucleophilic addition
reactions. We envisioned that in the case of lactols, the iminium ions that tautomerize into
enamines, under forcible conditions could be trapped intramolecularly which upon the expulsion
of ammonium species could lead to the generation of oxocarbenium ions 7, one of the most
important intermediates in organic chemistry. Thus generated oxocarbenium ions 7, if trapped by
nucleophiles like alcohols, would lead to the development of a novel organocatalytic method for
the synthesis of acetals 8 (Scheme 2).

The novel organocatalytic glycosylation method involves the usage of simple, benchtop
secondary amine salts as catalysts. Additional advantages of the present method include the
following: 1) No need of an additive, 2) pyrrolidinium organocatalysts 6 being solids can be easily
weighed, not moisture sensitive and easy to handle, 3) no need for any stabilizer to drive the

reaction, 4) one-step process, 5) the reaction is very quick and a-stereoselective with high yields.

PGO. PGO PGO
6 H
PGO OH ‘HX PGO OH PGO o)
PGO H —————> |PGO | H PGO
8

ROH
° 0 x©O@ g OR
Oxocarbenium ion o
N, x
7 6 4 H

Scheme 2: Proposed Dehydrative Glycosylation Reaction of 2-deoxylactols.
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Proposed Mechanism:

Based on the control experiments, the following mechanism has been proposed for the
organocatalytic glycosylation. Generation of the iminium ion I11 is dependent on the percentage
of sugar lactol existing in its open-chain form (Scheme 3, Il1). The generated iminium ion Il
must possess the necessary electrophilicity to react with the unactivated alcohols (Scheme 3, 1V
or V) and the leaving group ability of pyrrolidinium species facilitates the generation of the

oxocarbenium ion (Scheme 3, VI or VII).

Different Derivatives of Glycosylation Reaction using Organocatalyst:

After optimizing the reaction conditions, we screened this method in the presence of
various alcohols and donors to make various derivatives. The commercially cheap, robust, and
easily accessible pyrrolidine hydrochloride 6a, was chosen as the optimized catalyst to study the
substrate scope. All the non-carbohydrate primary alcohols gave the desired glycosylation
products with excellent yields and good to high levels of a-selectivites (Figure 1). The sterically
demanding cholesterol also gave corresponding glycoside 11c in 62% vyield and 3.5:1 a:f
selectivity. The coupling with 1-adamantanol also reacted well under the reaction conditions to
provide the glycoside in 71% yield with high a-selectivity (13:1, a:p, Figure 1).

(" )
OH
9 (I)

OH ROH
—_ >
PGO—=— _N
o T @
Cyclization L C|e Mixed aminal
formation
Path A
Intramolecular mechanism /\——\/ Intermolecular mechanism
NHN@ N I PGO~2~—OH

C] H L~ —-OR

IV ¢i 6a o o

v NH®TI
Eliminati oxocarbenium U
imination i
@ Go-2_o
PGO~L— P\I

A\

H
) vii OR° ﬂ
~ Vi PGO\’\/O (~\ @ Cl N‘
\

S Cl
10 N oxocarbenium ROH
H . W H 10
ion 11 OR N

. H 10 )

Scheme 3: Proposed Mechanistic Pathways for Dehydrative Glycosylation.
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Both the alcohols derived from glucose and galactose were successfully coupled with 2-
deoxy lactols 9a (11s and 11r, respectively). However, when no acceptor was used, the armed 2-
deoxy lactol 9a in the presence of catalyst 6a lead to the corresponding a—a-trehalose analog 11q
as major diastereomer. More strikingly, the coupling reaction between the galacto-configured 2-
deoxy lactol 9b and the galactose derived diacetonide acceptor in the presence of pyrrolidine

tosylate 6b as the catalyst lead to a single diastereomer (only o).

e 3

ROH Yield a:f ROH Yield o:f

BnO Isopropanol- (11a) 87%, 5:1 Allyl- (11f) 81%, 4:1

0 Propargyl- (11b)  78%, 10:1 Cyclohexanol- (11g) 81%, 4:1

BpO3 Cholesterol- (11¢) 62%, 3.5:1  Adamantanol- (11h) 71%, 13:1

R Octanol- (11d) 70%, 4:1 Tert- Butanol- (11i)  70%, 6:1

Benzyl- (11e) 71%, 9:1 Methanol- (11j) 93%,
AcO BzO
Acgqu J\Bz(&. J\ BnO&H /k ACO&\ )\
11k, 81%, 10:1 111, 95%, 7:1 11m, 85%, 6:1 11n, 80%, 4:1

\. J

Figure 1: Synthesis of Monosaccharides by using Pyrrolidinium Salts.
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Figure 2: Synthesis of Disaccharides by using Pyrrolidinium Salts.

J

Detailed studies on the scope of the derivatives and mechanistic studies, including

theoretical studies on the possible pathways have been discussed in this chapter.
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Chapter 3. Open-Close Strategy towards the Organocatalytic Generation of 2-
Deoxy-ribofuranosyl Oxocarbenium lons: Pyrrolidine Salts Catalyzed

Synthesis of 2-Deoxy-ribo-furanosides from 2-Deoxy-ribo-furanoses

Chapter 3 deals with the utilization of the concept developed in chapter 2 towards the

synthesis of 2-deoxy-ribofuranosyl oxocarbenium ions and thereby the respective glycosides.

General Introduction:

2-Deoxy-riboses, a subclass under 2-deoxy-sugars, have great significance in biology
being a constituent of DNA. The synthesis and biological studies of N-linked 2-deoxy-
ribonucleotides and their analogues received great attention. On the other hand, synthesis of O-
linked 2-deoxy-riboglycosides could be interesting targets for drugs and their structure-activity

relationship studies against cancer and viral proliferation and can attract high demand in medicinal
Ho’\i))i)— HO/\E)),O o®
HO" N~ o' Y TN Ho"'%
OHC OHC HO

Pollenopyrroside B, 12a Xylapyrroside B, 12b Pollenopyrroside A, 12¢
Figure 3: Some Biologically Important Natural Products.

chemistry. Very recently, several natural products constituting 2-deoxyfuranoside skeleton
(Figure 3, 12a-c) with antioxidant and antibacterial properties have also been isolated and has

attracted the attention of organic and medicinal chemists.
Synthesis of Derivatives from Different Donors and Acceptors:

Building upon the work in chapter 2, we have studied the effect of 2-deoxyfuranose sugars

0
/\E)M BnO : /\E)N. BnO/\E)N.OC£3H17

N\

BnoO“ BnO‘ BnO“ BnO'
13a, 96%, 1:1.3 13b, 93%, 1:1.8 13c, 89%, 1:1.6 13d, 95%, 1:1.4
O/ /\E)‘ NN BnO © O~
CN N~ N

BnO™ BnO“ BnO% BnO

13e, 87%, 1.3:1 13f, 89%, P only 139, 96%, 1:1.9 13h, 95%, 1:1.3
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. J

Figure 4: Synthesis of Different Ribofuranoses by using Pyrrolidinium Salts.

towards iminium catalysis and were able to apply the methodology to synthesize several 2-

deoxyfuranoglycosides (Figure 4, 13a-p).
Proposed Mechanism:

In order to understand the mechanism, we subjected 2-deoxy-ribo-lactol 14 to the catalytic
conditions in the absence of an acceptor. Interestingly, the reaction leads to the formation of a
substituted furan derivative 15 (Scheme 4, Eq. 1) in 78% vyield. It is rather surprising to observe
the formation of 15, as this type of compounds are formed only under strong Brgnsted-acidic

conditions from ketal derivatives. This leads us to examine the Bragnsted acidic nature of the

-
O, :j OT:
S 0,
Bno/\E>N.OH H 4 (20 mol %)
o 2 > I / .......... > Eq1

N

BnO Toluene, 100 °C, 5 h

14 15
/ \Aromatization

OH BnO OH OH @

BnO N@ én\d“ ‘5 "\b —_— /—<_/—_-N e /-@«c
I

—

W

BnO | OTs

(o)
/\E)MOH ) | (20 mol %)
6¢c
» Complex mixture ~ s-sssseeeseseeeeeeees » Eq2

Toluene, 100 °C, 5 h

& J

Scheme 4: Mechanistic Investigation of Dehydrative Glycosylation of 2-deoxyribofuranoses.
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secondary amine salts. Hence, we performed the same reaction with triethylamine hydrochloride
6¢ instead of pyrrolidine hydrochloride whose pKas are close but obviates the formation of iminium
or enamine. However, the reaction only leads to a very complex mixture of products (Scheme 4,
eq. 2) hinting at the unique role of secondary amine catalysis in the former case. The facile
formation of the furan derivatives under the secondary amine catalysis could be easily explained
via the formation of enamine driven elimination of C-3 O-benzyl group, ring-closure to obtain the
protonated hemi-aminal, followed by aromatization (Scheme 4, eg. 1). These reactions provided

a strong evidence for the involvement of iminium ions in the current transformation.

Chapter 4. Sterically Hindered Protonated 2,4,6-Tri-tert-butylpyridinium
(TTBPy) Salts as Single Hydrogen Bond Donors for Highly Stereoselective

Glycosylation Reactions of Glycals

Chapter 4 deals with the discovery of a unique mode of activity for the protonated salts of
the sterically hindered 2,4,6-tri-tert-butylpyridinium (TTBPy) salts. The conjugate acids of
TTBPy, that is generally used as proton trapper/acid quencher has been shown to act as single
hydrogen bond donors, thus activating glycals via an amplificative Brgnsted acidic mechanism.

General Introduction:

2,4,6-Tri-tert-butylpyridine (TTBPy), a highly hindered pyridine derivative was first
synthesized by Mach and Dimroth in 1968 from stable oxonium salts. This sterically bulky
pyridine, along with its much well studied analogue, 2,6-di-tert-butylpyridine, DTBP are known
for their inability to coordinate even to smaller Lewis acids like CHs* or BFs except a proton. This
typical non-nucleophilic basicity has been exploited in a variety of reactions, in particular as an
acid scavenger or as a buffering agent in studies of reactions of metal ions in agueous solutions.
The weak basicity of 2,4,6-tri-tert-butylpyridine, similar to DTBP or TTBP, is attributed to the
inability of TTBPyH to be solvated in aqueous solutions due to high steric shielding and hence
behaves as a weak base (pKa = 3.4). It is evident that the ability of the cationic Brgnsted acid
TTBPyH depends extensively on the hydrogen bonding character of the solvent. On the contrary
chapter 4 deals with the development of highly stereoselective glycosylation reaction utilizing the

sterically hindered TTBPy.HCI 17 as single hydrogen bond donating organocatalyst.

viii
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(10 mol
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Scheme 5: Stereoselective Glycosylation of Glycals by TTBPy Salts.

Scope of Reactivity of Donors with Different Acceptors:

We focused on the reactivity of different donors and acceptors to see the applicability of

this method. It was observed that TBDPS protected donors gave highly stereoselective product

19a-i towards a-isomer (Figure 5).
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Figure 5: Synthesis of Mono- and Disaccharides by using TTBPyHCI Catalyst.
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In this chapter, we show that TTBPy salts not only catalyze the glycosylation of glycals
but it was very effective with 10 mol % of the catalyst and also in a highly stereoselective fashion
leading to the synthesis of various deoxyhexoses. Further, our observations also throw some light
onto the mechanism, which reveals that TTBPyH catalyzes the reaction not via a Brgnsted acid
mechanism (BA) but via its hydrogen bonding assisted activation (HB). Besides, the effect of the

catalytic activity also seems to be controlled by the nature of the counter-ion.

Chapter 5. Synergistic Catalysis of DMAP Salts and Schreiner’s Thiourea
towards Dehydrative Glycosylation of 2-Deoxy Gluco, Galacto, Arabino

Hemiacetals

Chapter 5 deals with the development of another organocatalytic method that involves a
synergistic/cooperative catalytis of dimethylaminehydochloride (DMAPHCI) and Schreiner’s
thiourea towards the dehydrative glycosylation.

General Introduction:

Chapter 2 dealt with iminium catalyzed dehydrative glycosylation that occurs at elevated
temperature. However, our attempts to perform the reaction at moderate temperatures by
employing Schreiner's thiourea 22, an established halide ion binder, thus increasing the activity of
secondary amines 6a, resulted in failure (Scheme 6, Eq. 1). A similar result was observed in
presence of only thiourea 22 (Scheme 6, Eq. 2) that can bind to hydroxyl anions. We then shifted
our focus towards developing an organocatalytic dehydrative glycosylation method employing

amine salts as Brgnsted acid catalysts.

Vs \
BnO
o { \ DCE, 24. BnO o
Bgr?o + ('1]3 e+ ROH + Thiourea — ¥ Bgoo --->Eqg-1
° n
20 OH H,Cl 22 40 C 21 OR
6a

BnO

BrO~-0 DCE, 24  °MO o

850 + ROH *+ Thiourea —)0» Bé‘r?o —->Eqg-2
L 20 OH 22 40 C 21_OR y

Scheme 6: Initial Studies with Pyrrolidine Hydrochloride Salts.
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Wang and coworkers have reported the usage of DMAP. HCI 23 to catalyze the formation
of esters from alcohols via the formation of an acylium intermediate. We presumed that the DMAP
salt could also catalyze the dehydrative glycosylation by virtue of its cationic Brgnsted acidic
nature resulting in the generation of a glycosyl DMAP salt, which would further react with

alcohols. However, performing a glycosylation reaction with DMAP.HCI 23 and glucose derived

( N7 )
BnO DCE, 24 h BnO
&+ [ —— X80
BQE’O/&H * e, o s QL BnO™™™\, e — Eq1
20 5y H . 21 OR
23
FsC H H CF3; DCE, 24 h o8Bn
B”O% ﬁj Y = i " s BnO O -—-——>Eq2
BnO @/ OH S . BnO
20 OH 40°C o
CF; 22 CFg 21a, 87%, 2:17/
N J

Scheme 7: Catalysis of DMAP Hydrochloride salt and Thiourea.

hemiacetal at 40 °C did not give any product (Scheme 7, Eq. 1). However, surprisingly enough,
reaction when under similar conditions along with the presence of catalytic Schreiner’s thiourea
22 lead to the conversion of the lactols into glycosylated products at 40 °C efficiently (Scheme 7,
Eq. 2).

Proposed Mechanism:

Thiourea 22 has a significant role in binding with halide ion as depicted in Scheme 8 which
in increasing the acidic character of the protonated DMAP. By expulsion of water from
intermediate (1), the hemiacetal readily forms the corresponding oxocarbenium ion (I1) which
undergoes a nucleophilic addition with the alcohol. Deprotonation of intermediate (111) results in

the formation of the desired glycosylated product in good yields.
Scope of Reactivity of Different Donors and Acceptors:

Several derivatives using various donors and acceptors have been synthesized to showcase
the efficiency of this method (Figure 6). Generally, benzyl protected donors were unable to give
selectivity more towards the alpha isomer. It was observed that silyl protected donors gave

products 21b-k good yields and selectivities.
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Scheme 8: Proposed Mechanism using Thiourea and DMAP hydrochloride Salt
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Figure 6: Glycosylation of 2-deoxy Hemiacetals by DMAP hydrochloride salt using Thiourea
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Summary and Perspective:

In conclusion, 2-deoxy hemiacetals as glycosyl donors gave us stereoselective glycosides
through the formation of oxocarbenium ion via iminium catalysis. This dehydrative glycosylation
also has the potential to convert native and readily available deoxy sugars into the corresponding
glycosides with high yields. Afterward, the open-close strategy of protected ribose hemiacetal
successfully gave us biologically relevant 2-deoxy riboglycosides. Surprisingly, the formation of
furan derivative implied us a clear idea about the mechanism. We found that protonated TTBPy
can act as a single hydrogen bond donor to activate the alcohol, thereby driving the glycosylation
of glycals in a stereoselective fashion. It is interesting to see that TBDPS protected glycals gave
stereoselective products in high yields. The usage of bulky and the superarmed TBDPS along with
the sterically congested TTBPYy salts allowed to achieve high a-selectivities in the construction of
the glycosidic bonds. The effect of the counterions on the structure and reactivity of the cationinc
TTBPy has also been thoroughly investigated, and the difference in reactivity was showcased in
the glycosylation reactions towards the synthesis of 2-deoxy glycosides as well as the Ferrier
glycosyl products. Finally, the use of Schreiner’s thiourea in combination with DMAP salts
allowed us to perform the dehydrative glycosylation under ambient conditions. Overall, we have
developed three different methods for the synthesis of 2-deoxy and 2,6-dideoxy glycosides each
following a unique mechanism, and the utility of these methods towards the synthesis of other

classes of glycosides will be investigated.
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Literature Survey on Synthesis of 2-Deoxy Sugars

1.1 Deoxy Sugars:

Deoxy sugars are a class of carbohydrates in which one or more hydroxyl groups are
replaced with hydrogen atoms. Among various available deoxy sugars, 2-deoxy glycosides are
essential targets in the medicinal and synthetic field. 2-deoxy-D-ribose is a well-known deoxy
sugar, which is the main constituent of deoxyribonucleic acid (DNA). Furthermore, 2-deoxy
sugars, 2,6-dideoxy, and 2,3,6-trideoxy sugars are more abundant sugars, and they are present in
naturally available and biologically relevant molecules.® Fucose or 6-deoxy-L-galactose is the
main component of fucoidan of brown algae and found in N-linked glycans. Moreover, rhamnose

or 6-deoxy-L-mannose is a type of 2,6-dideoxy sugar and commonly, found in plant glycosides.

1.2 Occurrence and Biological Importance of Deoxy Sugars:

Naturally, 2-deoxy sugars are found in biologically active molecules. Most of them have
antitumor activities as well as cancer therapeutics applied in clinics? such as anthracycline
antitumor antibiotics,® aureolic acid derivatives,* angucycline group antibiotics,>® avermectins,’
and enediyne antibiotics.® Anthracycline antitumor antibiotics are a class of natural product
containing tetracyclic aglycone unit linked to the 2-deoxy sugar moiety. These molecules such as
Daunomycin, Adiramycin, and Robumycin (Figure 1) form noncovalent complexes with DNA
through intercalation and inhibits DNA replication and RNA transcription. Doxorubicin is a well-
known drug for antitumor activity. Furthermore, Anthracycline derivatives, e.g. Marcellomycin

and Aclacinomycin A containing long carbohydrate chains are less toxic.

9] O O
HONH2 HONH2 ONH2
Daunomycin Adriamycin m Rubomycin
HONMGZ
3
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OH CO,Me

oH NH2

(@)
Doxorubicin m FQ}
OH OOH

Marcellomycin Aclacinomycin A

Figure 1: Naturally occurred Anthracycline antibiotics.

The aureolic acid antibiotics including Mithramycin,® Chromomycin Az ° Olivomycin A,
UCH9' are family of glycosylated tricyclic polyketides which are found from various
streptomycete species and contain polycyclic chromophore with more than two 2-deoxy glycosides
subunits®® (Figure 2). It was observed that they have important antitumor activities and can be
applied as chemotherapeutic agents for the treatment of cancer. Moreover, the study of such
antibiotics reveals that little change in 2-deoxy subunits leads to a significant effect on their

bioactivities.}

OHO ]
HO’&, &
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OH CH O

9]
MeO Mithramycin ACOW Chromomycin A,
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0
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Figure 2: Aureolic acid antitumor antibiotics.
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Figure 3: Biologically relevant Angucycline antibiotics.

The angucycline antibiotics are glycosylated containing more than two oligosaccharide
subunits and show excellent biological activities (Figure 3). Acuayamycin®® can be used as an
inhibitor of tyrosine and dopamine B-hydroxylase.’® The Angucycline Urdamycin A'"® can be
utilized against gram-positive bacteria and murine leukemia L1210 stem cells. Furthermore, PL-
080 antibiotic inhibits platelet aggregation.® Landomycin A possess the longest hexasaccharides
which are a combination of two repeated trisaccharides [a-L-rhodinose-(1—3)-p-D-olivose-
(1—4)-B-D-olivose] and has a potent antitumor activity against a range of 60 cancer cell lines?%?!
which gain a huge attraction towards landomycin family. Moreover, it is known that Landomycin
A inhibits the biosynthesis of DNA during the G1/S cell cycle progression.?? However, it was
observed that the cytotoxicity of landomycin family depends on the length of the glycan chain.

Therefore, Landomycin E reveals lower biological activity due to the truncation of glycan units.?®
22-23
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2-Deoxy Sugars:

The importance of 2-deoxy sugar is 2-deoxy-D-erythro-pentose (2-deoxyribose), the main
constituent of deoxyribonucleic acids (DNA). Moreover, 2-deoxy-D-arabino-hexose (2-
deoxyglucose) has been known as an energy restriction mimetic agent.?* Besides, synthesis of 2-
deoxy sugars is also challenging as they are very tough to handle. Generally, they are very sensitive

towards hydrolysis and 1,2-elimination.

Synthesis
a) Glycosyl halides can be activated by Zn in acetic acid to form glycals, which upon hydrolysis

gave corresponding 2-deoxy glycosides. The most well-known process is Fischer’s glycal method
for the synthesis of 2-deoxy sugars. Acetylated glucosyl bromide 1 converted to corresponding
glucal 2, followed by addition of water or alcohol to double bond in acidic medium afforded 2-
deoxy glucosides 3 (Scheme 1).2° Ferrier product was formed as a side product in some of these

Cases.

®
Acl Zn/AcOH — ROH/H &
—
AcO O AcO S > AcO O
AcO AcO = AcO
AcO

Br OR
1 2 3

Scheme 1: Preparation of 2-deoxysugar from glycal.
b) Another procedure for the synthesis of 2-deoxy sugar 5 is activation of glucal 4 by triphenyl
phosphine in the presence of HBr (Scheme 2).26 However, the formation of Ferrier product was

eliminated during this procedure.

RO PhsP - HBr RO
o) 0

RO
R&;%a R'OH, DCM Ro&ﬁ

4 5 OR'

Scheme 2: Synthesis of 2-deoxysugar from glycal in the presence of PhaP-HBr.
c) Acetyl protected glucal 2 afforded corresponding deoxy sugars 3 in the presence of acid resin

and Lithium bromide to form o-selective glucosides (Scheme 3).2’
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AcO LiBr, ACN AcO
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Scheme 3: Synthesis of 2-deoxysugar in the presence of acid resin and LiBr.
d) N-iodosuccinimide in the presence of aqueous acetonitrile activates galactal 6 to transform
corresponding 2-iodo pyranoside 7 (Scheme 4).2¢ This method is relatively mild to acid labile and

sensitive silyl and trityl groups.

o OTPS o sno _OTIPS 8o _OTIPS
N325204
O - = O — = (0]
—= - BnO _ BnO
BnO ACN-H,O | OH DMF-H,0 OH
6 7 8

Scheme 4: Synthesis of 2-deoxy hemiacetals via 2-iodopyranoside.
e) Another mild process to synthesis 2-deoxy pyranoses is a reaction of glycal with lanthanide salts
like Lewis acids (Scheme 5).2° It was found that glucal 4 can be activated by CeCls.7H20 — Nal
system to form corresponding 2-deoxy glucosides 5 in stereoseletive fashion with high yields.
Although, the absence of Nal results the formation of Ferrier product.

RO RO

Ro/h CeCly, 7Hy0 -Nal RO’&%
ROTS="" RoOH, ACN, reflix "©

4 5 OR

Scheme 5: Synthesis of 2-deoxy pyranose from glycal in presence of Lewis acid.
2,6-Dideoxy Sugars:

This class of carbohydrate is highly abundant in nature as a diastereomers having antibiotic
and antitumor activity. Among them, 2,6-dideoxy-3-O-methyl-hexopyranoses and 2,6-dideoxy-3-
amino-hexopyranoses have been utilized as components of natural products in medicinal
chemistry.

Occurrence:

D-boivinose was found as a component of a cardenolide glycoside isolated from the seeds
of Corchorus olitorius L.*° L-boivinose is the less abundant and found in corn (Zea mays).>! D-
digitoxose is the main constituent of plant cardiac and other steroidal glycosides®? whereas L-
digitoxose has been found from actinomycetes particularly as a unique family of antibiotics, the

jadomyecins. L-olivose is the main constituent of the trisaccharides chain of the anthracycline

7
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Aclacinomycin A. Interestingly, L-olivose is not available in nature but its 3-O-methyl derivative,
L-oleandrose has been isolated in oleandomycin, a macrolide antibiotic produced by Streptomyces

antibioticus.
CH; CHj; CH; CH;
OH o) le) OH fe) e}
OH OH OH OH OH OH
OH
OH OH OH
D-boivinose D-digitoxose D-oliose D-olivose

2,6-dideoxy-D-xylo-hexose 2,6-dideoxy-D-ribo-hexose 2,6-dideoxy-D-lyxo-hexose 2,6-dideoxy-D-arabino-hexose
2-deoxy-D-fucose

0 OH 0
CH CH
@NOH @NOH
OH

L-boivinose L-digitoxose L-oliose L-olivose
2,6-dideoxy-L-xylo-hexose 2,6-dideoxy-L-ribo-hexose 2,6-dideoxy-L-lyxo-hexose 2,6-dideoxy-L-arabino-hexose
2-deoxy-L-fucose

Figure 4: Naturally occurring 2,6-dideoxy sugars.

1.3 Traditional Method for Synthesis of Glycosides:

Initially, the biologically active organic molecules were collected from natural resources,

but this extraction method was time-consuming and expensive process also. Most of the cases, the

@
(1] @
Electroph|le (E) —0 —0
Donor i Intermediate Oxocarbenium_
ion
PG = Protecting Group 0
LG = Leaving Group HO/"\\
R = Alkyl Group
Acceptor
NO
PGO~—__ =0
(0] \’\\
PGO “or

Oligosaccharide
Scheme 6: Traditional synthesis of Glycosides: mono-, oligo- and polysaccharides.
supply of the antibiotics is problematic because of the less stock and limited access. To overcome
this issue, there is a necessity for the synthesis of such target molecules to ensure sufficient supply

of antibiotics. Hence, there is a requirement in discovery and development in the synthesis of
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natural products. After a few decades, the oligosaccharide synthesis was carried out by
glycosylation process by reacting glycosyl donor and acceptor to form glycosidic linkage. As
depicted in Scheme 6, the leaving group of donor was activated by an electrophile acting as a
promotor. Then, the generated intermediate remains in equilibrium with oxocarbenium ion. The
acceptor acting as a nucleophile reacted with oxocarbenium ion to provide oligosaccharide via the
formation of glycosidic bond. It is distinct that there is a possibility for the nucleophile to attack
the oxocarbenium ion from both bottom (a) and top (B) faces. Because of sp? hybridization of
oxocarbenium ion, it adopts trigonal planar geometry and hence, both axial (a)), and equatorial (J3)

isomers of oligosaccharide are formed.

1.4 Influence of Neighboring or Participating Group in Glycosylation:

It is evident that axial (a)) glycosides are more favored due to the anomeric effect while the
synthesis of equatorial () isomer is relatively tricky and even more challenging. During the
synthesis of 2-deoxy glycosides, there is a difficulty to control the stereochemistry in glycosylation
due to the absence of substitution at C2 position in 2-deoxy sugars. Hence, various approaches
were discovered for stereochemical control of glycosidation®®, and that can be done either
introducing any participating group like electrophile or incorporating any substituent, which has
neighboring group participation effect like acetate or benzoate group at C2 position (Scheme 7).
If the participating group at C2 position stays at the axial position and blocks the top (B) face, then,
the hydroxyl group of acceptor attacks from the bottom (o) side to generate axial (o) glycosides.
Alternatively, the substitution of the participating group at equatorial position blocks the bottom
(o) face then, the acceptor attacks from top (B) side exclusively to construct equatorial (f)
glycosides. Normally, halogen, sulfur or selenium®* was often used as the participating group, and
they are introduced to glycal during the reaction or after several steps before construction of
glycosides. Finally, the participating group was removed by various synthetic procedures to

provide the corresponding glycosides.
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O

Peouﬁ xﬁ\
PGO “oR

0
o- glycosides

@
» PGO
®
@] Electrophile (E)
PGO
RS PGO OR
Donor Acceptor
» PGO
PG = Protecting Group = E
R = Alkyl Group i ®

0
GO%OVE\
E PGO “oR

B-glycosides

Scheme 7: Influence of Neighboring or Participating Group in Glycosylation.

1.5 Literature Preview on Synthesis of 2-Deoxy Glycosides:

In literature, there are various reports on the synthesis of 2-deoxy glycosides. Kim et al.
reported the novel glycosylation of (2’-carboxy)benzyl-4,6-O-benzylidene-2-deoxyglucoside 9
(Scheme 8) in the presence of triflic anhydride at -78 °C to provide disaccharide 11 with 71-92%

ield.® In this reaction, the selectivity is more towards p isomer.
y y

-0 N0
P % 0 TH,0,DTBMP 7N o O
BnO + O\ —_— BnO 0

OR -78 °C, DCM O %=\
O ’
9 10 11 PGO\OR

COM pg = Protecting Group 71-92%

R = Alkyl Group

Scheme 8: Synthesis of 2-deoxy glycosides by Kim et al.

Takahashi and coworkers elucidated the direct synthesis of B-linked oligosaccharide 14
from glycosyl imidates 12 by oxidative activation of the donor (Scheme 9).%® This coupling
method can also be applied on 2,6-dideoxy and 2,3,6-trideoxy glycosides to ensure (3-selective

10
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glycosides with high yields. lodine and a catalytic amount of triethylsilane in toluene act as a
promotor to activate the donor to provide corresponding product in high yields and selectivity.

o I, (1.5 equiv)
R'O O o Et;SiH (0.1 equiv R1O’_t&/ ~_—-0
Bno’ﬁi‘ HOTS\m\ 3SH (0.1 equiv), R3OS O=N

ccly PGO
OT 3 OR 4AMS,-78°C, PGO “or
12 NH 13 Toluene 14
R'=s0,Bn, Bn PG = Protecting Group

R = Alkyl Group
Scheme 9: Synthesis of B-linkage oligosaccharide by T. Takahashi and coworkers.
Herzon and coworkers reported glycosylation of 2-deoxy and 2,6-dideoxy glycosides with
acceptor 17 to achieve corresponding oligosaccharides 18 in high yields and towards more [
selectivity (Scheme 10).%” The reactive glycosyl bromide 16 was synthesized by coupling between

corresponding glycosyl anomeric acetate 15 and TMSBr in DCM.

OAc Br
1 TMSBr, DCM 1
Ry MO kG707 | LR
R20 Ahadlllial R20 PGO ‘OR
15 16 17
R'=H, OBn
R? = Bn, Bz, Ac
Silver Silicate
4 AMSs, -60 °C
DCM
0
\;..“:\\
R'CH 0
R%W PGO OR
2
R20 18

Scheme 10: Glycosylation of deoxy glycosyl bromide by Herzon and coworkers.

In another example, Mark S. Taylor and coworkers reported organo boron-catalyzed
glycosylation of 2-deoxy and 2,6-dideoxy glycosyl chloride 20 to provide corresponding
oligosaccharides 23 with high yields and B selective (Scheme 11).8 The boron catalyst 22
promotes enhancement of acceptor’s 21 nucleophilicity which enables the glycosylation more

towards P linkages via Sn? pathway.

11
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OAc Cl

1 BCl,, DCM 1
iy - R ze7 | =2
e 0 °C, 30 min, g HO "F‘,"G\;\OR
ag. NaHCO,
19 20 21
R'=H, OBn
R? = Bn, Bz, Ac
Ph Sg,oj Ag,0
P ) 23 °C, DCM
22 Mo
‘ﬁ-.—‘o
~
RIGH SR
e, PGO 'OR
2
R20 03

Scheme 11: Organo boron-catalyzed Glycosylation by Mark S. Taylor and coworkers.
Suzuki and co-workers reported a direct conversion of deoxyglycosyl acetates 24 into 2-
deoxy C-glycosides 26. In this process, initial O-glycosylation was carried out at low temperature

followed by warming to afford the corresponding C-glycoside (Scheme 12).*°

oH SnCl 4 AMS O
0 DCM, -78 to -25 °C 0
Bzo/tdzo’*c + » B0 O

OBz OBz HO

24 25 26
99%, 1:14 a.:p

Scheme 12: Synthesis of C-glycosides via O-glycosylation.

In 1993, Kahne and coworkers reported that there is a huge chemical reactivity difference
between OMe and H during one-pot glycosylation to synthesize ciclamycin trisaccharides 31
(Scheme 13). The mixture of two 2-deoxysugar sulfoxides donors 27, 28 and 2-
deoxythioglycoside 29 as an acceptor with a catalytic amount of triflic acid in the presence of

methyl propiolate as a sulfenic acid scavenger afforded the trisaccharides with 25% yield.*°

12
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SPh

W SPh
: 7
O
OBn
OBn

HO
29 ©

SPh
. 0
A 0
0
o7 40BN
w HOOBN 30
HO 2" OMe + PQ%
28

o)
TfOH TfOH Jan
+ 0 -78 °C -718°C
S

i 7= 7

25%

Scheme 13: One-Pot Synthesis of the ciclamycin trisaccharide using glycosyl sulfoxides.

After that, Mong exploited that dimethylformamide (DMF) could be used as a modulator
during thioglycoside activation to provide a-selective 2-deoxy glycosides 34 with good yields
(Scheme 14). The activation of the thioglycoside 32 with NIS/TMSOTT in the presence of DMF
(4 to 12 equiv) to afford a glycosyl imidate existing in equilibrium between the more stable a-
imidate and more reactive B-imidate. However, B-imidate reacts with acceptor 33 to give products

with o-selectivity.*!

OMe 1. DMF (4 equiv ) 4 AMS OMe OMe
DCM, -70 °C ®
0] ! 0] —_— 0]
N o&xsm > |Napo = [ o&/o NMe,
a® 2. NIS, TMSOTY . ® ap Y
€2
32 O\( H
- H
o-imidates P-imidates
1. DMF (4 equiv ), OMe
> NapO
2. (0]
R, loroo
.~ STol
-50 °C STol
34
65%, o only

Scheme 14: Use of DMF as a modulator in the a-selective synthesis of 2-deoxyglycosides.

Nicolaou and co-workers showcased the activation of glycosyl fluoride by Lewis acid

during the synthesis of vancomycin (Scheme 15).#> They demonstrated that the activation of

13
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vancosamine fluoride by Lewis acid BF3-OEt; and TMSOTT with glucose derived acceptor 35 to
provide the vancomycin disaccharide in 89% yield with 10:1 a:3 selectivity.

OBn
F OBn OMe ﬁ/ OMe
BF3 OEt, (0.4 equiv BnO
0 Bno&/o 3 OFtz (0.4 equiv), BnO o
+ BnO TMSOTTf (0.4 equiv), o)
NHCbz OH MeO
BnO @) €
MeO DCM, 4 A MS
~35°C 5 C)NHCbZ
Vancosamine 35 n Vancomycine
flouride 89%, 10:1 a:

Scheme 15: Synthesis of the vancomycin through BF3-OEt,-TMSOTT.

1.6 Organocatalytic Synthesis of 2-Deoxy Glycosides:

The enantioselective organocatalysis is a powerful synthetic method to catalyze
challenging transformations in synthetic organic chemistry. It has an important role in the
development of new methods to make chiral molecules with excellent regio-, chemo-, and
stereoselective control. The organocatalysis is known to be simple for handle and operational
purposes. Organocatalysts, generally are readily available, easy to prepare, and low in toxicity.
These valuable features make organocatalysis an attractive method to synthesize complex
structures, including oligosaccharides in stereoselective fashion.

Galan, McGarrigle, and coworkers demonstrated that the reaction of glycals 36 with
Schreiner’s thiourea provide o-stereoselective 2-deoxygalactosides 37 (Scheme 16).% It
showcased that a range of protecting groups, e.g., ethyl, allyl, benzyl, methoxymethyl ether
(MOM) and silyl ether are not affecting during the reaction.

0 Schreiner's thiourea BnO ,OBn

BnO | (1 mol %) i 0
BnO DCM, reflux BnO
n R-OH OR
OBn
36 37

Scheme 16: Synthesis of a-selective glycosides from galactal.

In another report, Ye and coworkers elucidated that protected glycosyl chloride 38 was
activated by Koenigs—Knorr activation to afford deoxyglycosides 39 with high yields and more
towards o-selectivity (Scheme 17).# It was found that the combination of thiourea catalyst with
K>CO3 provided the desired disaccharides after 24 h at 80 °C.

14
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Schreiner's thiourea

(0.2 equiv)
0 KzCO3(2 GQUiV) 0
.
PGO~%==\, " henzene, 80 °C, 24 h PGO A=\
cl : OR
R-OH
38 39, 71-99%

a:f 2:1 to o only

Scheme 17: Stereoselective synthesis of deoxy glycosides from glycosyl chloride by Koenigs-
Knorr activation.

Recently, Bennett and co-workers showcased that perbenzylated 2-deoxyglycosyl a- or -
trichloroacetimidate can be activated by chiral BINOL-derived phosphoric acids and afforded the
corresponding 2-deoxyglycosides after coupling reactions with 1-octanol (Scheme 18).%
Interestingly, high levels of B-selective glycosides were found (1:16 a:f) when chiral Brgnsted
acid catalyst (S)-cat. and an a-trichloroacetimidate donor was used. Besides, while the reaction
involving (R)-cat. and B-trichloroacetimidate donor required longer reaction times and afforded

the corresponding product more towards a-selective (6.6:1 a:p).

OBn
o (S)-cat. OBn
BBOO (10 mol %) T o
n
5 toluene, -40 °C, 44 h Bnoéﬁmochw
NH
SR towards
CCls; B selectivity
a—trichloroacetimidate 75%, a:p 1:16
OB; (R)-cat. OBn
BnO O, _NH (10 mol %) é o
BnO
BnO Y toluene, -40 °C, 168 h Bno OCgH47
CCls CgH47-OH towards

B—trichloroacetimidate o selectivity

39%, a.:p 6.6:1

Y., CCr.
C 0 Q0

4 4

/ /Y
O™ Ce
Ar

Ar
(R)-cat. (S)-cat.
Ar = 4-adamantyl-2,6-diisppropylphenyl
Scheme 18: Synthesis of chiral acid-catalyzed glycosides from trichloroacetimidate.
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Furthermore, Misra and coworkers demonstrated that the glycosyl trichloroacetimidate
donors could activate by NOBFs followed by addition of nucleophile provided a-selective
glycosides within 20-40 min (Scheme 19).%¢ The authors proposed that a nitrosyl cation efficiently
activates the trichloroacetimidate to form an oxocarbenium ion as an intermediate.

ROH (0.9 equiv)
PGO,E% NOBF, (03equv) PGO,Y:%
O. _NH DCM,-15°C, 20-40 min OR

CCl;
o—trichloriacetimidates o—glycosides

Scheme 19: Synthesis of a-selective glycosides using NOBF; as a Lewis acid.

The oxaboraanthracene-derived borinic acid catalyst 44 has a great influence in highly
stereoselective glycosylations with glycosyl mesylate donors 42 (Scheme 20).*” M. S. Taylor and
coworkers demonstrated the in situ formation of glycosyl mesylates 42 by the reaction of glycosyl

hemiacetal 40 with methanesulfonic anhydride 41. The generated glycosyl mesylate 42 was

0B ﬂ 41
BnO /" ’i‘ (4 equiv) Bno /O8N OH
o) Ms,O (1.9 equiv 0
BnO 009equv) _ oo + HO&RR.
OH DCM,23°C.<1h

R R OMs
40 42
R =H, N;, OBn
' 10 mol %)
DCM, 23 °C.16 h
BnO OBn OH
o] KR
Bnoggfo R’
R
45, 66-82%

B:a 5.7:1 to >19:1
Scheme 20: In situ formation of glycosyl mesylate donors followed by glycosylation using a

diarylorganoboron catalyst.

activated with diarylorganoboron catalyst 44 by an organoboron-catalyzed glycosylation in the
presence of 1,2- or 1,3-cis-diols 43 as an acceptor. The desired disaccharides 45 were obtained
over 16 h in high yields towards B-selectivity and also regioselectivity toward the other free OH.

16
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However, when the reactions were carried out in the absence of the organoboron catalyst 44
afforded the products 45 having modest to high a-selectivity and indicated the stereochemical
influence shown by the organocatalyst.

Berkessel and coworkers reported that glycals 46 can be activated by electron-deficient
pyridinium salts as catalysts to provide 2-deoxyglycosides 47 in the presence of alcohol (Scheme
21).%® They displayed that 1-2 mol % of catalyst was enough for stereoselective glycosylation of
glycals. This method was applicable on a series of primary and secondary acceptor and desired

product obtained within 14 h in high yields towards a-selective product.

R'OH OR'
@] o (o)
PGO | Cat. 5 mol % . PGO
PGO DCM, rt, 24 h PGO
OPG OPG
46 47
Cat.
0 O

MeoWOMe
@
x@ Nk
R
R = CN, CO,Et, CO,Me, CgHs
X = Br, Cl, NTf,, BPh,

Scheme 21: Electron-deficient pyridinium salt-catalyzed 2-deoxyglycosylation.

Recently, Wan and coworkers highlighted the deiodination of 2-iodo-2-deoxy glycosides
under visible-light irradiation in the presence of an iridium catalyst (Scheme 22).*° They
mentioned that this protocol is highly efficient to convert acetate-protected 2-iodo-2-

deoxyglycoside 48 to corresponding 2-deoxy-a-glycosides 49 with good yields.
ACO— fac-{Ir(mppy)s] (1.5 mol %)  AcO
AcO O DIPEA (2 equiv) AcO O
AcO p-toluenethiol (2 equiv) AcO
o 1 W blue LED o
BnO BnO
Bn(;&ﬁ ACN BnO
BnO BnO

48 49
Scheme 22: Visible-light-mediated deiodination of 2-iodo-2-deoxyglycosides.

After that, Toshima and coworkers demonstrated the activation of glycals by reactive
iodophosphonium ion (Scheme 23).>° They displayed that, in the presence of alcohol, glycal 50

17
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was activated in the presence of NIS (0.1 equiv) and triphenylphosphite (0.2 equiv) to generate
corresponding 2-deoxyglycosides 51 at rt with good yields and selectivities.

NIS (0.1 equiv) OBn

o)
BnO P(OPh); (0.2 equiv) o
| | » BnO
BnG" DCM, rt, 3 h BnO
ROH (2 equiv) OR
OBn 51, 78-88%
50 a:p 1.7:1 to 4.9:1

Scheme 23: Synthesis of 2-deoxyglycosides using NIS and P(OPh)a.

In another report, Mahrwald and coworkers described the glycosylation of unprotected
native sugar 52 to provide 6-deoxyglycosides 53 in a stereoselective way (Scheme 24).5! This

protocol involves the activation of unprotected native sugar by using PPhs/CBr4 catalytic system.

PPh3/CBr, (1/1)

@] 0 O @]
HO OH (10. mol %)
LiCIO,
o ‘,' - K "IOH
OH HO  :
IPA OH

HO
52 53
65%

Scheme 24: Glycosylation of unprotected sugars using PPhz/CBra.
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Secondary Amine Salts Catalyzed...

2.1 Introduction:

The formation of iminium ions'? by a reaction between secondary amines/amine salts and
aliphatic/aromatic aldehydes has been extensively explored since the seminal work by MacMillan
et al.? and Barbas et al.® In the case of aliphatic aldehydes,'® the thus-generated iminium ions
tautomerize into the corresponding enamines that are trapped by a multitude of electrophiles
(Scheme 1), whereas iminium ions formed from a,f3-unsaturated aldehydes are prone to undergo

1,2 or 1,4-nucleophilic addition reactions.

@ _ HHX U O Electrophlle @

Lactol Iminium ion Enamine Functinalized
1 2 3 lactols 4

Scheme 1: General iminium/enamine catalysis of lactols.

Liu et al. have showcased the iminium/enamine catalyzed functionalization of masked
aldehydes, i.e. lactols* 5 and cyclic hemi-aminals® that react with nitrostyrenes 6, a,B-unsaturated
ketones, and ketomalonates.*® With this open-close strategy in asymmetric catalysis, lactols are

CO,H

1. Ph
<N )——QOTMS 8
H

Ph \
O ,OH 7 20 mol %, NO, 10 mol %

RQ R’ Toluene, 25 °C, 30 h
+ \4\
- NO, 2.PCC (3 equiv), DCM, 25 °C, 20 h

5 6 n=0or1

Scheme 2: Iminium/enamine catalysis of functionalized lactols.

directly activated by secondary amine catalyst 7 providing a-functionalized lactols containing two
adjacent stereogenic centers. These lactols were further oxidized to their respective lactones 9 to
obtain the products as a single diastereomers in good yields and with excellent enantioselectivities

(most cases >99%) (Scheme 2).

23
TH-2479 136122012



Chapter 2

CO,H

1. Ph
OTMS
N Ph 8 20 mol %

H 0 NO
R CO,Et 7 20 mol %, 2

o) o
QMOH 0= ACN, 25 °C
n CO,Et 2. m-xylene, 110 °C, 24 h
10 1 n=0or1

Scheme 3: Asymmetric aldol-desymmetrization method to synthesize bicyclic compounds.

Similarly, Liu and his coworkers reported an asymmetric aldol-desymmetrization approach
in the presence of diethyl malonate 11 which provided highly efficient and biologically important
bicyclic oxygen-containing compounds with multiple chiral centers and one is a quaternary
stereogenic center containing a free hydroxy group (Scheme 3). Moreover, the final products were

obtained from racemic lactols as two separable diastereomers.

R,_‘ OH Enamine R.a. OH [H] R
N H catalysis > N E ‘.N E
H @ { H l\:}<H
n Electrophile(E) n n
13 14 15
n=0or1

Scheme 4: Enamine-based Asymmetric conjugate addition reaction.

Liu and his group elucidated an enamine-based asymmetric conjugate addition reaction for
the synthesis of functionalized nitrogen-containing heterocycles 15 (Scheme 4). With this method,
cyclic hemiaminals 14 were directly used for the first time as nucleophiles to afford corresponding

heterocycles in high yields and enantioselectivities.

We envisioned that in the case of lactols 1, the iminium ions 16 that tautomerize into
enamines 17, under forcible conditions, could be trapped intramolecularly which upon the
expulsion of ammonium species could lead to the generation of oxocarbenium ions® 18 (Scheme
5), one of the most important intermediates in organic chemistry. The thus generated
oxocarbenium ions if trapped by nucleophiles like alcohols would lead to the development of a
novel organocatalytic method for the synthesis of acetals 19.
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@ o HOO @ @Nuc.eophue @

Lactol Iminium ion Oxocarbenium ion
1 16 18

Scheme 5: Possible mode of activation of lactols: Generation of oxocarbenium ion.

We have chosen 2-deoxysugar lactols as substrates to study the hypothesis. 2-Deoxysugar
acetals, i.e. 2-deoxyglycosides are part of several natural products with anticancer’ and antibiotic
properties’®® and it has been shown that these structural motifs are important for their activity.®
Most of the sugar lactols require the anomeric derivatization prior to glycosylation and 2-
deoxysugars are no exception.’® However, the derivatized 2-deoxysugar donors are relatively
unstable!! and require careful handling. Several direct and indirect methods for the synthesis of 2-
deoxyglycosides*? involving C-2 heteroatom substitutions,****3 1,2-epoxides,** enol ethers,'® and

hemi-acetals'® have been developed over the past two decades.

Despite the significant advantages, dehydrative glycosylation has not evolved into a
commonly used method owing to the unique challenges posed by lactol donors, e.g. the self-
condensation reaction of the lactols often competes with the desired glycosylation product. 2-
Deoxy lactols pose a bigger challenge due to their high reactivity/nucleophilicity towards the self-
condensation of the substrates. The existing methods, though highly effective, suffer from the
requirement of more than one reagent*®®” and limited applicability.'®*8 Bennett and coworkers

cl_ Cl

BnO A BnO ROH BnO
o Ph Ph o BnO 0
BnO ————— BnO > Bno
BnO oy TBALTTBP  BnO OR
20 21 | 22

Scheme 6: Dehydrative glycosylation via glycosyl iodide.
reported a method to convert 2-deoxy hemiacetals 20 into glycosyl iodides 21 in-situ via anomeric
cyclopropenium intermediate in the presence of TBAI and TTBP followed by the addition of

alcohol to provide the glycosides 22 in high yields (Scheme 6). However, the method suffers from
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the usage of more than one reagent and also involves the usage of more than stoichiometric

amounts of the expensive base TTBP.

R o 1.KHMDS R o ROK 5 o&&/
BnO — | BNnO —_— IgnO OR
BnO 2.Ts ,0 BnO THF-Diglym,
OH OTs| -78°Cto0°C 25
R' = H, OBn
23 24

Scheme 7: Dehydrative glycosylation via a-glycosyl tosylate.

Recently, the same group showed that 2-deoxy hemiacetals 23 could be converted into
glycosyl tosylates 24 using tosic anhydride in the presence of hindered base KHMDS and this
tosylate intermediate was found to be very effective to give P selective glycosides 25 with
corresponding alkoxides in high yields via Sn? pathway (Scheme 7). Although, this method is
highly selective, but still, it is a two-step process. For this purpose, the dehydrative glycosylation
method in one-step process in which 2,6-dideoxy hemiacetals 26 converted directly to
corresponding a-selective glycosides 29 in high yields (Scheme 8). Cyclopropenone and
tetrabutylammonium iodide (TBAI) were used to activate the hemiacetal and after that, the
addition of primary sugar alcohol 28 to it, gave corresponding disaccharide 29 stereoselectively.

0

1 Aﬂ (1.1 equiv)

Ar Ar
oy (COBry), TTBP (3 equiv), 0
Additive (5 equiv), DCM
Bnow > 8n0Z227 Bno =
b ) OH BnO BnO
26 BnO O 28 (0.5 equiv), Solvent 29 B"O%ue
BnO
BnOOMe
OMe
Me Meoj@/ ©.\
oy sfeelE:
v <

0]

Scheme 8: Reagent-controlled a-selective dehydrative glycosylation.

Although, they were getting selectively one isomer in one-step, but they were using so many

additives, more than one promoters to drive the reaction.
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0
oH TO 1) NaH 0N
T oo ~ g P
7% PGOw—~\  2)1,4-dioxane, tt, 24 h /
PGO PGO
30 31 32

Scheme 9: Synthesis of 2-deoxy glycoside via anomeric O-alkylation.

Alternatively, J. Zhu and coworkers reported a novel approach for the synthesis of 2-deoxy
and 2,6-dideoxy glycosides 32 via anomeric O-alkylation with secondary electrophiles like
glycosyl triflates 31 (Scheme 9). This method is performed in a basic condition that is beneficial

for acid-labile 2-deoxy glycosides 30.

Walczak and his group reported the dehydrative glycosylation of glycosides 33 with cyclic
phosphonium anhydride 34 to form phosphonium intermediate 35, and the corresponding product
was formed 36 upon addition of alcohol with high yields (Scheme 10). Generally, cyclic
phosphonium anhydride is an efficient and versatile reagent for N-, S-, O- and C- glycosylation in

excellent yields.

33 35
PG = Protecting Group

R'OH
DPPBO,

Pc;o\’\\//&,1

1
36 OR
Scheme 10: Dehydrative glycosylation using cyclic phosphonium anhydride.
In literature, 2-deoxy sugar lactols 37 are activated in one-step by using several activating

agents to form highly reactive intermediate 38, where hydroxyl group was converted to a
conventional leaving group (Scheme 11). Finally, this intermediate 38 can be trapped by alcohol
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in the presence of more than one additive, promoter, and molecular sieves to achieve corresponding

acetals 39.
PGO PGO Peo
Promoter,
PGO — T Peo ~ oo
4 AMS, ROH
37 OH 8 LG % OR

PG = protecting group
LG = leaving group

Scheme 11: General strategy of glycosylation methods.

Till date, an effective catalytic method for the dehydrative glycosylation with a broad scope
towards the synthesis of 2-deoxyglycosides 42 has not been realized. To overcome these
difficulties and challenges, a new controlled mode of activation of these substrates is needed. Here,

in this chapter, we report an unprecedented and operationally simple organocatalytic protocol for

PGO [ PGO PGO
H-HX PGO OH
PGO OH PGO o
PGO#VH > |PGO Al PGO
40 ROH

|
x© &R 42 OR
2-deoxy sugar O
— Oxocarbenium ion ~ ©) o
N, x
41 Hﬂ IH

Scheme 12: Our strategy of dehydrative glycosylation method via generation of oxocarbenium
ion.

the direct dehydrative glycosylation of 2-deoxyglycosides 40 using secondary amine salts as
catalysts that involve the efficient use of lactol functionality (Scheme 12). In this method,
preactivation of the substrate is not needed, the reaction is easy to handle and not moisture
sensitive. Raw materials for the preparation of catalyst are very cheap, and the process of synthesis
of salts is very simple. Dehydrative glycosylation was very common and well-known method in
carbohydrate chemistry. So, we should always be aware of the self-condensation product
(dimerized product) which is expected byproduct in dehydrative glycosylation method as 2-deoxy

lactols had high reactivity/nucleophilicity towards self-condensation of the substrates.
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PGO~~_-0 PGO~——0H
I:“OH
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OH OH OH
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v CI \'\/
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VII OR
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ion N H 144
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Figure 1: Proposed mechanistic pathways of glycosylation reactions.

Though reminiscent of the recent development of an oxa-Pictet Spengler reaction via
oxocarbenium ion catalyzed by pyrrolidine salts,'® the current strategy involving the sugar lactols
has several challenges. 1) Generation of the iminium ion Il1 is dependent on the percentage of
sugar lactol existing in its open-chain form (Figure 1, 111), 2) The generated iminium ion 111 must
possess the necessary electrophilicity to react with the unactivated primary and secondary sugar
alcohols (Figure 1, IV or V) and 3) the leaving group ability of pyrrolidinium species to generate
the oxocarbenium ion (Figure 1, VI or VI1). We embarked upon to test the hypothesis by choosing
d-Valerolactol 43a and benzyl alcohol as model substrates using simple pyrrolidine hydrochloride

44d as the organocatalyst (Scheme 13).

2.2 Initial Studies:
After a few failed attempts at various temperatures, we were delighted to see that the acetal
formation is clean at 100 °C and gave the desired product 46a-1 in 96% yield. Similar reactions

were performed with activated and deactivated sugar acceptors 45b and 45i that also proceeded
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Scheme 13: Initial studies for acetal synthesis using 6-valerolactol.

o N
L + ron aad ) éno
432 ©H Toluene 46 OR
Alcohol used: HO HO
e! BzO Q
HO“@ ng(ﬁﬁ Bz&ﬁ
45b BnO4e 45i BZO0ye

Acetals:
: :O O O
OBn m\-\v "5

O 0
46a-1,1 96% BnO Q B20 o
BnO BzO
BnO BzO

OMe OMe
46a-2,271%, 1:1% 46a-3,774%, 1:1¢

Reaction conditions: 0.98 mmol of 43a, 0.13 mmol of benzyl alcohol/45b/45i1 and 20 mol % of
44d, 100 °C, 5 h. 2No dimerization of 43a was observed. PAnomeric ratios were determined from
crude *C NMR analysis. “Anomeric ratios were determined from crude *H NMR analysis.

with a yields of 71% and 74% respectively (Scheme 13, 46a-2, 46a-3). Surprisingly, contrary to

Siedel’s work, the reaction leads to decomposition when performed in the presence of thiourea.®

2.3 Optimisation Study:

We then swiftly shifted our focus to the more complex 2-deoxysugar lactols as the coupling
partners. We have chosen isopropanol to perform the optimization studies with the sugar lactols.
Initial attempts with 10 mol % pyrrolidinium hydrochloride 44d and glycosyl donor 43b in the
presence of isopropanol as the acceptor and toluene as solvent did not lead to any glycosylation
product even after 24 h at rt (Table 1, entry 2). However, after several attempts at various
temperatures (Table 1, entries 3-4), the reaction when performed with 1.5 equiv of isopropanol
with respect to the lactol donor 43b in the presence of 20 mol % of the organocatalyst 44d at 80
°C in toluene as solvent, provided us the glycosylation product 46b in 63% yield with 2:1 a:
selectivity (Table 1, entry 3). The reaction went to completion in 5 h with reasonable a-selectivity

without requiring any molecular sieves even at elevated temperature. After further optimization
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studies, we found that the reaction gives excellent results (Table 1, entry 4) with toluene as solvent
at 100 °C with improved o selectivity. Interestingly, the formation of the dimerized product 47d
was not observed under these catalytic conditions. Several other secondary amine salts were tested,
but none of them provided further improvements. Moreover, chiral L-proline 44a, when used
(Table 1, entry 1), lead to the decomposition of the starting lactol donor 43b. Diethylamine
hydrochloride 44c (Table 1, entry 6) gave almost similar yields and selectivities, albeit a little
more hygroscopic than the pyrrolidine hydrochloride. The Macmillian’s imidazoline salt 44e
(Table 1, entry 8) also resulted in diminished rate of the reaction and yields. Use of a chiral amine
salt has shown no bearing on the stereoselectivity of the reaction. Indoline hydrochloride 44b
(Table 1, entry 5) afforded the glycosylation product in 46% yield but resulted in considerable
formation of the undesired trehalose analogue 47d (~20%) presumably because of the increased
Bransted acidic nature of the catalyst. In order to examine the effect of the counterion in the present
organocatalytic glycosylation, we investigated the coupling reaction with several pyrrolidine salts
bearing different counter ions (Table 1, entries 9-13). Salts with tetrafluoroborate and the
trifluoroacetate anions (44h and 44j respectively, Table 1, entries 11, 13) hardly made any
difference to the reactivity and yielded the glycosylated product 46b in almost identical yields and
selectivities suggesting that pyrrolidine salts generated with strong acids are ideal for these
reactions. However, the reaction with pyrrolidine tosylate 44f (Table 1, entry 9) is slightly
sluggish and also effects the anomeric selectivity, whereas the pyrrolidine salts of benzoate 449
(Table 1, entry 10) and 3,4-dinitrobenzoate 44i (Table 1, entry 12) only resulted in the
decomposition of the starting materials. Having successfully tested several secondary amine salts,
we decided to probe the effect of armed and disarmed 2-deoxy lactol donors in this coupling
reaction. The disarmed triacetylglucopyranose derivative 43c gave the corresponding isopropyl
glycoside 46¢ with excellent yields (Table 1, entry 18) albeit with surprisingly improved anomeric
selectivity. The armed tribenzylgalactopyranose 43d derivative provided the desired product in
85% yield and 6:1 a: selectivity (Table 1, entry 19). All the anomeric configurations/ratios were

confirmed after extensive NMR analysis.?
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Table 1: Optimization studies of organocatalysts using sugar lactols.
PGO PGO

PGO o) Organocatalyst, 44a-j PGO o
PGO > pPGO

OH OH

PN O{
43b-e 46b-e

Different secondary amines

e QD G, O A5

H “HCI H i WCl H HCI
44a 44b 44c 44d 44e

Different counter ions

R ROFRON RO

Wy . 44 OOCCF;
44f 449 44h 44i 44j
O,N NO,

entry sub cat. product yield(%b) a:p
1 43b 44a 46b 0 -
22 43b 44d 46b 0 -
3° 43b 44d 46b 63 2:1
4 43b 44d 46b 87 5:1
5¢ 43b 44b 47b 46 4:1
6 43b 44c 46b 81 4:1
7d 43b 44d 46b 47 4:1
8 43b 44e 46b 85 4:1
9 43b 44f 46b 86 5:1
10¢ 43b 44g 46b 0 L
11 43b 44h 46b 77 31
12 43b 44i 46b 0 -
13 43b 44j 46b 76 1.5:1
14 43b 44d 46b 38 4:1
159 43b 44d 46b 85 2:1
16" 43b 44d 46b 85 251
17! 43b 44d 46b 83 1.5:1
18 43c 44d 46¢ 81 10:1
19 43d 44d 46d 85 6:1
20 43e 44d 46e 80 4:1

Reaction conditions: 0.12 mmol of 43b-e, 0.18 mmol of isopropanol and 20 mol % of 44a-j, toluene, 100
°C, 5 h, (24 h for 46¢ and 46e). °rt, 24 h. "At 80 °C. 1 equiv of 45b was used. 910 mol % of 44d was used.
¢Anomeric benzoate was observed in HRMS. 10 mol % of TBAF was used as an additive. 910 mol % of
TBAI was used as an additive. "80 °C, DCE was used as a solvent. '80 °C (1:1 ACN:DCM) was used as a
solvent. /Anomeric selectivities were determined from crude NMR analysis.
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2.4 Scope of Various Derivatives with Different Glycosyl Donors and

Acceptors:

In order to understand the scope of the newly developed iminium catalyzed glycosylation,
the coupling reaction was performed with a variety of alcohols as acceptors. Again, commercially
cheap, robust and easily accessible pyrrolidine hydrochloride 44d, was chosen as the optimized
catalyst to study the substrate scope. All the non-carbohydrate primary alcohols gave the desired
glycosylation products with excellent yields and good to high levels of a-selectivities (Scheme
14). The sterically demanding cholesterol also gave corresponding glycoside 47e in 62% yield and
3.5:1 a:p selectivity. The coupling with the tertiary 1-adamantanol also reacted well under the
reaction conditions to provide the glycoside in 71% yield with high a-selectivity (13:1, a:f,
Scheme 14). Both the primary alcohols derived from glucose and galactose were successfully
coupled with 2-deoxy lactol 43b in 69% and 64% yields respectively (47b and 47f respectively).
Noteworthy is the fact that these charged neutral amine catalysts did not hamper the stability of
the acid-sensitive acetonide protecting group. Similarly, the secondary alcohol diacetonide glucose
gave the coupled product 47g in 73% vyield, albeit with 44f as the catalyst. However, when no
acceptor is used, the armed 2-deoxy lactol 43b in the presence of catalyst 44f lead to the
corresponding a—a-trehalose analogue 47d as major diastereomer. More strikingly, the coupling
reaction between the galacto-configured 2-deoxy lactol 43d and the galactose derived diacetonide
acceptor in the presence of pyrrolidine tosylate 44f as the catalyst leading to a single diastereomer
(only a) in 76% yield. Next, we decided to inspect the orthogonality of these organocatalytic
conditions towards the conventional thioglycoside donors. To this end, we treated the donor 43b
under the standard reaction conditions with 6-hydroxythioglycoside 45h. The coupling reaction
proceeded with 74% yield and 5:1 a:p selectivity showing the potentiality of the current
organocatalytic glycosylation as an orthogonal method.

Scheme 14: Scope of reactivity with different donors and acceptors.

PGO, PGO,

Organocatalyst
PGO g Yy
0 44d, 44f PGO 0
PGO > PGO
OH ROH OR
43b, 43d 47a-q, o.:p?
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Reaction conditions: 0.12 mmol of glycosyl donor 43b, 43d, 0.13 mmol of 45b-c, 45h, (0.24 mmol
of 45g), and 20 mol % of 44d, 100 °C, 5 h, (7 h for 47g, and 16 h for 47d). 2Anomeric selectivities
o:p ratios were determined from crude NMR analysis. °No acceptor was used. 20 mol % of 44f

was used for 47c, 47d, 479, and 0-10% dimerized product 47d was found.
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2.5 Control Experiments:

As depicted in the proposed mechanism (Figure 1), the reaction could proceed either via
the formation of a cyclic aminal 1V or a mixed aminoacetal V. Attempts to isolate or characterize
the cyclic aminal IV or the iminium 11l only resulted in failure. A control experiment was
performed with simple pyrrolidine 44 (Scheme 15, 2) instead of the corresponding salt. The

reaction led to an intractable mixture of products, emphasizing the importance of ammonium

BnO

BnO
0,
B0 éo 20mol%4ddy, oo o
BnO o\( N\ BnO 1)

100 °C, Toluene

46bf 46ba OY

X »  Complex Mixture 2)

nO
BnO o) 20 mol %, 44 N
BnO
OH 100 °C, Toluene HO
43b
1.1 equiv 45b P50 o
BnO

OMe
)
BnO NN
20 mol % "HCI )
BnO O » Complex Mixture
BnO ol 100 °C, Toluene HO, 3)
4% 1.1 equiv 45b BE{)‘O%@
BnO OMe
BnO
BnO 0 100 OC, Toluene, 1M HCI > Both t_he starting 4)
BnO HO materials recovered
OH
43b L BnO O
1.1 equiv 45b BnO Z %,
BnO OMe

Scheme 15: Control experiments to establish the mechanism.

species in catalyzing the reaction. The reaction, when tested with 20 mol % of pyrrolidine benzoate
44g (vide supra) as the catalyst, led to the decomposition of the starting material. However, the
mass spectral analysis of the crude reaction mixture revealed the formation of glycosyl benzoate

(Table 1, entry 10), which suggests the possible intermediacy of oxocarbenium ion in these
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reactions. Other possible mechanisms involving the direct generation of oxocarbenium ions
catalyzed by the weak Brgnsted-acidity of pyrrolidinium species or by the possible release of HCI
from secondary amine salts cannot be ruled out. To test this hypothesis, we elected to perform the
glycosylation reaction in the presence of triethylamine hydrochloride salt (Scheme-15, 3)and 1 M
HCI (Scheme 15, 4) that obviates the possibility of iminium species. However, the reaction in the
former case resulted in an intractable mixture (Scheme 15, 3) whereas no reaction happened in the
later. All these experiments strengthen the distinctive role of the secondary amine salts catalyzing
the reaction. Besides, the anomerization experiment (Scheme 15, 1) confirmed the kinetic origins
of the observed a-selectivities and thus, further strengthening the unique mode of activation by the

secondary amine salts.

2.6 Mechanism and DFT Calculation:

DFT calculations were performed for the estimation of reaction barrier for the formation
of cyclic aminal 1V (intramolecular mechanism, Path A) and mixed aminoacetal V (intermolecular

mechanism, Path B). Calculated energy profiles for these two paths are depicted in Figure 2.

The formation of 1Va had a much lower reaction barrier (30.98 kcal/mol) compared to the
formation of V (40.86 kcal/mol). Interatomic distances (O--H, C--N and C--O) in the transition
states for 1V are lower compared to the same for V, which probably facilitates the faster formation
of IV. The stabilization gained by IV is around 3 kcal/mol higher compared to the stabilization
gained by V. In addition, the reverse reaction is preferred for Path B, and the forward reaction is
preferred for Path A. Thus, the existence of V is energetically not possible. We repeated these
calculations at various DFT methods and basis sets and found that the level of the calculations
does not affect the trend of the results, Table S2. DFT calculations clearly showed that Path A is
preferred for the reaction.
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) O--H=1.1682 A

O--H=1.1595 A &' N--H =1.4206 A

N--H = 1.4568 A @ C--N=1.4830A

B C--N=1.4686A ,B. ,}) @:)C--o=1.5290A

@ 5C 0=15079A

9 R=CHs o
Intra molecular mechanism, A Inter molecular mechanism, B

Figure 2: Optimized geometries, important interatomic distances in the transition states, and
calculated energy profile for intramolecular mechanism ‘A’ and intermolecular mechanism ‘B’.
Energies (in kcal/mol) are obtained at the B3LYP/6-31G(d) level of theory. Only important
hydrogen atoms are depicted, and ‘CsHs’ are depicted as ‘R’ in this figure for the clarity in
representation (Please see Figure S1-S6 for detailed representation).

2.7 Glycosylation of Unprotected Sugars:

Unlike the general glycosylation methods that involve the usage of protection and
deprotection strategy, glycosylation of unprotected and unactivated sugars avoiding the multistep
sequence remains a challenge. The current literature reports for such a transformation either
employ alcohol as a solvent (Fischer type glycosylations) under strongly acidic conditions or use
ionic liquids as solvents in excess Lewis acidic conditions. Hence, an organocatalytic
glycosylation of unprotected sugars would be a great advancement to the field. The secondary
amine catalysis showcased in the current chapter also allowed us to convert the unprotected and
unactivated native sugars into the corresponding glycosides in good yields (Scheme 16). The

reaction of 2-deoxyglucose 43g and 2-deoxygalactose 43h react with benzyl alcohol in the
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Scheme 16: Fischer type of glycosylation of unprotected sugars.

®
HO H, HO
o) (44f 20 mol %) 0
"o BnOH (1.1 equiv) > HO
OH n .1 equiv),
DMF, 100 °C OBn
43g-h 47r-s
OH HO OH
HO (0] (0]
Hoé\\‘ HO&
OBn OBn
47r, 71%, 1:1 47s,78%, 1:1

Reaction conditions: 0.122 mmol of 43g-h, 2.44 mmol of benzyl alcohol, and 20 mol % of 44f,
100 °C, 5 h, DMF. Anomeric selectivities a: ratios were determined from crude NMR analysis.

presence of 20 mol % of pyrrolidine tosylate 44f in DMF as a solvent to provide the respective
glycosides (47r, 71%, 1:1 a:p, and 47s, 78%, 1:1 a:p).

2.8 Conclusion:

In conclusion, we have developed for the first time, an organocatalytic, a-Selective
direct dehydrative glycosylation method for the synthesis of various 2-deoxyglycosides.
The role of secondary amine salts as a source of iminium ions and thereby generating
oxocarbenium ions that react with alcohols in a stereoselective mode has been effectively
utilized in the current protocol. The orthogonality of this protocol to thioglycosides besides
the functional group tolerance has been well depicted. The method successfully gave
glycosylated products with primary, secondary, and tertiary alcohols with equal efficiency.
DFT calculations at various levels indicated that Path A is preferred. Interestingly, this

dehydrative glucosylation can be extended towards unprotected native sugars.
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2.9 Experimental Section:

General Information

All solvents used were in commercial-grade for the reaction without further purification.
Reagents purchased from Sigma-Aldrich, Merck, Spectrochem, Alfa Aesar were used without

further purification.

Analysis

Reactions monitored by TLC on Kieselgel 60 F254 (Merck). Detection was done by
examination under UV light (254 nm) and by charring with 10% sulfuric acid in water. Purification
was performed by both Ultra High Performance Liquid Chromatography (UHPLC) using column
[Particle size: (1) 12, Dim: (mm) 250 x 10] in reverse phase and in normal phase using silica gel
[Merck, 60-120 mesh]. Extracts were concentrated in vacuo using both a Biichi rotary evaporator
(bath temperatures up to 40 °C) at a pressure of either 15 mmHg (diaphragm pump) and 0.7 mmHg
(oil pump), at rt. *H- and *3C NMR were recorded on a Bruker 600 MHz and Varian 400 MHz
spectrometer using CDCls, DMSO-ds, CsDs as solvent. Chemical shift values are reported in ppm
with the solvent resonance as the internal standard (CDCls: & 7.26 for *H, § 77.16 for $3C), (DMSO-
ds: & 2.58 for H, & 39.52 for $3C), (CsDs: & 7.16 for tH). Data are reported as follows: chemical
shifts (8), multiplicity (s = singlet, d = doublet, dd = double of doublet, ddd = double of double of
doublets, dt = doublet of triplet, t = triplet, td = triplet of doublet, g = quartet, m = multiplet) etc.,
coupling constants J (Hz), and integration. High-resolution mass measurements performed using
Agilent technologies mass spectrometer. The diastereomeric ratio calculated from crude NMR.
Specific rotation was recorded in Rudolph research analytical polarimeter, the unit of the specific
rotation is (deg-mL)/(g-dm), and concentration c is given in g/100 ml. Optical rotation values for
43a, 43b, 43c, 43d, 43e, 430, 45b, 45c¢, 45¢, 45h, and 45i were matched with reported data.
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Synthesis of Glycosyl Donors

2-Hydroxytetrahydropyran (43a):

=\
OH

An aqueous solution of 0.2(N) HCI (30 ml) was added dropwise to a cooled solution of 2,3-
dihydropyran (9.22 g, 109.600 mmol, 10 ml) under stirring condition. The mixture was stirred at
0 °C for 15 min and for 1 h at rt. It was then extracted with DCM (3x15 ml), and the combined
organic layers were washed with saturated NaHCO3 (100 ml), dried over Na>SO4 followed by
evaporation of the solvent to get as a colourless oil 43a. R 0.1 (20% ethyl acetate in hexane),
amount- 8.1g, yield- 72%. *H NMR (600 MHz, CDCls) § 4.84 (br s, 1H), 4.00 (m, 1H), 3.49 (m,
1H), 1.87 (m, 2H), 1.50 (m, 4H).2*

3,4,6-Tri-O-benzyl-2-deoxy-a,p-D-glucopyranose (43b):

BnO

o~y
OH

3,4,6-Tri-O-benzyl-D-glucal (100 mg, 0.240 mmol, 1.0 equiv) was dissolved in 2 ml of 90:10:1
THF: water: 8(M) HCI and was stirred for 24 h.?? The reaction mixture was then concentrated and
extracted with DCM (3x10 ml). The organic phase was washed with brine (40 ml), dried over
anhydrous Na>SO4 and concentrated under reduced pressure. The crude was purified by column
chromatography in ethyl acetate/hexane solvent system to give the product as a white solid 43b.
R¢- 0.3 (40% ethyl acetate in hexane), amount-82 mg, yield- 79%. *H NMR (600 MHz, CDCls) §
7.37—7.05 (m, 20H), 5.40 (d, J = 3.6 Hz, 1H), 4.89 (t, J = 10.3 Hz, 1H), 4.63 — 4.50 (m, 7H), 4.06
—4.02 (m, 2H), 3.67 (d, 2H), 3.51 — 3.46 (m, 2H), 2.96 (s, 1H), 2.35 - 2.33 (m, 1H), 2.29 (dd, J =
12.8,4.8 Hz, 1H), 1.71 - 1.67 (m, 1H). 1.57 (td, J = 12.0, 9.9 Hz, 1H). HRMS (ESI) C27H3005NH4
[M+NHa4]"- calculated- 452.2431; found- 452.2431.
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3,4,6-Tri-O-acetate-2-deoxy-a,B-D-glucopyranose (43c):

AcO
Ao
OH

Tri-acetyl-D-glucal (200 mg, 0.730 mmol, 1.0 equiv) was dissolved in acetonitrile (5 ml), followed
by addition of LiBr (196 mg, 2.260 mmol, 3.1 equiv) and water (240 ul, 13.330 mmol, 18.0 equiv)
at 0 °C.2 Then, Conc. HCI (10 pl) was added to the reaction mixture and was stirred for 4 h. After
the completion of the reaction (as monitored by TLC analysis), it was quenched with saturated
NaHCOs solution (10 ml). The reaction mixture was then evaporated under reduced pressure to
remove the solvent, and the residue was extracted with DCM (3x15 ml), and the organic phase
was dried over Na,SO4, concentrated and purified by column chromatography. The compound 43c
thus obtained was recrystallized in ethyl acetate —cyclohexane. R¢- 0.3 (20% Ethyl acetate in
Hexane), amount- 120 mg, yield- 57%. HRMS (ESI) C12H180sNa [M+Na]*- calculated- 313.0894;
found- 313.0894.

3,4,6-Tri-O-benzyl-2-deoxy-a,p-D-galactopyranose (43d):

BnO OBn
S
BnO
OH
Procedure for the synthesis of 43d with 3,4,6-tri-O-benzyl-D-galactal (100 mg, 0.240 mmol, 1.0
equiv) as the starting material. White solid. R¢- 0.3 (40% ethyl acetate in hexane), amount- 80 mg,
yield- 77%. *H NMR (400 MHz, CDCls) § 7.33 — 7.23 (m, 26H), 5.36 (d, J = 2.1 Hz, 1H), 4.89 (d,
J=11.7 Hz, 1H), 4.58 — 4.53 (m, 7H), 4.44 — 4.32 (m, 3H), 4.09 — 4.06 (m, 1H), 3.95-3.92 (m,
1H), 3.58 — 3.54 (m, 1H), 3.37 — 3.33 (m, 1H), 2.14 (td, J = 12.4, 3.3 Hz, 1H), 1.94 (dd, J = 12.5,
4.5 Hz, 1H). HRMS (ESI) C27H300sNH,4 [M+NH4]*- calculated- 452.2431; found- 452.9046.

3,4,6-Tri-O-acetate-2-deoxy-a,B-D-galactopyranose (43e):

OAc

AcO
(0]
AcO

OH
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Procedure for the synthesis of 43e with 3,4,6-tri-O-acetate-D-galactal (200 mg, 0.730 mmol, 1.0
equiv) as starting material to afford 43e as white crystals. R¢- 0.3 (20% ethyl acetate in hexane),
amount- 120 mg, yield- 57%. HRMS (ESI) C12H180sNa [M+Na]*- calculated- 313.0894; found-
313.1047.

3,4,6-Tri-O-benzoyl-2-deoxy-a,B-D-glucopyranose (43f):

BzO

BzO 0
BzO

OH

Procedure for the synthesis of 43c with 3,4,6-tri-O-benzoyl-D-glucal (100 mg, 0.240 mmol, 1.0
equiv) as starting material and the reaction mixture was stirred for 4 days at 50 °C to give the
product as a white solid 43f. R¢- 0.3 (20% ethyl acetate in hexane), amount- 93 mg, yield- 82%.
'H NMR (600 MHz, CDCls) § 8.08 — 7.93 (m, 7H), 7.52 — 7.33 (m, 12H), 5.84 — 5.80 (m, 1H),
5.65 (t, J =9.6 Hz, 1H), 5.54 (d, J = 2.6 Hz, 1H), 4.63 (dd, J = 8.5, 4.2 Hz, 2H), 4.44 (dd, J = 12.9,
5.1 Hz, 1H), 3.68 (t, J =6.4 Hz, 1H), 3.55 (t, J = 6.6 Hz, 1H), 2.68 — 2.65 (m, 1H), 2.55 (dd, J =
12.5, 5.3 Hz, 1H), 2.02 — 1.95 (m, 1H), 1.86 — 1.69 (m, 1H).3C NMR (151 MHz, CDCls) & 170.5,
166.5, 166.4, 166.0, 165.9, 165.8, 165.7, 165.6, 133.7, 133.5, 133.5, 133.4, 133.4, 133.2, 133.2,
133.2, 133.2, 130.2, 130.0, 129.9, 129.9, 129.8, 129.8, 129.8, 129.8, 129.8, 129.7, 129.7, 129.5,
129.4,129.3,129.3,129.2,128.6, 128.5, 128.5, 128.5,99.7,97.1,94.2,91.9,72.4,72.2, 71.6, 71.5,
70.5, 70.4, 70.3, 70.2, 70.0, 69.9, 68.8, 68.4, 67.1, 63.8, 63.7, 63.6, 63.6, 63.5, 62.1, 45.0, 44.9,
44.9, 44.6, 37.9, 36.5, 35.6, 35.4, 30.0, 29.8, 29.5, 29.3, 29.2, 29.1, 27.0, 27.0, 26.1, 21.0. HRMS
(ESI) C27H2408NHs [M+NH4]*- calculated- 494.1809; found- 494.1826, HRMS (ESI)
C27H2408NH4 [M+Na]*- calculated- 499.1363; found- 499.1366. [a] 2; =+24 (c 1.7, CHCI5).

Synthesis of Glycosyl Acceptors

Methyl-2,3,4-tri-O-benzyl-a-D-glucopyranoside (45b):

HO
BnO 0
BnO
BnOome

A solution of methyl-a-D-glucopyranoside (6.0 g, 0.03 mol, 1.0 equiv), trityl chloride (11 g, 0.036
mol, 1.2 equiv), triethylamine (8 mL), and DMAP (2 g, 0.015 mol, 0.5 equiv) in DMF (50 ml) was
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stirred overnight at rt under nitrogen. After 12 h stirring, the reaction mixture was poured into ice-
water (70 ml) and extracted with DCM (3x100 ml). The organic phase was washed with water
(150 ml), dried over Na,SO4 and purified by column chromatography to obtain yellowish viscous
liquid (I). R+ 0.5 (100% ethyl acetate), amount- 2.1 g, yield- 50%. To a solution of methyl-6-O-
trityl-a-D-glucopyranoside (1) (2.1 g, 0.005 mol, 1.0 equiv) in DMF (20 ml) at 0 °C NaH was
added (0.866 g, 0.023 mol, 4.5 equiv considering 60% in mineral oil). After 30 min, BnBr (2.55
ml, 0.023 mol, 4.5 equiv) was added, and the reaction mixture was stirred overnight at rt. The
reaction was then quenched with MeOH (5 ml), and it was extracted with DCM (3x30 ml). The
organic extract was washed with brine (100 ml), dried over Na,SO4. After removal of the solvents,
the residue was purified by column chromatography (5% ethyl acetate in hexane) to afford the
compound methyl-2,3,4 tri-O-benzyl-6-O-trityl-a-D-glucopyranoside (11) as a white solid (2.3 g,
68%). 1.52 g of methyl-2,3,4 tri-O-benzyl-6-O-trityl-a-D-glucopyranoside was stirred in (80 ml)
mixture of acetic acid:water = 9:1 at reflux for 5 h at 90 °C. After 5 h the reaction mixture was
extracted with DCM (3x150 ml), then the organic layer was washed with water (170 ml) and
saturated NaHCOs3 solution (170 ml), dried over Na;SO4 and evaporated under reduced pressure
to purify in column chromatography to get colourless viscous liquid methyl 2,3,4-tri-O-benzyl-a-
D-glucopyranoside 45b. R¢- 0.5 (50% ethyl acetate in hexane), amount- 500 mg, yield- 51%.24 'H
NMR (600 MHz, CDCls) 6 7.39 — 7.23 (m, 15H), 4.99 (d, J = 10.9 Hz, 1H), 4.88 (d, J = 11.0 Hz,
1H), 4.85 — 4.79 (m, 2H), 4.65 (dd, J = 13.7, 11.6 Hz, 2H), 4.57 (d, J = 3.5 Hz, 1H), 4.01 (t,J =
9.3 Hz, 1H), 3.77 (dd, J = 11.8, 2.7 Hz, 1H), 3.70 — 3.68 (m, 1H), 3.66 — 3.63 (m, 1H), 3.54 — 3.49
(m, 2H), 3.36 (s, 3H). HRMS (ESI) C28H3206Na [M+NH4]*- calculated- 482.2537; found-
482.2536. HRMS (ESI) CzsH320sNa [M+Na]*- calculated- 487.2091; found- 487.2087. HRMS
(ESI) C28H3206K [M+K]*- calculated- 503.1830; found- 503.1840.

1,2:3,4-Di-O-isopropylidene-a-D-galactopyranose (45c):

0.0

Anhydrous ZnCl, (1.25 g, 0.009 mol) and dry acetone (3 g, 0.044 mmol, 3.3 ml) were taken in
round bottom flask and stirred under argon. Then to it, conc. H2SO4 (20 ul) and D-galactose (300
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mg, 1.670 mmol, 1.0 equiv) were added and stirred under argon for 24 h.2° Then it was quenched
with Na,COs solution (10 ml) and filtered. The filtrate was concentrated under reduced pressure
to remove excess acetone and extracted with DCM (3x15 ml) and then concentrated under reduced
pressure to get colourless viscous liquid 45c. R 0.5 (20% ethyl acetate in hexane), amount- 150
mg, yield- 50%. *H NMR (400 MHz, CDCls) § 5.57 (d, J =5.0 Hz, 1H), 4.62 (dd, J = 7.9, 2.3 Hz,
1H), 4.34 (dd, J =5.0, 2.4 Hz, 1H), 4.28 (d, J = 7.9 Hz, 1H), 3.88 — 3.84 (m, 2H), 3.78 - 3.74 (m,
1H), 2.29 ( br s, 1H), 1.54 (s, 3H), 1.46 (s, 3H), 1.34 (s, 6H).2® HRMS (ESI) C12H200sNHa
[M+NH4]*- calculated- 278.1598; found- 278.1596, HRMS (ESI) Ci2H200sNH4 [M+Na]*-
calculated- 283.1152; found- 283.1149.

1,2:5,6-Di-O-isopropylidene-a-D-glucofuranose (459):

D-glucose (1 g, 0.006 mol, 1.0 equiv) was taken in acetone (20 ml) and allowed to stir under ice
bath.? Then, 0.8 ml of conc.H2SO4 was added dropwise and the reaction mixture was stirred under
argon at rt. After 24 h, the reaction mixture was neutralized with ag. NaOH solution (25 ml) and
filtered. The filtrate was concentrated and extracted with DCM (3x20 ml), the organic layer was
washed with water (70 ml), then saturated NaHCO3 solution (70 ml) and finally with brine (70
ml). The combined organic layer was concentrated under reduced pressure and purified by column
chromatography to get white solid 45g. R 0.5 (20% ethyl acetate in hexane), amount- 781 mg,
yield- 50%. 'H NMR (600 MHz, CDCls) § 5.90 (d, J = 3.6 Hz, 1H), 4.49 (d, J = 3.6 Hz, 1H), 4.31
—4.29 (m, 1H), 4.13 (dd, J = 8.6, 6.2 Hz, 1H), 4.02 (dd, J = 8.0, 2.8 Hz,1H), 3.97 (dd, J = 8.7, 5.2
Hz, 1H), 3.04 (s, 1H), 1.46 (s, 3H), 1.41 (s, 3H), 1.33 (s, 3H), 1.28 (s, 3H).»* HRMS (ESI)
C12H2006Na [M+Na]*- calculated- 283.1152; found- 283.1119.

Phenyl-2,3,4-tri-O-benzyl-p-D-thioglucopyranoside (45h):

HO
BnO 0

BnO

45
TH-2479 136122012



Chapter 2

Penta-O-acetyl-D-glucpopyranoside (4 g, 0.010 mol, 1.0 equiv) was dissolved in anhydrous DCM
(10 ml) and stirred under argon. Then, thiophenol (1.65 g, 1.50 ml, 0.015 mol, 1.5 equiv) was
added dropwise. After addition, the reaction mixture was allowed to cool 0 °C and BF3 Et,0O (3.55
g, 3.2 ml, 0.025 mol, 2.5 equiv) was added dropwise to it. Then, it was allowed to stir at rt. After
24 h, it was treated with saturated aqueous NaHCO3 solution (15 ml) and extracted with DCM
(3x20 ml). Then, the organic layer was dried over Na,SO4and concentrated under reduced pressure
to purify in column chromatography to get phenyl-2,3,4,6-tetra-O-acetyl-p-D-thioglucopyranoside
(1) as a white solid. Rt 0.4 (10% ethyl acetate in hexane), amount- 4.14 g, yield- 92%.%! Then, the
compound (1) (2.4 g, 0.005 mol, 1.0 equiv) was dissolved in MeOH (64 ml) and kept in an ice
bath. Then, Sodium (0.54 g, 0.023 mol, 4.3 equiv) was added to it in stirring condition and stirred
for 20 min after which the solvents were removed under reduced pressure to afford the deacetylated
thioglycoside (I1) as a white solid. R¢+ 0.1 (10% MeOH in DCM), amount- 1.27 g, yield- 93%.%
Deacetylated thioglycoside (I1) (500 mg, 1.840 mmol, 1.0 equiv) was dissolved in pyridine (15
ml) and cooled to 0 °C. After that, DMAP (5 mg, 0.040 mmol, 0.02 equiv) was added followed by
addition of TBDMS-CI (332 mg, 2.200 mmol, 1.2 equiv) and stirred at rt under nitrogen. After 2
h, 5 ml of EtsN was added to it and stirred for 24 h until the full conversion of starting material.
Then, it was extracted with DCM (3x20 ml) and washed with 1(N) HCI solution (80 ml). Then,
the organic layer was dried over Na>SO4 and concentrated under reduced pressure to purify in
column chromatography to get 6-O-TBDMS-2,3,4-trihydroxy thioglycoside (111) as a colourless
liquid. Rt 0.8 (100% ethyl acetate), amount- 496 mg, yield- 70%.% The thioglycoside (111) (700
mg, 1.810 mmol, 1.0 equiv) was then dissolved in anhydrous DMF (10 ml) cooled to 0 °C, NaH
(174 mg, 7.240 mmol, 4.0 equiv considering 60% in mineral oil) was added and the solution was
then stirred at rt for 30 min after which the reaction mixture was cooled back to 0 °C and BnBr
(1.1 g, 760 pl, 6.340 mmol, 3.5 equiv) was added dropwise. The solution was then stirred at rt for
16 h, at which time MeOH (5 ml) was added, and the solution was concentrated in vacuo. The
residue was dissolved in DCM (3x20 ml), washed with water (70 ml), brine (70 ml), dried over
Na>S0s, filtered and concentrated under reduced pressure to purify in column chromatography to
afford 6-O-TBDMS-2,3,4-O-benzyl thioglycoside (IV) as a liquid. R¢ 0.9 (50% ethyl acetate in
hexane), amount- 1.1 g, yield- 86%.%° The 6-O-TBDMS-2,3,4-O-benzyl thioglycoside (1V) (1 g,
0.002 mol, 1 equiv) was then dissolved in a 1M THF solution of TBAF (26 mL) and stirred for 2
h at rt, after which the reaction was diluted with DCM (50 ml) and washed with water (100 ml),
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brine (100 ml), dried over Na;SO4 and concentrated in vacuo followed by purification in column
chromatography to afford phenyl-2,3,4-tri-O-benzyl-B-D-thioglucopyranoside 45h as a yellowish
white solid. Rt 0.6 (20% Ethyl acetate in hexane), amount- 520 mg, yield- 48%. *H NMR (600
MHz, CDCl3) 6 7.53 — 7.50 (m, 2H), 7.40 — 7.38 (m, 2H), 7.35—7.28 (m, 16H), 4.91 (dd, J = 10.5,
2.9 Hz, 2H), 4.86 (dd, J = 10.9, 8.4 Hz, 2H), 4.77 (d, J = 10.2 Hz, 1H), 4.72 (d, J = 9.8 Hz, 1H),
4.65 (d, J=10.9 Hz, 1H), 3.88 (dd, J = 12.0, 2.6 Hz, 1H), 3.76 — 3.67 (m, 2H), 3.58 (t, J = 9.5 Hz,
1H), 3.49 (dd, J = 9.6, 8.9 Hz, 1H), 3.39 (ddd, J = 9.8, 4.9, 2.7 Hz, 1H), 1.85 (s, 1H).?® HRMS
(ESI) C33H3405SNH4 [M+NH.4]*- calculated- 560.2465; found- 560.2443.

Methyl-2,3,4-tri-O-benzoyl-a-D-glucopyranoside (45i):

HO

BzO &
BzO

BzOoMe

Methyl a-D-glucopyranoside (500 mg, 2.570 mmol, 1.0 equiv) was dissolved in pyridine (15 ml)
under a N2 atmosphere. Imidazole (350 mg, 5.140 mmol, 2.0 equiv) and TIPSCI (0.6 mL, 4.700
mmol, 1.8 equiv) were added and the solution was then stirred at rt. After 16 h, BzCl (2.4 ml,
21.000 mmol) was added and the reaction was stirred for 24 h and it was quenched with MeOH (1
ml). The solution was diluted with DCM (3x30 ml), washed with 1M HCI (100 ml), saturated
NaHCO3 solution (100 ml), water (100 ml), dried over Na2SO4 and concentrated under reduced
pressure to afford methyl-2,3,4- tri-O-benzoyl-6-O-TIPS-a-D-glucopyranoside (1). The (1) residue
was dissolved in a solution of THF (8 ml), H.O (3 ml) and TFA (4 ml) and stirred at rt for 18 h
after which the solution was concentrated in vacuo by azeotroping with toluene followed by
purification in column chromatography to afford methyl-2,3,4-tri-O-benzoyl-a-D-glucopyranoside
45i as a viscous colourless liquid. Rt~ 0.4 (20% ethyl acetate in hexane), amount- 960 mg, yield-
74%. *H NMR (600 MHz, CDCls) & 7.97 (dd, J = 8.8, 7.4 Hz, 4H), 7.87 (dd, J = 13.9, 12.6 Hz,
2H), 7.56 — 7.49 (m, 2H), 7.45 — 7.35 (m, 5H), 7.29 (t, J = 7.9 Hz, 2H), 6.23 (t, J = 9.7 Hz, 1H),
5.50 (t, J=9.9 Hz, 1H), 5.28 (dt, J = 9.0, 3.7 Hz, 2H), 4.06 — 4.00 (m, 1H), 3.83 (dd, J =13.1, 2.0
Hz, 1H), 3.74 (dd, J = 13.1, 3.6 Hz, 1H), 3.47 (s, 3H).?°
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Synthesis of Catalysts

Indoline hydrochloride salt (44b):

(i

N cl

7 N\

H H

To a solution of indole (250 mg, 2.100 mmol, 1.0 equiv) in acetic acid (20 ml), was added
NaBH3CN (634 mg, 10.000 mmol, 4.8 equiv) in portions and was stirred at rt. Then, the reaction
mixture treated with saturated NaOH solution and extracted with DCM (3x30 ml). The organic
layer was dried over Na,SO4 and concentrated under reduced pressure by rotary evaporator and
purified by column chromatography in (hexane/ethyl acetate) to afford indoline as pale yellowish
oil. R 0.2 (10% ethyl acetate in hexane), amount- 150 mg, yield- 60%.%° Indoline was dissolved
in 4(N) HCI in methanol (5 ml) and white fumes was immediately generated. Then, the solution
was stirred at rt under argon.*® After stirring it for 30 min, the solvent was evaporated under
reduced pressure, and the residue was washed with ether (3x5 ml) to afford yellowish solid 44b.
Amount- 250 mg, yield- 96%. 'H NMR (600 MHz, DMSO) & 11.60 (br s, 2H), 7.47 (d, J = 7.1
Hz, 1H), 7.44 — 7.39 (m, 2H), 7.39 — 7.35 (m, 1H), 3.69 (t, J = 7.9 Hz, 2H), 3.19 (t, J = 7.8 Hz,
2H). 13C NMR (151 MHz, DMSO) & 136.6, 135.6, 129.1, 128.0, 126.0, 119.5, 48.6, 44.7.

Procedure for the Synthesis of 44c and 44d:

2 ml of acetyl chloride was added dropwise to 2 ml of methanol in an ice bath under argon.3 After
few min, ether (1 ml) solution of secondary amine [(44c, 8.220 mmol, 850 ul) and (44d, 8.450
mmol, 690 pl)] was added dropwise to it which readily resulted in a turbid solution and the reaction
mixture was stirred at 0 °C under argon for 1 h. The solution was then concentrated to get a white
solid (44c or 44d). The solid was washed with ether (3x5 ml).

Diethylamine hydrochloride salt (44c):

N ¢
H

<®> S

Yield- 93%. *H NMR (600 MHz, CDCls) § 9.45 (s, 2H), 3.01 (dd, J = 12.5, 7.0 Hz, 4H), 1.45 (t, J
= 7.3 Hz, 6H). 3C NMR (151 MHz, CDCl3) 5 42.4, 11.3.
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Pyrrolidinium hydrochloride salt (44d):

Cl

7\

H H
Yield- 99%. 'H NMR (600 MHz, CDCls) & 8.48 (s, 2H), 3.26 (s, 4H), 1.96 (s, 4H). *C NMR (151
MHz, CDCl3) § 45.1, 24.4.

Pyrrolidinium tosylate salt (44f):

(@)

IN\
H H 3039

para-toluene sulphonic acid (1.3 g, 7.030 mmol, 1.0 equiv) was dissolved in 10 ml of
DCM:MeOH (5:1) and stirred in ice bath, then ether (1 ml) solution of pyrrolidine (500 mg, 582
pl, 7.030 mmol, 1.0 equiv) was added dropwise to it, and it was stirred at 0 °C under argon. Then,
after 1 h, it was concentrated under reduced pressure to get solid. It was washed with ether (3x5
ml) to afford the yellowish solid 44f. Amount- 1.69 g, yield- 99%. *H NMR (600 MHz, CDCls) &
8.74 (s, 2H), 7.71 (t, J = 8.3 Hz, 2H), 7.18 (t, J = 8.6 Hz, 2H), 3.25 (d, J = 5.5 Hz, 4H), 2.35 (s,
3H), 1.87 (dd, J = 14.3, 7.2 Hz, 4H). 13C NMR (151 MHz, CDCls) § 141.5, 140.7, 129.1, 125.8,
45.6, 24.2, 21.4.

Pyrrolidinium benzoate salt (449):

CO0
e
,N\
H H
Procedure for the synthesis of 44g was similar procedure of 44f by taking benzoic acid (1.7 g,
14.060 mmol, 1.0 equiv) to get white solid 44g. Amount- 1.3 g, yield- 96%. *H NMR (400 MHz,
CDCl3) 6 8.03 (d, J = 7.2 Hz, 2H), 7.47 (t, J = 7.3 Hz, 1H), 7.39 (t, J = 7.5 Hz, 2H), 3.31 (t, J =
7.1Hz, 4H), 2.02-1.91 (m, 4H). *C NMR (151 MHz, CDCl3) § 172.8, 134.5, 131.6, 129.7, 128.2,
45.0, 24.6.
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Pyrrolidinium tetrafluoroborate salt (44h):

46‘)} ©
N BF,
H H
Tetrafluoroboric acid (679 mg, 7.730 mmol, 1.0 equiv) was dissolved in 5 ml of DCM and stirred
in an ice bath, then pyrrolidine (500 mg, 582 ul, 7.030 mmol, 1.0 equiv) in ether solution was
added dropwise to it, and it was stirred at 0 °C under argon. Then, after 1 h, it was concentrated
under reduced pressure to get solid. It was washed with ether (3x5 ml) to afford yellowish white
solid 44h. Amount- 986 mg, yield- 88%. *H NMR (400 MHz, CDCls) § 6.96 (s, 2H), 3.30 (s, 4H),

2.00 (s, 4H).13C NMR (101 MHz, CDCls) § 46.7, 23.8.

Pyrrolidinium 3,5-dinitrobenzoate salt (44i):
©

{ \ CO0
@
IN\
H H
O,N NO

Procedure for the synthesis of 44i was similar procedure of 44f by taking 3,5-dinitrobenzoic acid

2

(597 mg, 2.800 mmol, 1.0 equiv) to get yellowish crystalline solid 44i. Amount- 1.7 g, yield- 85%.
'H NMR (400 MHz, CDCl3) 8 9.10 (d, J = 8.3 Hz, 3H), 3.36 (s, 4H), 2.10 (s, 4H). **C NMR (151
MHz, CDCl3) 6 168.5, 148.4, 141.6, 129.4, 120.2, 45.2, 24.7.

Pyrrolidinium trifluoroacetate salt (44j):

® o
N CF,C00
H H

Procedure for the synthesis of 44j was a similar procedure of 44f by taking trifluoroacetic acid
(881 mg, 7.730 mmol, 1.0 equiv) to get yellowish liquid 44j. Amount- 1.06 g, yield- 82%.

General Procedure for Glycosylation Reactions

General Procedure A:

Glycosyl donor (0.980 - 1.220 mmol, 1.0 equiv) was taken in round-bottomed flask, fitted with a
reflux condenser and dissolved in 0.5 ml (for 0.980 mmol) of toluene/DMF. Then, pyrrolidinium
hydrochloride catalyst was dissolved in 0.5 ml (for 0.980 mmol) of toluene/DMF, and this solution

was added to donor solution dropwise slowly to make a homogenous solution. After this, glycosyl
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acceptor (1.1 - 2.0 equiv) was added dropwise or pinchwise slowly to it, and it was shaken
manually to make a clear solution. Then, this solution was flushed by argon, and it was closed,
heated at 80 - 150 °C for 5 - 24 h. After cooling it to rt, the reaction mixture was quenched by
water (1 ml for 0.980 mmol), and it was extracted with DCM (3x15 ml for 0.980 mmol), dried
over Na;SO4 and concentrated by rotary evaporator and purified by column chromatography in

hexane/ethyl acetate.

General Procedure B:

Glycosyl donor (0.980 — 0.120 mmol, 1.0 equiv), pyrrolidinium hydrochloride/pyrrolidinium
tosylate catalyst and glycosyl acceptor (1.1 - 2.0 equiv) were taken in a sealed tube and dissolved
in 1 ml (for 0.980 mmol) of DCM. Then, this solution was flushed by argon, and it was closed,
heated at 80 - 100 °C for 5 - 24 h. After cooling it to rt, the reaction mixture was quenched by
water (1 ml for 0.980 mmol), and it was extracted with DCM (3x15 ml for 0.980 mmol), dried
over Na;SO4 and concentrated by rotary evaporator and purified by column chromatography in

hexane/ethyl acetate.

Methyl 2,3,4-tri-O-benzyl-a-D-glucopyranosidetetrahydropyran (46a-2):

=

BnO O,
BnO
BnO

OMe

General procedure A was followed by adding glycosyl donor 43a (100 mg, 0.980 mmol, 1.0 equiv),
pyrrolidinium hydrochloride catalyst 44d (3 mg, 0.024 mmol, 20 mol %) and glycosyl acceptor
45b (500 mg, 1.080 mmol, 1.1 equiv) at 100 °C for 5 h to get product 46a-2 as a white solid. R¢-
0.4 (20% ethyl acetate in hexane), amount- 380 mg, yield- 71%. *H NMR (400 MHz, CDCls) &
7.41—7.21 (m, 30H), 4.97 (t, J = 10.6 Hz, 2H), 4.95 — 4.77 (m, 8H), 4.76 — 4.54 (m, 8H), 4.53 —
4.46 (m, 2H), 4.07 — 3.94 (m, 4H), 3.87 — 3.81 (m, 2H), 3.79 — 3.70 (m, 2H), 3.63 (d, J =9.2 Hz,
2H), 3.56 (tdd, J = 10.3, 7.5, 3.8 Hz, 4H), 3.51 — 3.44 (m, 2H), 3.41 — 3.33 (m, 6H), 1.86 — 1.42
(m, 12H). *C NMR (151 MHz, CDCls) § 138.9, 138.8, 138.6, 138.5, 138.3, 138.3, 138.2, 130.1,
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130.0, 129.9, 128.6, 128.6, 128.6, 128.5, 128.5, 128.3, 128.2, 128.2, 128.2, 128.1, 128.1, 128.0,
128.0, 128.0, 127.9, 127.8, 127.8, 127.8, 99.5, 99.3, 98.3, 98.2, 98.1, 82.3, 82.1, 80.1, 78.0, 77.9,
77.5, 75.9, 75.9, 75.2, 75.1, 73.6, 73.5, 70.8, 70.2, 70.1, 66.3, 65.9, 62.7, 62.6, 62.0, 55.3, 55.2,
55.2, 31.1, 30.7, 30.7, 25.5, 25.4, 19.8. HRMS (ESI) CssHa0O7NHs [M+NH4]*- calculated-
566.3112; found- 566.3034. [«] 22 = +8 (c 0.4, CHCls).

Methyl 2,3,4-tri-O-benzoyl-a-D-glucopyranosidetetrahydropyran (46a-3):

=,

BzO 0
BzO
BzO

OMe

General procedure A was followed by adding glycosyl donor 43a (100 mg, 0.980 mmol, 1.0 equiv),
pyrrolidinium hydrochloride catalyst 44d (3 mg, 0.024 mmol, 20 mol %) and glycosyl acceptor
451 (550 mg, 1.080 mmol, 1.1 equiv) at 100 °C for 5 h to get product 46a-3 as a white solid. R¢-
0.6 (20% ethyl acetate in hexane), amount- 430 mg, yield- 74%. *H NMR (600 MHz, CDCls) §
8.02 — 7.27 (m, 30H), 6.23 (t, J = 9.8 Hz, 1H), 6.13 (it, J = 14.9, 7.4 Hz, 1H), 5.67 (t, J = 9.9 Hz,
1H), 5.61 (t, J = 9.9 Hz, 1H), 5.54 — 5.45 (m, 1H), 5.35 - 5.18 (m, 4H), 4.69 — 4.63 (m, 1H), 4.59
—4.53 (m, 1H), 4.29 — 4.19 (m, 1H), 4.08 — 4.00 (m, 1H), 3.98 — 3.91 (m, 1H), 3.86 — 3.82 (m,
1H), 3.79 —3.71 (m, 1H), 3.71 — 3.66 (m, 1H), 3.61 (ddd, J = 12.3, 10.5, 7.6 Hz, 1H), 3.50 — 3.43
(m, 6H), 3.40 — 3.31 (m, 1H), 1.90 — 1.34 (m, 9H). 3C NMR (151 MHz, CDCl3) & 166.6, 166.0,
166.0, 166.0, 166.0, 166.0, 165.4, 165.4, 133.9, 133.5, 133.5, 133.4, 133.3, 133.2, 133.2, 130.1,
130.1, 130.0, 129.9, 129.9, 129.8, 129.8, 129.8, 129.5, 129.4, 129.3, 129.3, 129.2, 129.2, 128.7,
128.7, 128.6, 128.5, 128.5, 128.4, 128.4, 99.8, 98.4, 97.3, 97.1, 97.0, 72.3, 72.3, 72.2, 70.9, 70.8,
70.2, 69.9, 69.8, 69.7, 69.6, 69.2, 68.6, 66.3, 65.7, 62.4, 61.6, 61.2, 55.8, 55.6, 55.6, 30.5, 30.3,
29.8,25.5, 25.5, 19.5, 18.9. HRMS (ESI) C33H34010NH4 [M+NH.]*- calculated- 608.2490; found-
608.2422. [a] ZDZ: +20 (c 0.4, CHCl5).
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Scope of Derivatives in Glycosylation Reactions

Isopropyl-3,4,6-tri-O-benzyl-2-deoxy-a,B-D-glucopyranoside (46b):

BnO
BnO O
BnO
(@)

7/

General procedure B was followed by adding glycosyl donor 43b (50 mg, 0.120 mmol, 1.0 equiv),
pyrrolidinium hydrochloride catalyst 44d (3 mg, 0.024 mmol, 20 mol %) and glycosyl acceptor
isopropanol (11 mg, 14 pl, 0.180 mmol, 1.5 equiv) at 100 °C for 5 h to get product 46b as a
colourless liquid. Rt 0.9 (20% ethyl acetate in hexane), amount- 50 mg, yield- 87%. HRMS (ESI)
C3oH3605NH4 [M+NHa4]*- calculated- 494.2901; found- 494.2901.

Isopropyl-3,4,6-tri-O-benzyl-2-deoxy-a-D-glucopyranoside (46ba)

BnO

IH NMR (600 MHz, CDCls) § 7.42 — 7.12 (m, 15H), 5.08 (d, J = 2.8 Hz, 1H), 4.96 — 4.84 (m, 1H),
4.66 (qd, J = 11.7, 5.8 Hz, 4H), 4.55 — 4.46 (m, 3H), 4.01 (ddd, J = 11.5, 8.9, 5.1 Hz, 1H), 3.92 —
3.85 (m, 1H), 3.67 — 3.60 (m, 2H), 2.24 (dd, 1H), 1.75 (td, 1H), 1.16 (d, J = 6.3 Hz, 3H), 1.11 (d,
J=6.1 Hz, 3H). 13C NMR (151 MHz, CDCls) 6 138.9, 138.6, 138.5, 138.3, 128.5, 128.1, 128.0,
127.8, 127.7, 127.7, 127.6, 95.1, 78.5, 78.0, 75.2, 73.5, 71.9, 70.7, 70.2, 69.0, 68.2, 36.0, 23.4,
21.3.% [a] %>= +43 (c 2.3, CHCls). Amount- 41 mg, yield- 71%.

Isopropyl-3,4,6-tri-O-benzyl-2-deoxy-p-D-glucopyranoside (46bp)

BnO

BnO O\l/

IH NMR (600 MHz, CDCl3) 8 7.37 — 7.27 (m, 15H), 4.90 (d, J = 10.8 Hz, 1H), 4.68 (t, J = 7.4 Hz,
1H), 4.63 — 4.51 (m, 5H), 4.01 (dt, J = 12.4, 6.0 Hz, 1H), 3.78 — 3.73 (m, 1H), 3.71 — 3.60 (m, 2H),
3.52 — 3.44 (m, 1H), 3.41 (ddd, J = 9.6, 5.2, 1.9 Hz, 1H), 2.30 (dd, 1H), 1.65 (g, 1H), 1.26 (d, J =
6.3 Hz, 3H), 1.15 (d, J = 6.0 Hz, 3H).** [«] 2= +45 (c 2.3, CHCl3). Amount- 9 mg, yield- 16%.
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Isopropyl-3,4,6-tri-O-acetate-2-deoxy-a-D-glucopyranoside (46¢):

AcO

AcO &
AcO

o

7/

General procedure B was followed by adding glycosyl donor 43c (50 mg, 0.170 mmol, 1.0 equiv),
pyrrolidinium hydrochloride catalyst 44d (4 mg, 0.034 mmol, 20 mol %) and the glycosyl acceptor
isopropanol (16 mg, 20 ul, 0.260 mmol, 1.5 equiv) at 100 °C for 24 h to get product as a colourless
liquid 46¢. R 0.5 (20% ethyl acetate in hexane), amount- 46 mg, yield- 81%. *H NMR (600 MHz,
CDCl3) 6 5.34 (ddd, J = 12.4, 10.8, 7.1 Hz, 1H), 5.07 (d, J = 3.3 Hz, 1H), 5.01 — 4.97 (m, 1H),
4.30 (dt, J=5.0, 3.8 Hz, 1H), 4.04 (ddd, J = 6.7, 5.3, 3.0 Hz, 2H), 3.86 (dg, J = 12.5, 6.3 Hz, 1H),
2.17 (dd, 1H), 2.09 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H), 1.83 (td, 1H), 1.21 (d, J = 6.1 Hz, 3H), 1.15
(d, J = 5.4 Hz, 3H). 3C NMR (100 