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Abstract
This article describes 3,3-difluoroxindole (HOFox) – mediated glycosylation. The uniqueness of
this approach is that both the in-situ synthesis of 3,3-difluoro-3Hindol-2-yl (OFox) glycosyl
donors and activation thereof can be conducted in a regenerative fashion as is a typical reaction
performed under nucleophilic catalysis. Only a catalytic amount of the OFox imidate donor and a
Lewis acid activator are present in the reaction medium. The OFox imidate donor is constantly
regenerated upon its consumption until all glycosyl acceptor has reacted.

Practically all complex carbohydrates have an oligomeric sequence wherein monosaccharide
residues are linked via glycosidic linkages.1 Both simple methods and sophisticated
strategies for glycoside synthesis and oligosaccharide assembly exist.2-3 However, the
complexity of glycosylation reactions4-7 is responsible for many drawbacks that all current
methods experience. In spite of significant progress, chemical glycosylation remains
challenging due to the requirement to achieve complete stereocontrol and to suppress side
reactions.8 Amongst a plethora of leaving groups developed, a vast majority of
glycosylations make use of thioglycosides9-12 and O-trichloroacetimidates (TCAI).13-15 Our
laboratory has also been developing new leaving groups for chemical glycosylation. 16-17

For instance, we developed S-benzoxazolyl (SBox) donors18 and more recently introduced
O-benzoxazolyl (OBox) imidates,19 which represent a hybrid structure between SBox and
TCAI (Scheme 1), but it is more reactive than either.

N-Phenyl trifluoroacetimidates (PTFAI) introduced by Yu20-21 have recently gained a
considerable niche amongst methods used for chemical glycosylation. Excellent results have
been achieved with these donors, and we decided to investigate whether the 3,3-
difluoro-3H-indol-2-yl (OFox) leaving group (Scheme 1) that represents a potentially
cheaper, cyclic analog of PTFAI would provide an efficient alternative. While developing
the new class of O-imidates we noticed a feature of the OFox leaving group that
differentiates it from all others developed for and used in chemical glycosylation. The
aglycone structure needed to introduce OFox and that of the departed leaving group are
essentially the same, cyclic amide 3,3-difluoroxindole (HOFox).22-23 The significance of
this observation is that, in principle, one should be able to conduct both the introduction and
activation of this leaving group in the catalytic “donor-regenerative” fashion, which is
routinely done in enzymatic glycosylations,24-25 but represents a new direction in the field
of chemical glycosylation. This new method falls into the general classification of
nucleophilic (covalent) catalysis that is broadly used in synthetic26 and enzymatic
transformations.27 Examples wherein nucleophilic catalysis is used to obtain glycomimetics
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have been reported.28-29 The effect of stoichiometric nucleophilic additives on the outcome
of O-glycosylation has been investigated. 30-34

Prior to establishment of the regenerative approach, we first validated that OFox imidate 3
performs similarly to that of common O-imidate donors 1 and 2.20,35 As depicted in Table 1,
coupling of donors 1-3 with acceptor 4 produced disaccharide 536 in 5 min either at -78 °C
or at ambient temperature in comparable yields. We further conducted an exploratory study
of OFox imidates and investigated a number of factors that affect stereoselectivity and
reactivity of these glycosyl donors. This study is presented as a part of the SI and details the
effect of promoter, solvent, protecting groups, leaving group orientation, primary and
secondary acceptors, glycosyl donors of other sugar series, etc. Excellent yields have been
achieved in a majority of cases, and some reactions provided high stereoselectivity (see the
SI)

Having established basic principles of the synthesis and activation of OFox imidates, we
turned our attention to the investigation of regenerative glycosylation, a concept that sets use
of OFox donors apart from other known methods for chemical glycosylation. Both TCAI
and PTFAI are obtained from hemiacetal precursors, using either inexpensive
trichloroacetonitrile or rather costly 2,2,2-trifluoro-N-phenylacetimidoyl chloride,
respectively, but their syntheses often originate from thioglycosides (Scheme 2). The use of
thioglycosides as general building blocks is very broad. Thioglycosides are also excellent
glycosyl donors, but their relatively low reactivity profile and the requirement for
stoichiometric promoters sometimes hinders their application in direct glycosidations.
Conversely, O-imidates are very reactive and require only a catalytic amount of the
activator. Many O-imidates can be purified, but none can be stored and hence have to be
used in glycosidations right away. Leaving groups in the previously studied imidates TCAI
or PTFAI depart as unreactive amides, trichloroacetamide or 2,2,2-trifluoro-N-
phenylacetamide, respectively, and cannot be reused directly (Scheme 2).

Uniquely, since both the reagent for the introduction of the OFox leaving group and the
departed leaving group are essentially the same (HOFox), both the synthesis and
glycosidation of OFox imidates can be conducted using catalytic amounts of the HOFox
aglycone. HOFox aglycone will first react with a stable precursor to form highly reactive
OFox imidate donor. The latter will then react with the acceptor while regenerating HOFox
aglycone, which will be available for the next catalytic cycle to regenerate the OFox donor.
Resultantly, only a relatively small amount of the reactive donor is present in the reaction
mixture, but it can vary based on the amount of added HOFox. It should be emphasized that
the OFox donor can be regenerated only upon consumption of the first batch (Scheme 2).

In our preliminary study of the regenerative concept disclosed herein, we first reacted S-
ethyl glycoside 637 with stoichiometric bromine to form glycosyl bromide 7. The latter is
stable under the reaction condition, but gets readily converted into OFox imidate 3 in the
presence of HOFox. The amount of the reactive glycosyl donor present in the reaction
medium can be controlled by the amount of HOFox added (range studied 0.1-1.0 equiv.).
OFox imidates have reasonable shelf-life but are readily activated with various Lewis acids
(5-10 mol %, see the SI). Thus, an attempt to activate bromide 7 in the presence of BF3-
Et2O showed very sluggish conversion into disaccharide 5 (9% in 5 h, Entry 1, Table 2).
Since this reaction was performed in the presence of Ag2O with the primary purpose of
scavenging HBr released in this reaction, bromide 7 would eventually react with the
acceptor 4 and is likely to require more than 24-48 h to react completely. We managed to
achieve reasonable glycosylation rate (3 h) with as little as 10 mol % of HOFox aglycone.
As a result disaccharide 5 was isolated in a commendable yield of 84% (Entry 2, Table 2).
With the increase of the amount of HOFox, the reaction rate steadily increased (entries 3-6).
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This culminated in a swift 10 min reaction in the presence of 1.0 equiv. of HOFox that
produced disaccharide 5 in 90% (entry 6).

In the further expansion of the regenerative glycosylation we investigated secondary
glycosyl acceptors and OFox imidates of other common sugar series (see the SI). A model
NMR study of the reaction conducted in the absence of glycosyl acceptor showed the
presence of OFox glycosides in ratios comparable to the amount of HOFox additive in
respect to the starting bromide (see the SI).

In conclusion, we discovered a new regenerative concept for chemical glycosylation that
allows for generating reactive OFox glycosyl donors and activation thereof in the catalytic
fashion in situ. The concept has some similarities with the two-step activation by
Nicolaou38-40 and Danishefsky41-44 and preactivation strategy by Huang-Ye,45-48 but differs
in the catalytic conversion and continuous regeneration of the glycosyl donor. In the
previous methods, the entire precursor (thioglycoside or glycal) is first converted into
reactive intermediates (Br, F, OTf/NTf2 or epoxide) and then acceptor is added. This
regenerative approach is expected to help reduce side reactions commonly found in
conventional glycosylations wherein excess of the highly reactive or stoichiometrically
preactivated glycosyl donor is present from the beginning.
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Scheme 1.
O-Imidates, established and new.
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Scheme 2.
Common approaches and the new concept

Nigudkar et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2015 January 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Nigudkar et al. Page 7

Table 1

Comparative investigation of O-imidates 1-3.

Entry Donor Temperature Yield of 5 Ratio α/β

1 1 -78 °C 92% 1/15

2 1 rt 94% 4.0/1

3 2 -78 °C 70% 1/4.4

4 2 rt 91% 1/2.2

5 3 -78 °C 94% 1/24

6 3 rt 93% 1/1.2
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Table 2

Regenerative glycosylation

Entry HOFox (equiv.) Reaction time Yield of 5 Ratio α/β

1 0 5 h 9% 1/1.1

2 0.1 3 h 84% 1/1.9

3 0.25 2 h 79% 1/1.9

4 0.5 40 min 86% 1/1.2

5 0.75 30 min 88% 1/1.2

6 1.0 10 min 90% 1/1.2
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