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ABSTRACT: Fluorinated carbohydrates have found many applications in the glyco- / P — o Hg“&\
sciences. Typically, these contain fluorination at a single position. There are not many e *F HZF é&F Son
applications involving polyfluorinated carbohydrates, here defined as monosaccharides in /// FF/%&\OH I e ; \
which more than one carbon has at least one fluorine substituent directly attached to it, with “ ‘/ " £
the notable exception of their use as mechanism-based inhibitors. The increasing attention || on F% AcHz o
to carbohydrate physical properties, especially around lipophilicity, has resulted in a surge of ~ \\* ‘: o Ton Hgoég\
interest for this class of compounds. This review covers the considerable body of work i "o Hz o )
toward the synthesis of polyfluorinated hexoses, pentoses, ketosugars, and aminosugars . g ﬁoé@
including sialic acids and nucleosides. An overview of the current state of the art of their N

glycosidation is also provided. h
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1. INTRODUCTION

Carbohydrates have essential roles in Nature as energy sources,
structural matter, and as molecular recognition elements in
cellular processes.' Interactions between carbohydrates and
proteins (such as enzymes, lectins, and antibodies) play a role in
numerous biological processes related to health, reproduction,
and disease, including fertilization, cell—cell interactions, and
cell-pathogen interactions.” " Pathogen-specific glycans are
recognized by the immune system, eliciting an immune
response.” ~ The functioning of the enzymatic machinery
responsible for carbohydrate modifications and their glyco-
sidation is crucial to life, with many diseases originating in the
malfunctioning of carbohydrate-related processes. Hence, the
roles of protein—carbohydrate and carbohydrate—carbohydrate
interactions, and how to manipulate them, are therefore
intensively investigated.g_ v

Fluorination of carbohydrates has long been one of the
strategies to investigate protein-carbohydrate interactions, for
example to investi§ate the contributions of individual sugar
alcohol groups,lg_ ° or in the design of mechanism-based
inhibitors.”"”>* The favorable NMR properties of the '°F nucleus
have been exploited to investigate protein—carbohydrate
binding at the molecular level with ever more sophisticated
NMR experiments.'#**~*° Fluorination has also been used to
investigate intermolecular glycan—glycan hydrogen bonding in
carbohydrate materials.”

The high hydrophilicity and metabolic susceptibility of
carbohydrates generally results in low binding affinities and
bioavailabilities, which reduces their application in drug
discovery programs. This has led to the development of
glycomimetics®>** and the use of multivalent conjugates.”* >
However, fluorination of carbohydrates increases their enzy-
matic and chemical stabilities, and reduces their hydrophilicities,
making this modification attractive for drug discovery

33,3840 oy ¢ - .
purposes. This extends to applications such as synthetic
carbohydrate vaccines.*' ~*°

Carbohydrate analogues also have applications in molecular
imaging, with '®F-2-deoxy-2-fluoroglucose currently being the
most widely used PET tracer used for cancer and inflammatory
disease diagnosis.*”~*’ The stability of 2-deoxy-2-fluoroglucose
imparted by the fluorine atom is a key reason for its success.

In most of the aforementioned applications, monodeoxy-
fluorinated sugars are involved, including sugars in which a
single carbon atom contains two or three fluorine substituents,
whether part of a disaccharide/glycan or not. However, dideoxy-
difluorinated sugars, notably 2-deoxy-2-fluorinated glycosyl
fluorides, 2-deoxy-2,3-difluorinated sialic acids, and S-fluori-
nated glycosyl fluorides, have been extensively investigated as
mechanism-based glycosylation inhibitors.”’ Glycoenzyme
inhibition data of some of these sugars inspired the “polar
hydrophobicity” concept formulated in 1998.°>" This in turn
has led to the investigation of the lipophilicity of fluorinated
carbohydrates, with the first fluorosugar lipophilicities, obtained
by a newly developed and convenient '’F NMR based log P
determination method, reported in 2016.”

Nevertheless, the synthesis of polyfluorinated carbohydrates
has a long history, with major initial applications being the study
of F NMR spectroscopic properties and sugar conforma-
tions.”> > The first dideoxy-difluorinated sugars, 3,5-dideoxy-
3,5-difluoro-p-xylose,” and 2-deoxy-2-fluoro-a-p-glucopyrano-
syl fluoride, and -f-p-mannopyranosyl fluoride,”” were synthe-
sized in 1969, while the first trideoxy-trifluorinated sugars, 1,6-
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di-O-acetyl-2,3,4-trideoxy-2,3,4-trifluoro-n-glucose and -galac-
tose, were synthesized in 1989.°° The first tetradeoxy-
tetrafluorinated sugar, with four hydroxyl groups replaced by
fluorine, was reported in 1982,” and the first tetrafluorinated
sugar with just two hydroxyl groups replaced, was reported in
2004.°° The most heavily fluorinated monosaccharide so far,
2,3,4-trideoxy-2,2,3,3,4,4-hexafluoroglucose, came on the scene
in 1998.%

This review aims to provide a comprehensive overview of the
synthesis of polyfluorinated carbohydrates published in the
peer-reviewed literature. Polyfluorinated sugars are defined here
as having >1 deoxyfluorination site, resulting in >1 fluorinated
carbon atom within a monosaccharide, whether further
glycosylated or not. It is organized first by sugar type
(aldohexoses, pentoses, ketosugars, and aminosugars, with sialic
acids being a separate section), and then by the carbons that are
fluorinated. The focus is on the synthetic route(s) to
polyfluorinated sugars. Their glycosidation is included as well,
but only selective examples are included of other further
functionalizations. While the synthesis of polyfluorinated
nucleosides is included, nucleoside formation of polyfluorinated
sugar donors is not exhaustively covered. Reviews discussing
fluorinated nucleosides are available.”' =

Where relevant, improvements in synthetic procedures are
mentioned, or old/redundant syntheses of precursors or early
intermediates are updated. Syntheses of sugars will usually be
shown starting from currently available, relatively inexpensive
starting materials. This text generally aims to show the full
synthesis of each polyfluorinated sugar derivative, but to avoid
repetition of synthetic steps leading to common intermediates,
the second structure in a synthetic scheme may be an advanced
intermediate already discussed elsewhere, with a reference to the
relevant scheme. However, it is not within the scope of this
contribution to comprehensively review the synthesis of sugar
precursors, whether monofluorinated or not. In general, it is
aimed to show an efficient route to precursors for which a full
experimental data set is available.

6-Deoxy-6-fluorogalactose and 6-fluorofucose have the same
structure, as do 6-deoxymannose and rhamnose. These will be
regarded as galactose/mannose analogues when in the p-
configuration, and as fucose/rhamnose analogues when in the L-
configuration, given that their synthesis can be very different.

Additional deoxygenation is not considered, with the
exception for deoxygenation at the 6-position. Iminosugars,
inositols, carbasugars, and C-glycosides are not included.

Several reviews covering the synthesis of fluorinated
carbohydrates (mostly monofluorinated or geminal difluori-
nated), have been published within the last 10 years.”*”% A
number of older reviews are also available,’®** including
discussion of the material’'s NMR properties.”>> While many
reviews do include aspects of polyfluorinated carbohydrates, this
review aims to provide an updated comprehensive overview of

their synthesis.

2. SHORT OVERVIEW OF FLUORINATING AGENTS

In this section, the fluorination agents that feature in this review
are briefly introduced.

2.1. Electrophilic Fluorination Agents

The electrophilic fluorinating agents featuring in this review are
listed in Figure 1. Fluorine (F,) is a highly reactive and toxic gas,
usually used diluted with an inert gas (N,, He), and nowadays
only employed by specialized laboratories. Trifluoromethyl

pubs.acs.org/CR
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Figure 1. Electrophilic fluorinating agents featuring in this review.

hypofluorite (CF;OF), the reaction product of carbon
monoxide with F,, is a highly toxic gas. Both are sources of
electrophilic fluorine, and in carbohydrate chemistry have been
mainly used for the reaction with glycals before the invention of
more convenient electrophilic fluorinating agents. In contrast,
xenon difluoride (XeF,), prepared from xenon and fluorine, is a
solid. It is a milder fluorinating agent and although still very
reactive, it requires use under an inert atmosphere.83 The
development of N—F based electrophilic fluorination agents by a
number of groups in the mid-1980s completely transformed the
area of electrophilic fluorination,** with 1-chloromethyl-4-
fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)
(SelectFluor, also abbreviated as F-TEDA-BF,), developed by
the Banks group,®*° also used extensively in in carbohydrate
chemistry.”” It is synthesized via reaction of F, and DABCO. A
milder electrophilic fluorination agent is N-fluorobenzenesulfo-
nimide (NFSI), which was introduced in 1991 by the Differding
group at Ciba-Geigy.***” This reagent is also derived from F,, by
reaction with benzenesulfonimide, and is a crystalline powder.
Relative reactivity scales that also include other electrophilic
fluorination reagents have been determined.”*™"*

2.2. Nucleophilic Fluorination Agents

The nucleophilic fluorinating agents featuring in this review are
listed in Figure 2. Anhydrous HF (aHF) is the primary source

aHF KF CsF
HF-py
(PPHE) AgF  KHF,
Et;N-3HF
(TREAT-HF) AgBF,
Me
o
Bu,NF LNJ Me=g;-Me
(TBAF) S F F
/\N/@\N/\
TBAF-3H,0
TBAF-(t-BuOH), TASF

Figure 2. Nucleophilic fluorination reagents featuring in this review.

for all fluorination reagents, being obtained by sulfuric acid
treatment of fluorospar (CaF,), sourced from mining
operations.93 It is thus very inexpensive; however, it is extremely
toxic, difficult to use, and etches glassware. It is nowadays mostly
used in combination with an organic base.”* Anhydrous HF has
seen use in carbohydrate chemistry for the synthesis of glycosyl
fluorides, until a convenient method was developed using the
milder Olah’s reagent by the Noyori and the Szarek groups.”*°
Olah’s reagent (pyridinium poly(hydrogen fluoride), HF-py,
also abbreviated as PPHF) is a mixture of 70% HF in pyridine

https://doi.org/10.1021/acs.chemrev.2c00086
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(py),” equivalent to a 9:1 HF /py molar ratio, and is widely used
in organic chemistry as a nucleophilic fluorinating agent.”*”*
Another HF-derived reagent is Et;N-3HF, triethyl amine
trishydrofluoride (TREAT-HF).”” While it has seen much use
as fluorination agent through nucleophilic substitution reactions
with activated alcohols and epoxides, as well as for
halofluorination reactions, it has limited nucleophilicity.”*"'*°
The addition of Et;N causes equilibration to Et;N-2HF and
Et;N-HF, which were shown to lead to more nucleophilic
reagents.'”' ™% Tt is worth adding that a combination of HF
with the nonbasic 1,3-dimethyl- 3,4,5,6-tetrahydro-2(1H)-
pyrimidinone (DMPU), leading to the hydrogen-bonded
complex HF-DMPU, has been developed as a useful HF-derived
reagent by the Hammond group.'**

Alkali metal fluorides such as potassium and cesium fluoride
(KF, CsF) have been widely used as inexpensive fluorinating
agents, despite their limited solubility in organic media. It has
been found that the use of bulky alcohols as solvents, such as t-
BuOH, is beneficial for fluorinations with these reagents,
including in carbohydrate applications.'” This has been
attributed to stabilization of the fluoride anion by hydrogen
bonding to provide a “controlled” environment balancing
fluoride basicity and nucleophilicity. While tetraalkylammonium
fluorides such as Bu,NF have enhanced solubility in organic
solvents, its fluoride reactivity is also beneficially modified by
using t+-BuOH as solvent. The Kim group developed TBAF(t-
BuOH), as an isolable reagent with excellent fluorination
properties,'°”'”” and the Gouverneur group has developed
other types of hydrogen-bonded fluoride reagents.'**~""°

The combination of HF and KF, leading to potassium
hydrogen difluoride (KHF,), a reagent first used in fluorosugar
synthesis,"'" has proven to be a useful reagent for epoxide
openin% although elevated temperatures are typically re-
quired.''” Silver fluoride (AgF) is soluble in acetonitrile and
DMEF,'"” and has also seen use for glycosyl fluoride synthesis
from glycosyl bromides or chlorides.”® Silver tetrafluoroborate
(AgBF,) is soluble in water and many organic solvents, and is
involved in a wide variety of transformations.''* Silver-based
reagents use the precipitation of silver salts (such as silver
bromide) as the driving force when used in halogen displace-
ment reactions.

Finally, tris(dimethylamino)sulfonium difluorotrimethylsili-
cate (TASF) is a mild fluoride donor shown by the Szarek group
to efficiently displace triflates in fluorosugar synthesis,'"
although elimination products were observed in some cases.
This reagent is also a useful alternative to the more basic TBAF
for silyl ether cleavage.''®'"”

Nucleophilic fluorination by displacement of sulfonates is
typically an Sy2 reaction, with steric hindrance (often by
protecting groups) an important consideration for the success of
the reaction. In addition, the transition state of this reaction
features two polar bonds, and in a carbohydrate context, the
interaction between the resulting dipoles with those of C—O
bonds in adjacent positions is also an important factor. This had
been recognized early on in carbohydrate synthesis, with the
formulation of the Richardson-Hough rules''® (recently
updated by the Hale group to include triflate displacements,"”
including for furanoses'*”). A summary is included in a recent
review dealing more generally with controlled inversion
strategies in carbohydrate synthesis.'>' These rules are
important to consider, given fluoride is a weak nucleophile,
and its basicity can facilitate elimination side reactions.

The nucleophilic opening of epoxides with fluoride is a widely
used process to synthesize fluorosugars. Regioselectivity is
generally determined by the possibility to proceed via a chairlike
transition state (the so-called Fiirst-Plattner effect),'*”"** which
has proven to be especially useful with opening of epoxides
within 1,6-anhydrosugars. With more conformationally flexible
substrates, steric hindrance and the electron withdrawing effect
of the anomeric center are typical factors determining
regioselectivity.

2.3. Deoxyfluorination Agents

Deoxyfluorination reagents (Figure 3) represent a class of
nucleophilic fluorination reagents that are also able to activate an

MeO
eBF
— N-SF; I\ 4
N-SF; — ®N=SF,
—/ MeO _/
DAST DeoxoFluor XtalFluor-E
F | ( Q\S//O
F&N\ N~ CsFsF
F F F F
NfF or
TFEDMA DFMBA PBSF

Figure 3. Deoxyfluorination reagents featuring in this review.

alcohol into a leaving group, and by doing so, release fluoride
which can then act as the nucleophile to effectively cause a
“deoxyfluorination” reaction. Some reagents are able to convert
a carbonyl group to a CF,-moiety, in which case the term
‘deoxofluorination’ is used.

Sulfur tetrafluoride (SF,) was the original (and very effective)
deoxyfluorination agent, but its very high toxicity and gaseous
nature prohibit its use in research laboratories. A number of SF,
derivatives have been developed, of which diethylaminosulfur
trifluoride (DAST, Figure 3) has been the most important. It is
fair to say that the availability of DAST has been a key turning
point in the development of organofluorine chemistry. It was
developed by Middleton in 1975,"** and to the best of our
knowledge, was already first applied two years later for the
synthesis of fluorinated sugars by the Korytnyk group (6-deoxy-
6-fluoroglucose).'”® However, DAST has the potential to
decompose violently when heated above 80 °C,'*® and in
1999, di(2-methoxyethyl)aminosulfur trifluoride (DeoxoFluor)
was introduced by the Lal group as a broad-spectrum
deoxyfluorination agent with enhanced thermal stability, and
very similar reactivity as DAST.">”'*®

Both DAST and DeoxoFluor are liquids which slowly
decompose over time. Stable, crystalline derivatives such as
diethylaminodifluorosulfinium tetrafluoroborate (XtalFluor-E,
pronounced “crystalfluor”), essentially the product of reaction
from DAST with BF;, have been introduced by the Couturier
team at OmegaChem.'*”~"*! Because its reactive fluoride is now
sequestered by BF;, a promoter such as Et;N-3HF or 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU) is required for the
reaction.

Nonsulfur based deoxyfluorination agents include 1,1,2,2-
tetrafluoroethyl-N,N-diethylamine (TFEDMA),"** which is
also volatile, and N,N-diethyl-a,a-difluoro(m-methylbenzyl)-
amine (DEMBA, Figure 3),"”>"** which was shown to have a
high thermal stability. Nonafluorosulfonyl fluoride (NfF, also
known as perfluorobutylsulfonate PBSF) is another deoxy-
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Scheme 1. Possible Mechanism for DAST/DeoxoFluor and XtalFluor-Mediated Deoxyfluorination of Alcohols
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o P
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fluorinating agent, with which alcohol activation and fluoride
displacement occur in the same reaction mixture. Additives are
required for efficient reaction, such as hindered or non-
nucleophilic bases,'**"** Et,N-3HF/Et;N,'** and tetrabutylam-
monium triphenyldifluorosilicate.'*”

Given the extensive use of DAST in fluorosugar chemistry,
with its reactive nature in some cases leading to rearrangement
reactions, it is worth discussing mechanistic aspects of this
reaction. A possible deoxyfluorination mechanism is shown in
Scheme 1. The availability of a pair of electrons on the nitrogen
atom allows fluoride elimination to intermediate A, which
essentially is the reactive part of XtalFluor-E. This is intercepted
by an alcohol, which leads to B upon proton loss. Such
intermediates have been isolated,"*® and invoked as leaving
groups in a subsequent nucleophilic substitution with
fluoride,'**"*? but the presence of HF could lead to protonation
to give C, which could undergo substitution with fluoride.
Alternatively, B could lose another fluoride to give D, which can
then undergo nucleophilic substitution with fluoride. In many
DAST reactions, an amine is added as additive, which would act
as proton scavenger to promote formation of D. When
XtalFluor-E is used, there is no free fluoride to scavenge the
proton released in the formation of B, essentially leading to the
formation of the strong acid HBF,, leading to c. Interestingly,
this intermediate C was suggested not to be a good electrophile
for reaction with fluoride, leading to side reactions, including
reaction with another equivalent of alcohol to form symmetrical
ethers, and loss of diethyl amine, ultimately leading to the
formation of symmetrical sulfites (not shown)."*® This can be
mitigated by adding an external fluoride source, such as Et;N-
3HF, or also by adding a base such as DBU, preventing the
formation of C. Hence, formation of intermediate D with release
of another fluoride is promoted, which can then undergo
reaction with the released fluoride to give E."*%'*

In DAST-mediated reactions a competition between Sy2 and
Sx1 processes is often observed, certainly in the presence of
structural factors that stabilize carbenium intermediates. In
carbohydrates, apart from the anomeric position, an Sy2 process
with inversion of configuration is typically observed, hence the
aforementioned Richardson-Hough rules also apply. However,
the strong electrophilic nature of the intermediates and the
rigidity imparted by the sugar ring frequently cause elimination
and rearrangement processes, which will be illustrated
throughout the review.”"'*! 1%

Finally, it is worth mentioning that there are many other
deoxyfluorination agents available that do not feature in this

. 140,147—149
review.

3. ALDOHEXOSES: FLUORINATION AT TWO
POSITIONS

3.1. Fluorination at Positions 1 and 2

3.1.1. Difluorinated at Positions 1 and 2. There have
been many reports describing the synthesis of 1,2-difluorinated
sugars, either as synthetic intermediates for 2-fluorinated sugar
derivatives, or as desired substrates for enzyme or NMR studies.
Only those reports that describe the isolation of the 1,2-
difluorinated sugars will be detailed here and will be discussed
for each type of sugar according to their fluorination method.

3.1.1.1. 1,2-Difluorinated Glucose/Mannose Derivatives.
The early work regarding the synthesis of 2-deoxy-2-
fluoroglucosyl fluoride mainly centered around the development
of effective syntheses of 2-deoxy-2-fluoroglucose, of which it is a
possible precursor. Initial approaches involved the reaction of
glucals with fluorine and CF;OF. The reaction of commercially
available tri-O-acetyl-p-glucal 1 with F, to give 1,2-difluorinated
glucose and mannose derivatives has been described by the
Fowler group (Scheme 2)."* Fluorine reacts in a syn-addition

Scheme 2. Synthesis of 1,2-Difluorinated Sugars by syn-

Fluorine Addition">°
OAc
AcO Q
AcO
OAc E
o F
Ao o FalNa 0-2 (35%)
AcO = OAc
o F
1 78°C | aco 0
AcO F
B-3 (26%)

fashion with a slight preference from the a-face to give the gluco-
compound 2 as the major isomer. These compounds are stable
to chromatography and could be separated. The Satyamurthy
group has investigated the solvent-dependency of the facial
selectivity of the fluorine addition to 1, and found that apolar
solvents lead to a greater a-2/f3-3 ratio (as measured by the ratio
of their hydrolysis products 2-deoxy-2-fluoroglucose and
-mannose). °' The Schrobilgen group reported that when 1
was reacted with F, in anhydrous HF, no 2-fluorinated glucose
or mannose products were formed, but that after hydrolysis of
the 1,2-difluorinated fluorination product, 2-deoxy-2-fluoroal-
lose was obtained (not shown)."” This was explained by
protonation of the C-3 OAc group, which then resulted in a
cyclization with the 40Ac group, which after hydrolysis resulted
in inversion of configuration at C-3. No 2-fluorinated allosyl
fluoride was isolated however.
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Scheme 3. Application of syn-Fluorination to 1,2-Difluorinated Di- and Tri-saccharides'*’
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The Withers group used this procedure to synthesize 2-deoxy-
2-fluoromaltosyl fluoride and -maltotriosyl fluoride as inactiva-
tors of a-glycosidase enzymes (Scheme 3).'>* The required
peracetylated maltal 5 can be obtained in three standard steps
from maltose involving peracetylation, conversion of the
anomeric acetate into the anomeric bromide 4, and Zn-
mediated elimination of the C-2 OAc group.'”*"*° The
addition of fluorine proceeded with a decreased facial selectivity
(a-6/p-7 1.3:1) compared to triacetyl glucal, ascribed to the
presence of the (1 — 4)-linked glucose tetraacetate. Chromato-
graphic separation afforded 6 in 20% vyield, which was
successfully deprotected to give 8. In a similar way, the
maltotriose derivative 9 was isolated in 37% yield, and then
deprotected to give 10.

The reaction of triacetyl-p-glucal with CF;OF was inves-
tigated by the Foster group and was found to lead to a mixture of
four separable compounds (Scheme 4).””"*” The 2-deoxy-2-

Scheme 4. Synthesis of 1,2-Difluorinated Sugars by syn-
CF,OF Addition®”""’
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fluorinated glucosyl and mannosyl fluorides a-2 and -3 are
formed, alongside trifluoromethoxylated byproducts 11 and 12.
The reaction also proceeds via syn-addition, with increased facial
selectivity toward the gluco-compounds compared to F,.">" The
glycosyl fluorides and trifluoromethyl glycosides can be
hydrolyzed in strong acid, for example, a-2 and 11 were
converted into 2-deoxy-2-fluoroglucose in 85 and 91% yield,
respectively, and 12 to 2-deoxy-2-fluoromannose in 67% yield
(not shown).”’

The Kent group employed this procedure with peracetylated
lactal 13 (Scheme 5).">* Many syntheses of lactal are available,
for example via peracetylation of lactose, anomeric bromination,
and elimination with Zn."”” Compared to a reaction with
peracetylated glucal, reaction of 13 with CF;OF was reported to
require a higher temperature, and proceeded with a different
facial selectivity. The syn-addition products arising from the f-
face approach, the 2-epilactosyl products 14 and 16, are now the
major isolated isomers, which was explained by the steric
influence of the second monosaccharide ring. These observa-
tions are consistent with the observed stereoselectivity differ-
ence between the reaction of peracetylated glucal and maltal
with F, (cf. Schemes 2 and 3). The difluorinated compounds 16
and 17 were then deprotected to give 2-deoxy-2-fluoro-f-
epilactosyl fluoride and -a-lactosyl fluoride 18 and 19.

The Korytnyk group investigated the use of xenon difluoride
as alternatives for F, and CF,OF (Scheme 6A).'°”'°" Three
products were obtained, with acetylated 2-deoxy-2-fluorogluco-
syl fluoride -2 as the major isomer. Its f-anomer f3-2 and the f-
anomer of the corresponding mannosyl product p-3 were
isolated in small amounts. The Quayle group obtained a total
yield of 91% for this reaction, with less than 10% of -2 and -3
combined.'®” A benzene—ether solvent mixture was found to be
optimal, with the use of ether alone leading to a very slow
reaction. To avoid BF;-catalyzed Ferrier-type rearrangements,
this reagent had to be added slowly to the reaction mixture. The
presence of -2 was shown not to arise from BF;-catalyzed
anomerization, which indicates that the XeF, reaction is not a
concerted syn-addition process.'®'

The Bornemann group applied this process in the synthesis of
the 1,2-difluorinated maltose 8 (Scheme 6B), but in dichloro-
methane as solvent.'”” The formation of both anomers of 2-
deoxy-2-fluoromaltyl fluoride was reported in a 40% combined
yield. After separation, a-6 was deprotected to give 8, which was
used for enzyme studies.

The Withers group reported a direct conversion of the
mannose derivative 24 using DAST (Scheme 7A)."*" This
intermediate was synthesized in five steps from mannose, first by
obtaining the peracetylated @-mannosyl bromide 21, then by
ortho-ester formation 22, and after a protecting group switch to
23, hydrolysis of the ortho-ester. Treatment of 24 with DAST
leads to the 2-deoxy-2-fluorinated f-glucosyl fluoride derivative
26 in 30% isolated yield, with the monofluorinated a-mannosyl
fluoride a-25 as the other isolated product. This reaction
outcome was explained by initial conversion of A to both
anomeric mannosyl fluorides $-25 and a-25, but with the
second deoxyfluorination process only proceeding for the f-
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Scheme 5. Application of syn-Addition of CF,OF to p-Lactal'*®
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Scheme 6. Synthesis of 1,2-Difluorinated Sugars by XeF, Addition

) OAc

(0] NaOMe

AcO
— AcO

a-2 (61%) F
OAc

AcO 0
> AcO F

F
B-2 (12%)
OAc

&/
(o]
— AcO F

AcO
B-3 (5%)

MeOH
(100%)

XeF,
BF,-OEt,

OAc

éﬂ
AcO =

AcO
Et,0-PhH
1 rt

NaOMe,
MeOH

s

160—163

AcO

Aco/éﬁ

XeF,, BF5-OEty, ‘ CH,Cly, -70 to 0°C

OR l (40% combined) OAc i

OR AcO

F
a-6 (R = OAc, 21%) F (not |solated

.

8 (R = OH, 98%)

Scheme 7. Direct Conversion of 2-Deprotected Mannopyranose with DAST to 2-Deoxy-2-fluoro-#-glucosyl Fluoride
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anomer f$-25, due to the—commonly observed—reluctance of
a-configured mannose derivatives to undergo nucleophilic
substitution at C-2. In the case of @-25, similar to the

118,11 .
119 and as established more

Richardson-Hough rules,
164-166 1

generally for Sy2 reactions adjacent to fluorine,
strong C—F dipole was thought to cause unfavorable dipole
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Scheme 8. Synthesis of 1,2-gluco/manno Difluorides Using SelectFluor'®
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interactions with the transition state of the Sy2 reaction at C-2.
Hence, activated intermediate 27, which would be formed by
reaction of a-25 with DAST, does not react and is hydrolyzed in
the workup to give back a-25.

The Stick group applied this dideoxy-difluorination reaction
with the disaccharide 28 (Scheme 7B) after benzyl hydro-
genolysis, to give the 2-fluorinated f-laminaribiosyl fluoride 29
as the only isolated product in 66% yield.'®”

The Dax group found that reactions of glycals with
SelectFluor in the absence of water led directly to 2-fluorinated
glycosyl fluoride derivatives (Scheme 8A).'"*® This reaction
proceeds via syn-addition of SelectFluor to give adducts 39,
which can then react with nucleophiles to effect substitution at
the anomeric center,'®® including glycosidations.lé9 In the
absence of other nucleophiles, the tetrafluoroborate counterions
in SelectFluor can act as fluoride donors. As such, glycals 1,30—
32 gave mixtures of inseparable 2-deoxy-2-fluoro-a-glycosyl-
and -a-mannosyl fluorides 33—35 and 36—38 in yields between
25 and 45%, and in ratio’s depending on the nature of the
protecting groups.168 When starting from the glycal derivatives
of maltose, lactose, and cellobiose 5,13, and 40 (Scheme 8B),"**®
the resulting C-2-epimers were separable, with the 2-deoxy-2-
fluoro-a-maltosyl-, -lactosyl-, and -cellobiosyl fluorides 6, 17,
and 41 obtained in a lower yield compared to their 2-epi
derivatives 7, 16, and 42. When the SelectFluor reaction is
carried out in a nitromethane (or DMF)—water mixture, as
illustrated with the commercially available tri-O-acetyl-p-glucal
1 (Scheme 8C), then the hemiacetals 43/44 are obtained. **'”°
In this case, water acts as nucleophile to react with 39. The
Priebe group reported this reaction on a large scale, in which a-2
and a-3 were still found to be minor products in the reaction
mixture.'”"

In addition to the direct difluorination methods described
above, sequential methods have also been employed. Starting
from 2-deoxy-2-fluoroglucose 45 (Scheme 9A), obtained as
mentioned with Scheme 4 from the hydrolysis of 2/11, the
Foster group synthesized the glycosyl bromide 46 via the
peracetate, which was subjected to AgF to afford f-2 with the f-
anomer as the only reported product.'”>'”* The Withers group
used this procedure as well,"”* with the peracetate intermediate
47 (Scheme 9B) obtained from tri-O-acetyl-p-glucal via
treatment with SelectFluor in acetic acid (as opposed to
nitromethane or water as shown in Scheme 8). This directly
afforded a mixture of separable acetates 47 and 48. From 47,
anomeric bromide formation and fluoride displacement led to
14 in 85% yield.'”* Alternatively, DAST-mediated deoxyfluori-
nation with 3,4,6-tri-O-acetyl-2-deoxy-2-fluoroglucose 43 was
investigated as well.'” It was synthesized from the mixture of 2-
fluoroglucose anomers 47 by treatment with methanolic
ammonia to effect anomeric deprotection. Treatment with
DAST then gave 2, but as a mixture of anomers.'”

It should be said that the reaction of tri-O-acetyl-Dp-glucal with
SelectFluor in aqueous medium is currently the most employed
method to obtain 47, despite a separate acetylation step being
required to separate the gluco- and manno isomers, often as a
mixture of anomers.'®® Given the importance of this method,
some typical results are summarized in Scheme 9C. The gluco/
manno ratio, as well as the ratio of their respective anomers,
varies according to the reaction conditions, although it should be
noted that typically isolated yields are reported (as opposed to
analyses on crude reaction mixtures). With aqueous nitro-
methane as solvent (ab), the gluco-product is the major
isomer.'**'”" In aqueous DMF at room temperature,'” ®a high
gluco/manno ratio was obtained. However, when the reaction
was carried out at 40 °C, the opposite result was reported.'””
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Scheme 9. Sequential Syntheses of 2-Deoxy-2-fluoro Glucosyl Fluoride
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The reaction in aqueous acetone also delivered the manno-
product as major isomer, albeit in a lower ratio.'”>"”®

Finally, the Withers group applied the sequential SelectFluor/
DAST difluoride introduction in the synthesis of the
disaccharide 58 (Scheme 9D)."”’ Tri-O-acetyl-p-glucal 1 was
first converted to the 3,6-di-O-benzylated glucal 49,"% to which
SelectFluor addition in nitromethane with acetic acid as
nucleophile led to the separable 50 and 51 in, respectively,
29% and 25% yield."”® Glycosylation of 51 with donor 52 gave
disaccharide 53, after which the trichloroacetamide group was

reduced to the acetamide 54. Benzyl hydrogenolysis and
reprotection of the uncovered alcohols as acetate gave 5§,
which was then selectively deprotected at the anomeric position.
DAST-mediated deoxyfluorination afforded 57 as the only
reported anomer. Finally, global deprotection gave $8.

Overall, some of the synthetic routes described above give
access to both 2-deoxy-2-fluoroglucosyl fluoride anomers 2 as
pure compounds, as well as to the S-anomer of 2-deoxy-2-
fluoromannose 3. The 2-deoxy-2-fluoromannose a-anomer a-3,
obtained as described in Scheme 8, could not be separated from
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the a-anomer of 2-deoxy-2-fluoroglucose a-2. The Foster group
described an anomerization process to access the a- from the -
anomer, by treatment with liquid HF at low temperature
(Scheme 10), a process which turned out to be complete in 15
min on the 650 mg scale.'”

Scheme 10. Anomerization to Obtain Pure Tri-O-acetyl-2-

deoxy-2-fluoromanno-a-pyranosyl Fluoride'”>'”?
OAc anh. HF(l) OAc
F -10°C F
e O F AcO Q
AcO ; AcO
15 min
p-2 (77%) o-3F

3.1.1.2. 1,2-Difluorinated Quinovose/Rhamnose Deriva-
tives. The Kent group described the addition of CF;OF with
3,4-di-O-acetylated L-rhamnal 59 (Scheme 11A).'*" The
rhamnal derivative can be synthesized from rhamnose by
peracetylation, anomeric bromide formation, and elimination,
for example by the conditions shown."*” The reaction led to the
L-quinovose derivatives 60 and 61 as the major addition
products, with the rL-rhamnose derivatives 62 and 63 as the
minor products. As part of work aimed at the synthesis of
fluorinated oleandrose analogues, the Lukacs group described a
direct DAST-mediated 1,2-dideoxy difluorination of the L-
rthamnose derivative 65 (Scheme 11B),"** itself synthesized
from L-rhamnose.'®"'® This reaction gave a separable mixture
of 4-O-benzoyl-2-deoxy-2-fluoro-3-O-methyl-$-L-quinovosyl
fluoride $-67 and the corresponding a-L-rhamnosyl fluoride a-
66 in excellent overall yield. In full accordance with the
corresponding dideoxy difluorination of the D-mannose
derivative 24 (cf. Scheme 7), deoxyfluorination at the anomeric
position precedes reaction at C-2, with the second deoxyfluori-

nation only occurring when the anomeric fluorine substituent is
in the equatorial position, so only $-66 reacts and a-66 is
recovered after the workup.

The Lukacs group also reported a sequential approach in
which the anomeric fluoride is introduced first (Scheme 11B).
Reaction of a-64 with DAST results in the two inseparable
anomeric quinovosyl fluorides a-68 and f-68, for which the
anomeric benzyl group has migrated to the 2-position with
inversion of configuration,'®’ a rearrangement originally
described by the Lemieux group from 2-iodinated glycosides,"*®
and later more or less simultaneously described by a number of
groups (Nicolaou, Withers, Kovac, and Lukacs) when using
DAST.”'*=1*5187 Removing the benzyl group allowed
activation of the OH-2 as triflate (no conditions/yields
provided), leading to the separable a-69 and f-69. Displace-
ment with fluoride was then achieved in both cases, with a lower
yield for a-70 vs $-70 due to the electronic influence of the
adjacent axial anomeric fluoride in @-69 hampering the
deoxyfluorination."'”'**

3.1.1.3. 1,2-Difluorinated Galactose Derivatives. Vicinal
fluorinations starting from galactal derivatives are shown in
Scheme 12. With tri-O-acetyl-D-galactal 71 (Scheme 12A),
reaction with CF;OF led to the four types of compounds also
seen with glucal. The syn-addition products from the a-face, a-
72 and 73, were obtained as major isomers, with the S-talose
derivatives 74 and 75 being the minor isomers.'*”'”* The yields
represent the amounts of recrystallized material, with the
authors noting that chromatographic isolation from the mother
liquors would lead to higher yields for the galacto-derivatives.
Dwek et al. reported yields of 55% and 40% for a-72 and 73 as
the only isolated products for this reaction (not shown).'”!
Nevertheless it is clear that the galacto:talo ratio is much larger

Scheme 11. Direct and Sequential Vicinal Difluorination Approaches to 1,2-Difluorinated Quinovose and Rhamnose
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Scheme 12. Vicinal Difluorinations with Galactal Derivatives
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Scheme 13. Synthesis of Both 1,2-Difluorinated Fucose Anomers via a Direct and a Sequential Approac
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than the gluco:manno ratio, which can be ascribed to the
increased steric hindrance of the galactal 4-position compared to
that of glucal."”® Compound @-72 was deprotected to give 2-
deoxy-2-fluoro-a-p-galactosyl fluoride 76."®!

Reaction of 71 with XeF, was investigated in detail by the
Korytnyk group (Scheme 12B)."°'°" A very similar stereo-
chemical outcome compared to p-glucal is now obtained, with
the a-2-fluorogalactosyl fluoride product a-72 being the major
product alongside small amounts of its f-anomer, and of the
product arising from f-face attack, being the f-talose derivative
74. The Wong group reported a 78% yield of a-72 for this
reaction.”” Geilen et al. achieved the reaction with XeF, in
CECl; without Lewis acid catalysis, although the 1,2-difluoride

was not isolated and immediately hydrolyzed to 2-deoxy-2-

fluorolagactose (in 63% yield, not shown).'”” Interestingly, they
did not observe the formation of any talose isomers.

The Dax group reported that difluorination of 71 with
SelectFluor was very selective as well (Scheme 12C), with a-72
isolated as the only product in 52% yield."”*

A sequential approach with 3,4,6-tri-O-benzyl-2-deoxy-2-
fluorogalactose 78 has also been reported (Scheme 12D).'®
This material can be obtained via SelectFluor addition to the
corresponding galactal 77, but with water added to the reaction
mixture,'”*"”

3.1.1.4. Difluorinated Fucose Derivatives. The synthesis of
both 1,2-difluorinated fucose anomers has been described via
3,4-di-O-acetyl-L-fucal 80 (Scheme 13). Fucal 80 can be
synthesized from L-fucose via peracetylation, anomeric bromide
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Scheme 14. Synthesis of 1,2-Difluorinated Uronic Acid Derivatives
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formation, and elimination."”® Direct difluorination of 80 using
CF;OF was described by the Kent group (Scheme 13A), giving
the a-configured 2-fluorofucosyl fluoride @-81 as the major
product, alongside the unavoidable trifluoromethyl glycoside
byproduct 82."”” Korytnyk used XeF, addition to achieve direct
1,2-difluorination, leading to @-81 as the major product, with a
minor amount of the f-anomer.'®’ Performed at room
temperature, a 53% yield of a-81 was obtained, but starting
the process at low temperature improved the yield to 62%.
Deprotection then afforded 2-deoxy-2-fluoro-a-p-fucosyl fluo-
ride a-83. Alternatively, the Wang group achieved a sequential
fluorination approach (Scheme 13B) to give the other
anomer.”%° The fucal derivative 80 was fluorinated in anhydrous
SelectFluor, with bromide as an additional nucleophile to
directly afford the 2-fluorinated anomeric bromide 84."”*'7%2°!
Bromide displacement with fluoride proceeded with inversion of
configuration to give -89 as the only reported anomer, and
deprotection then afforded 2-deoxy-2-fluoro-f-p-fucosyl fluo-
ride 3-83.7%

3.1.1.5. 1,2-Difluorinated Uronic Acid Derivatives. The
Withers group reported a synthesis of 2-deoxy-2-fluoro-f-p-
glucopyranosyluronic acid 86 starting from the 1,2-difluorinated
glucose derivative $-20 (Scheme 14)."”* TEMPO-mediated
oxidation of the primary alcohol in $-20 led to the
corresponding glucuronic acid, which was protected as phenacyl
ester 85 to aid purification. Its hydrogenolysis then afforded 86.

The corresponding iduronic acid derivative 92 could also be
prepared from 85.”"> Acetylation led to 87, which was subjected
to radical bromination conditions leading to 88. Tributyl tin
hydride-mediated radical reduction of the bromide led to a 1:1
mixture of C-5 epimers, which could be separated. The iduronic
ester 89 was hydrogenolyzed to give 90, after which the acetates
were cleaved. However, pure 92 could only be obtained after
reprotection of the carboxylic acid, chromatography, then
deprotection.

3.1.1.6. DAST-Mediated Rearrangement. Based on the
possible rearrangement initiated by DAST-mediated deoxy-
fluorination at the OH-2 position, *>'** the Castillon group
developed a synthetic approach toward 1,2-difluorinated sugar
derivatives based on a DAST-mediated rearrangement process
starting from 2-uloses (Scheme 15A).>"* DeoxoFluorination of
a-93 was shown to lead to 94. Given that the methoxy group
ends up on the other pyranose face, it is proposed that the

Scheme 15. Synthesis of 1,2-Difluorinated Derivatives via a
DAST-Mediated Rearrangement Process”">*"*
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rearrangement occurs immediately upon DAST-activation of
the carbonyl (95), followed by fluoride substitution of the
resulting axial activated alcohol group (96) with inversion of
configuration. When the corresponding f-anomeric substrate /-
93 (Scheme 15B) was subjected to DAST, a much faster
reaction occurred, giving the expected gem-difluorinated 97 in
good yield, with the equatorial anomeric substituent unable to
initiate neighboring group participation. However, the ketone
98 derived from rhamnose (Scheme 15C) did lead to the
rearrangement product 99,”* which was explained by facile ring
inversion of 98. Indeed, with a protecting group locking the
pyranose conformation as in 100 (Scheme 15D), the gem-
difluorination product 101 was obtained.

3.1.2. Trifluorinated at Positions 1 and 2. 3.1.2.1. 1,1,2-
Trifluorinated. As part of a study investigating the effect of
different fluorine substitutions on the rates of glycosidation and
deglycosylation upon reaction with glycosidase enzymes, the
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Scheme 16. Synthesis of 2-Deoxy-1,2-difluoro-p-glucopyranosyl Fluoride®*
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Withers group synthesized 2-deoxy-1,2-difluoro-p-glucopyrano-
syl fluoride 107 (Scheme 16) starting from the 2-fluorinated
glucosyl bromide 46.” This is prepared from the correspond-
ing tetraacetate a-48, which was obtained as shown in Scheme
9C from commercially available tri-O-acetyl-p-glucal."”” Con-
version of @-48 to the corresponding glycosyl bromide 46 was
achieved by acetylation and HBr treatment.'”>*°® Halide
exchange with inversion of configuration led to 102, which
was subjected to radical bromination. This reaction was not
selective, leading to bromination at both C-1 and C-5. The
inseparable mixture of 103 and 104 was subjected to silver
fluoride. Upon being stirred overnight, only 104 reacted to give
108, after which the unreacted 103 could be isolated cleanly.
Interestingly, only the bromide at C-5 was displaced, with
inversion of configuration. Subjecting 103 to the same AgF-
mediated halide exchange reaction, but now for 10 days, led to
displacement of both anomeric halides,*"’ giving 106. The slow
displacement at C-1 is a result of the electron withdrawing effect
of the fluorination at C-2. Deprotection led to 2-deoxy-1,2-
difluoro-p-glucopyranosyl fluoride 107 in 10% yield from 102.

3.1.2.2. 1,2,2-Trifluorinated. The synthesis of 1,2,2-trifluori-
nated compounds has been achieved via fluorination of 2-
fluoroglycal derivatives. Adamson et al. investigated the reaction
between the 2-fluoroglucal derivative 108 and CF;OF (Scheme
17A).>%® The fluoroglucal was synthesized from the 2-deoxy-2-
fluoroglucosyl bromide 46, for which the synthesis was shown
above in Scheme 16, by base-mediated elimination.'®> The
reaction of 108 with CF;OF under the same conditions as for
the corresponding glucal (cf. Scheme 4) resulted in a similar
reaction outcome in that both the glucosyl fluorides and the
trifluoromethyl glucosides were formed, with the a-anomer
being the major product in both cases.

The Lukacs group reported a similar outcome for the reaction
of the 2-fluororhamnal derivative 115 (Scheme 17B),"® with a-
116 isolated as the major product. With XeF, as the reagent, a-
116 and p-116 were isolated in excellent yield. The
fluororhamnal was synthesized from the advanced intermediate
64,'% with first installation of an equatorial anomeric
substituent to facilitate deoxyfluorination of the axial OH-2.
This was achieved by using stannylene acetal methodology, and
DAST-treatment of 3-63 afforded the 2-deoxy-2-fluoroquino-
vose derivative 113 in excellent yield. Anomeric deprotection
and acetylation was followed by anomeric bromination, upon
which bromide elimination then gave the 2-fluororhamnal 115.

The synthesis of 1,2,2-trifluorinated maltose as a non-
hydrolyzable mimic of maltose-1-phosphate was achieved by
Thanna et al. (Scheme 17C),"** with 2-fluoromaltal 119 as key
intermediate. Its synthesis started from maltose as shown in

Scheme 3. Reaction of peracetylated maltal 5 with SelectFluor
followed by heating with acetic acid delivered 118 as a mixture of
four stereomers.””” A two-step procedure in which 5 was first
reacted with SelectFluor in water followed by acetylation was
lower-yielding (not shown)."** From 118, formation of the
corresponding glycosyl bromide was followed by E2-elimination
of the anomeric bromide to give peracetylated 2-fluoromaltal
119 alongside unreacted 120, whose mannose stereochemistry
prevented bromide elimination.*** Reaction of the 2-
fluoromaltal derivative 119 with SelectFluor in nitromethane
without an added nucleophile resulted in both peracetylated 2-
deoxy-2,2-difluoromaltosyl fluoride anomers a-121 and $-121
in an 1.1:1 ratio of isolated yields, with hydrolyzed byproduct
122. This byproduct could be converted to - and $-121 by a
DAST-mediated deoxyfluorination, albeit in low yield. Finally,
protecting group aminolysis gave 2-deoxy-2,2-difluoro-a-
maltosyl fluoride a-123 and 2-deoxy-2,2-difluoro-f$-maltosyl
fluoride $-123. The 2-fluoromaltal derivative 119 was also
reacted with XeF, to give a 12% yield of anomers 121 (not
shown).

3.2. Fluorination at Positions 1 and 3

The synthesis of 3-dideoxy-3-fluoro-a-glucosyl fluoride 129 was
achieved from 3—deoxy—3—ﬂuoro%lucose 126 by a number of
groups (Scheme 18).°219721% This starting material is
commercially available but expensive. It can be synthesized
from glucose diacetonide in 4—S steps (compare Scheme 56,
compound 413),"%”*"*?'* but a shorter alternative developed
by Giguere involves selective benzylation of levoglucosan to give
124 followed by a 2-step retentive deoxyfluorination to 125 and
anhydro-bridge opening.ms’216 Acetylation of the resulting 126
led to the peracetate 127, from which the anomeric acetate
mixture was converted to the a-configured glucosyl fluoride a-
128 by treatment in liquid HF in good yield. Acetate removal
then gave 129.°”'"*'* The corresponding f-anomeric glucosyl
fluoride was obtained through conversion of @-127 to the
anomeric bromide 130, followed by treatment with AgF in
acetonitrile. This gave $-128 in 77% yield.”"’

3.3. Fluorination at Positions 1 and 4

The 1,4-difluorinated derivatives of glucose and galactose have
been reported. Again, the anomeric fluoride is introduced last,
and hence the 4-deoxy-4-fluoroglucose and -galactose pre-
cursors are obtained first. These, and their peracetates, are
commercially available but expensive. Both anomeric glycosyl
fluorides of 4-deoxy-4-fluoroglucose, 141, can be prepared
selectively from the corresponding peracetate 136 (Scheme 19),
which in turn can be obtained from levoglucosan.”'” Its selective
tosylation at the 2,4-positions gave 131,”>*'® which upon
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Scheme 17. Synthesis of 1,2,2-Trifluorinated Sugar Derivatives
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deprotonation of the OH-3 selectively formed the 3,4-epoxide
132.7'77?%* Photolytic cleavage of the tosyl group was used to
deprotect the OH-2 group to give 133.”'7 The Linclau group
later used the Robins procedure”*” to remove the tosyl group in
132 in equally high yield.”** This was followed by regioselective
epoxide opening with fluoride to give 134 in good yield.”'” The
regioselectivity of the epoxide opening is governed by the so-
called Fiirst-Plattner effect,'**
formation of a chairlike transition state which cannot be
obtained upon reaction at C-3. A more direct synthesis of 134

which originates from the

was possible from the monotosylate 135 using the same
conditions. This reaction proceeds by in situ conversion of 135
to epoxide 133 by the basic fluoride, followed by epoxide
opening. Monotosylation of levoglucosan was reported to be
very low yielding and unselective,”** but a reasonable yield of
135 could be obtained on gram scale with prior formation of the
2,4-stannylene acetal. However, chromatographic separation of
the corresponding 2,4-di-O-tosylate (6%) and the 2-O-tosylate
(17%) side products was required.”****” Acetolysis of 134 gave
136 in excellent yield. Alternatively, 136 can be synthesized
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Scheme 18. Synthes1s of 3-Dideoxy-3-fluoro-glucosyl Fluorides
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Scheme 19. Synthesis of (Peracetylated) 4-Deoxy-a and -f-glucopyranosyl Fluorides”'”
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Scheme 20. Syntheses of (Peracetylated) 4-Deoxy-a and -f-galactopyranosyl Fluorides”*’
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from methyl a-p-galactopyranoside 137,”'* starting with a

regioselective benzoylation to give 138.”*° Fluorination with
inversion of configuration affords the 4-deoxyfluorinated
glucose derivative 139.”***”**° These two steps have been
conducted on the kilogram scale.””' Deprotections then give 4-
deoxy-4-fluoroglucose 140,”'* which is acetylated to give
136.”'%**” Treatment of 136 with liquid HF led to the a-
anomeric fluoride @-141.>"” The f-anomeric fluoride $-141 was
obtained in a 2-step procedure via the anomeric bromide.

The galactosyl fluorides a- and f-144 were obtained in the
same way from the peracetylated 4-deoxy-4-fluorogalactopyr-
anose 143 (Scheme 20).>*® There are many different syntheses
toward 143 starting from methyl glucoside, with various
protecting group manipulations to allow selective fluorination
of OH-4 (either directly with DAST or using a variety of leaving
groups), but the example shown from the Giguere group,
starting from levoglucosan, is perhaps the most convenient.**”
Selective 4-O-tosylation as described in Scheme 19 is followed

by MOM-protection of the remaining alcohol groups. Fluorine
displacement to give 142 can be achieved in modest yield, and a
one-pot deprotection operation leads to the peracetate 143,”*
which can then be converted to a- and f-144.>*" Alternatively,
the tosylate group can be removed using sodium naphthalenide
(92%, not shown), and fluorination can be achieved in much
higher yield (80%) using Et;N-3HF via the triflate.””*

3.4. Fluorination at Positions 1 and 5

3.4.1. Difluorinated at Positions 1 and 5. Fluorination at
C-5 has been well-investigated given the use of S-fluorosugar
derivatives as mechanism-based inhibitors of glycosidase
enzymes,”>*>**® as pioneered by the Withers group.”' Its
introduction is a two-step process, starting with a radical
bromination at C-5.>”*** Given that halide introduction at C-5
prevents selective reactions at the anomeric position,”” glycosyl
fluorides are used as substrates when additional fluorination at
the anomeric position is required.
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Scheme 21. Synthesis of 5-Fluororinated Glucopyranosyl Fluoride and Idopyranosyl Fluoride
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Scheme 22. Synthesis of 5-Fluoro-f-p-galactopyranosyl Fluoride***
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Scheme 23. Synthesis of S-Fluoro-a-p-mannopyranosyl Fluoride and 5-Fluoro-f-L-gulopyranosyl fluoride
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Both anomers of S-fluoroglycosyl fluoride 152 have been
synthesized (Scheme 21).

The substrate S-glucosyl fluoride 147 can be obtained by a
number of means,”*’ for example treatment of the anomeric
bromide 145 with KHF, or with AgF (not shown)
MeCN,*"' 7% or treatment of 2,3,4,6-glucose tetraacetate 146
with DFMBA."** The 2,3,4,6-tetra-O-benzoyl-f-glucosyl fluo-
ride 8-148 has been synthesized from 149 by deoxyfluorination
with DAST.*** Radical bromination of $-147 led to f-
150,7072352392%5 with only a small amount (4%) of anomeric
bromination byproduct (not shown).””” Halide exchange with
AgBF, proceeded with retention of configuration to give -151,
with use of Et,O as the solvent found to be superior over

toluene.”” Acetate aminolysis then gave $-152.°>° The
bromination of the tetrabenzoate (-148 was reported to be
slower, but better yields were obtained.”*’

Radical fluorination of the a-configured glucosyl fluoride a-
147 (Scheme 21B), which can be obtained in one step from
155,77915%2%¢ proceeded equally well with no anomeric
bromination,'****” but this reaction on the corresponding
tetrabenzoate was reported not to give clean conversion (not
shown).””” Halide exchange was not hindered by the axial
fluoride at C-1 and proceeded with retention as well, giving a-
151. However, when AgF or AgBF, were reacted with @-150 in
MeCN, inversion of configuration took place, leading to the L-
ido configured 156.">* All attempts to isomerize 156 to a-151
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Scheme 24. Synthesis of 5-Fluoro-f-p-glucopyranosyl and -a-1-idopyranosyl Uronic Acid Fluorides®*>>*'
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Scheme 25. Synthesis of 1,5-Diﬂuoro-D-glucosopyranosyl and -L-idopyranosyl Fluorides””*
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O MeOH
AcO™ ¢ (90%) Ho™ MOF
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using HF-py or with Lewis acids were not successful. adopt a *C; chair conformation in solution ("H NMR analysis),
Deprotection of @-151 and 156 yielded @-152 and 157 as well as in the solid state (X-ray crystallographic analysis).
respectively,'>#23523%247 For the synthesis of S-fluorinated uronic acids (Scheme
The Withers synthesis of the a-configured 5-fluorogalactosyl 24),°" the carboxylic acid protecting group needed to be
fluoride 162 is shown in Scheme 22.2*% Reaction of removable under conditions that were mild enough for the
peracetylated galactose 158 with HF-py afforded the corre- difluoride to survive, while also being compatible with the
sponding a-galactosyl fluoride 159,”***** which was bromi- radical bromination and fluorination conditions. This ruled out
nated at C-5 to give 160 in similar yields as shown above. Halide methyl,. benzyl, and sillyl e.sters. In the e.vent, after .alcohol
exchange at C-S proved not possible with AgF but was achieved acc'etylatlon of glucuronic acid and anomeric deprotfectlon, the
with AgBF, in toluene, leading to 161 with retention of Withers group used 2 phenacyl pr otecting group, leading to 172.
configuration, albeit in a low yield. Interestingly, when Et,O was Thﬁn’ the 1ntroc.1uct10n. of the fanomerlc ﬂuogde was ?Chﬁved
used as the solvent, a 1:1 mixture of 161 and the corresponding with DAST to givea mlxture. Ol anomers, pre ominantly the §-
. . . anomer 172. Radical bromination to give 173 proved to be
L-altrose epimer (not shown) was obtained, resulting from h fast d to th di lated
inversion of configuration at C-S. Aminolysis finally provided 5- fuch Jasier compared fo the COMESpOncing Perzj\cety °e
. glucosyl fluoride, which was ascribed to the stabilization of the
fluoro-f-p-galactopyranosyl fluoride 162. ‘ . ) .
) intermediate C-S-radical by the carboxyl group. Halide exchange
The sequence starting from a-configured peracetylated s . . .
) . . proceeded both with inversion and retention, leading to 174 and
mannosyl fluoride 164, which can be obtained from mannose 175251 B . .
246 . , 250 ) . oth were deprotected in two separate steps to give S-
pentaacetate 163, is shown in Scheme 23.”" Radical L :
e i ) > - fluoro-f-p-glucopyranosyl uronic acid fluoride 178 and S-fluoro-
bromination to 165 again .proceeded with sn.mlar y1e.1d3 a-L-idopyranosyl uronic acid fluoride 179.2°>>°!
compared to the aforemer}“one‘i glycofyl fluorides. Hal{de 3.4.2. Trifluorinated at Positions 1 and 5. The synthesis
exchange was effected with AgF, which proceeded with of the trifluorinated 1,5-difluoroglycopyranosyl fluorides has
inversion f’f conﬁgura.tion to give the 1-gulose derivative 1§6- also been achieved by the Withers group.””® Tetraacetylated -
Deprotection of 166 yleldeld S-fluoro-f-L-gulopyranosyl fluoride acetyl chloride 180 (Scheme 25), synthesized from -p §lucose
167, which was shown by "H NMR analysis to adopt a boat-like pentaacetate 155 by treatment with thionyl chloride,”” was
conformation. Interestingly, treatment of 166 with BF;-etherate subjected to the radical bromination process. This gave
caused epimerization at C-5 toward the more stable mannosyl predominantly the 1-brominated product 181, alongside 14%
derivative 168, which upon aminolysis led to S-fluoro-a-p- of the corresponding C-S-bromination product (not
mannopyranosyl fluoride 169. This compound was shown to shown).”*”**> Reaction with AgF resulted in exchange of both
Q https://doi.org/10.1021/acs.chemrev.2c00086
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Scheme 26. Direct Fluorination Strategy for the Synthesis of 6-Deoxy-6-fluoroglucosyl Fluorides'**
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Scheme 27. A Sequential Fluorination Approach to 1,6-Difluorinated Sugar Analogues**>>%’
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anomeric halides to give 182.”°” A subsequent radical
bromination led to 183, which was subjected to a halide
exchange reaction, giving both of the 1,1,5-trifluorinated
products with retention (184) and inversion (185) of
configuration in low yields.””> Both were deprotected to give
1,5-difluoro-p-glucosopyranosyl fluoride 186 and 1,5-difluoro-L-
idopyranosyl fluoride 187.

3.5. Fluorination at Positions 1 and 6

3.5.1. Difluorinated at Positions 1 and 6. 3.5.1.1. 1,6-
Diluorinated Glucose Derivatives. The Kovac group reported a
direct synthesis of 6-deoxy-6-fluoroglucosyl fluoride from 2,3,4-
tribenzylated glucose 189 (Scheme 26).'** This was prepared by
a modified selective acetylation procedure reported by Eby et al.
starting from tetrabenzylated glucose 188, followed by acetate
hydrolysis.”>> Treatment of 189 with DAST gave the desired
190 and 191, which were separable, with the addition of Et;N
required to obtain a good yield. Without addition of base, the
3,6-anhydro derivative 192 was isolated as the major product,
with the C-3 OBn oxygen displacing the activated OH-6 group
after ring inversion. Treatment of methyl 2,3,4-tri-O-benzyl
galactopyranoside with DAST was also found to give the 3,6-
anhydro derivative.'*>*>* In this case the required ring inversion
for cyclization will have been facilitated by its anomeric
configuration, as it resulted in the f-glucosyl fluoride becoming
axial. The action of base was proposed to deprotonate any
formed HF, thereby ensuring that fluoride substitution at C-6
outcompeted cyclization.

A sequential synthesis approach for both anomeric glucosyl
fluorides has also been reported, with 1,2,3,4-tetra-O-acetyl-6-
deoxy-6-fluoro-f-n-glucopyranose 194 as a key intermediate
(Scheme 27A).>>° This is synthesized from 193,"* for which a
one-step synthesis from glucose pentaacetate 155 involving
selective 6-deacetylation with Cp,ZrCl, is now available.”*®
Treatment of 194 (as an anomeric mixture) with anhydrous HF
at low temperature resulted in a mixture of products, from which
a-195 and a partially deprotected byproduct 196 were isolated.
The f-anomer can be accessed by prior conversion of 194 to the
anomeric bromide 197, and subsequent treatment with silver
fluoride. Deprotection of a- and -195 with ammonia affords the
a- and f-6-deoxy-6-fluoroglucopyranosyl fluorides a-198 and -
198.

Following similar methodology, the Driguez group synthe-
sized a 1,6-difluorinated maltose analogue (Scheme 27B), with
the 1,6-anhydromaltose hexaacetate 200 as key intermediate.”>’”
This can be obtained from maltose by reaction with 2-chloro-
1,3-dimethylimidazolinium chloride 199,”°***” followed by
acetylation.”®® Selective opening of the 1,6-anhydro-bridge
was achieved with dichloromethyl methyl ether in the presence
of ZrCl,, leading to 201. This was immediately treated with
acetic acid and silver acetate to install the anomeric acetate, and
then with hydrochloric acid in methanol for the selective
hydrolysis of the 6-O-formyl group. This gave 202, which was
deoxyfluorinated with DAST and then treated with HF-py to
install the anomeric fluoride to give 204.
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Scheme 28. Sequential Fluoride Introduction for a 1,6-Difluorinated Galactose Derivative”¢">%
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3.5.1.2. 1,6-Difluorinated Galactose Derivatives. The Mori
group described the synthesis of benzylated 6-deoxy-6-
fluorogalactosyl fluoride 209 starting from 205 (Scheme
28A),”°" which is obtained via a standard 3-step sequence
involving tritylation, benzylation, and trityl hydrolysis of methyl
a-p-galactopyranoside (not shown). Attempted deoxyfluorina-
tion with XtalFluor gave the 3,6-anhydro byproduct 206 as the
major product, a side reaction also observed by Kovac as
described in Scheme 26. Reaction with DAST also led to 206,
even as the only observable product. As described by Kovac,'**
addition of base enabled deoxyfluorination at the 6-position to
give 207, albeit in a moderate yield. From 207, anomeric
acetolysis followed by methanolysis of the resulting acetate gave
208, which was then subjected to anomeric deoxyfluorination to
give 209 as a 2:3 a/f mixture of anomers.

A short synthesis of peracetylated 6-deoxy-6-fluoro-a-
galactopyranosyl fluoride 212 was reported by the Miethchen
group (Scheme 28B).*% Starting from commercially available
1,2:3,4-di-O-isopropylidene-a-p-galactopyranose 210, deoxy-
fluorination is best effected by conditions established by the
Hoffman-Roeder group to give 211,"9%%* upon which treat-
ment with anhydrous HF in the presence of acetic anhydride
gave 2127

3.5.2. Trifluorinated at Positions 1 and 6. The Edwards
group reported a synthesis of 6-deoxy-6,6-difluoro-a-p-glucosyl
fluoride 217 starting from 213 (Scheme 29).>%* Pfitzner-Moffatt
oxidation with diisopropyl carbodiimide (DIC), directly
followed by treatment of the resulting C-6-aldehyde hydrate

Scheme 29. Synthesis of 6-Deoxy-6,6-Difluoroglucosyl
Fluoride™**
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with DAST, gave 214 in a low yield. Dealkylation by acetolysis
resulted in the peracetate 215, which was converted to the
glycosyl fluoride 216. Alcohol deprotection then gave 217,
which was directly used in enzyme assays.

3.6. Fluorination at Positions 2 and 3

3.6.1. Difluorinated at Positions 2 and 3. 3.6.1.1. 2,3-
Difluorinated Glucose Derivatives. The synthesis of 2,3-
dideoxy-2,3-difluoroglucose 225 was first reported by the
Linclau group,”® followed by a Giguére sznthesis featuring an
improved deoxyfluorination procedure.”"> Both syntheses
involve the Cerny epoxide 219 as a key intermediate (Scheme
30). This can be synthesized either from levoglucosan in four
steps, via 132,219221222227 op starting from glucal in three
steps.”* "> Regioselective fluoride opening of the epoxide 219
with potassium hydrogen difluoride in ethylene glycol led to 221
in yields of 65 to 74%,”°>*’%*"" but an improved 83% yield was
obtained with the addition of KF as an extra fluoride source.””
In the original report of this epoxide openin%, the formation of
the regioisomer 222 in 3% yield was detailed.””" Fluorination of
221 at the 3-position using DAST proceeded with retention of
configuration to give 223, thanks to a neighboring group
participation involving the 4-O-benzyl group. The original
conditions involving refluxing a DAST solution in toluene®
gave a yield of 86%.”*° Safer conditions involving DeoxoFluor in
THEF at 100 °C for 1.5 h under microwave irradiation gave a
similar yield (87%),””* and a subsequent improvement by first
obtaining the triflate intermediate 224 followed by displacement
using TREAT-HF in triethyamine gave a 95% yield over two
steps.””” This was followed by 1,6-anhydro-bridge opening and
debenzylation with BCl; in water to give 2,3-dideoxy-2,3-
difluoro-glucose 225.>'%2%°

3.6.1.2. 2,3-Difluorinated Galactose Derivatives. The
synthesis of the corresponding 2,3-difluorinated galactose
analogue 229 was reported by the Linclau group from the
advanced intermediate 223 (Scheme 31).>”* Deprotection of
223 leads to 226 using hydr_ogenolysis.58 While these conditions
result in an excellent yield,*® they can be difficult to reproduce.
The Giguere group showed that alternative degprotection
conditions involving TiCl, were effective as well.””> Inversion
of the OH-4 by triflation, nucleophilic substitution with
benzoate, and transesterification provides 228 in excellent
yield*® The inversion was also shown via a Lattrell-Dax
reaction”’® in equally excellent yield.””> Opening of the 1,6-
anhydro-bridge with BCl; led to 2,3-dideoxy-2,3-difluoro-p-
galactose 229, and with Ac,0 in H,SO, to the corresponding
peracetylated 230.””* The latter could be fully deprotected to
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Scheme 30. Synthesis of 2,3-Dideoxy-2,3-diﬂuor0-D-glucose215’265
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Scheme 31. Synthesis of 2,3-Dideoxy-2,3-difluoro-p-galactose®”*
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Scheme 32. Protection of 2,3-Dideoxy-2,3-difluoro-p-galactose to Obtain the Furanose Form>”*
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give 229 (not shown), or selectively deprotected at the anomeric
position to give 231.

Given the importance of galactofuranoses, suitable
protection of 229 to achieve ring isomerization was also
investigated (Scheme 32).>”* In contrast to a precedent from the
Liu group, who showed that acetylation of 2-deoxy-2-
fluorogalactose in pyridine at 100 °C gave a 1.6:1 ratio of
pyranose to furanose (not shown),”*’ submitting 229 to these
conditions only furnished traces of the furanose 232. However,
in accordance with precedent from Hricoviniova of protection of
galactose with 2,2-dimethoxypropane,”®" 229 could be con-
verted to the furanose acetonide 234, which was the
thermodynamically more stable acetonide as shown by the
isomerization of 233 to 234. After anomeric protection as
acetate 235, however, acetonide hydrolysis conditions caused
anomeric deprotection, initiating ring isomerization back to the
pyranose 229. Finally, it was discovered that direct acetylation of
235 with bismuth triflate as catalyst did not lead to ring
isomerization, and the furanose triacetate 232 was obtained as a
suitable precursor for glycosylation reactions.

3.6.1.3. 2,3-Difluorinated Mannose Derivatives. A synthesis
of the 2,3-difluorinated mannose derivative 244 (Scheme 33)
was reported by the Gigueére group, with epoxide 238 as the key
intermediate.”*” This epoxide was synthesized via advanced
intermediate 218, which was obtained in three steps from
levoglucosan,”*' via mesylation and then slow addition of
NaOMe, which significantly improved the yield of this
reaction.””"”*’ The methoxide reacts with the 2-OTs group at
the sulfur atom to generate the corresponding alkoxide, which
then displaces the 3-OMs group to form the epoxide. This
reaction was further improved by the use of dichloromethane as
the solvent instead of chloroform.””” The epoxide 238 is then
regioselectively opened with KHF, to give 239, after which the
OH-2 group is activated to the triflate 240 and displaced by
fluoride to give 241.””> Deprotection, acetolysis, and acetate
methanolysis then gave 2,3-dideoxy-2,3-difluoro-p-mannose
244.7%

3.6.1.4. 2,3-Difluorinated Talose Derivatives. The advanced
intermediate 242 (cf. Scheme 33) was also used for the synthesis
of the 2,3-difluorinated talose 248 (Scheme 34). Lattrell-Dax

277-279

Scheme 34. Synthesis of 2,3-Dideoxy-2,3-difluoro-p-talose”*”
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. O

acetone F HO
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inversion”’® at C-4 to give 246°"° was followed by 1,6-anhydro-
bridge acetolysis to 247, then acetate hydrolysis to give 2,3-
dideoxy-2,3-difluoro-n-talose as a mixture of pyranose and
furanose tautomers 248 and 249.%

The synthesis of 4-O-acetyl-2,3,6-trideoxy-2,3-difluoro-a-L-
talopyranose bromide 262 was described by the Tsuchiya group,
starting from methyl a-1-fucopyranoside 250 (Scheme 35).”**

After selective protection as its acetonide, which enabled
separation of the anomers of 251,”*° the a-anomer was used
to continue the synthesis. Position 2 was acetylated using a
standard procedure,”* giving compound 252, and the acetonide
was subsequently hydrolyzed to give 253. Selective tosylation at
the equatorial position and benzylation of position 4 gave 255,
upon which treatment with sodium methoxide in methanol gave
the L-gulo-2,3-epoxy derivative 256. Fluorination of 256 was
achieved with KHF, in ethylene glycol by selective epoxide
opening, giving the 2-fluoro-L-idopyranose derivative 257.5°
Deoxyfluorination of 257 using DAST led to a complex mixture,
but activation of position 3 as triflate 258 followed by
nucleophilic substitution using tris(dimethylamino)sulfonium
difluorotrimethylsilicate (TASF) as the fluoride source success-
fully led to 2,3,6-trideoxy-2,3-difuoro-a-L-talopyranoside
259.”** Hydrogenolysis and acetolysis gave a mixture of a-
and f-261 (a/p ratio: 2.5:1), and bromination of a-261 gave
crystalline 2,3,6-trideoxy-2,3-difluoro-a-L-talopyranosyl bro-
mide 262.

3.6.2. Tetrafluorinated at Positions 2 and 3. The
synthesis of 2,3-dideoxy-2,2,3,3-tetrafluorinated sugar deriva-
tives was reported by Linclau et al. using a de novo approach,
starting from commercially available fluorinated building block
263 (Scheme 36).”*”%*® Radical abstraction of iodine from 263
by a single electron transfer initiated by dithionite homolysis led
to addition to alkene 264, which resulted in 265 after the atom
transfer propagation step. Elimination at low temperature with
wet DMF led to the alkene 266 in excellent yield and
stereoselectivity. A Sharpless asymmetric dihydroxylation
reaction gave the syn-diol 267 in excellent yield. Due to the
alkene deactivation by the fluorination,”® increased levels of
osmium and ligand were required, but the ligand could be easily
recovered.”” Subsequent recrystallization led to essentially
enantiopure material. Selective protection was achieved by
deprotonation of the most acidic alcohol group of 267 followed
by benzylation, leading to 268 with minimal diprotection (5%,
not shown). Formylation then gave the cyclization precursor
269, which upon bromine—lithium exchange to 270 allowed
cyclization to the protected tetrafluorinated sugar derivative
271. Hydrogenolysis then led to 2,3-dideoxy-2,2,3,3-tetrafluoro-
D-threo-hexopyranose 272.%7%

Protection of the other alcohol group in 267 allows synthesis
of furanose derivatives.”****! Reaction with MOM-CI (Scheme
37) gave 273 as the major regiosiomer in 70% yield, as a result of
the most nucleophilic alcohol group reacting in preference. With
TESCI as the electrophile, 274 was obtained in 80% yield. The
regioisomers 275 and 276 were obtained in 11% and 6% yields,
respectively, and both reactions also returned fully protected
product (5% with MOM, 10% with TES, not shown).
Formylation and bromine—lithium exchange then allowed
cyclization to give 279 and 280 depending on the
protection.”***”! Interestingly, with TES protection a rearrange-
ment took place to give the more stable pyranose analogue 281
as a side product.”®

The corresponding gluco-configured diastereomer 286 was
also synthesized from 266 (Scheme 38) and required inversion
of configuration of one of the alcohols. Because adjacent
fluorination hampers the Sy2 reactions,"**'**~'°® inversion of
the C-S (sugar numbering) alcohol was targeted. This required
carrying out the asymmetric dihydroxylation using the
pseudoenantiomeric ligand and was achieved in similar yield
and enantioselectivity, with recrystallization leading to highly
enantioenriched ent-267. Inversion at C-5 was successfully
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Scheme 35. Synthesis of 2,3,6-Trideoxy-2,3-difluoro-a-L-talopyranosyl Bromide”**
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Scheme 36. Synthesis of 2,3-Dideoxy-2,2,3,3-tetraﬂuoro-D-threo-hexopyranose7'87’288
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Scheme 37. Synthesis of 2,3-Dideoxy-2,2,3,3-tetrafluoro-p-threo-hexofuranose Derivatives *®>"'
FoF
A/ﬂ’_O‘PMOH
BnO H
QBn HCO,H ©Bn RO F F
OR DIC, OR MeLi
., 279 (R = MOM, 62%)
) = 0,
HO” “CF,CF,Br  DCM  onco” “cF.crBr ~78°C 280 (R =TES, 47%)

OBn DIPEA, MOMCI, 573 (R = OMOM, 70%)
OH DMAP, DCE | 274 (R = TES, 80%)
or +
TESCI, Et;N
HO™ “CFCFoBr  pune' o 0Bn
267 OH
RO” “CF,CF,Br

275 (R = OMOM, 11%)
276 (R = TES, 6%)

277 (R = MOM, 96%) Teso OBn *
278 (R = TES, 95%) Fo
F
g F OH
281 (11%)

achieved via a cyclic sulfate intermediate 282 in good yield, with
15% of a separable side-product arising from competing
elimination (not shown). From 283, 286 was obtained via the
same four steps as described in Scheme 36.%%”*%
Perfluoroalkyl lithium species are unstable and rapidly lead to
fluoride elimination. Clearly, the rate of cyclization toward 271
and 285 outstrips the rate of elimination. Konno and co-workers
even achieved an intermolecular addition of a lithiated 287 to

the protected glyceraldehyde 288 under Barbier conditions
(Scheme 39),”** which allows a shorter sequence to 272 and
especially 286. A key condition was that LiBr-free MeLi was
used. This intermolecular reaction afforded a 43:57 mixture of
coupling adducts 289 and 290, which were separated by column
chromatography.””” Subsequently, acid catalyzed deprotection
yielded triols 291 and 292, which following ozonolysis
spontaneously cyclized to afford the target sugars 286 and
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Scheme 38. Completion of the Synthesis of 2,3-Dideoxy-2,2,3,3-tetrafluoro-p-erythro-hexo-pyranose (“Tetrafluorinated

Glucosen)287,288
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Scheme 39. A Shorter Synthesis of 2,3-Dideoxy-2,2,3,3-tetrafluoro-p-erythro-hexo-pyranose (“Tetrafluorinated Glucose”) 2,3-
Dideoxy-2,2,3,3-tetrafluoro-p-threo-hexo-pyranose (“Tetrafluorinated Galactose”)”””
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Scheme 40. Synthesis of 2,3,6-Trideoxy-2,2,3,3-tetrafluoro-p-erythro-hexo-pyranose (“Tetrafluorinated Quinovose”) 2,3,6-

Trideoxy-2,2,3,3-tetrafluoro-p-threo-hexo-pyranose (“Tetrafluorinated Fucose”)>"
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272. Despite only being described on a small scale, this three-
step sequence constitutes the most efficient route to tetrafluoro
glucose 286 and galactose 272, obtained in 24% and 38% overall
yields, respectively. However, a large excess of MeLi and
aldehyde 288 is required (2.4 equiv each) due to competing
addition of MeLi to the electrophilic aldehyde 288.

This methodology was further extended by the same group to
the corresponding 6-deoxygenated sugar derivatives 298 and
299 (Scheme 40) using the ethyl lactate derived 293 as the
electrophile. Chromatographic separation of the resulting
diastereomers 294 and 29§, followed by ozonolysis and
hydrogenolysis, led to 298 and 299 in excellent yields.

3.7. Fluorination at Positions 2 and 4

3.7.1. Difluorinated at Positions 2 and 4. 3.7.1.1. 2,4-
Difluorinated Glucose Derivatives. The first synthesis of 2,4-
dideoxy-2,4-difluoroglucose was reported by the Cerny group
(Scheme 41A).””" Starting from 221, obtained from levogluco-
san as discussed in Scheme 30, hydrogenolysis and selective

tosylation afforded 301, whereupon the second fluoride was
installed after another epoxide introduction. This led to 303 in
modest yield. Interestingly, the two fluorine atoms could be
introduced directly from 132,>'%**° albeit in low yield (5%),
which nevertheless is higher than the overall yield via 302. Acid-
catalyzed hydrolysis then gave the target sugar 304.

Another synthesis of the pivotal 2,4-difluorinated intermedi-
ate 303 was published around the same time by Barford et al.,*"”
also starting from levoglucosan (Scheme 41B), but with the first
fluorine introduction at C-4 involving intermediate 134 as
described in Scheme 19. This was tosylated to give 305 and
subsequent treatment with base gave epoxide 306. This was then
opened with fluoride to give 303 in 59% yield. Direct treatment
of 305 with KHF, in boiling ethylene glycol, which relied on in
situ epoxide formation, only proceeded to give 303 in 8% yield.
A shorter synthesis of 305 was later published by the Voznyi
group by opening of the epoxide 132 with 2,4,6-collidine-HE.*”*

A good-yielding direct synthesis of 303 has only been recently
achieved by the Giguere group,”’*””* and then by our group,*”
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Scheme 41. Approaches to 2,4-Dideoxy-2,4-diﬂuorinated Glucose
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Scheme 42. Synthesis of 2,4-Dideoxy-2,4-difluoroallose”*
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Scheme 43. Synthesis of a 2,4-Dideoxy-2,4-difluorotalose Derivative”””*"*
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from the easily accessible ditosylate 131 (Scheme 41C). Using
this procedure, Giguere achieved three-step synthesis of 304 in
excellent yield via opening of the 1,6-anhydro-bridge in 303 with
a strong Lewis acid.*"®

3.7.1.2. 2,4-Difluorinated Allose Derivatives. A 2,4-difluori-
nated allose derivative was also prepared from 303 by the Cerny

group (Scheme 42).””® The required C-3 alcohol inversion was
achieved by oxidation to give the ketone as the hydrate 308,
followed by NaBH, reduction. The original oxidation conditions
involved the use of CrOj;, but the oxidation was found to work
with TCCA/TEMPO,* or with DMP as well.>'® Ring opening
of the thus obtained allose derivative 309 was not possible using
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Scheme 44. Synthesis of Racemic 2,4-Dideoxy-2,4,4-trifluorinated Sugar Derivatives®"’
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py, CHxCl, (+)-334 (R=Ac), ()-335 (R=Ac) (+)-338 (R=Ac) (+)-339 (R = Ac) py, CHxCl,

(53%, 2 steps)

(15%, 2 steps)

(55%, 2 steps) (38%, 2 steps)

1% aq. pTSA, but acetolysis under perchloric acid did give
triacetate 310, albeit in low yield. Deacetylation then gave the
free 2,4-dideoxy-2,4-difluoroallose 31 1.2%

3.7.1.3. 2,4-Difluorinated Talose Derivatives. The synthesis
of 2,4-dideoxy-2,4-difluorotalose is possible from glucose
through deoxyfluorination with inversion of configuration at
C-2 and C-4. The Cabrera-Escribano group described the
treatment of both anomers of methyl 3,6-di-O-benzyl glucopyr-
anoside 312 with DAST (Scheme 43A) to achieve exactly
that.””” However, while deoxyfluorination was observed at the 4-
position, a ring contraction occurred at the 2-position to give
epimers 313 and 314, regardless of the anomeric configuration.
A ring contraction had not been reported by the Somawardhana
and Card groups in their deoxyfluorination experiments of
unprotected methyl glucosides.””’** Presumably the presence
of a benzyl group in 312, which is less electron withdrawing
compared to an alcohol group activated by DAST, allows the
intramolecular Sy2 reaction by the endocyclic oxygen at C-2 (cf.
315), with deoxyfluorination at C-4 likely to take place after the
furanose ring is obtained (see later Scheme 144).

The Gouverneur group did achieve a synthesis of a 2,4-
difluorinated talose derivative by a sequential fluorination
method starting from known 316 (Scheme 43B) J0 synthesized
in two steps from methyl a-p-glucoside (not shown).’**
Fluorination of 316 at the 2-position by displacement of the
corresponding triflate 317 had been described.”” However,
while this Sy2 reaction using TBAF-3H,O in acetonitrile
proceeds well with the f-anomer, a low 30% yield had been
reported for the desired @-anomer. Extensive optimization led to
a significantly improved yield of 318 (77%), by in situ
conversion of TBAF-3H,0 to TBAF-(t+-BuOH), via stirring in
t-BuOH in the presence of 317. Because selective benzylidene
acetal reduction in 318 was not successful, it was hydrolyzed and
the OH-6 was selectively protected as the pivaloate ester 320
(11% of diester). Having established that 320 did not react with
DAST, no doubt because the axial F-2 group prevented Sy2
reaction with an equatorial C-4 leaving group, a second triflation
with subsequent fluoride displacement was carried out, giving
322 with a 43% yield for the displacement step. The difficult

substitution also led to the isolation of desulfonylated product
320 (8%), starting material 321 (13%), and a range of other
byproducts (not shown). Finally, hydrogenolysis gave 323,
which was used in intramolecular hydrogen-bond studies.**®
3.7.2. Trifluorination at Positions 2 and 4. The
Gouverneur group also synthesized racemic 2,4-dideoxy
trifluorinated sugar derivatives (Scheme 44),37 using a de
novo synthesis approach starting from a difluorinated building
block 324, featuring a 6-endo-dig gold-catalyzed ring formation.
A Reformatski reaction with (benzyloxy)acetaldehyde 325 led
to racemic 326, upon which alkyne introduction via the
corresponding Weinreb amide intermediate (+)-327 gave the
cyclization precursor (+)-328. A high-yielding ring formation
was achieved with the Gagosz catalyst, with the obtained
dihydropyran ring (+)-329 nicely set up for electrophilic
fluorine introduction at C-2. Reduction of the keto group to give
(£)-330 was moderately selective (83:13) in favor of the desired
C-3 configuration, and the diastereomers could be separated
after pivaloyl protection. Due to the deactivation by the fluorine
atoms, reaction of the glycals with SelectFluor required heating,
but excellent yields were obtained. Starting from the pivaloate
(£)-331, a 5:1 ratio of gluco:manno stereochemistry (+)-332,
(£)-333 was obtained, separable after acetylation to (+)-334
and (+)-335. From (4)-cis-330, in which the 3-O-pivaloyl
group was removed, the gluco:manno ((£)-336 and (£)-337)
ratio was reduced to 3:2, with a better overall yield. Acetylation
to (£)-338/(%)-339 again allowed separation. In both cases,
(+)-335 and (+)-339 were obtained as a-anomers. When the
reaction was conducted in nitromethane/methanol the
corresponding methyl acetals (+)-340 and (+)-341 were
formed directly, and were separable by chromatography.

3.8. Fluorination at Positions 2 and 5

There is no reported synthesis available of a S-fluorinated 2-
deoxyfluorinated hexose sugar, although a 2,S-difluorinated
glucose derivative has been obtained as a byproduct in the
synthesis of 2-deoxy-1,2-difluoroglucopyranosyl fluoride 4
(Scheme 16).
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Scheme 45. Synthesis of 1-(2’,6’-Dideoxy-2’, 6'-diﬂuoroglucosyl)thymine308
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3.9. Fluorination at Positions 2 and 6

3.9.1. Difluorinated at Positions 2 and 6. 3.9.1.1. 2,6-
Difluorinated Glucose Derivatives. The first 2,6-difluorinated
glucose derivative, nucleoside analogue 349, was reported in
1978 by Etzold et al.”®® The synthesis started from 1-glucosyl
thymine 343 (Scheme 45), which can be obtained from glucose
peracetate 155 in two steps.”””’'" Tosylation was only
moderately selective at the 6-position, and the mixture was
acetylated to then separate the 2,6-ditosylated byproduct. This
gave 344 in 61% yield.’'® Fluorination with KF in ethylene
glycol at high temperature was described to give the deacetylated
6-fluoroderivative 345. Position 2 could now be activated as the
p-toluenesulfonylate, giving 346 in 40% yield. After acetylation
to give 347, reaction with triethylamine in ethanol with
inversion of configuration at C-2 gave the 2,2’-anhydro-
nucleoside 348. Reaction with HF under AlF;-catalysis in
dioxane in a steel reactor gave the desired 2,6-dideoxy-2,6-
difluoro glucopyranose 349 in 11% yield.***>"

The first synthesis of the free 2,6-dideoxy-2,6-difluoro-p-
glucose sugar 352 was reported by Withers (Scheme 46),*"!
starting from trifluoromethyl 3,4,6-tri-O-acetyl-2-deoxy-2-fluo-
ro-a-D-glucopyranose 11, which was obtained from 3,4,6-tri-O-
acetyl-D-glucal 1 by reaction with fluoroxytrifluoromethane (cf.
Scheme 4).">” Deacetylation of 11 with NaOMe in MeOH to
350 allowed a selective reaction with DAST at the primary
alcohol to give 351. Acid-catalyzed hydrolysis then gave 2,6-
dideoxy-2,6-difluoro-p-glucopyranose 352 in 76% yield.”""

A synthesis of 352 av01d1n% the use of CF;OF was reported by
Giguere et al. (Scheme 47).”"® Intermediate 221, obtained in
five steps as discussed above (Scheme 30), was fully benzylated
to give 353. Anhydro-bridge acetolysis without benzyl removal
led to 354 in 98% yield. Differentiation of the acetate groups was
achieved by glycosidation to give 35S, after which acetyl

deprotection allowed deoxyfluorination at C-6 with DAST. This
afforded compound 357 without any observation of 3,6-anhydro
side-product formation (cf. Schemes 26 and 28). In addition to
the presence of base, presumably the configuration of the F-2
group, which will be antiperiplanar with the C-3 OBn bond in
the 'C, conformation required for 3,6-anhydro formation, will
have deactivated the O3 for nucleophilic attack at the activated
OH-6 group. Deprotection of 357 then led to 2,6-dideoxy-2,6-
difluoro-p-glucose 352.

3.9.1.2. 2,6-Difluorinated Galactose Derivatives. In 2012,
the Hofftmann-Roder group reported a synthesis of a protected
2,6-dideoxy-2,6-difluoro-p-galactopyranose 361 (Scheme 48).*
Starting from 1,2:3,4-di-O-isopropylidene galactose 210,
deoxyfluorination at C-6 (cf. Scheme 28B), acetolysis, and
HBr treatment gave the corresponding galactopyranosyl bro-

Scheme 48. Synthesis of a 2,6-Dideoxy-2,6-
difluorogalactopyranose Derivative*’

of 1) AcOH, Ac,0,
& | Tser é:o Py (99%)
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Scheme 49. Synthesis of Peracetylated 2-Deoxy-2,6-difluorofucose'”®
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Scheme 50. Synthesis of Octyl 2,6-Dideoxy-2,6-difluoro-a-p-mannopyranosyl-(1—6)-a-p-mannopyranoside® "
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mide 358.'”° Zn-mediated reductive elimination of the 1-bromo
and 2-acetoxy groups led to 6-deoxy-6-fluoro-galactal 359 in
89% yield. After an acetate-to-benzyl protecting group switch,
electrophilic fluorination using SelectFluor in aqueous medium
afforded 3,4-di-O-benzyl-2,6-dideoxy-2,6-difluoro-p-galactose
361 in 97% yield.”

3.9.1.3. 2,6-Difluorinated Fucose Derivatives. This syn-
thesis, published in 2020 by the Wang group (Scheme 49),"”* is
very similar to the 2,6-difluorinated galactose synthesis
discussed above, but starting from L-galactose. Reaction with
zinc chloride, sulfuric acid, and acetone gave 1,2:3,4-di-O-
isopropylidene-a-L-galactopyranose ent-210 in 85% yield.
Deoxyfluorination of ent-211 with DAST in the presence of
2,4,6-collidine according to Hoffmann-Réder’s procedure (cf.
Scheme 28B),"”° but in refluxing dichloromethane as opposed
to under microwave conditions, led to ent-211 in a slightly lower
yield. Acid-catalyzed hydrolysis followed by acetylation gave the
peracetylated 6-fluoro-L-fucose 362 in 92% yield over two steps.
Treatment of 362 with hydrogen bromide and subsequent
reductive elimination afforded 6-fluoro-L-fucal ent-359, which
was subjected to SelectFluor, and protected to give peracety-
lated 2,6-difluoro-L-fucose 363."

3.9.1.4. 2,6-Difluorinated Mannose Derivatives. The syn-
thesis of a 2,6-difluorinated mannose derivative was reported by
the Lowary group from 2-deoxy-2-fluoro-a-mannose peracetate

AA

49 (Scheme 50),>'> which is most efficiently prepared from
3,4,6-tri-O-acetylglucal 1 involving reaction with SelectFluor,
followed by acetylation to achieve separation from the 2-
fluoroglucose stereomers as shown in Scheme 16."7%'"7
Anomeric deprotection and activation as the trichloroacetimi-
date 364" allowed mannosylation with acceptor 365 to give
the monofluorinated disaccharide 366.”'* Deacetylation to 367
allowed selective fluorination at the 6’-position (with Sy2
reaction at the 3- and 4- positions prevented by the axial C-1 and
C-2 substituents, respectively) and, after benzyl hydrogenolysis,
the 2/,6’-dideoxy-2’,6'-difluorinated dimannoside 368 was
obtained.*'?

3.9.1.5. 2,6-Difluorinated Altrose Derivatives. Studies by the
Tsuchiya group regarding the regioselective opening of 2,3-
anhydroallopyranoside derivatives such as 372 led to the
synthesis of 2,6-dideoxy-2,6-difluoroaltrose derivatives (Scheme
51).>" The epoxy intermediate 370, which can be obtained
from methyl glucoside 369 in four steps via selective OH-3
tosylation, base-mediated epoxide formation,'® and hydrol-
ysis,”'” was selectively methylated at the 4-position to give
371.°"° Tts deoxyfluorination led to 372, which was further
fluorinated by reaction with KHF, in ethylene glycol to give an
inseparable mixture of the ultro derivative 373 and the gluco-
derivative 374 in a 2:3 ratio.” ' The surprisingly low ratio may be
due to the electronic influence of the more electronegative
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Scheme 52. Synthesis of 2,6-Dideoxy-2,6,6,6-tetrafluorinated Talose and Allose Derivatives®'®
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anomeric center (cf. Scheme 95A below), disfavoring
substitution at C-2 despite the chairlike conformation associated
with the latter.

3.9.2. Tetrafluorinated at Positions 2 and 6. The
tetrafluorinated derivative 386 (Scheme 52) was synthesized
by the Takagi group from methyl-a-p-lyxopyranoside 375 using
a head-to-tail strategy through the addition of a CF; group at the
precursor C-1 position.”® Hence, nucleophilic fluorination of
375 at C-4 with inversion of the configuration was achieved
through a reaction with DAST, to afford 4-deoxy-4-fluoro-f-1-
ribopyranoside 376 in an excellent yield. The observed
regioselectivity mirrored that of the fluorination of methyl a-
mannoside as reported by Somawardhana (see below, Scheme
65), with the OH-2 group promoting fluorination at C-4.*"!
Benzylation of 376 with benzyl bromide to give 377 was
followed by anomeric hydrolysis to give the reducing sugar 378,
the major q-anomer of which is depicted (4:1 ratio in
chloroform). Treatment with 1,3-propanedithiol and BF;-OEt,
gave the ring-opened dithioacetal 379, and protection of the
terminal alcohol as the acetate, followed by deprotection of the
aldehyde group, gave 381 ready for trifluoromethylation. This
was achieved by reaction with Me;SiCF; and catalytic TBAF,*"”
which after hydrolysis of residual TMS-ether formed in situ led
to a mixture of epimers 382 and 383. The p-allitol derivative
383, which was undesired in this case, could be converted to 382
by alcohol inversion. Deacetylation of 382 allowed oxidation to
the aldehyde, which was achieved in chemoselective fashion

AB

thanks to the reduced reactivity of the trifluorocarbinol
group.””® The aldehyde spontaneously converted to the
corresponding a-L-talopyranose, isolated as the anomeric
acetate 385, upon which hydrogenolysis delivered 386. In
parallel, 383 went through the same route to give the f$-p-allose
387 (not shown).

3.10. Fluorination at Positions 3 and 4

3.10.1. Difluorinated at Positions 3 and 4. The synthesis
of the 3,4-dideoxy-3,4-difloro glucose 392 (Scheme 53) was
initially described by the Linclau group,”** and later improved
by the Giguére group,”' starting from known 133 (cf. Scheme
19). Benzylation of the alcohol group was achieved by adding
the NaH base to a premixed solution of 133 and BnBr while
keeping the temperature at 0 °C to avoid the Payne
rearrangement.321 Epoxide opening using a 1:1 mixture of
KHF,/KF resulted in the formation of 389 in 85% yield. The
alcohol 389 was then treated with DAST in refluxing CH,Cl, for
20 h resulting in the dideoxy difluorinated levoglucosan
analogue 390 in 54% vyield, while the use of DeoxoFluor in
toluene at 70 °C for 2 h gave compound 390 in 67% yield,
together with only 3% of unreacted 389, and 4% of byproduct
391, which arose from neighboring group participation of O6.
An improved fluorination was reported by Giguere: a 2-step
triflation and fluoride substitution with HF-3HF.”'>*”* Finally,
concomitant deprotection of OH-2 and opening of the anhydro-
bridge were achieved with BCl; to give the desired difluorinated
glucose analogue 392.7">***
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Scheme 54. Synthesis of 3,4-Dideoxy-3,4-difluoro-p-galactopyranose””*
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Scheme 55. Synthesis of 3,4-Dideoxy-3,3,4,4-tetrafluoro-p-threo-hexopyranose 40S and 3,4-Dideoxy-3,3,4,4-tetrafluoro-p-

erythro-hexopyranose 406>°*
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Scheme 56. Synthesis of 3,6-Dideoxy-3,6-difluoro-f-p-glucopyranose®""
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The synthesis of 3,4-dideoxy-3,4-difluorogalactose 397 was
published by the Linclau group (Scheme 54).””* Starting from
known crystalline tosylate 132 (cf. Scheme 19), reaction with
sodium hydroxide and ethanol gave the 1,6:2,3-dianhydro
derivative 393. As described by Karban et al.,"*° reaction of the

epoxide 393 with DAST gave the desired compound 394 (61%

AC

yield) along with the byproduct 395 (26%). The fluoride-
mediated epoxide opening of 394 gave the desired difluorinated
396 in 31% yield. Opening of the 1,6-anhydro-bridge was
achieved using BCl; to form the corresponding glycosyl
chloride, which was directly hydrolyzed to give 397, in 36%
yield. A much higher-yielding procedure involved TMSOTf-
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Scheme 57. Synthesis of a 3,6-Dideoxy-3,6-difluoro Glucopyranoside Derivative®'®
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Scheme 59. Synthesis of 3,6-Dideoxy-3,6-difluoro-allopyranosides Using Direct and Sequential Difluorination
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catalyzed acetolysis to give 398, which could then be
deprotected to give 397 in 81% yield over two steps.

3.10.2. Tetrafluorinated at Positions 3 and 4. The
synthesis of 3,4-dideoxy-3,3,4,4-tetrafluorinated sugar deriva-
tives was reported by Linclau et al. using a fluorinated building
block approach (Scheme 55).**° Sharpless asymmetric dihy-
droxylation of 287 required modification with enhanced levels
of OsO, and ligand to accommodate the reduced reactivity of
the deactivated alkene (cf. Scheme 36), as well as the use of
(DHQ),PYR instead of the usual (DHQ),PHAL ligand. This
gave 399 in an excellent yield and, as expected for terminal
alkenes, moderate enantioselectivity after 9 days.””® Protection
of the primary alcohol led to 400, and its functionalization with
(S)-Naproxen allowed separation of the thus formed diaster-
eomers to get, after ester cleavage, 400 in >99% enantiopurity.
The expensive (S)-Naproxen could be recovered and recycled.
Protection of the secondary alcohol group by DDQ-mediated

AD

cyclization gave 402 as a mixture of acetal diastereomers,”**
which could now be lithiated and reacted with cinnamaldehyde.
This addition was not diastereoselective and gave 403 as a
1:1:1:1 mixture of diastereomers. Acetal hydrolysis and alkene
ozonolysis led to the formation of the desired tetrafluorinated
sugar derivatives 405 and 406, which were not separable.
Selective silylation at the primary position, anomeric alkylation
with 2-naphthyl methyl bromide, and silyl removal gave the
separable 409 and 410, each of which could now be deprotected
to give the pure 405 and 406.”*

3.11. Fluorination at Positions 3 and 6

3.11.1. 3,6-Difluorinated Glucose Derivatives. The
Withers group reported a synthesis of 3,6-dideoxy-3,6-difluoro
glucog)?rranose 418 (Scheme 56) from glucose diacetonide
411" Conversion to the corresponding allose 412 using an
oxidation—reduction sequence was then followed by DAST-
mediated deoxyfluorination at C-3 to give 413."7”*'* Selective
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Scheme 60. Direct Dideoxy Difluorination of a-Glucosides
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deprotection of the terminal acetonide in 413 was achieved
using sulfuric acid in methanol, giving 414 in 93% yield. Direct
fluorination at C-6 was unsuccessful and only led to a 5,6-cyclic
sulfite byproduct 415. Hence, a three-step protecting group
manipulation sequence was carried out to give 416. Treatment
with DAST gave the difluorinated product 417, which upon
deprotection gave the 3,6-dideoxy-3,6-difluoro-p-glucopyranose
418. Successive acetylation of the free hydroxyl groups,
bromination of the anomeric position, and displacement with
acetate gave the peracetylated 3,6-dideoxy-3,6-difluoro-f-p-
glucopyranose 419 in 79% yield over four steps.

As discussed in Scheme 51, a 3,6-dideoxy-3,6-difluorinated
glucose was also obtained by fluoride opening of the 6-deoxy-6-
fluoro-2,3-epoxy allose derivative 372 with potassium hydrogen
difluoride in ethylene glycol, which gave a mixture of inseparable
methyl 2,6-dideoxy-2,6-difluoro-4-O-methyl-a-p-altropyranose
373 and methyl 3,6-dideoxy-3,6-difluoro-4-O-methyl-a-p-glu-
copyranose 374 in 65% yield (Scheme 57).>"

Giguere’s group prepared 3,6-dideoxy-3,6-difluoroglucopyr-
anose 418 (Scheme $8), starting from commercially available
levoglucosan.”"® Conversion to 125 as detailed in Scheme 18
was followed by 1,6-anhydro-bridge opening and selective
acetolysis, giving compound 420 in 98% yield. The anomeric
position was protected using glycosidation with allyloxytrime-
thylsilane to afford intermediate 421. This allowed acetate
removal at C-6, followed by deoxyfluorination to afford 423.
Final deprotection with BCl; afforded the desired 3,6-
difluoroglucose analogue 418 in 75% yield.*"

3.11.2. 3,6-Difluorinated Allose Derivatives. The
Somawardhana group reported that reaction of unprotected
methyl S-p-glucopyranoside $-369 with neat DAST at room
temperature (Scheme S9A) gave 3 main products: methyl 3,6-
dideoxy-3,6-difluoro-f-p-allopyranoside 424 in 32% yield,
methyl 4,6-dideoxy-4,6-difluoro-$-p-glucopyranoside 425 in
8% yield, and methyl 6-deoxy-6-fluoro-3-p-glucopyranoside
426 (no yield reported).””"

The same year, the Card group also published direct
fluorination of unprotected glucosides using DAST,*” but
with CH,Cl, as the solvent, at =40 °C (Scheme 59B). Methyl -
D-glucopyranoside $-369, phenyl f-p-glucopyranoside 427, and
p-nitrophenyl f-p-glucopyranoside 428 gave their correspond-
ing 3,6-dideoxy-3,6-difluoro-allopyranoside products in 51%,
70%, and 78% vyields, respectively. There was no mention of
fluorination at the 4-position. This dideoxy difluorination
process was reported to be facile, and the remarkable

AE

regioselectivity explained by activation of all alcohol groups by
DAST with the primary position reacting first, leading to 431
(Scheme S9C). The reactivity at the 2- and 4-positions is
reduced due to the presence of an antiperiplanar C—O bond, as
well as to the higher electron withdrawing effect of the acetal
center. With a f-configured glycoside, approach of the fluoride
nucleophile toward C-3 is unhindered, hence leading to a facile
reaction.

A sequential fluorination approach for the synthesis of a 3,6-
dideoxy-3,6-difluoroallose derivative 436 has also been
reported,”” starting from 7-f-p-glucopyranosyl theophylline
432 (Scheme 59D). Positions 4 and 6 were first protected as the
acetonide,’”” which allowed for selective fluorination of position
3 using DAST to give 434 in 43% yield. Benzoyl protection of
position 2 and acetonide removal, to give 435,°*" was then
followed by fluorination of position 6 in 50% yield.***

3.12. Fluorination at Positions 4 and 6

3.12.1. 4,6-Difluorinated Galactose Derivatives. The
synthesis of 4,6-dideoxy-4,6-difluorinated galactose is possible in
one step from a-configured glucosides (Scheme 60). The
Somawardhana group reported that reaction of methyl a-p-
glucopyranoside a-369 with neat DAST gave the 4,6-
difluorinated methyl galactoside a-425 in 60% yield (a).”"
Reducing the number of equivalents (b) also led to @-42$ in
60% vyield, this time with 9% of the monofluorinated methyl
glucoside @-426.%"" While the Card group initially reported that
when dichloromethane is used as solvent only a-426 is obtained
(c),”” they later found that stirring at room temperature for 3—
4 days led to the difluorinated a-425 in 40—46% yield.”*>**°
Similar observations were made with phenyl a-glucoside a-427,
which transformed to 437 in neat DAST, and to 438 when
dichloromethane was used as solvent.’”” The regioselectivity of
the difluorination reaction was explained as follows (also see
Scheme 59 with the explanation of the selectivity starting from
the f-anomer):*°" activation of all glucoside alcohol groups
would occur, with the primary position reacting fast, to the 6-
deoxy-6-fluorinated derivative 439. Reaction at the 3-position is
sterically hindered by the axial anomeric substituent, and
reaction at the 2-position is disfavored due to the electron
withdrawing acetal center. This makes the 4-position the next-
fastest to react, leading to 440. Now, reaction at the 2-position is
additionally hindered by the axial fluorine at C-4, and workup
then leads to a-425.
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Scheme 61. Difluorination of Glucoside Derivatives at the 4- and 6-Positions via Displacement of Sulfonates
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Deoxyfluorinations at the 4- and 6-positions not relying on
DAST have also been developed. These require protection at C-
2 and C-3, although the anomeric configuration is now not
important. The Szarek group converted 441 (Scheme 61A),
which can be obtained from methyl f-glucoside in three
standard steps (not shown), in a one-pot operation to 443 via
the bis-triflate 442 in moderate yield with TASE.'"> The
Richardson group investigated the synthesis of fluorinated
trehalose derivatives via di-O-mesylate fluorination. Starting
from 444 (Scheme 61B), which can be obtained from trehalose
in three steps, mesylation gave the fluorination substrate 445.%*°
Treatment of 445 with excess TBAF in refluxing acetonitrile for
1 h only led to monofluorination, resulting in 446 which, after
mesylate methanolysis and deprotection, gave 6-deoxy-6-
fluorotrehalose 447. In contrast, refluxing 445 for 4 days
yielded the difluorination product 448 in 71% yield,”*” which
after deprotection resulted in 4,6-dideoxy-4,6-difluoro-a-p-
galactopyranosyl-a-p-glucopyranoside 449.

The Richardson group also synthesized the 4,4,6,6'-
tetramesylated trehalose derivative 451 as a substrate, from
the readily available 450 (Scheme 61C).>*® Subjecting the
tetramesylate 451 to 8 equiv of TBAF in refluxing acetonitrile for

AF

1 h led to the formation of the difluorinated 452 in moderate
yield. After methanolysis with methoxide and benzyl hydro-
genolysis, this resulted in the 6,6’-dideoxy-6,6’-difluorotrehalose
453. In contrast, when 451 was heated for 5 days with a larger
excess of TBAF, the tetrafluorinated 454 was obtained in 62%
yield.**” Hydrogenolysis then gave 4,6-dideoxy-4,6-difluoro-a-
p-galactopyranosyl 4,6-dideoxy-4,6-difluoro-a-p-galactopyrano-
side 455.

Finally, the same group also investigated difluorination on the
dimesylated sucrose derivative 456 (Scheme 61D),*" the
reaction of which with either TBAF in refluxing acetonitrile or
KF in refluxing ethylene glycol gave the difluorinated 457.

3.12.2. 4,6-Difluorinated Glucose Derivatives. Direct
DAST-mediated dideoxy difluorination leading to 4,6-difluori-
nated gluco-configured derivatives requires galactoside protec-
tion at the 2,3-position. Hence, the 2,3-di-O-acetate 458
(Scheme 62A) was shown by the Withers group to lead to
461 in a moderate 31% yield,”"' but the Hoff group reported
much higher yields from the benzoate a-459, either using
DAST/DMAP at room temperature or with DeoxoFluor at
reflux temperature.”’”**> With the 2,3-butanedioxyacetal
protected 460, the Linclau group obtained a lower yield
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Scheme 62. DAST-Mediated Dideoxy Difluorination Approaches to 4,6-Difluorinated Glucose Derivatives*”>'"3%533!
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(47%),”*° which is to a certain extent offset by its more efficient
preparation (1 step from methyl a-galactoside) as opposed to
three steps for 458/a-459.

The diacetate 461 was converted to its glycosyl chloride, and
then to the p-triacetate 464.>'' The benzoate @-462 was
debenzoylated to give 465, which was also obtained by
hydrolysis of the butanediacetal protecting group in 463.%*
Anomeric acetolysis and acetate methanolysis then gave 4,6-
dideoxy-4,6-difluoro-p-glucopyranose 467. Interestingly, the
acetolysis reaction also Zielded a ring opened 1,1-diacetoxy
containing product 466.>*

With the 2,3-positions protected, DAST-mediated deoxy-
fluorination at the 4 and 6-positions is also possible from f-
galactosides. The Magnusson group applied this process to the
corresponding methyl 2,3-di-O-benzoyl-f-galactopyranoside f-
459 (Scheme 62B), albeit with only 1.05 equiv of DAST.”'
Even so, it was found that the difluorinated $-462 is still isolated
in 12% yield, alongside 54% of the 6-fluorinated product 468,
which gives an indication of the reactivity at the 4-position.

Difluorination using 4,6-di-O-mesylate derivatives has also
been explored. The Richardson group synthesized 4,6-dideoxy-
4,6-difluorosucrose 471 (Scheme 63) via displacement of the
dimesylate 470 with TBAF. This dimesylate was synthesized
from 456 (see Scheme 61) by nucleophilic substitution with
sodium benzoate, benzoate methanolysis, and mesylation.
Compared to the corresponding dimesylate 456, fluorine
substitution with 470 proved more difficult, with an unidentified
elimination product isolated as well.”** Fluoride displacement of
the 4,6-dimesylated galacto-configured trehalose derivatives 472
and 473 was reported to give mainly elimination products.”*”**

Finally, a sequential approach has also been used. The Card
group obtained 139 (Scheme 64A) in two steps from methyl a-
p-galactoside 137 (as described in Scheme 19), which was then
debenzoylated to give 474.”"> Treatment with DAST gave the
4,6-difluorinated glucoside 465 in good yield. The same
approach was followed by the Saulnier/Balasubramanian
group at Bristol Myers Squibb toward the antitumor compound
analogue 475,°*” and also by the Giguére group in their
synthesis from levoglucosan (Scheme 64B).”'® The intermedi-
ate 389, obtained in five steps as described in Scheme 53, was
fully protected, and the resulting 476 subjected to anhydro-
bridge opening to give 477. Protection at the anomeric position
to give 478 allowed selective deprotection at C-6, upon which
deoxyfluorination resulted in 480. Global deprotection then
gave 4,6-dideoxy-4,6-difluoroglucose 467.

3.12.3. 4,6-Difluorinated Talose Derivatives. The
Somawardhana and Card groups achieved the conversion of
unprotected methyl @-mannopyranoside 481 (Scheme 65A) to
the 4,6-difluorinated talopyranoside 482 in excellent yields,
either in neat DAST (72%, not shown),*" or with dichloro-
methane as the solvent (80%).”>”** The reaction was reported
to be more facile than reaction with methyl a-glucopyranoside
(see Scheme 60). The Hoff group reported that under very
similar reaction conditions 482 was isolated in only 48% yield
(Scheme 65B),* and that cyclic sulfite 483 was also obtained,
which may be due to a difference in workup conditions.
Nevertheless, the combined yield of 75% does indicate the ease
of mannose difluorination.

The Card group further reported that this double fluoride
displacement was so facile that monofluorination at the 6-
postion of 481 could not be achieved,’® in contrast to the
reaction with methyl a-glucopyranoside (see Scheme 60). This
was explained by the involvement of intermediate 484 (Scheme

AH

Scheme 65. Direct Dideoxy Difluorination Reactions toward
4,6-Difluorinated Talose Derivatives>>?>3%301,302,333
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-40°Cto RT, 24 h ><
OMe

(23%)
490

65C), which would allow an intramolecular fluoride delivery to
displace the activated OH-4 group. This was further investigated
by subjecting the 2,3-di-O-methyl mannoside 485 to the
reaction conditions, which indeed only returned the mono-
fluorinated 486. It is nevertheless surprising that in the reaction
of 481 with DAST, no neighboring group participation of the
trans-diaxial anomeric methoxy group, with subsequent
formation of the glycosyl fluoride, has been reported (the
Somawardhana group reported an unidentified side product in
1% yield).>*" In order to achieve the synthesis of 6-deoxy-6-
fluoromannosides, the reaction was also carried out with 487,
which has a more easily removable protecting group at the 2,3-
positions. However, only low yields of 488 were obtained, with
the formation of side-product 489 explained by methanol
displacement of the activated OH-6 during the workup.
Subjecting 487 to DAST with a longer reaction time did lead
to the 4,6-difluorinated talose derivative 490, albeit in a low
yield.**”

3.13. Fluorination at Positions 5 and 6

A §5,6-difluorinated UDP-galactosyl derivative 499 was synthe-
sized by the Liu group to investigate the mechanism of UDP-
galactopyranose mutase.””* The fluorine at the S-position was
not introduced via a radical bromination step (as seen for the

https://doi.org/10.1021/acs.chemrev.2c00086
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Scheme 66. Synthesis of UDP-6-Deoxy-$,6-difluoro-a-p-galactopyranose”**
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Scheme 67. Synthesis of 2-deoxy-2,5-difluoro-a-1-idopyranosyl Fluoride*®

OAc 1 step (XeF5)
or 3 steps
AcO Q P

— }
AcO s

chemes 6,9)
1 OAc

E F
Ao A A =5 = LA, 5o s =
AcO AcO F AcO F HO F
c:c;|4 T MeCN JF MeOH J
(28%, 2 st) AcO o1 (95%)  HO

3 steps 500 5 502
(Scheme 9)

Scheme 68. Synthesis of 6-['*F]-2,6-dideoxy-2,6-difluoro-f-p-glucopyranosyl Fluoride**®
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other S-fluorinated derivatives discussed above) , but by using Coward methodology allowed a C-S fluoride introduction that
Coward’s 5,6-epoxide fluoride opening.”* Starting from methyl was compatible with the phosphate protecting group. This
a-p-galactoside 137 (Scheme 66),”** a standard protection— sequence of events was necessary given the phosphate was

deprotection sequence was followed by C-6-bromination to give introduced via the hemiacetal, and given the instability of
reducing S-fluoropyranoses, C-5 fluorination was required after

491. Displacement of bromide by phenyl selenide (generated in 358
the desired anomeric functionalization was completed.

situ) led to 492, upon which the anomeric dibenzyl phosphate
group was introduced after anomeric hydrolysis to 493.

Elimination of the resulting selenide 494 to give the C-5—C-6 4. ALDOHEXOSES: FLUORINATION AT THREE

exocyclic double bond 495 allowed formation of the POSITIONS

corresponding epoxide which, upon treatment with HF-py, led 4.1. Fluorination at Positions 1,2,5

to regioselective opening to give both C-S-fluoro epimers 496 The Withers group synthesized the trifluorinated idose

and 497. These were separable, and the desired major isomer derivative 502 (Scheme 67) as a glycosidase inactivator, starting

was subjected to DAST to get the vicinal difluoro moiety in 498. from the 1,2-difluorinated glucose derivative -2. This can be

Deprotection and UDP introduction finally gave 499. The accessed as detailed in Schemes 6 and 9 either from tri-O-acetyl
Al https://doi.org/10.1021/acs.chemrev.2c00086
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Scheme 69. Synthesis of an Advanced Precursor toward 2,3,4-Trideoxy-2,3,4-trifluoro-p-glucopyranose
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glucal 1 in one step (CF;OF) albeit in low yield (12%), or in
three steps involving reaction with SelectFluor and AgF-
mediated fluorine introduction of the corresponding glucosyl
bromide, or from 2-deoxy-2-fluoroglucose 45 also via its glycosyl
bromide. Radical bromination was selective for the S-position to
give 500 only, and fluoride displacement with inversion of
configuration led to the L-ido configured 501, with both
reactions seemingly unaffected by the presence of the fluorine at
the 2-position. Deprotection then gave 2-deoxy-2,5-difluoro-a-
208

L-idopyranosyl fluoride 502.
4.2. Fluorination at Positions 1,2,6

The Withers group synthesized the 1,2,6-trifluorinated glucose
506 as a potential imaging probe for glucocerebrosidase
(Scheme 68) starting from f3-20 (see section 3.1.1).%% Selective
tritylation and protection of the remaining alcohol groups gave
503, from which the trityl group was then removed to expose the
OH-6 group ready for deoxyfluorination. This could be achieved
with DAST to give 505 in excellent yield, and deprotection then
gave 2,6-dideoxy-2,6-difluoro-f-p-glucopyranosyl fluoride 506.
Alternatively, '°F radiolabeling at the 6-position was achieved via
the triflate 507 via Kryptofix 2.2.2/K,COj assisted nucleophilic
fluorination with fluoride-18, followed by acetate deprotection.
A 9% radiochemical yield for 6-['*F]-506 was reported, for a
synthesis/purification time of 2 h and 43 min.

AJ

4.3. Fluorination at Positions 2,3,4

4.3.1. Trifluorinated at Positions 2,3,4. 4.3.1.1. 2,3,4-
Trifluorinated Glucose Derivatives. The first synthesis of fully
deprotected 2,3,4-trideoxy-2,3,4-trifluoro-p-glucopyranose was
achieved by the O’Hagan group via a de novo synthesis ap groach
with 515 as a key advanced intermediate (Scheme 69).

A first-generation approach to generate 515 started from
aldehyde 288, made from periodate cleavage of 1,2:5,6-di-O-
isopropylidene-p-mannitol $08. The addition of deprotonated
benzyl propargyl ether gave the adduct 509 in low stereo-
selectivity, which could be improved by employing CITi(Oi-Pr),
as a nonchelating Lewis acid.”** Propargylic alcohol reduction
with LiAIH, gave 510. Deoxyfluorination was then performed
on the diastereomeric mixtures with tetrafluoroethyl dimethyl-
amine (TFEDMA) in dichloromethane. It was found that this
reaction proceeded with significant Sy1 character, giving all four
possible allylic fluoride regio/stereomers in similar ratios
regardless of the ratio of alcohols. The desired stereomer 511
could be obtained pure in 11—13% yield.”*” Epoxidation gave
the two diastereomers 512 and 513 in 89% yield. This mixture
was treated with Et;N-3HF to give the separable diaster-
eoisomers 514 and 515 in, respectively, 16 and 29% yield, with
the desired stereomer being the minor isomer.””

A second generation approach to 515 was successful in
avoiding the formation of stereomeric mixtures (Scheme 70).3%
It started from the commercially available butynediol 516, which
was selectively mono- protected with TBDMS chloride, and

https://doi.org/10.1021/acs.chemrev.2c00086
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Scheme 71. Sarda Synthesis of Peracetylated 2,3,4-Trideoxy-2,3,4-trifluoro-p-glucopyranose**
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reduction of the resulting derivative with Red-Al gave trans-
allylic alcohol 517 in 91% yield. Sharpless epoxidation of allylic
alcohol 517 provided epoxide (2R,3R)-518 in 62% yield in 89%
ee. Swern oxidation of epoxide 518, followed by the reaction
with triethyl phosophonoacetate, gave ester 519 in 52% yield
over the two steps. Treatment of enone 519 with Et;N-3HF
resulted both in deprotection of the TBDMS group, and in the
opening of the epoxide to provide, after diol protection as
acetonide, the first fluorinated intermediate 511. The opening of
the epoxide proceeded in a 10:1 regioselectivity, and the
protection as the acetonide allowed separation of the
regioisomers, giving pure 511. Reduction of the ester with
DIBAL-H gave an allylic alcohol as a suitable substrate for a
Sharpless epoxidation to introduce the remaining stereo-
chemistry. This led to epoxide $12 in a 10:1 stereomeric ratio.
After protection of the free alcohol, Et;N-3HF-mediated
opening of the epoxide generated 515 in 46% yield as a single
diastereoisomer.

Then treatment of 515 with DeoxoFluor gave the
trifluoroacetal 520 in 53% yield. Deprotection of the benzyl
was performed using Adinolfi’s method to give the deprotected
trifluoroacetal 521 in 61% yield. This was oxidized with Dess-
Martin periodinane to give an a-fluoroaldehyde 522 which was
directly reacted with SnCl, in dichloromethane to cleave the
acetonide and perform the cyclization to generate 2,3,4-
trideoxy-2,3,4-trifluoro-n-glucopyranose 523 in 58% yield over
two steps. This synthesis was completed in 15 synthetic steps in
an overall yield of 0.37%.

In 1989, the Lukacs group had reported the synthesis of the
protected 2,3,4-trideoxy-2,3,4-trifluoro-n-glucopyranose 525
(Scheme 71).>® This synthesis started from levoglucosan,

Scheme 72. Deoxyfluorination of 20'>>%¢

—0 —o0 —o0
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F
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Tf20 Et3N 3HF,
> TfO
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proceeding via the key intermediates 223 and 228, described
in Schemes 30 and 31. Reaction of 228 with DAST in
dichloromethane occurred with inversion of configuration to
give 524 in excellent yield. Opening of the 1,6-anhydro-bridge
and acetyl protection were performed with acetic anhydride and
sulfuric acid, giving the desired compound 525 in 93% yield

AK

However, the final DAST-mediated fluorination was found
difficult to reproduce. Linclau et al. found that deoxyfluorination
gave an inseparable mixture of inversion and retention of
configuration (Scheme 72), with 30% of the galacto-configured
526 formed.””® Slower addition of DAST led to a much
improved ratio, but at the expense of yield. This was also found
by Giguere et al., who obtamed 526 as the major product under
microwave condltlons * They eventually found a successful
alternative, in that triflation followed by the addition of in situ
formed Et;N-1HF yielded 524 in excellent yield."”* They also
reported that the use of TBAF-3H,0 was successful in
displacing the triflate (not shown).””*

The Linclau group later reported a shorter synthesis of 2,3,4-
trideoxy-2,3,4-trifluoro-n-glucopyranose employing 309 as a key
intermediate (Scheme 73).””° Fluorination of 309 to give 524
was achieved with the use of nonafluorobutyl sulfonyl fluoride
(NfF) in the presence of Et;N-3HF as the external fluoride
source. Finally, BCl;-mediated opening of the 1,6-anhydro-
bridge gave the desired 523 in excellent yield. This constituted a
six-step synthesis of 2,3,4-trideoxy-2,3,4-trifluoro-p-glucose 523
from levoglucosan in 24% overall yield.”® Giguére et al.
reported a similar synthesis of 523 using an alternative
fluorination method.”"> Here, 309 was first converted to the
corresponding triflate, allowing nucleophilic fluorination to give
524, which was immediately subjected to acetolysis to give 525
in 14% yield over three steps. Acetyl hydrolysis with HCI
afforded the desired compound 523 in quantitative yield.

4.3.1.2. 2,3,4-Trifluorinated Galactose Derivatives. The
synthesis of peracetylated 2,3,4-trideoxy-2,3,4-trifluoro-p-gal-
actopyranose 529 (Scheme 74A) was first described by Lukacs,
from the intermediate 226 also used for their corresponding
glucose synthesis.”® Treatment of 226 with DAST was reported
to give 526, after which 1,6-anhydro-bridge acetolysis led to 529.
Alternatively, Giguere carried out the deoxyfluorination via the
triflate 227 by reaction with TBAF-3H,0.””* The thus formed
526 was then directly converted to 529 in 63% overall yield.
Using in situ formed Et;N-1HF, fluoride displacement went
cleanly in 82% yield.'"” Acetate hydrolysis of 529 was described
by Giguere to give 2,3,4-trideoxy-2,3,4-trifluoro-n-galactopyr-
anose 530 in excellent yield.

Opening of the 1,6-anhydro-bridge directly to give the free
trifluorinated galactose was reported by Linclau et al., using BCl;
(Scheme 74B).*”° This was carried out on the mixture of 524
and 526 (see Scheme 72), and the trifluorinated derivatives 523
and 530 proved just about separable by preparative HPLC.

4.3.1.3. 2,3,4-Trifluorinated Talose Derivatives. The syn-
thesis of 2,3,4-trideoxy-2,3,4-trifluoro-n-talopyranose 534
(Scheme 75) was realized by the Giguere group from the
advanced intermediate 246, which had been used for the
synthesis of 2,3-dideoxy-2,3-difluorinated talose (Scheme
34).””° Interestingly, deoxyfluorination of 246 with DAST was
shown to proceed with retention of configuration to give 531 in
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Scheme 73. Linclau and Giguére Syntheses of 2,3,4-Trideoxy-2,3,4-triﬂuoro-D-glucopyl‘anosel15’296
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Scheme 75. Synthesis of 2,3,4-Trideoxy-2,3,4-trifluoro-p-talopyranose®”
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47% yield.'”> When this reaction was immediately followed by thus obtained led to 533 in 54% vyield over three steps.

acetolysis, losses due to evaporation of the volatile 531 were Deprotection finally gave 2,3,4-trideoxy-2,3,4-trifluoro-p-talo-

avoided, and 533 was obtained in 77% yield.””> Fluorination at pyranose 534.”7

C-4 via the corresponding triflate 532 using Et;N-3HF also led 4.3.1.4. 2,3,4-Trifluorinated Mannose Derivatives. For the

to retention of the conﬁguration,102 but 3% of the inversion 2,3,4-trifluorinated mannose synthesis (Scheme 76), further

product was also isolated (not shown). Acetolysis of the mixture investigation of the fluorination of the triflate 532 by the Giguere
AL https://doi.org/10.1021/acs.chemrev.2c00086
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Scheme 77. Synthesis of 2,3,4-Trideoxy-2,3,4-triﬂuoro-D-altropyranoseg'37
deoxofluor, \//\ NaBrO-.Na»S,0
6 steps CHZCI2 ] EtO/sllc, szé v
\)\/Y\ (Scheme 69) \)\/\A refux, 140 : OBn (51%)
(60%) F _F
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Q F
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CHZCIz (48% 2 st) F OH
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Scheme 78. Synthesis of 2,3,4-Tride0xy-2,3,4-triﬂuoro-D-allopyranose”s’295
(0]
og 2 steps OH szo py NEtz-3HF (neat) Acy0, HySOy;
é :? (Scheme 41C) (96% 120°C, 64 h NaOAc
OH OH F _F (52%) FEF (80%)
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Scheme 79. Synthesis of the 2,2,3,3,4,4-Hexafluorinated Sugar Derivative®”"
_BCI(Pin)
<_7/LI  F Q o §H
)L A NCLLCN ORI L
eo” ¢ c @AC’ “C” OEt | F, F
THF -78°C F, F, (55%, 0 Fl
553 (60%) 555 >82% ee) 556
MeO
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2) RuO,/NalO, F o-7~o08 DMAP, EDCI KoCO3 P 0-7~0H
— F QY OBz 70k ——F 7 F
H,O/CH3CN/CCl, F 2) Crystallization H 0 oBz MeOH F
8) BH,/THF F 557': (70% recovery, > 97% de) F v F (96%) F 559 F
(60%) 558 E F

group led to the use of Et;N-1HF, which gave the product 535
resulting from inversion of configuration as the major
product,”” although the talo-configured derivative 531 resulting
from retention of configuration and the elimination side product
536 were formed in appreciable quantities.'’* Acetolysis of 535
led to 537, and final deprotection gave 2,3,4-trideoxy-2,3,4-
trifluoro-n-mannopyranose 538.77°

4.3.1.5. 2,3,4-Trifluorinated Altrose Derivatives. The syn-
thesis of 2,3,4-trideoxy-2,3,4-trifluoro-n-altropyranose 542 was
reported by O’Hagan as part of their first generation 2,3,4-
trideoxy-2,3,4-trifluoro-p-glucopyranose synthesis (cf. Scheme
69).>” In this synthesis, 514 was obtained as a byproduct
originating from an unselective epoxidation reaction. Treatment
of 514 with DeoxoFluor (Scheme 77) led to the introduction of
the third fluorine to give 539 in 60% yield. Deprotection of the
primary alcohol was followed by oxidation with Dess-Martin
periodinane to give the aldehyde 541, which was directly reacted
with SnCl, in dichloromethane to effect cyclization to generate

AM

2,3,4-trideoxy-2,3,4-trifluoro-p-altropyranose 542 in 48% yield
over two steps.

4.3.1.6. 2,3,4-Trifluorinated Allose Derivatives. The Giguere
group also disclosed the synthesis of a number of 2,3,4-
trifluorinated allose derivatives (Scheme 78),”°° from the
difluorinated levoglucosan derivative 303 that was efficiently
obtained in a 2-step procedure as described in Scheme
41C.*”>*%% Introduction of the third fluorine atom via triflation
and treatment with Et;N-3HF led to 544, upon which acetolysis
resulted in the formation of $45.””° Deprotection then gave
2,3,4-trideoxy-2,3,4-trifluoro-p-allopyranose 546.7°

From 545, anomeric protection via allyloxylation gave a
mixture of separable anomers 547, and the a-anomer was
deacetylated to allow oxidation with 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) and (diacetoxyiodo)benzene
(BAIB) to the alluronic acid 549, which was isolated as its
methyl ester 534. Alternatively, deoxyiodination led to 551,
which was subsequently reduced with tris(trimethylsilyl)silane
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Scheme 80. Synthesis of 2,3,6-Trideoxy-2,3,6-trifluoro-p-glucopyranose””>

O
OH
(@]
o oH w‘ —o OAc TMSOTf, CH3CN OAc
Levoglucosan TESOT(, OTMS
9 (Scheme 30] ) Bno/é& P Bno/é& 1) NaOMe
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HO o 6 steps 223 (92%) 560 (microwave) 561 ) DAST,
Q0 = (44%) 2,4,6-collidine,
100°C,1h
D-Glucal (microwave)
(85%, 2 st)
F "OH 6% F OAl

Scheme 81. Synthesis of 2,4,6-T1'ide0xy—2,4,6-t1'iﬂu01'0-D-glucopyranose272

OH e steps NaH TESOTY, TMSOTf, CH,CN, ~0TMS
£ oz
(Scheme 41C) BnBr Ac,0 90 °C, 45 min (microwave)
OH OH (94%) F (94%) F OAc (61%)
565 (a/f 6.5:1)
OAc F F
F&&\ Jreore Fé& e Fé&
B0 a2 DAST, 2.4 6-colidine, B0 (85%) HO= o
566 100 °C, 1 h (microwave) 567 568

(95%, 2 st)

(TTMSS) under 2,2'-azobis(2-methylpropionitrile) (AIBN)
initiation to give the 6-deoxy-trifluorallopyranoside $52.*”
4.3.2. Hexafluorinated at Positions 2,3,4. DiMagno
reported an enantioselective de novo approach for the synthesis
of a hexafluorinated sugar derivative, starting from the
commercially available fluorinated building block 553, here
illustrated with the r-sugar derivative 559 (Scheme 79).°>°!
Diethyl hexafluoroglutarate 553 was reacted with 1 equiv of
furanyl lithium, leading to the keto ester 554 in 60% yield.
Enantioselective reduction of the keto group using (—)-DIPCI
resulted in the intermediate 555, the ester group of which was
directly reduced with NaBH, to the corresponding aldehyde,
causing cyclization to give the lactol 556 in good yield. After
anomeric protection, the aromatic moiety was oxidized to a
carboxylic acid, which was selectively reduced to the primary
alcohol in §57. The moderate enantioselectivity required further
resolution, which was achieved by various crystallizations of the
(R)-Naproxen derivative $58. Finally, methanolysis of both
ester groups gave the L-sugar derivative 559. The synthesis with
(+)-DIPCI and (S)-Naproxen was shown to lead to the
corresponding D-sugar derivative.
4.4. Fluorination at Positions 2,3,6

The synthesis of 2,3,6-trideoxy-2,3,6-trifluoro-n-glucopyranose
563, by the Giguere group, involved the advanced intermediate
223 (Scheme 80), already described for the synthesis of 2,3-
difluorinated sugars (cf. Scheme 30).>”* Acetolysis of the 1,6-
anhydro-bridge without cleaving the benzyl ether was achieved
with TESOTT as catalyst, leading to 560. Differentiation of the
two acetate groups in 560 was possible with a TMSOTf-
catalyzed anomeric allylation to 561, which allowed acetate
removal and fluorination at the 6-position to give $62. Anomeric
deprotection via acid hydrolysis then led to 563.””

4.5. Fluorination at Positions 2,4,6

The synthesis of the 2,4,6-trifluorinated glucose derivative 568
followed the same strategy as described above for the 2,3,6-
derivative, and started from 303 (Scheme 81),%”” itself obtained

AN

in two steps from levoglucosan (cf. Scheme 41C). Hence, upon

protection of the OH-3 group to 564, selective acetolysis and

anomeric differentiation to 566, acetate methanolysis allowed

deoxyfluorination at the 6-position to give 567. Deprotection

then gave, 2 4,6-trideoxy-2,4,6-trifluoroglucopyranose 568 in
85% yield.””

4.6. Fluorination at Positions 3,4,6

A synthesis of 3,4,6-trideoxy-3,4,6-trifluoro glucopyranose 572
by Giguere et al. is shown in Scheme 82, which involved the

Scheme 82. Synthesis of 3,4,6-Trideoxy-3,4,6-trifluoro-a-p-
glucopyranose272

Gsteps TESOTY, ogc
(Scheme 53 Ac,0
(sseme 55) F ol (63%) B”O OAc
569
TMSOTT, OAc 1) NaOMe
_~_OTMS ; é&a 2) DAST, CH,Cl,,
.
(48%) F BnO oAl 2.4,6-collidine
100 °C (microwave), 1 h
E (85%, 2 st)
gﬁ S
—_——
BnO “OAll (66%) HO “OH
571 572

advanced intermediate 390 (cf. Scheme 53).>”* Triethyl silyl
triflate-catalyzed acetolysis of the 1,6-anhydro-bridge in 390
provided compound 569 in 63% yield. After protection of the
anomeric center as glycoside 570, deoxyfluorination at C-6 was
achieved with a deprotection—deoxyfluorination sequence,
giving compound 571 in 85% vyield over two steps. Final
deprotection under acidic conditions allowed the formation of
product §72.7"
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Scheme 83. Synthesis of 3,4,6-Trideoxy-3,4,6-trifluoro-a-p-glucosyl Fluoride®®
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Scheme 84. Synthesis of 2,3,4,6-Tetradeoxy-2,3,4,6-tetrafluoro-at-p-galactopyranoside Derivatives®”>*7*
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5. ALDOHEXOSES: FLUORINATION AT FOUR
POSITIONS

5.1. Fluorination at Positions 1,3,4,6

The Sidhu group at Monsanto published a synthesis of the first
tetradeoxy-tetrafluorinated sugar derivative with 3-deoxy-3-
fluoro-a-p-glucosyl fluoride 129 (Scheme 83), discussed
above in Scheme 18, as a key intermediate.”” Treatment of
129 with neat DAST and subsequent acetylation gave 573 in
48% yield. Deprotection gave the desired 3,4,6-trideoxy-3,4,6-
trifluoro-a-p-galactopyranosyl fluoride 574 in 96% yield.>

5.2. Fluorination at Positions 2,3,4,6

The Giguere group published a synthesis of 2,3,4,6-tetradeoxy-
2,3,4,6-tetrafluoro-a-p-galactopyranoside derivatives (Scheme
84) ,27% 275 which involved the advanced intermediate 529
(discussed above in Scheme 74A). To achieve C-6 fluorination,
an aryl group was first installed to block the anomeric position.
The a-galactosyl bromide 575 was slowly generated (2 days)
using an excess of hydrogen bromide in acetic acid from 529.
Treatment of 575 with methyl p-hydroxybenzoate gave the f-
galactoside 576. Deprotection at position 6 was now possible to
give 577. Deoxyfluorination via the corresponding triflate 578
proved difficult, with elimination to 5§79 and to 580 being the
major reaction pathways.””> Only a trace amount of desired
tetrafluorinated product was detected. The doubly eliminated
580 was easily obtained from 579. However, a DAST-mediated
deoxyfluorination generated 2,3,4,6-tetradeoxy-2,3,4,6-tetra-
fluorohexopyranoside $81 in 57% yield.””>*”* The benzoate
aglycone was ultimately transformed into the corresponding
carboxylic acid 582 with the use of aqueous 1 M LiOH solution.

A similar synthesis was employed for 2,3,4,6-tetradeoxy-
2,3,4,6-tetrafluoro-a-n-thiogalactopyranoside 584 (Scheme
84B). The aglycone was installed using the same strategy as
before, leading to compound 583 via bromide 575, followed by
de-O-acetylation. Due to the instability of the thionaphthyl
moiety under the DAST-mediated deoxyfluorination condi-
tions, the triflation method needed to be applied, which gave
584 in 9% yield. The major side product of this transformation
was the elimination of the C-6 leaving group as explained

273
above.

The tetrafluorinated allose derivative 585 (Scheme 85) was
synthesized from the advanced intermediate 548, the synthesis
of which was described in Scheme 78, by deoxyfluorination.*”*

Scheme 85. Synthesis of the 2,3,4,6-Tetradeoxy-2,3,4,6-
tetrafluoro-a-p-allopyranoside Derivative’

o OH
OH 7 steps
0 P E o}
(Scheme 78) F
OH OH F OAll
Levoglucosan 548
DAST, CH,Cls, F
2,4 ,6-collidine o
F
100 °C (microwave), 1 h F
585

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch83&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch83&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch84&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch84&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch85&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch85&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

6. PENTOSES: TWO HYDROXYL GROUPS REPLACED
BY FLUORINE
6.1. Fluorination at Positions 1 and 2

The Dwek group reported that the reaction of 3,4-di-O-acetyl-p-
xylal 586 (Scheme 86) with fluoroxytrifluoromethane led to 3,4-

Scheme 86. Synthesis of 2-Deoxy-2-fluoro-f-p-lyxo and a-p-
Xylohexapyranosyl Fluorides from p-Xylal'®"**!

AC NaOMe
MeOH
OAc (1%
587 (42%)
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OAc
sy
O Griop| Ok
Q 3 588 (26%)
AcO" 70°C | AcO o
OAc HACM
F
586 580 (5%) ©
AcO Q
L—> AcO
F
590 (5%) OCFs

di-O-acetyl-2-deoxy-2-fluoro-f-p-lyxopyranosyl fluoride 587
and 2-deoxy-2-fluoro-a-p-xylopyranosyl fluoride 589 in 42%
and 5% yield, respectively, alongside their trifluoromethyl
glycosides 588 and $90."”' Deprotection of 587 gave 2-deoxy-
2-fluoro-a-p-lyxopyranosyl fluoride 591 in 81% yield.”*' The a-
D-lyxo configured 587, 588, and 591 were all found to exist in the
'C, conformation, and the xylose derivatives 589 and 590 in the
*C, conformation.

Starting from 3,4-di-O-acetyl-p-arabinal 592 (Scheme 87A),
3,4-di-O-acetyl-2-deoxy-2-fluoro-f-p-arabinopyranosyl fluoride
594 and its corresponding trifluoromethyl glycoside 593 were
isolated,'”"*** with 3,4-di-O-acetyl-2- deoxy 2-fluoro-a-p-ribo-
pyranosyl fluoride 595 as a minor product.*** Interestingly, both
the fluorination of p-xylal 586 and Dp-arabinal 592 is thus
reported to occur via the B-face, regardless of the configuration
at C-3. This is consistent however with the outcome of the
reaction of 586 and 592 with acetyl hypofluorite as reported by
Dax et al. (not shown).”* The Dax group also reported a
significantly improved synthesis of 594 by reaction of 592 with

SelectFluor (Scheme 87B), which only gave p-arabino
configured 594, alongside an undisclosed amount of 596,
formed via Ritter reaction with the solvent.'”* Finally, the
McMillan group demonstrated the conversion of glycofuranosyl
bromide 598 to 3,5-di-O-benzoyl-2-deoxy-2-fluoro-a-p-arabi-
nofuranosyl fluoride 599 via a radical-mediated halogen atom
abstraction and benzophenone photosensitization involving N-
fluorobenzenesulfonimide (NFSI), with excellent yield and
stereoselectivity.”** Compound $98 can be obtained in one step
from the commercially available 1,3,5-tri-O-benzoyl-2-deoxy-2-
fluoro-a-p-arabinofuranose 597.**°

Fluorination of 2-acetoxy-p-arabinal 601 (Scheme 88A),
synthesized from 600 via bromide elimination, was also shown

Scheme 88. Synthesis of 2,3,4-Tri-O-acetyl-2-fluoro-f-p-
ribopyranosyl Fluoride Derivatives”**>**
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to proceed from the f-face, leading to 2,3,4-tri-O-acetyl-2-
fluoro-p-p-ribopyranosyl fluoride 603, albeit as the minor
product.’** The same types of compounds could be obtained
by a DAST-mediated rearrangement process (cf. also Scheme
15C): treatment of 604 with DAST (Scheme 88B) led to 606 as
a mixture of anomers.”> The same outcome—with a different
anomeric ratio—was observed starting from 605, which has an
equatorial OMe group, which was explained by the facile ring
inversion of this cis-fused ring system.

Scheme 87. Synthesis of 2-Deoxy-2-fluoro-p-arabinopyranosyl and -furanosyl Fluoride
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Scheme 89. Synthesis of 2,4-Di-0-acetyl-3-deoxy-3-fluoro-f-p-xylopyranosyl Fluoride®'’
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6.2. Fluorination at Positions 1 and 3

The Hall and Foster groups published the synthesis of 2,4-di-O-
acetyl-3-deoxy-3-fluoro-$-p-xylopyranosyl fluoride 611 in three
steps from 3-deoxy-3-fluoro-f-p-xylopyranoside 608 (Scheme
89).”'° This compound was synthesized in seven steps from
glucose diacetonide 411 involving advanced intermediate 414
(cf. Scheme 56), by its treatment with sodium periodate and
sodium borohydride to give 3-deoxy-3-fluoro-1,2-O-isopropyli-
dene-a-p-xylofuranose 607, upon which hydrolysis of the 1,2-
acetonide led to 3-deoxy-3-fluoro-f-p-xylopyranose 608.”"
Peracetylation followed by anomeric bromination afforded
610, upon which anomeric fluorination gave the desired 2,4-
di-O-acetyl-3-deoxy-3-fluoro-$-p-xylopyranosyl fluoride 611 in
46% yield over three steps.

Sivets et al. reported the formation of the 1,3-difluorinated
arabinose derivative 612 (Figure 4) as a byproduct of a
deoxyfluorination reaction (see Scheme 103 below), which was
however fully characterized.**°

BzO

Figure 4. Structure of 5-O-benzoyl-3-deoxy-3-fluoro-2-O-methyl-a-p-
arabinofuranosyl fluoride.**®

The Qing group published an enantioselective synthesis of a
1,3,3-trifluorinated pentose as donor 622 for nucleoside
synthesis (Scheme 90) using a de novo synthesis approach
starting from glyceraldehyde acetonide 288.****" The addition
of 1,1-difluoroallyl indium led to 613 in excellent yield ina 7.7:1
diastereomeric ratio in favor of the anti-diastereomer, which
decreases to 5.7:1 in 614 after benzylation, which was attributed
to NaH-mediated epimerization of 614. Next, the alkene was
dehydroxylated. Under Upjohn conditions, a 1:1 ratio of
diastereomers at the newly formed stereocenter was obtained,
but under Sharpless conditions with (DHQ),PYR, a 4.4:1 ratio
was obtained in favor of 616. After protection of the terminal
alcohol to 617, the acetonide was hydrolyzed and the resulting
diol cleaved with periodate, causing the furanose 618 to form in
excellent yield. Interestingly, the diastereomeric ratio at C-2
turned out to be >35:1, up from 5.7:1 at the benzyl ether center
in 617. This was attributed to an epimerization process at C-2.
Anomeric acetylation followed by debenzylation gave 619. The
enantiomer of 619 was obtained in the same way from 616 (not
shown).”*® Attempted OH-2 deoxyfluorination to give 620
failed. Instead, neighboring group participation of the anomeric
acetate involving displacement of the activated OH-2 inter-
mediate took place, giving 621, which then reacted with fluoride
to give the f-configured furanosyl fluoride 622. Nucleoside

formation from 622 was successful (not shown).**®

Scheme 90. Synthesis of 3-Deoxy-3,3-difluoro-a-p-erythro-pentofuranosyl Fluoride
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Scheme 91. Synthesis of 5-Fluorinated Xylopyranosyl Fluorides**’
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Scheme 92. Convergent Synthesis of a 2,3-Dideoxy-2,3-difluorinated Ribose Derivative Using a Sequential Fluorination

Approach®’
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6.3. Fluorination at Positions 1 and 5

The Withers group reported the synthesis of a number of S-
fluorinated pentopyranosyl fluorides as part of a mechanistic
study.”® Like the synthesis of S-fluorinated hexopyranosyl
fluoride derivatives (section 3.1), the anomeric fluoride was
introduced first. Hence, treatment of -p-xylose tetra-O-acetate
623 (Scheme 91) with neat anhydrous HF led to the formation
of both anomeric xylopyranosyl fluorides 624, which were
separable.”” Using Olah’s reagent (HE-py), this reaction was
reported to only lead to the a-anomer in 95% yield (not
shown).”” From f3-624, radical bromination was selective for the
S-position, with the formation of the axial bromide $-625 as the
only monobrominated product, alongside the 5,5-dibrominated
xylose derivative 626. Fluorination of $-625 led to a mixture of
$-627 and f3-628, but only the desired $-627 was isolated.
Deprotection furnished (SR)-S-fluoro-f-p-xylopyranosyl fluo-
ride 8-629. Fluorination from 626 led to 630 in good yield, and
deprotection then gave S,5-difluoro-f-p-xylopyranosyl fluoride
631.

From the a-configured xylopyranosyl fluoride a-624, radical
bromination only gave the monobrominated a-625. Treatment
with AgBF, in toluene now gave the two fluoride epimers at C-5

AR

a-627 and a-628. After separation, their deprotection gave
(SR)-S-fluoro-a-p-xylopyranosyl fluoride @-629 and (SS)-5-
fluoro-a-p-xylopyranosyl fluoride 632.**
6.4. Fluorination at Positions 2 and 3

The chemistry of 2,3-dideoxy-2,3-difluoropentoses is intimately
linked with that of its nucleosides. Hence, nucleoside chemistry
is included, although the emphasis is not on nucleobase
introduction, but on establishing the 2’,3’-fluorination pattern.
Where applicable, approaches that introduce both fluorine
before nucleobase introduction will be mentioned first.

6.4.1. Difluorinated at Positions 2 and 3. 6.4.1.1. Ribo-
configured. The synthesis of a 2,3-dideoxy-2,3-difluorinated
ribose derivative 641 was described by Mikhailopulo, with
subsequent transformation to an adenosine analogue (Scheme
92).>*" Treatment of p-lyxose with 0.5% HCI in methanol
resulted in methyl lyxofuranoside formation, which was
protected as its acetonide followed by separation of the anomers
633.% Tosylation of the OH-2 group to 634°°® and acetonide
hydrolysis led to the 2,3-anhydro lyxofuranoside derivative -
635. An improved large-scale synthesis of $-635 and its a-
anomer, in which a 93% yield was obtained for the conversion of
xylose to 633, and which were not separated until after epoxide
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Scheme 93. A Direct Fluorination Approach to Give 5-Fluoro-2’,3’-dideoxy-2’,3'-difluoro uridine®*’
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Scheme 94. Synthesis of 2,3’-Dideoxy-2’,3’-difluoro Uridine Starting from Uridine Using DAST-Mediated Sequential
Fluorination®>’
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Scheme 95. Linear Synthesis of 2’,3'-Dideoxy-2’,3’-difluorinated Ribonucleosides Starting from Nucleosides Using Sequential
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formation, is available.”>* Protection of the remaining alcohol in obtained, also in 31% yield.**® Tosylation of -638 to give
p-635 then led to benzyl ether $-636.7°*°>5° Epoxide opening 6397 allowed for displacement with fluoride, giving 640 in
with fluoride resulted in the formation of the 2-fluorinated 24% yield.”>" Direct deoxyfluorination of 637 gave 640 in 17%
xylose derivative 637 in 23% yield, and in the 3-fluorinated yield.**" The low yields can be attributed to the congested
arabinose derivative 3-638 in 31% yield.”>> However, the De environment, with unfavorable dipole interactions. Benzyl

Clercq group reported that in their hands, only $-638 was hydrogenolysis then gave methyl 2,3-dideoxy-2,3-difluoro-n-
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Scheme 96. Linear Synthesis of a C-2-Branched 2’,3’-Dideoxy-2’,3’-difluorinated Guanosine Using Sequential Fluorination via
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ribofuranoside 641. Finally, glycosylation of adenine was
achieved after benzoyl protection, giving 642, with only the
formation of the f-anomer reported.

A number of nucleosides based on 2',3’-dideoxy-2',3'-
difluoro-p-ribofuranose have been prepared with at least one
fluorine introduction achieved after nucleobase introduction.
The most direct method was reported by Coe et al.>*” Uridine
643 was converted to the 2,3-dehydro derivative 645 (Scheme
93) via the corresponding ethylidene acetal intermediate 644.”°
Reaction of 645 with diluted fluorine gas resulted in
diastereoselective vicinal syn-fluorination at the furanose double
bond to give the ribo-configured 646, but the uracil moiety was
also fluorinated at the S-position. Presumably the uracil double
bond was also difluorinated, followed by a fluoride elimination.
The byproduct of this reaction was 647, suggesting fluorination
at the uracil ring was the fastest process.

The Herdewijn group also reported a synthesis of 2/,3'-
dideoxy-2',3’-difluoro uridine starting from uridine 643
(Scheme 94), which involved two successive alcohol inversions
before deoxyfluorination.**” Inversion at C-2 was achieved by
conversion to the 2,2’-anhydro uracil derivative 648.°° This
allowed protection of the remaining alcohol groups as trityl
ethers, which required forcing conditions. Anhydro opening
with hydroxide then resulted in inversion at C-2 to give D-
arabinofuranosyluracil 649.°" Interestingly, 2’-deoxy-2'-chlor-
ouridine 650, resulting from opening of the anhydro group by
the chloride that was released upon trityl protection, was initially
reported as the main product of this sequence.**> From 649,
DAST-mediated deoxyfluorination installed the F-2 group, and
a detritylation-selective OH-$ tritylation sequence then gave
652 with the OH-3 available for reaction. Inversion of
configuration was achieved with a triflation, hydroxide displace-
ment sequence, leading to the 2-fluoro-p-xylo derivative 653.
The second DAST-mediated deoxyfluorination produced 654
in a much higher yield compared to the equivalent DAST
reaction of the OH-3 in 637, despite the mild conditions and
short reaction time (see Scheme 92). This was followed by
deprotection which then gave the desired 2’,3'-dideoxy-2’,3'-
difluoro uridine 655, which in fact was the first synthesis of a
difluororibose based nucleoside.’*” A similar synthesis of 2/,3'-
dideoxy-2',3'-difluoro thymidine, with similar yields, was also
reported by the same group.’*®

AT

A number of groups have described the synthesis of 2,3-
dideoxy-2,3-difluororibose-based nucleosides from their parent
ribonucleosides via a 2,3-anhydro approach (cf. Scheme 92).
The Watanabe group was the first to demonstrate this short
synthesis method (Scheme 95A).*°* Thymidine 656 was
protected at the primary alcohol, and dimesylated to give 641.
Treatment with hydroxide, in which an intermolecular displace-
ment was followed by cyclization, led to the 2,3-lyxo-configured
anhydro nucleoside 658. Opening with fluoride was not
regioselective, but separation of the regioisomers 659 and 660
was not required as the subsequent DAST-mediated deoxy-
fluorination led to the same product 661 in an overall 45% yield.
The Kumar group also reported the fluoride openmg of 658,
which was synthesized in a similar way as shown here,*** with
isolated yields of 20% and 7% for 660 and 659.°°° The opening
at the 3’-position was found to predominate, which was
explained for 2,3-lyxo-epoxides by the inﬂuence of the electron
withdrawing effect of the anomeric center.”®” This was also
illustrated for the lyxo-anhydro uridine derivative 662 with the 3-
fluoroarabino nucleoside 663 as the major product (Scheme
95B),**® which was further deoxyfluorinated to give tritylated
2/,3'-dideoxy-2’,3'-difluoro uridine 654.°°° This C-2-deoxy-
fluorination proceeded in lower yield than the corresponding C-
3-deoxyfluorination as shown with 653 in Scheme 94.

Finally, the synthesis of a (protected) 2’,3’-dideoxy-2’,3’-
difluorinated adenosine with the epoxide strategy was shown by
the Aldrich group (Scheme 95C).*’ The required 2',3'-
anhydro substrate 665 was synthesized from adenosine 664 by
tritylation of the ribose OH-S and the adenine amino group,
followed by triflation of both remaining alcohols, and epoxide
formation.””® Fluoride opening of 665 gave a 3:1 ratio of
regioisomers with the 3’-fluoro-arabino 651 as the expected
major product.*® These were not separated, and DAST-
mediated deoxyfluorination, which was conducted at a higher
temperature than that of 663, with a much better yield as a result,
led to the formation of 668 with concomitant detritylation at the
OH-5 group (but not of the nucleobase).

Finally, the Dyatkina group at Janssen Biopharma synthesized
the branched nucleoside 673 with 2’3’-ribo-difluorination
(Scheme 96) *7! Starting from @-633, synthesized as shown in
Scheme 92,7 conversion to the 2/,3'-anhydro derivative a-635
was achieved via tosylation, acetonide removal, and cyclization,
which was then protected as the benzyl ether a-636.%°%°*3%
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Scheme 97. Synthesis of a 2,3-Dideoxy-2,3-difluoro-p-lyxofuranoside Derivative, and Its Unsuccessful Nucleobase
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Opening of the epoxide with ﬂuorlde now proceeded with
complete regioselectivity to give -638,””> which will be due to
the combined steric and electronic effects of the a-configured
anomeric center.’®” Tosylation of the OH-2 group allowed
inversion of configuration with sodium benzoate in moderate
yield.>”" However, this allowed introduction of the nucleobase
to isolate the f-nucleoside in 72% yield. Tritylation of the amino
group then gave 670. The benzoate group was removed, the
resulting alcohol was oxidized, and the subsequent Grignard

AU

reaction afforded 671 as the only reported diastereomer. DAST-
mediated deoxyfluorination led to 672 as a single diastereomer,
which was converted to 2’,3’-dideoxy-2’,3’-difluoro-2'-C-
methylguanosine 673.”"

6.4.1.2. Lyxo-configured. The synthesis of p-lyxo- conﬁ%ured
nucleosides was achieved by the Marquez group in 1995.”"" In a
first approach (Scheme 97), the fluorination was planned before
nucleoside formation.””* Intermediate 607 was obtained from
glucose diacetonide 411 in six steps as detailed above in Scheme
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Scheme 100. Linear Synthesis of 9-(2',3’-Dideoxy-2’,3’-difluoro-f-p-xylofuranosyl) Adenine via Sequential Fluorine
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89. Protection of the primary alcohol group as the benzoate and
acetal methanolysis gave the p-xylo derivative 675 as a 3:2 ratio
of anomers. This was deoxyfluorinated with DAST to give
methyl 5-O-benzoyl-2,3-dideoxy-2,3-difluoro-p-lyxofuranoside
676 as a single a-anomer. It was noted that reflux temperature
was required to achieve conversion, which was attributed to
repulsive dipole—dipole interactions between the cis-vicinal
fluorines.**'**~'%° This contrasts with the low/room temper-
ature DAST reactions required to arrive at the ara- and even the
ribo- configurations. Unfortunately, nucleoside introduction
attempts with 676 led to decomposition, and with attempts to
form the anomeric bromide, a D-xylo configured rearrangement
product 677 with loss of F-2 was obtained. It was proposed that
the electron withdrawing effect of the fluorines hampered
reaction at the anomeric center, and that instead neighboring
group participation of the antiperiplanar anomeric OMe group
facilitated loss of HF, leading to 678. This could be in
equilibrium with the oxonium ion 679, leading to 680 upon
bromide addition. The anomeric configuration of 680 could not
be ascertained, but only the B-nucleoside 677 was obtained
upon subsequent glycosidation.

Hence, the nucleobase was introduced before the second
fluorine (Scheme 98).>”* Uracil introduction with 598 only gave
the S-anomer 681, and benzoyl aminolysis led to 682.°7°
Selective rebenzoylation at the S'-position and fert-butyl
dimethyl silyl (TBDMS) protection of the 3'position, to give
684, allowed uracil protection as the N°-benzoyl derivative 685.
This was required to avoid the very facile cyclization of
pyrimidine nucleosides with activated trans-positioned alcohols
at C-2 or C-3, which leads to the corresponding anhydro
derivatives. The silyl group was then removed with fluoride,
allowing DAST-mediated deoxyfluorination of the 3'OH group
with concomitant N°-benzoyl cleavage to give the D-lyxo
configured nucleoside 687. Interestingly, although the yield
was low, this DAST reaction proceeded at —40 °C despite the
resulting highly congested substitution in 686, and the dipole
repulsion from F-2.

6.4.1.3. Xylo-configured. Gosselin et al. reported the
synthesis of 2’,3’-dideoxy-2’,3'-difluoroxylofuranosyl nucleo-
sides starting from glucose diacetonide 411 (Scheme 99A),*”
the conversion of which to the advanced intermediate 674 is
shown in Scheme 97. Direct acetolysis of 674 led to the open
chain aldehyde—diacetate as a major byproduct (not shown),

AV

but acetonide hydrolysis followed by nucleophilic acetate
formation resulted in the desired 688. Its condensation with
silylated thymine under Vorbruggen conditions afforded the
nucleoside derivative 689 as the only reported anomer. Acetate
hydrazinolysis revealed the OH-2 group, but attempted
deoxyfluorination with DAST to arrive at the ribo-configured
2',3'-difluorinated nucleoside failed, because the activated
intermediate was intercepted by the (unprotected, cf. Scheme
98 for the relevance of this) thymine carbonyl to give the 2,2'-
anhydro derivative 691. Hydrolysis of the anhydro-bridge then
led to the lyxo-configured 692, upon which deoxyfluorination
proceeded in excellent yield to give, after benzoate removal, 1-
(2,3’-dideoxy-2’,3’-difluoro-f-p-xylofuranosyl) thymine
694.”7°

A related, shorter synthesis was reported by the Marquez
group (Scheme 99B).””” The $-tritylated 2,2"-anhydrouridine
derivative 695 was synthesized in two steps from uridine 643
(no yields were given). The remaining hydroxyl group in 695
was then displaced with fluorine to give 696, after which the
synthesis converged with the Gosselin synthesis: anhydro
hydrolysis allows for a second fluorination to the difluorinated
xylo-derivative 697, which upon deprotection gave 1-(2',3'-
dideoxy-2',3’-difluoro-f-p-xylofuranosyl)uracil 698 (no yields
were given).3

The Aldrich group reported the synthesis of 2',3'-dideoxy-
2/,3'-difluoro-f-p-xylofuranosyl)adenosine 708 starting from
adenosine 664 (Scheme 100).>°” The fluorine at C-2 was
introduced first, as published by the Pankiewicz group.’”®
Adenosine was first subjected to tritylation, with the 2,5-di-O-
trityl protection product isolated in 26% yield. The primary trityl
group was selectively cleaved, leading to 699 with concomitant
adenine deprotection. Protection of the alcohols as benzyl ethers
was followed by removal of the 2-O-trityl group. Inversion of
configuration at C-2 in 700 via an oxidation—reduction protocol
was not successful, and instead an Sy2 reaction with sodium
acetate on the corresponding triflate 701 was carried out. This
afforded, after acetate aminolysis, the required arabino-
configuration in 702. DAST-mediated deoxyfluorination
proceeded in excellent yield, resulting in 703. Interestingly,
when the 3’,5"-hydroxyl groups were protected as trityl ethers,
the DAST reaction resulted in the formation of 705 as a side-
product (30% yield). The bulky trityl group hampers fluoride
approach at C-2, promoting an E2 elimination process involving
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the antiperiplanar H-1 in 704. With benzyl protection,
elimination was not observed. Benzyl hydrogenolysis gave 2-
deoxy-2-fluoroadenosine 706.>”® Protection of the primary
alcohol, with concomitant adenine amine protection, then
allowed deoxyfluorination at C-3 to give 707. Final deprotection
afforded 1-(2',3’-dideoxy-2’,3'-difluoro-f-p-xylofuranosyl)-
adenosine 708. o0

Finally the Goss group reported a direct DAST-mediated
deoxyfluorination with S-protected uridine (Scheme 101).”””

Scheme 101. A direct DAST-Mediated Deoxyfluorination
Approach to 2',3"-Difluorinated Nucleosides®”

0
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The substrate 709 was synthesized via acetonide protection of
the ring alcohols, benzylation at OH-S, and acetonide hydrolysis.
Reaction of DAST with the diol led to the formation of
(protected) 1-(2/,3’-dideoxy-2’,3'-difluoro-B-p-xylofuranosyl)
uracil 714 in 11% yield, alongside the corresponding C-2-
monofluorinated derivative 716 in 53% yield. This outcome was
explained by reaction of the OH-2 group with DAST, leading to
710. This was intercepted by a uracil carbonyl group leading to
the 2,2’-anhydro derivative 711, similar to what was observed in
the Gosselin synthesis (690 — 691, Scheme 99). However,
because the uracil benzyl protecting group maintained the
positive charge, 711 then reacted with fluoride to give the 2'-
fluorouridine derivative 712. This can be compared with uracil
protection using a benzoyl group (cf. Scheme 98), which
deactivates the heterocycle from 2,2-anhydro formation. From
712, a second activation by DAST gave 713, which could either
undergo displacement with fluoride to give 714 or be
intercepted again by the uracil carbonyl to give the 2,3"-anhydro
compound 7185. This did not undergo Sy2 reaction with fluoride
at C-3 to give (protected) 2',3’-dideoxy-2’-3'-difluorouridine,
but was hydrolyzed during the basic workup to give 716.
6.4.1.4. Arabino-configured. The conversion of S-protected
methyl xylofuranoside with DAST to arrive at 2,3-dideoxy-
genated 2,3-difluorinated araninofuranosides was investigated
extensively by Sivets and Mikhailopulo. Their sequential
approach is shown in Scheme 102.°*° Starting from
commercially available 1,2-O-isopropylidene-a-p-xylofuranose
717, selective protection as the 5-O-methyl carbonate 718
allowed activation of OH-3 as the mesylate 719. Acetonide
acetolysis and methanolysis of the resulting 1,2-di-O-acetate,
with concomitant anomeric methylation, gave 720. Treatment
with base initiated epoxide formation, at which stage the
anomers were separated.”®’ The ribo-epoxide @-721 was
benzylated,”® and reacted with KHF, in ethylene glycol at
reflux temperature. This led to the 2-fluorinated arabinofurano-
side 724 in 42% yleld alongsuie a small amount of 3-fluorinated
xylofuranoside 723.%** Hence, in this case the steric hindrance of
the benzyloxymethyl substituent overrides the electronic

Scheme 102. Sequential Fluorination Approach to Give Methyl 5-O-benzoyl-2,3-dideoxy-2,3-difluoroarabinofuranoside
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Scheme 103. Direct Difluorination Approaches with Methyl 5-O-benzoyl Arabinofuranoside
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Scheme 104. Synthesis of 9-(2’,3'-Dideoxy-2’,3'-difluoro-f-p-arabinofuranosyl) Purines®*®3%%35:3%%
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influence of the anomeric center (cf. Schemes 51, 95A).
Inversion at C-3 was achieved by oxidation to give 726, which
unfortunately also resulted in epimerization at the 2-position to
give inseparable 725 as the thermodynamically most stable
isomer. Reduction of the mixture then gave the 2-fluorinated
ribofuranoside 727 as the major product which, compared to the
initial starting point 724, actually resulted in inversion at C-2
and not C-3. The 2-fluorinated lyxofuranoside 728 was isolated
in only 22% yield (alongside 10% of 724, not shown).’**
Deoxyfluorination of 728 gave the 2,3-difluorinated arabinofur-
anoside 729, after which a protecting group swap afforded
met};);!) 5-O-benzoyl-2,3-dideoxy-2,3-difluoroarabinofuranoside
730.

A direct fluorination approach was also developed, and proved
much more efficient (Scheme 103). Methyl p-xylofuranoside
731 was obtained using Anker’s procedure in excellent yield.”>*
Without (possible) anomeric separation at this stage, careful
benzoylation at the S-position followed by chromatographic
separation gave the two anomers a- and 3-732.>*° When a-732
was subjected to DAST, the double-inversion product 730 and
the OH-3 deoxyfluorination product 733 were obtained, in
yields that were dependent on the reaction time. With a 10 h
reaction time, 18% of 730 and 51% of 733 was obtained. A
longer time (not specified in the scheme) led to 730 in 34%
yield, while the yield of 733 decreased to 19%, su §gest1ng 733 is
an intermediate in the synthesis of 730.>***®7%%7 Indeed,
isolated 733 was shown to give 730 by DAST treatment in 66%

AX

yield.**® Alternatively, activation of the OH-2 group in 733 as
imidazoylsulfonate 734 allowed fluoride displacement to give
730 in 49% yield.”®

Treatment of $-732 with DAST led to the isolation of four
compounds, of which 3-deoxy-3-fluoro-p-ribofuranoside 737
was the major, followed by 2,3-anhydro-f-ribofuranoside 736.
Small amounts of the difluorinated arabinofuranoside 735 were
isolated, and the formation of this a-anomer was explained by
anomerization of an intermediate before deoxyfluorination at C-
2. Finally, a rearrangement product 612 was also isolated, which
arose through neighboring participation of the anomeric
substituent to the activated OH-2 (not shown).**¢

Methyl 5-O-benzoyl-2,3-dideoxy-2,3-difluoroarabinofurano-
side 730 has also been used to synthesize nucleosides, although
direct condensation of 730 with nucleobases under SnCl,
activation was low-yielding.”® Hence, 730 was acetolyzed to
give 738 (Scheme 104), which was converted to the more
reactive glycosyl bromide 739, which has generally been the
substrate of choice for nucleobase introductions,”*®%%%>3%¢
For example, the reaction of 739 with deprotonated purines gave
good yields of the corresponding nucleoside derivatives. Using
the sodium salt of 2,6-dichloropurine led to a 2.9—4:1 anomeric
ratio of 8- to a-740,>**** which was improved by using the
corresponding potassium salt to 9:1.>%
of 739 with the potassium salt of 2-fluoroadenine led to a 1:1
anomeric ratio of 741.**° Their deprotection then gave 742.

In contrast, the reaction
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Scheme 10S. Linear Synthesis of 2’ ,3'-Diﬂuorinated Arabinofuranosyl Nucleosides Starting from a C-3-Fluorinated Precursor”*®
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Scheme 106. Linear synthesis of 2’,3’-Difluorinated Arabinofuranosyl Nucleosides Starting from a C-2-Fluorinated
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Scheme 107. Synthesis of 2,3-Dideoxy-2,2,3,3-tetrafluorinated Pentofuranose and -pyranose®”*"’
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A number of linear approaches to 2',3'-difluorinated as the only isolated anomer. The acetate group was now
arabinofuranosyl nucleosides have also been reported. In the hydrolyzed to give 747, and deoxyfluorination resulted in the
Schinazi approach (Scheme 105),>* this started from a 3- desired nucleoside $-740 in moderate yield.’**
fluorinated ribofuranosyl precursor 737, for which the synthesis Alternatively, the Martin group achieved a linear synthesis
in three steps from D-xylose was shown in Scheme 103. using a 2-fluorinated building block (Scheme 106A).%”* Starting
Acetylation of OH-2 gave 743, and acetolysis of the anomeric from 1-(2'-fluoro-f-p-arabinofuranosyl)uracil 682, synthesized
position provided 744. Coupling with silylated 2,6-dichlor- as already shown in Scheme 98, selective tritylation at the 5'-
opurine 745 in a mixture of acetonitrile and dichloroethane position allowed formation of the mesylate 748. Treatment with

(DCE) under TMSOTH( activation led to 746 in excellent yield base caused cyclization to give the 2,3’-anhydro derivative 749,
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Scheme 108. Synthesis of 2/,3’-Dideoxy-2’,2’,3",3 -tetrafluorinated Uridine and Its Prodrug’”'
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Scheme 109. Synthesis of a 2,4-Difluorinated Xylose Derivative®”>
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which upon further treatment with base hydrolyzed to give the
lyxofuranosyluracil derivative 750, although this process led to a
significant amount of elimination to give 751 as the major
product. DAST treatment of 750 then introduced the second
fluorine, which, in contrast to the second fluorination to arrive at
the lyxo-configuration (Scheme 98),””* proceeded smoothly to
give 752. This was subseqeuently deprotected to give 1-(2/,3'-
dideoxy-2,3'-difluoro-f-p-arabinofuranosyl )uracil 753.>”

A shorter process, in which the 2,3’-anhydro opening was
directly achieved with fluoride, was developed by the Watanabe
group (Scheme 106B).*** In a similar way as shown in Scheme
98, 2'-fluoro-S-methyl-f-p-arabinofuranosyluracil (FMAU) 754
was obtained.”™ Selective benzoylation and mesylation gave
755, upon which treatment with DBU led to the 2,3'-anhydro
756. Treatment of 756 with HF under AlF;-catalysis®”” in a steel
vessel at 170 °C gave a moderate yield of the desired
difluorinated arabino nucleoside 757, which was then
deprotected to give 1-(2/,3’-dideoxy-2’,3’-difluoro-f-n-
arabinofuranosyl)uracil 758.%*

6.4.2. Tetrafluorinated at Positions 2 and 3. The Linclau
group developed an enantioselective de novo synthesis to 2,3-
dideoxy-2,2,3,3-tetrafluorinated pentoses (Scheme 107).°” 90
As shown earlier in Scheme 55, the diol 399 was obtained in 79%
ee by an asymmetric dihydroxylation reaction, and could be
crystallized to enantiopurity after naphthyl methyl protection
and derivatization with (S)-Naproxen. In this case, the
tetrafluorinated pentose synthesis was carried out with a benzyl
protecting group.’”**® Hence, after Sharpless asymmetric
dihydroxylation to 399,””° benzylation of the primary alcohol,
functionalization with (S)-Naproxen to effect separation of the
thus formed diastereomers, and ester cleavage gave 759 in >99%
enantiopurity.”****° As before, the expensive (S)-Naproxen
could be recovered and recycled. Formylation of 759 to give 761
then allowed cyclization via lithiation, giving 762 in 78% yield.
Removal of the benzyl group resulted in ring tautomerization to

AZ

glve 2 3-dideoxy-2,2,3,3-tetrafluoro-p-glycero-pentopyranose
763.%

Alternatively, the anionic cyclization to give a protected
pentopyranose was also demonstrated. Similar to what was
shown for the alkylation of 267 to give 268 in Scheme 36,
deprotonation of 399 followed by alkylation led to the
protection of the alcohol group adjacent to the fluorination
giving 764 in reasonable yield. Nevertheless, < 2% of the
dibenzylated or the regioisomer was isolated (not shown).
Formylation of 764 gave cyclization precursor 765, whose
treatment with MeLi resulted in 766. Hydrogenolysis of the
benzyl group then also gave 763.””

Starting from 762 (Scheme 108), the Schinazi group
synthesized a number of nucleosides along with their prodrugs,
illustrated here for uridine.”" While Vorbriiggen-type nucleo-
base introduction via the corresponding triflate of 762 proved
unsuccessful, direct introduction under Mitsunobu conditions
afforded the desired coupling products in moderate anomeric
ratios. Anomeric separation and deprotections gave uridine
analogue 768, which was then converted to its prodrug
derivative 769. This worked for all five typical nucleoside
derivatives (U, T, A, G, C). Conformational analysis indicated
that the tetrafluorinated uracil preferred the 3’-endo conforma-
tion, unlike its 2’-3’-dideoxy analogue, which showed no
preference between 2'-endo and 3’-endo. Unfortunately, none
of the tetrafluorinated nucleosides or their prodrugs showed
significant activity against a number of viruses.

6.5. Fluorination at Positions 2 and 4

The synthesis of a 2,4-dideoxy-2,4-difluorinated p-xylopyrano-
side has been described by the Ellervik group (Scheme 109).*”
Peracetylation of L-arabinose to its pyranoside 770 was followed
by anomeric bromination to give 1-600.*”* Glycosidation with 2-
naphthol to 771 was followed by selective benzylation at the 3-
position using a borinic acid catalyst. When Ag,O was added, a
1:1 mixture of 3- and 4-benzylated sugars was obtained (not
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Scheme 110. Synthesis of a 2,4-Difluorinated Uridine Derivative*”*
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Scheme 111. Synthesis of a 2,4-Difluorinated Nucleoside Precursor in the Synthesis of a HCV NS5B Polymerase Inhibitor>’
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shown), but a metal-free version gave solely the desired 3-O-
benzylated 772. Reaction of 772 with DAST was selective for
the 4-position, albeit in modest yield. The deoxyfluorination of
the corresponding benzoate proceeded in a lower 22% yield (not
shown). Inversion at C-2 proceeded best via triflation followed
by nucleophilic substitution with acetate, and gave 775 after
removal of the acetate group. An oxidation/reduction attempt
led to fluoride elimination (not shown). The second
deoxyfluorination now proceeded in good yield to give 776,
whereupon deprotection finally gave 2-naphthyl 2,4-dideoxy-
2,4-difluoro-f-n-xylopyranoside 777.*"

A number of 2’,4’-difluorinated nucleosides have also been
reported. The Damha group designed 2'-deoxy-2’,4’-difluor-
ouridine 784 as a monocyclic conformationally locked nucleo-
side (Scheme 110).*** The synthesis started from 2’-deoxy-2'-
fluorouridine 651, for which the synthesis was described in
Scheme 94. Selective iodination at the primary position gave
778, which was treated with base to effect elimination to 779.
Iodofluorination was achieved by gradual addition of I,/AgF in
acetonitrile at 0 °C to give 780. Displacement of the iodide with
benzoate proved difficult,” due to the deactivating effect of
fluorine toward Sy2 reactions.'”*™'°° As a solution, the 3-
position was benzoylated and the iodide oxidized to hypoiodate,

BA

which initiated intramolecular displacement from the 3-O-
benzoate group to give intermediate 782. The addition of water
led to migration of the benzoate to the 5’-position, leading to
783 in 66% yield. Aminolysis of the benzoate group then gave
784.%%

The Dyatkina group reported a 4'-fluorinated analogue of a
2/-fluorinated-2'-methylated nucleoside, active against HCV
(Scheme 111).*”" The synthesis, which had been optimized on a
large-scale, started with commercially available b _ﬁlyceraldehyde
288, also easily available from p-mannitol.*****” Reaction of a
slight excess of 288 with the commeraally available ylide 785
gave the alkene 786 in a 97:3 E/Z ratio,””® which was taken to
the next step. Dihydroxylation was successful under OsO,
conditions but, aiming to avoid the use of this toxic reagent
on large scale, KMnO -mediated dihydroxylation in acetone was
conducted instead. After crystallization of the crude reaction
mixture, this gave diol 787 as a single diastereomer in 53% yield
from 78S. Fluorination was achieved after activation of the diol
as cyclic sulfate ester 788, with hydrolysis of the residual sulfate
requiring modified conditions (concentrated HCl in 2,2-
dimethoxypropane) to prevent acetonide hydrolysis, which
allowed purification of 789 via an aqueous workup. The
synthesis was telescoped further by treating 789 with concn.
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Scheme 112. Synthesis of 2,5-dideoxy-2,5-difluorouridine*’°
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HCI in EtOH to effect acetonide hydrolysis and lactone
formation, and the resulting crude 790 was then protected as
3,5-di-O-benzoate 791 in 47% overall yield from 787.%°* The

lactone was then reduced to lactol 792, which was isolated
after crystallization as the f-anomer. This proved important
toward stereoselective nucleobase introduction. Bromination
under Appel conditions proceeded with clean inversion of
configuration, to give the a-anomeric bromide 793. Nucleoside
formation was then achieved with the potassium salt of purine
794 in a 64% yield and 14:1 f3/a ratio.””” From 795, fluorination
at the 4’-position was achieved using similar methodology as
shown in Scheme 110. After functionalization and protection of
the nucleobase, leading to 796, the OH-S was subjected to
deoxyiodination to give 797. Elimination to 798 was followed by
iodofluorination, which provided 799 as a single isomer.
Following benzoylation at the 3’-position, nucleophilic sub-
stitution of the S-iodo group with benzoate led to 800, which

was further converted to a nucleoside prodrug (not shown).*”!

6.6. Fluorination at Positions 2 and 5

Von Schiitt et al. reported the synthesis of 2,5-dideoxy-2,5-
difluorouridine 806 (Scheme 112).*%° Starting from uridine
acetonide 801 (cf. Scheme 101), tosylation at the S-position
allowed its substitution by fluoride to give 803. Acetonide
removal was followed by 2,2'-anhydro formation (80S5).
Subsequent fluorination with AlF;/HF afforded the final
compound 806 in modest yield.

BB

6.7. Fluorination at Positions 3 and 5

Foster et al. reported the synthesis of 3,5-dideoxy-3,5-difluoro-n-
xylose, which was the first reported dldeoxy-dlﬂuorlnated sugar
derivative in the literature (Scheme 113).”® 3-Deoxy-3-fluoro-
1,2-O-isopropylidene-a-p-xylofuranose 607, synthesized in six
steps from glucose diacetonide 411 (as shown in Scheme 89),
was tosylated to give 807.*"" Nucleophilic displacement with
ﬂuorlde gave the 3,5-dideoxyfluorinated xylofuranose derivative
808,°° whereupon mild acid hydrolysis conditions gave 3,5-
dideoxy-3,5-difluoro-p-xylofuranose 810. The fluoride substitu-
tion was accompanied by nucleophilic substitution with the
solvent leading to 809, and by hydrolysis leading back to 607
(5%, not shown).

7. KETOSUGARS

7.1. Erythro-2-pentulose (Ribulose)

The Anker group reported the synthesis of the 1-deoxy-1,1,1-
trifluororibulosyl fluoride derivative 814 (Scheme 114).*"?
Trifluoromethylation of the acetonide-protected erythronolac-
tone 811 led to 812 as a mixture of equilibrating anomers.**?
Mesylation afforded 813 with fS-selectivity. This was stable to
chromatography thanks to the inductive effect of the
trifluoromethyl group. Displacement with Et;N-2HF then gave
the correspondm% ribulosyl fluoride 814, largely with inversion

of conﬁgurat1on

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch112&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch112&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch113&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch113&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch114&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch114&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Scheme 118. Synthesis of 1,6-Dideoxy-1,6-difluorinated Fructose Derivatives
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7.2. Fructose

The synthesis of 1,6-dideoxy-1,6-difluorinated fructose deriva-
tives is shown in Scheme 115. p-Fructose was tosylated at the
primary positions, and converted to its acetonide 815,"** which
was subjected to tosylate displacement. Guthrie et al. reported
that reaction with KF in ethylene glycol at 150 °C gave 816 in
20% yield, alongside the monofluorinated 817 in 29% yield.""
Pacak et al. achieved a 40% yield of 816 1n refluxing ethylene
glycol while bubbling through CO, gas.**® With DMF as the
solvent, reaction with LiF or CsF at 100 °C did not lead to any
fluorination, while the use of TBAF at 80 °C gave 45% of 817
and 8% of 816 (not shown).*”> However, increasing the
temperature to 120 °C led to the formation of 816 in 58—61%
yield with CsF or TBAF."™ The deoxyfluorination of the
fructose acetonide 1-position is known to be difficult; it was
reported to be unsuccessful with DAST and is best achieved via

BC

the corresponding triflate."”” Aqueous acid-catalyzed hydrolysis
of 816 afforded 1,6-dideoxy-1,6-difluoro-p-fructose 818,%¢
while methanolysis led to the two methyl fructoside anomers
of 819.%%

The synthesis of a 2,2,3,3-tetrafluorinated fructose analogue
was reported by Linclau et al. using a fluorinated building block
approach (Scheme 116A).”° Starting from 759, for which the
synthesis was shown in Scheme 107, ester formation with
benzyloxyethanoyl chloride led to 820, and anionic cyclization
afforded the ketofuranose 821. Removal of the protecting
groups was accompanied by ring tautomerization to give the
ketopyranose 822. This fructose derivative was also obtained via
the other possible anionic cyclization pathway from 764
(Scheme 116B), the regioisomer of 759, the synthesis of
which was also depicted in Scheme 107. Ester formation to
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Scheme 118. Synthesis of 1,3-Dideoxy-1,3-difluorinated hept-2-uloses**”*'°
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Scheme 120. Synthesis of 3-Deoxy-3-fluoro-p-erythro-f-L-manno-non-2-ulopyranosyl Fluoride*'"*'*
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obtain 823 allowed cyclization to 824, which upon hydro-
genolysis then gave 822.”%

This methodology was used by Gouverneur et al. for the
synthesis of pentaketose derivatives (Scheme 117).** Here, 759
was esterified with aromatic acid chlorides 825a—e to give
826a—e as substrates for the anionic cyclization. MeLi-
treatment of 826d,e, followed by removal of the benzyl group
led to the formation of ketopyranoses 828d,e. MeLi-treatment
of 826a—c, followed by reduction of the resulting hemiacetal led
to 829a—c, upon which debenzylation gave the to C-nucleosides
830a—c. The anomers of 830ab could be separated after
acetylation to 831a,b.

7.3. p-Gluco-hept-2-ulose

The Thiem group reported the synthesis of a number of
difluorinated hept-2-ulose derivatives.**”*'° Starting from tri-O-
benzyl-p-glucal 30 (Scheme 118), reaction with SelectFluor
gave the separable 2-deoxy-2-fluoroglucose 832 and -mannose
833. From 832, oxidation to the lactone 834 was followed by a
Petasis olefination to give the exocyclic enol ether 835. Another
reaction with SelectFluor then provided the 1,3-difluorinated

BD

heptulose 836 as the a-anomer, which was finally deprotected to
give 1,3-dideoxy-1,3-difluoro-a-p-gluco-hept-2-ulopyranose
837.%” A similar reaction sequence starting from 833 gave the
corresponding epimer 838.""°

The same group also reported the synthesis of the 1,7-
difluorinated hept-2-ulose 843 (Scheme 119),*° starting from
1,2,3,4-tetra-O-acetyl-6-deoxy-6-fluoro--p-glucopyranose 194,
for which the synthesis was shown in Scheme 27. From 195,
anomeric protection as the thioglycoside, protecting group
switch to benzyl, and anomeric deprotection gave 839. Lactol
oxidation, Petasis olefination, and SelectFluor treatment then
led to the formation of 842, which was deprotected to give 1,7-
dideoxy-1,7-difluoro-a-p-gluco-hept-2-ulopyranose 843.
7.4. 2-Keto-3-deoxy-p-glycero-p-galacto-nononic Acid
(Kdn)

The synthesis of a 2,3-difluorinated Kdn derivative was reported
by both the Withers and Bennet groups.*'"*'* The enzyme-
catalyzed aldolase reaction between D-mannose and 3-
fluoropyruvic acid sodium salt (Scheme 120) was reported by
the Chen group to give both F-3 diastereomers in 84%
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cheme 121. esis of 7,9-Dideoxy-7,9-difluoro Kdn
Scheme 121. Synthesis of 7,9-Dideoxy-7,9-difl Kdn’**
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Scheme 122. A Sequential Fluorination Approach to a 2,6-Dideoxy-6-azido-2-fluoro Galactosyl Fluoride*'*
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combined yield,*"*> with the F,-3 diastereomer as the major which can also be converted to 852 using HBr in acetic

product. This aldolase reaction is a key strategy for the synthesis
of 3-fluorinated sialic acids starting from p-ManNAc (see section
9). p-ManNAc is the natural substrate of the enzyme, and the
reaction with p-mannose was reported to be slower; hence, an
extended reaction time was needed.*'? In contrast, the aldolase
enzyme used by the Bennet group gave 845 as the only reported
diastereomer in 83% yield. Protection of the carboxylic acid and
alcohol groups followed by anomeric deprotection gave ketose
847, ready for anomeric fluorination. This was achieved with
DAST*"? or XtalFluor-E,*"" and in both cases only the
formation of the desired f-anomer 848 (cf. section 9.1.1) was
reported. Deprotections afforded 3-deoxy-3-fluoro-p-erythro-f-
L-manno-non-2-ulopyranosyl fluoride 849.""!

Finally, NeuSAc aldolase-catalyzed aldol reaction between
4,6-dideoxy-4,6-difluoro talose 850 (Scheme 121), and pyruvic
acid was reported to give 7,9-dideoxy-7,9-difluoro Kdn 851.>*
Only one diastereomer was reported. The talose derivative 850
was obtained from hydrolysis of 482, the one-step synthesis of
which was described in Scheme 65A.

8. AMINOSUGARS

In this section, the synthesis of polyfluorinated aminosugars and
their protected derivatives, including azido- or other amino-
functionalized sugars, is given.

8.1. Fluorination at Two Positions

8.1.1. Fluorination at Positions 1 and 2. 8.1.1.7. Gal-
actose Stereochemistry. Vocadlo and Bertozzi published the
synthesis of 6-azido-2,6-deoxy-2-fluoro-f-p-galactosyl fluoride
858 (Scheme 122) as a probe for activity-based labeling of
retaining glycosidases.*'* Their synthesis involved the galactosyl
bromide 852, which was obtained from tri-O-acetyl-p-galactal
71. This was a two-step procedure: first via reaction with CF;OF
(as shown in Scheme 12) to give a-72, which was then
converted to the glycosyl bromide 852 with HBr in acetic
acid.*" Alternatively, the SelectFluor procedure can be used
with acetic acid as the solvent to obtain 853 (cf. Scheme 9B),

BE

acid."'®*'” Finally, 71 can be directly converted to 852 using
Dax or1§1nal procedure with SelectFluor and a bromide
source. The anomerlc position of 852 was protected as the
thioglycoside,*'* and subsequent acetate hydrolysis gave 854.
Selective tosylation at the primary position and displacement
with azide gave 855, upon which the remaining alcohols were
reprotected as acetates and the anomeric position was
deprotected. This led to 856, the treatment of which with
DAST gave 857 as the only reported anomer (cf. a/f ratio of
14:86 for tri-O-benzyl-2-deoxy-2-fluorogalactose 79, Scheme
12), which was immediately deprotected to give 858.

The Jordaan group reported on the reaction of the 3-deoxy-3-
aminoglucal derivative 859*'® with CF,;OF (Scheme 123),

Scheme 123. Direct Difluorination of a 3-Amino-2-cyano

Functionalized Glycal*'"’
OAc
AcO CN
OA EtOOCNH
c FL
AcO CFLOF 860 (36%)
(0]
OAc
EIO0CNHAE  cpc, AO /"o
CN (0]
859 EtOOCNH
F
861 (24%) OCFs

which led to the 2-cyano-2-deoxy-2-fluorogalactosyl fluoride
derivative 860 alongside the corresponding trifluoromethyl
galactoside 861."" Hence, the same facial selectivity compared
to tri-O-acetyl galactal was observed, as shown in Scheme 12,
although in that case products arising from reaction at the f-face
were isolated.

8.1.1.2. Fucose Stereochemistry. The Wennekes group
reported the synthesis of the analogous 6-azidofucose activity
probe 867 (Scheme 124).** Protection of 1-galactose as shown
in Scheme 49 led to ent-210, which was tosylated and converted
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Scheme 124. Direct Difluorination Approach to a 6-Azido-1,2-difluorinated Fucose Derivative*
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Scheme 1285. Direct Difluorination of a 2-Fluorinated Glycal to Arrive at 1,2,2-Trifluorinated Sugars4
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to the peracetate 863. Installation of the Al,2 double bond
afforded the 6-tosyloxyfucal 864, for which substitution with
azide gave 86S. Interestingly, it was reported that introducing
the azido group before fucal synthesis caused its substitution by
bromide in the anomeric bromination step, a problem not seen
with the tosylate. Direct vicinal difluoride introduction with
XeF, gave 866 as the only reported product. The excellent
stereoselectivity is consistent with the analogous reaction on the
corresponding tri-O-acetyl galactal 1 or di-O-acetal fucal 80
(Schemes 12 and 13), although in these cases other
diastereomers were reported in minor amounts. Deprotection
of 866 then gave 6-azido-2-deoxy-2-fluoro-a-L-fucosyl fluoride
867.

The 1,2,2-trifluorinated fucosamine derivatives @- and 3-882
(Scheme 125) were synthesized by the Lukacs group as
intermediates in their 2,2-difluorodaunosamine synthesis.*'
Starting from D-glucose, anomeric protection as a-benzyl
glucoside, followed by standard benzylidene protection gave
868. In the original report, 868 was converted to 869 via the

corresponding dimesylate, which gave a very low yield (2%)."**

BF

However, a procedure reported by the Magnusson group using
tosyl imidazole, originally introduced by Fraser-Reid for this
purpose,**” gives access to 869 in a good yield.** Its azidolysis
furnished azido alcohol 870,**° which was then treated with
DAST in boiling benzene to give the desired 871 in 40% yield.
Unsurprisingly, the reaction outcome was determined by the
two adjacent axial substituents, ideally positioned for neighbor-
ing group participation, leading to intermediates 874 and 875.
This not only resulted in the desired fluorination with retention
of configuration (871, 40%), but also in the formation of the two
possible rearrangement products 872 (40%), and 873 (15%).
While fluoride attack at C-2 is stereoelectronically favored
(chairlike transition state), it is perhaps unexpected to observe
that the azido migration product 872 is formed in preference
over the benzyl ether migration product 873. Acid-catalyzed
deprotection of 871 and selective mesylation at the primary
position afforded 876. Substitution with iodide was followed by
AgF treatment to effect elimination to unsaturated compound
877. Its rapid hydrogenation led to 878 with L-fuco-stereo-
chemistry, with simultaneous reduction of the azide but without
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Scheme 126. A Sequential Fluorination Approach to a 1,2-Difluorinated-6-azido Glucose Derivative*****
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cleavage of the benzyl groups. Amine protection as the
trifluoroacetamide and benzylation of the alcohol gave 879,
from which the anomeric benzyl was hydrogenolyzed and
converted to acetate 880."”° 2-Fluorofucal synthesis by
anomeric bromination and elimination was achieved, and
reaction with CF;OF under Lewis acid catalysis furnished the
typical mixture of anomeric fluorides and trifluoromethyl
glycosides, 882 and 883.*"

8.1.1.3. Glucose/Mannose Stereochemistry. The Van der
Marel/Overkleeft and Wright groups both independently
reported the synthesis of 6-azido-2,6-deoxy-2-fluoro-f-p-
glucosyl fluoride 889 from tri-O-acetyl p-glucal 1 (Scheme
126),"*%**” which essentially only differs in the aromatic thiol
used to protect the anomeric position (p-tolyl vs p-
chlorophenyl). The Van der Marel/Overkleeft synthesis is
shown here. The fluorine at the 2-position was introduced first,
from reaction of the glucal 1 with SelectFluor (as shown in
Scheme 16) to give 47."*° The Wright group synthesized 47 via
B-2, which can be synthesized from 1 with XeF, (as shown in
Scheme 6) through reaction with HBr.**” A 2-step synthesis of
47 from 2-deoxy-2-fluoroglucose is also possible, as shown in
Scheme 9 (not shown). Protection of the anomeric position as
the thioglycoside 884 was followed by deacetylation and
selective activation of OH-6 to give 885, which allowed azide
introduction.””® Reprotection of the remaining alcohols as
acetates (886) was then required to allow, after anomeric
deprotection to 887, DAST-mediated glycosyl fluoride for-
mation. This led to a 4:1 anomeric ratio of 888, from which the
desired f-anomer was isolated in 64% yield. Deprotection of -
888 with a catalytic amount of NaOMe led to 889 in quantitative
yield. The use of a stoichiometric amount of NaOMe was
reported to lead to a substantial amount of anomeric
substitution to give 890.

The Jordaan group investigated the protected 3-deoxy-3-
amino glucal 891%*" as a substrate for reaction with CF;OF
(Scheme 127).*'? This led to the mannosamine derivative 892
as the major and the glucosamine derivative 893 as the minor
product, next to the formation of the trifluoromethyl glucoside
894. This result indicates a different facial selectivity compared
to the corresponding tri-O-acetyl-p-glucal as shown in Scheme 6.

8.1.2. Fluorination at Positions 1 and 3. There are no
dedicated syntheses of 1,3-difluorinated aminosugars, but it is
worth mentioning observations by the Karban group regarding a
1 — 6 migration process when deoxyfluorinating the 6-position
of f-configured thioglycosides (Scheme 128).* This process,
originally described with a 2-O-benzoylated p-configured
methyl galactoside,'** had been expanded by the Lin group

BG

Scheme 127. A Direct Difluorination Approach to 1,2-
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(with f-thiophenolates), where they showed that high yields of
migration can be achieved, for example in the conversion of 895
to 896 (Scheme 128A).*° Upon treatment of a mixture of
anomers 897 (Scheme 128B, see below Scheme 139 for their
synthesis), the Karban group isolated four products,”*’ with a-
898 arising from clean deoxyfluorination of the a-anomer of
897, while $-898, a-899, and 3-899 arose from the f-anomer of
897. The major product was the migration product a-899.
However, subjecting $-900, the gluco-configured diastereomer
of -897 (Scheme 128C), to the same deoxyfluorination
conditions did not lead to much migration, with only 7% of
902 observed in the mixture of inseparable products. This
reflects the higher ability of the electron withdrawing equatorial
substituent to destabilize a positive charge at the anomeric
position, as extensively investigated by the Bols group.**"***
8.1.3. Fluorination at Positions 1 and 4. The Voznyi
group reported a synthesis of a 1,4-difluorinated glucosamine
derivative 905 from levoglucosan (Scheme 129A).”* After a 3-

Scheme 129. Synthesis of 1,4-Difluorinated Gluco- and
Galactosamine Derivatives™”***’
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step conversion of levoglucosan to 305, as shown in Scheme
41B, treatment with ammonia initiated 2,3-anhydro formation
and subsequent opening with ammonia at the usual 2-position.
The resulting amine was immediately protected as trifluor-
oacetamide 903, followed by alcohol protection as acetate 904.
1,6-Anhydro-bridge opening with direct formation of a glycoszrl
fluoride was achieved with Olah’s reagent in acetic anhydride,**
to yield target 90S. This transformation is usually achieved in a

2—3 step operation involving anhydro opening followed by
glycosyl fluoride introduction.

Again, it is worth mentioning a 1 — 6 migration reaction (cf.
Scheme 128) reported by the Karban group, now starting from
4-fluorinated p-configured thioglycoside 906d (Scheme
129B).**” Hence, reaction of 5-906d (see below, Scheme 143
for its synthesis) with DAST under microwave irradiation
delivers the 1,4-difluorinated GalNAc derivative 907 in 57%
yield, alongside 34% of the direct deoxyfluorination product
908.

8.1.4. Fluorination at Positions 1 and 5. The Withers
group reported the synthesis of a 1,5-difluorinated idosamine
derivative 914 (Scheme 130)."** Peracetylated glucosamine 909
was treated with HCl in acetic anhydride for >6 days to yield the
a-glycosyl chloride 910, the reaction of which with AgF
in acetonitrile for 2 d at room temperature gave the fS-glycosyl
fluoride 911.*** Radical bromination (cf. section 3.4) led to the
unstable 912, which was directly subjected to AgF in acetonitrile
to effect bromide displacement with inversion of configuration
to give the L-idosyl fluoride 913. This was subsequently
deprotected to yield 2-acetamido-2-deoxy-S-fluoro-a-L-idosyl
fluoride 914.*

The Vocadlo group has synthesized the corresponding
glucosamine derivatives 921 and 922 (Scheme 131)."*" As
already indicated in section 3.4 for the synthesis of 1,5-
difluorinated derivatives, fluorination at C1 is required before
fluorination at C-5. Hence, 916 was targeted as the first
deoxyfluorination substrate and was obtained by anomeric
deprotection of the per-O-acetate 915. This can be synthesized
from glucosamine hydrochloride via a temporary amine
protection as the p-methoxybenzylidene imine in four
steps,”””**” but a shorter, higher yielding, 2-step process as
shown is now available from glucosamine.**' DAST-mediated
deoxyfluorination of 916 gave the B-glycosyl fluoride 917 as the
only reported anomer in excellent yield.*** Radical bromination
at the S-position was followed by retentive bromide displace-
ment with the AgBF,/Et,O conditions to give 919 in modest
yield. Amine deprotection with hydrazine was possible without
affecting the anomeric fluoride group, and subsequent
acetylation followed by global deprotection afforded the desired
S-fluorinated glycosyl fluoride probe 921. A similar process
using chloroacetic acid anhydride for the acetylation, and
subsequent chloride displacement with azide gave 922.

8.1.5. Fluorination at Positions 1 and 6. The Cabrera-
Escribano group investigated deoxyfluorination reactions on
branched nitrosugars, which were synthesized by the Baer
reaction.”””*****3 Methyl a-p-glucopyranoside a-369 (Scheme
132) was subjected to periodate cleavage to the dialdehyde 923,
whereupon treatment with nitroethane in basic medium led to a
1:1 mixture of inseparable 924 and 9285. The synthesis of the
latter involves epimerization at C-5.*** The stereomers were

Scheme 130. Synthesis of a 1,5-Difluorinated 1-Idosamine Derivative*
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Scheme 131. Synthesis of 1,5-Difluorinated GIcNAc Derivatives””
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separated after formation of the benzylidene acetals @-926 and
ent--926. Each was then converted to its corresponding
thiophenyl glycoside 927, and this led in both cases to a 4:1
pB/a mixture, with the compounds coming from a-926 being
enantiomeric to those arising from ent-3-926. Treatment of -
927 led to a mixture with 6-deoxy-6-fluoro a-glycosyl fluoride
928 as the major product, in which the thiophenolate had
rearranged to the 2-position, and 929, in which only a reaction at
the anomeric center had taken place.”*
confirmed with ent-f-927 as starting material.
8.1.6. Fluorination at Positions 2 and 3. The Linclau
group synthesized the tetrafluorinated aminosugars 937 and
938, with the addition of lithiated 287 to the sulfinylimines 931
and 938 as the key step.”* This methodology had been
developed by the Konno group, with a demonstration of the
addition of lithiated 287 to the corresponding sulfinylimine of
benzaldehyde.446 Hence, with 931 as substrate (Scheme 133A),
synthesized from p-glyceraldehyde 288 and the sulfinamide 930,
syn and anti-adducts 932 and 933 were obtained in excellent
diastereoselectivity. These could be separated after acetonide
methanolysis as 934 and 935, respectively. A minor (+3%) side
product arising from Sy2’ substitution of a fluoride by methyl
lithium was also formed (not shown). The major isomer 934
was obtained in 88% isolated yield, upon which alkene

This result was

BI

ozonolysis and auxiliary cleavage gave the aminosugar 937,
which was isolated as its hydrochloric acid salt.

Based on the observation by the Linclau/Poisson groups that
stereocontrol in additions to sulfinylimines derived from
glyceraldehyde acetonide is exerted by the auxiliary config-
uration, "’ addition with 938 was investigated (Scheme 133B)
as well. As expected, the syn-adduct 940 was now the major
stereomer, which was subsequently converted to the 4-epi
aminosugar 942 in the same way as shown above."**

8.1.7. Fluorination at Positions 2 and 4. The Giguere
group reported the synthesis of a number of 1,6-anhydro-2,4-
dideoxy-2,4-difluoroallose derivatives via functionalization at C-
3 (Scheme 134).27>%® Using the triflate 543 as a key
intermediate, for which the synthesis was discussed in Scheme
78, the azide 943 could be prepared as a first handle for
functionalization via a click reaction to obtain the lipoic acid
fluorinated glycoconjugate 945.””°> The azide could also be
reduced to the corresponding amine 946 as a versatile
intermediate for further functionalization. Reductive amination
with aldehyde 947 (derived from galactose diacetonide) gave
the amino-linked fluorinated disaccharide 948, whereas peptide
coupling with Cbz-protected phenylalanine 949 using isobutyl
chloroformate (IBCF) as the coupling agent yielded 950.%”° It
was also demonstrated that oxime resin aminolysis was possible,
leading to the C-terminal fluoroglycopeptide 951."*
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Scheme 133. Synthesis of Tetrafluorinated Aminosugar Derivatives**’
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Scheme 134. Synthesis of Functionalized 2,4-Difluorinated 3-Amino-1,6-anhydrohexopyranose Derivatives”>***
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8.1.8. Fluorination at Positions 2 and 5/3 and 5. The
Anker group investigated the fluorination of aminosugars, and
results toward difluorinated pentoses are given in Scheme
135.449%9 Methyl 2,3-anhydro-S-p-lyxofuranoside a-635,
whose synthesis in five steps from D-xylose was discussed in
Scheme 96, was converted to the N,N- dimethyl aminosugar
derivative 952 with full regloselectmty
group mesylation, treatment with Et;N-2HF initially gave rise to

Followmg hydroxyl

formation of aziridinium species a-954, whereupon nucleophilic
substitution with fluoride took place with moderate regiose-
lectivity to give @-955 and 956. Fluorine substitution at the 5-
position, reported to be difficult, only proceeded in low yield
with the more reactive tetraethylammonium hydrogen di-
fluoride to yield 957.°° Direct treatment of 953 with
Et,NHF, only returned a complex reaction mixture.

BJ

With the f-anomer of methyl 2,3-anhydro-p-lyxofuranoside
PB-635, obtained in five steps from D-xylose as discussed in
Scheme 92, the epoxide opening with dimethyl amine was less
selective (Scheme 135B), giving a 75:25 ratio of inseparable 958
and 959."° Mesylation of this mixture led to another
inseparable mixture of 960 and 961. These converged to the
same aziridinium ion $-954 upon treatment with Et,NHF,,
which underwent regioselective opening with fluoride, with
some fluorination at C-S as well, to give $-955 and 962 in
modest yields.**°

With the 2,3-anhydroribofuranoside substrate f-721
(Scheme 135C), obtained in five steps from the commercially
available 717 as discussed in Scheme 102, regioselective epoxide
opening with ammonia followed by protection as the diallyl
amine led to 963. Mesylation of the alcohols to 964 was followed
by fluorination, which now proceeded first through azetidinium
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Scheme 138. Investigations on the Fluorination of Aminopentofuranoside Derivatives
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intermediate 965, leading first to fluorination at the 5-position. procedure.**” Tosylation of the alcohol,*** acetonide hydrol-

Subsequent fluorination proceeded then via an aziridinium
intermediate, giving both the F-2 and F-3 products 966 and
967.%° Nevertheless, it was stressed that C-S-fluorination
remained difficult. The azetidinium ion derived from the
dimethylamino group, 968 (Scheme 135D), was reported to
be isolable and stable, and only 16% of the 2,5-difluorinated 969
was obtained after fluorination.**” The enhanced reactivity of
965 was ascribed to steric strain between an allyl group and the
anomeric methoxy group.

8.1.9. Fluorination at Positions 3 and 4. The Karban
group reported the synthesis of 3,4-dideoxy-3,4-difluorinated
GlcNAc and GalNAc derivatives using a sequential fluorination
approach.*' The GIcNAc synthesis (Scheme 136) commenced
from p-mannose, which was converted first to 1,6-anhydro-f-p-
mannose 971 and then its acetonide 972 using the Fraser-Reid

BK

454 455

ysis,”" and intramolecular tosylate substitution™> resulted in
1,6:2,3-dianhydrotalose 973. Activation of the OH-2 as a triflate
allowed azide introduction to give 974, in which the use of LiN;
proved far superior compared to NaN; (82% vs 48%). 56 This
was subjected to fluoride opening to give 975, with the side-
product 976 resulting from epoxide opening by the solvent also
isolated. The second fluorine introduction by DAST-mediated
retentive deoxyfluorination gave the desired 977 alongside
rearrangement product 978."" This rearrangement is initiated
by neighboring group participation of the azido group, leading to
979. Fluoride attack at C-3 then leads to 977, while a second
neighboring group participation from O6 leads to 980, upon
which fluoride attack at the anomeric center results in 978. From
977, acetolysis to open the anhydro-bridge followed by azide
reduction and acetylation afforded 2-acetamido-1,6-di-O-acetyl-
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Scheme 136. Synthesis of 3,4-Difluorinated GIcNAc Derivatives**”**"

pTSOH, 1)stCl py 0o
pTsCl, H NaOH on § acetone )Y 2)AcOH,H,0 g
Q7 oH O/ OH
Ho on| 12 o on MezC (OMe), 3) IRA 410 (OH),
0 MeOH 973
D-mannose p 971 (29%, 2 St) Ho72 (78%, 3 st)
o
OH
o)
(o] N3 (o) \ Ol'@
1) TH,0, py, KHF,, " )
CH,Cl, OJ: (CH,0H), 976 (£6%) O k o P Q(\F o
F )
2) LiN3, DMF O DpAsT, Ny N Ny
(82%, 2 st) 974 PhH, | o978 (12%) 979 N2 980
N F g
F
s 0
975 (50%)
N3
0,
1) NaH, BnBr (77%) oH o e OAc OAc
aH, BnBr o H,, Pd/C
2) NBS, acetone, H,0 Znl,, DCE TESOTf Ac,0, EtOH
(76%) N3 ‘SPh (76%) N3 OAc (42%1230 ACHNOAC
983 981 982
OBn OBn
g&ﬂ AcSH, &H Hy, Pd/C &\1
F
N3 OH P AcHN "OH “MeOH AcHN “OH
(83%) 985 (90%) 986
Scheme 137. Synthesis of 3,4-Diﬂuorinated GalNAc derivatives*>>*!
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2,3,4-trideoxy-3,4-difluoro-a-p-glucopyranose 982. Alterna-
tively, 1,6-anhydro opening by phenyl trimethylsilyl sulfide
(PhSTMS) under Znl, catalysis afforded the thioglycoside
983,"” which was then subjected to OH-6 protection and
anomeric deprotection to give 984. Azide reduction with
concomitant acetylation and benzyl hydrogenolysis finally
afforded 3,4-dideoxy difluorinated GIcNAc 986.

The syntheses of the corresponding 3,4-difluorinated GalNAc
derivatives proceed along similar lines (Scheme 137). The 4-O-
benzylated 1,6:2,3-dianhydromannose 219, obtained in two
steps from D-glucal as discussed in Scheme 30, was subjected to
azide opening to give 987."7 DAST-mediated retentive
deoxyfluorination gave 988 in excellent yield without any
rearrangement,”" in contrast to the deoxyfluorination of 975.
Presumably this is due to the availability of the benzyloxy group
for neighboring group participation, possibly outcompeting the

BL

azido group (however see Scheme 125). Oxidative debenzyla-
tion then allowed a second deoxyfluorination, now with
inversion of configuration, to give 990. Acetolysis and azide
reduction/acetylation then gave 2-acetamido-1,6-di-O-acetyl-
2,3,4-trideoxy-3,4-difluoro-a-p-galactopyranose 992.

Unlike the corresponding gluco-configured analogue 977 (see
Scheme 136), treatment of 990 with PhSTMS/Znl, was
reported to lead to decomposition.*”* Hence, 989 was subjected
to PhSTMS/Znl, instead, leading to 993. This was then
converted to the 6-O-benzyl ether 994 to allow deoxyfluorina-
tion at C-4, which proceeded smoothly with the expected
inversion of configuration to give 995. Anomeric deprotection,
azide reduction/acetylation, and benzyl hydrogenolysis finally
afforded 3,4-dideoxy difluorinated GalNAc 996.

8.1.10. Fluorination at Positions 3 and 6. The Picq/
Anker group used the aziridinium-mediated fluorination
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Scheme 138. Investigations on the Fluorination of 3-Amino Altropyranoside Derivatives**’
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Scheme 140. Synthesis of 3,6-Difluorinated GalNAc Derivatives*”’
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approach, as described in Scheme 135, for the synthesis of 2,5/ Fraser-Reid procedure** was followed by regioselective epoxide
3,5-difluorinated pentosamine derivatives. Conversion of 997 opening with diallyl amine.”*® The resulting 999 was then
459

(Scheme 138) to the 2,3-anhydro derivative 998 using the hydrolyzed to give 1000, and converted to its tri-O-mesylate
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Scheme 141. Synthesis of 4,6-Difluorinated GalNAc Derivatives via Mesylate Displacements
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1001.*° Treatment of 1001 with Et;N-3HF at 60 °C led to a
mixture of the 3-fluorinated glucosamme derivative 1003 and
the 2-fluorinated altrose derivative 1004,"°" an outcome that can
be explained by invoking an aziridinium intermediate. Given
that 1003 is the major product, this must primarily react via the
half-chair 1002a. Reaction of 1003 with the more reactive
Et,NHF, then gave the 3,6-difluorinated derivative 1005. In an
earlier publication, it was reported that heating 1001 with Et;N-
3HF at 75 °C for 4 h gave 1003 in 73% yield, with no mention of
any formation of 1004, although it was later claimed that
heating of 1001 with Et;N-3HF at 75 °C for 26 h led to a mixture
of 1003-1006 without specification of yields.**!

The Karban group reported an approach to 3,6-dideoxy-3,6-
difluorinated GIcNAc derivatives using 1,6-anhydro intermedi-
ates (Scheme 139). From 989, for which the synthesis was
reported in Scheme 137, acetylation and anhydro-bridge
opening with PhASTMS gave 1008 as a mixture of anomers.**”
The available OH-6 group was deoxyfluorinated to 1009, and
the anomeric position deprotected to give 1010. Azide
reduction with concomitant acetylation then gave 1011.%

Alternatively, the 4-O-benzyl-protected 1,6-anhydro deriva-
tive 988, obtained in four steps from D-glucal as discussed in
Scheme 137, was treated with PhASTMS to obtain a separable
mixture of thioglycoside anomers a-and (-900. 5% These
anomers were separated before deoxyfluorination, given the 1
— 6 migration side reaction of the f-thiophenyl anomer (see
Schemes 128 and 129). Deoxyfluorination of the a-anomer led
to 1012 in excellent yield,**> and subsequent anomeric
deprotection, azide reduction/acetylation, and benzyl hydro-
genolysis gave 2,3,6-trideoxy-2-acetamido-3,6-difluoroglucose
1015,

The Karban group also developed similar a synthesis of 3,6-
difluorinated GalNAc derivative 1019 (Scheme 140). Starting
again from 988, oxidative debenzylation followed by Lattrell-

BN

Dax inversion”’® resulted in the galacto-derivative 1016, which
was protected as benzyl ether 1017.** Anhydro-bridge opening
with PhSTMS gave a mixture of separable anomers 897, and the
a-anomer was subjected to deoxyfluorination to give a-898.*
Anomeric deprotection, azide reduction/acetylation, and benzyl
hydrogenolysis then afforded 2,3,6-trideoxy-2-acetamido-3,6-
difluorogalactose 1019.

8.1.11. Fluorination at Positions 4 and 6. 8.1.11.1. Gal-
actose Stereochemistry. The Richardson group reported the
first synthesis of 4,6-difluorinated GalNAc using fluoride
displacement of the required 4,6-di-O-mesylate, an approach
already encountered in Scheme 61A for the synthesis of 4,6-
dideoxy-4,6-difluorogalactose. Starting from D-glucosamine
hydrochloride (Scheme 141A), treatment with NaOMe
followed by benzoic anhydride gave 1020.* Its a-methyl
glycoside 1021 was then obtained, and the 4,6-positions were
protected as benzylidene acetal 1022.*° Protection of OH-3 as
benzyl ether 1023 was followed by benzylidene acetal hydrolysis
to allow activation to the 4,6-di-O-mesylate 1025.*"” Fluoride
substitution to give 1026 could be achieved with TBAF in
refluxing acetonitrile or with KF in refluxing ethylene glycol, the
latter having a much shorter reaction time. Replacing the 3-O-
benzyl group with an acetate and the benzamide with acetamide
gave, after acetate methanolysis, methyl 2,4,6-trideoxy-2-
acetamido-4,6-difluorogalactoside 1029.*

A similar synthesis was later published by the Korytnyk group
(Scheme 141B). N-Acetyl glucosamine was converted to its
benzyl glycoside 1030, and further converted to its benzylidene
acetal. This was acetylated for recrystallization purposes to give
1031 as pure a-anomer.**® The acetyl group was replaced with a
benzyl, after which the benzylidene acetal was hydrolyzed to give
1034.*° Reaction of 1034 with DAST was reported to be
unsuccessful, owing to the low reactivity of the OH-4 group, so
the alcohols were activated as mesylates, upon which reaction
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Scheme 142. Synthesis of 4”,6”-Difluorinated Kanamycin A Derivative via Triflate Displacements*”’
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Scheme 143. Sequential Fluorination Strategy via 1,6-Anhydro Derivatives to Access 4,6-Difluorinated GaNAc Derivatives**”***
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with TBAF in refluxing acetonitrile resulted in the formation of
1036 in excellent yield. Hydrogenolysis then gave 2,4,6-
trideoxy-2-acetamido-4,6-difluorogalactose 1037.

The Dax group reported the synthesis of a 4”,6”-difluorinated
kanamycin A derivative 1044 (Scheme 142) using a related
approach.*”’ Starting from kanamycin A, the 4'' and 6"
positions were differentiated from the rest by first protecting the
amino groups as their Boc derivatives, leading to 1038.*”
Cyclohexylidene acetal formation (1039) was followed by
peracetylation of the remaining alcohol groups to give 1040,
upon which removal of the acetal group resulted in 1041. The
deprotected alcohol groups were then activated as triflates

BO

(1042), which allowed substitution with fluoride to give 1043.
Global deprotection then resulted in 4”,6”-dideoxy-4",6"-
difluoro-4"-epi-kanamycin A 1044.

The Karban group synthesized a series of 4,6-difluorinated
GalNac derivatives using 1,6-anhydrosugar chemistry (Scheme
143). The benzyl group in the 1,6:2,3-dianhydro derivative 219,
obtained as described in Scheme 30, was hydrogenolyzed to give
1046, which was deoxyfluorinated with retention of config-
uration to give 1047."***! Epoxide opening with lithium azide
led to 1048 in 74% yield with a small amount of regioisomer
1049 observed. The alcohol group in 1048 was now acylated to
give the acetate 1050a,*"* the propionate 1050b, and the
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Scheme 144. Investigations on the Direct DAST-Mediated Difluorination of a Branched Nitrosugar”””***
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Scheme 145. A Direct Synthesis of 4,6-Difluoro GIcNAc via Mesylate Displacement*®”
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Scheme 146. A Sequential Deoxyﬂuorination Approach to a 4,6-Diﬂu0rinated GIcNAc Derivative*”?
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butyrate 1050c,*® as well as benzylated to give 1050d.*** In Cabrera-Escribano’s investigations of fluorinations on

Anhydro-bridge cleavage was effected with PhSTMS to give a branched nitrosugars (cf. Scheme 132), 4,6-dideoxy difluorina-

mixture of separable anomers 906a—d.**>*** Interestingly, for tion was also achieved from 925 (Scheme 144), which was
the propionate derivative 1050b, a rearrangement byproduct obtained by benzylidene acetal deprotection of f-ent-926. Using
1051 was also isolated. This is formed through activation of the the same DAST conditions as applied to 927, OHIY

deoxyfluorination at C-6 took place, leading to 1056.**

refluxing solvent, however, deoxyfluorination at the 4- and 6-
positions took place leading to 1057, an outcome consistent
with the Somawardhana result as described in Scheme 60A.
However, ring contraction diastereomers 1058 and 1059 were
also observed, with their structure reassigned in a later

209 . . .
publication,” via a similar process already shown in Scheme

azido group by Znl,, initiating neighboring group participation
from the endoxyclic OS5 (not shown).”” As explained with
Scheme 139, the thiophenyl anomers were separated to avoid
dealing with possible 1 — 6 migration side reactions arising from
the p-anomer.”’’ Hence, the a-anomers a-906a—d were

subjected to the DAST-mediated deoxyfluorination conditions,

followed by anomeric deprotection and azide reduction/ 43A. The isolation of 1058 and 1059 suggests that
acetylation to give the 4,6-difluorinated GalNAc derivatives deoxyfluorination at C-4 does not precede ring contraction
1054a—d as analogues of the cytotoxic triacetylated GalNAc,** (cf. Scheme 43A).

and the benzyl ether 1054d. This was then fully deprotected to 8.1.11.2. Glucose Stereochemistry. The Richardson group
give 2,4,6-trideoxy-2-acetamido-4,6-difluorogalactose 1055.7° also reported the synthesis of 4,6-difluorinated GlcNAc
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Scheme 147. A Sequential Deoxyfluorination Approach to 4,6-Difluorinated GIcNAc Using 1,6-Anhydropyranose
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Scheme 148. Synthesis of a 6-Azido 2,3,4-Trifluorinated Alloside Derivative**®
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Levog|ucosan B -547 1084 " 1oss 1086
derivatives using the dimesylate fluorination approach (Scheme propionate 1077b, the butyrate 1077¢,** and the benzyl ether

145).*” Hence, the advanced glucosamine intermediate 1025,
for which the synthesis is described in Scheme 141, was
converted to its galactosamine analogue 1061 using nucleophilic
substitution with lithium benzoate, followed by ester meth-
anolysis (cf. Scheme 63 for another example of this approach)
and mesylation. In contrast to the fluoride displacement of 1025
(cf. Scheme 141), reaction of 1061 with KF in refluxing ethylene
glycol resulted in a significant amount of elimination product
1063, which is due to the availability of an antiperiplanar C—H
bond at the S-position. Other fluorination conditions, such as
lowering the temperature to 100 °C or using TBAF in refluxing
acetonitrile, either failed to give product or returned a complex
reaction mixture with 1062 formed in <40% yield. From 1062, a
protecting group change of OH-3 and conversion of the
benzamide group to an acetamide afforded 1065.

The Ling group has synthesized the peracetylated 4,6-
dideoxy-4,6-difluoro glucosamine 1076 (Scheme 146) using a
sequential deoxyfluorination approach.”””> N-Acetyl glucos-
amine was converted to its a-benzyl anomer 1066,"”" then
subjected to benzoylation conditions which were selective for
the 3- and 6-positions.*”>*”® Inversion of the OH-4 group in the
resulting 1067 was achieved by a Lattrell-Dax reaction to give
1068, followed by deoxyfluorination to give 1069."”° Benzoate
methanolysis to 1070*"® was followed by a protecting group
sequence to arrive at the free OH-6 in 1073, which was
subjected to another deoxyfluorination to give 1074. Anomeric
deprotection followed by acetylation then gave 1076.*”

The Karban group also used a sequential deoxyfluorination
approach to obtain 4,6-difluorinated GlcNAc derivatives based
on 1,6-anhydrosugar chemistry (Scheme 147).**”*** The key
intermediate 975, for which the synthesis was discussed in
Scheme 136, was converted to the acetate 1077a,*°* the

BQ

1077d.*°* Anhydro-bridge opening of 1077a—c using PhSTMS
was followed by separation to obtain the pure anomers, with the

462,463 .
in contrast to

a-anomer now clearly the major product,
the result obtained with the corresponding galacto-configured
derivatives (see Scheme 143). In some cases, the anomers were
contaminated by ring contraction products 1079. The opening
of the benzyl ether 1077d led to 1078d, the anomers of which
were not separated.”” Fluorination at OH-6 was carried out
with a-1078a—c, as discussed above to avoid complications with
apossible 1 — 6 migration with the -anomers (cf. Schemes 128
and 129), to give the 4,6-difluorinated GlcNAc derivatives
1080a—c in high yield.*** However, when the deoxyfluorination
was carried out on the mixture of benzyl anomers 1078d, an
excellent yield of 1080d was obtained with no mention of
migration issues.*” This is consistent, however, with the result
shown in Scheme 128C in which there was a low level of
migration product with the glucose-based substrate. Treatment
of the thus obtained 4,6-difluorinated derivatives 1080 with
NBS in aqueous medium gave the free hemiacetals 1081a—d,
whereupon the azide group was reduced with concomitant
acetylation to give 1082a—d."***** The benzyl ether was then
removed via hydrogenolysis to give 4,6-dideoxy-4,6-difluor-
0GIcNAc 1083

8.2. Fluorination at Three Positions

8.2.1. Fluorination at Positions 2,3,4. The Giguére group
reported the synthesis of the 6-azido 2,3,4-trifluorinated allose
derivative 1086 (Scheme 148) from advanced intermediate f-
547, for which the synthesis was described in Scheme 78.>”
Acetate hydrolysis followed by triflate activation and azide
substitution led to 1086, which was successfully used in a click
reaction with a dipeptide derivative (not shown).
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Scheme 149. Synthesis of 3,4,6-Trifluorinated GIcNAc and GalNAc*?

A) OH DAST, CH,Cl,, F NBS, H,0,
f g 2,4,6-collidine o) acetone
> F
OH Nagph 80°C,1h N3gph (91%)
OH microwave),
o /é&k 9 steps E ; PhSTMS, Ta983 55 crowa ) 1087 F
HO o (Scheme 136) F Na Znly, FF/&
D-Mannose (CH,C), o N3 ‘OH
F SPh 1088
Ns AcSH
B-983 (21%) C oy J (74%)
B
(B) E
OH OH DAST, CH,Cl,, o
HO’&& 6 steps HO o 2,4,6-collidine FF
oM F —_— AcHN
(Scheme 137) Sph 80°C,1h criN-OH
Ns “SPh 1089
D-Glucal 93 (microwave),
(93%)
F F F
NBS, H0, o AcSH, o
— > F —— F
N3 ‘SPh acetone N3 "OH py AcHN "OH
1090 (80%) 1091 (85%) 1092

8.2.2. Fluorination at Positions 3,4,6. The Karban group
disclosed the synthesis of 3,4,6-trifluorinated GIcNAc and
GalNAc 1089 and 1092."*° Advanced intermediate 977
(Scheme 149A), for which the synthesis was discussed in
Scheme 136, was treated with PhSTMS to achieve anhydro-
bridge opening with the formation of separable thioglycosides.
The a-anomer of 983 was reacted with DAST to effect OH-6
deoxyfluorination, giving 1087. After anomeric deprotection
and azide reduction/acetylation, this gave the trifluorinated
GIcNAc 1089.

Subjection of intermediate 993, obtained as discussed in
Scheme 137, to deoxyfluorination conditions led to 1090 in
excellent yield (Scheme 149B). Anomeric deprotection and
azide conversion then gave the trifluorinated GlcNAc 1092.

9. SIALIC ACIDS

Fluorinated sialic acids are being extensively explored and will be
discussed in this section. In particular, 2,3-difluorinated sialic
acids have been widely investigated as mechanism-based
inhibitors. Their synthesis is possible via direct vicinal difluoride
introduction (cf. sections 3.1.1, 6.1, and 8.1.1), although
hazardous reagents are required. Therefore, most syntheses of
2,3-difluorinated sialic acid analogues thus adopt a sequential
approach which in all cases involves obtaining C-3-fluorinated
sialic acid first, followed by anomeric fluorination. Because of the
number of analogues reported, often using different methods for
the first and second fluorination, these fluorination steps will be
discussed separately. Selected examples from the literature that
feature a single F-3 introduction are also included for discussion

purposes.
9.1. Nomenclature and Assignment

9.1.1. Nomenclature. The nomenclature of sialic acid and
its derivatives is complex and confusing, and errors can be found
in the literature. Hence, this section is included in order to
ensure consistent naming of derivatives. Sialic acid, or N-acetyl
neuraminic acid (Figure SA), is a non-2-ulonic acid derivative, or
non-2-ulopyranosonic acid if the ring structure is included in the
name. It has no substituent at the 3-position. For its IUPAC
systematic name,*”” the Fisher structure is considered (Figure

S). As there are more than four chiral centers, two configura-
tional prefixes are required for the stem name. For sialic acid,
these are D-galacto and D-glycero. However, when a single
fluorine (or any other substituent) is introduced at C-3, as in
1093, a new chiral center is created. Consequently, this results in
different configurational prefixes. For 1093, with (3R)-
configuration, this is L-manno and p-erythro. For the other C-
3-diastereomer 1094, this is L-gluco and p-erythro.

The a,f-assignment of the anomeric center is nontrivial, and
furthermore changes upon introduction of a (single) substituent
at C-3. Consideration of the so-called “anomeric reference
atom” is required. This is the highest numbered carbon atom of
the group of stereocenters within the configurational prefix
alongside the anomeric center, which is also involved in the
heterocyclic ring. For sialic acid and 1093, the configurational
prefix encompasses four stereocenters, but in sialic acid the 3-
position is ignored as it is not a chiral center. Hence, the different
atoms of the configurational prefixes involved in the ring
structures of sialic acid and 1093 result in a different anomeric
reference atom. These are indicated in Figure 5 with a blue dot.
For sialic acid, the substituents at the anomeric center and on the
reference atom are frans, hence the anomer shown is the f-
anomer. For 1093, the two substituents are cis, thus this is the a-
anomer. Hence, while both sialic acid and 1093 have the
anomeric OH group in the same axial position, their anomeric
assignment is different.

In this section, this [UPAC nomenclature will be used, even if
that differs from the nomenclature used in the referenced
publication.

CIP nomenclature can also be used to indicate F-3
configuration (e.g, 3(R) in 1093), but this is cumbersome
and not “at-a-glance”. Together with the difference in anomeric
assignment compared to sialic acid, a convenient system just
indicating the orientation of the fluorines on a chair
conformation as axial or equatorial (e.g., 2F,,3F,, Figure SC),
is sometimes used in the literature as well. This will also be
adopted here for the ease of discussion.

9.1.2. Identification. Given the occasional nomenclature
errors in literature experimental sections, it is useful to include a
section regarding anomeric assignment of 2,3-fluorinated sialic

BR https://doi.org/10.1021/acs.chemrev.2c00086
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Figure S. Nomenclature for sialic acid and 3-substituted sialic acids.

acids at C-2 and C-3. This is possible using NMR analysis;
relevant data are shown in Table 1 for the four possible 2,3-
difluorinated sialic acid compounds a/3-1095/ 1096.*7%*7 The
configuration of F-3 is easily determined through the magnitude
of the vicinal coupling between H-3 and H4: with F -3 this is a
trans-diaxial coupling with H-4 and hence *J;;;_y, will be around
8—10 Hz, while with F-3 ¥ 5y, will be much smaller.
Furthermore, the same is true for the vicinal F3—H-4 coupling:
with F,,-3 this is a trans-diaxial coupling and *Jp;_yy4 will be
between 25 and 30 Hz, while with F,-3 3] ia—p3 will be 15 Hz or
smaller (Table 1).

Determination of the configuration of F-2 is only straightfor-
ward in the presence of an F.-3 substituent, as only then are the
*Je—13 coupling constants of diagnostic value. This coupling
constant is 21 Hz for 2a3e and 14 Hz for 2e3e (Table 1). While
H3 or H-4 can be part of a multiplet, these values are typically
easily extracted from the '"F NMR spectrum. Unfortunately,
YE—F coupling constants do not adhere to the Karplus rule,
although they do have diagnostic value to distinguish 2,3-
difluorinated sialic acid derivatives: the largest (absolute) value
is found for the F2,,F3,, derivative (21 Hz), which is well above
the other values.

For unambiguous assignment vicinal *C—'""F coupling
constants need to be considered, which do adhere to the
Karplus rule. Hence, *Jc_g values will be higher for equatorial
fluorines compared to their axial counterparts. With F.-2
*Jca—pa values are 6—8 Hz, while with F_,-2 this coupling is not
observed, although a value of <2 Hz is expected (Table 1). The
same is seen for the *J._g; values, which are ~8 Hz when F-3 is
equatorial and <3 Hz when axial (not shown). Interestingly, a
geminal C—F coupling can have diagnostic value as well: Wray
noted that >J_p increases with the change of an electronegative
substituent bonded to the coupled carbon from a gauche to a

BS

trans-orientation with respect to the fluorine involved in the
coupling.>® With 2,3-difluorinated sialic acids, this is especially
useful for %Jc;_g, (Table 1): a value of 45 Hz is found for the
trans-diaxial F2_F3,, compound, whereas it has a much lower
value when the fluorines are gauche in 2e3a. The Wray-rule is not
useful for *Jc,_p;, presumably as there are two extra electro-
negative groups at C-2, but, given the stereochemistry of F-3 is
easily established otherwise, this is not an issue.

Given that in most cases F-2 is introduced after installation of
F-3 with known configuration, anomeric assignment is required.
A summary of diagnostic coupling constants to easily achieve

this is provided in Figure 6.

OH F COOH
d -
EQZLCOOH ey QZLCOOH . R#\F
fluorination
F F F
2a3a 2e3a
2Jc3,|:2 ~45 Hz >>> ~19 Hz
2JcoFr3  ~28Hz >> ~15 Hz
3Jcar2 <2 Hz < ~6 Hz
OH F COOH
deoxy-
[2077c0on O ogzcoon . 2o FF
fluorination
2a3a 2e3a
SJpoHs  ~20 Hz > ~14 Hz
2Jcar2 <2 Hz < ~8 Hz
SJr.F ~21 Hz > ~14 Hz

Figure 6. Diagnostic NMR values to assign anomeric configuration.
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Table 1. Diagnostic NMR Features of 2,3-Difluorinated Sialic Acid Derivatives. Data Taken from References 478 and 479

Structure 3 (ppm) J (Hz)
F-2 F-3 nzra Jrana | rans er | YUearr  HUar Yo
OH
HO
COCH
-122.0 -217.8 2.5 28.5 2.5 11 6 19 15
AcHN{ Q7 ~F
HO OH F 2e3a
HOOH
_ _ a a a
ACHN/@ZLCOOH 123.8 210.1 n.o. 29.3 n.o 13 n.o 45.0 27.9
HO OH F 2a3a
OH
HO COOH
O7—~F -113.4 -201.5 8.2 14.1 141 14.1 7.8 30.0 28.4
AcHN F
HO OH 2e3e
HOOH
AcHN%COOH -135.4 -203.2 m? 129 20.9 20.7 n.o? 28.8 24.4
HO oH 2a3e
“Not observed. “H-3 and H-4 are multiplets.
Scheme 150. Direct Difluorination Approach with F, to Give the 2F,,3F Adduct*®”
OH OH OA
HO OH Amberlite IR-120H, HO OH AcCl, AOTRC o DBU,
MeOH HCI benzene
AcHN 7207 ~COOH ACHN@\COOMe AcHN L7707 ~CcooMe
HO OH (80-88%) HO OH (quant.) AcO OAc (75%)
Sialic acid 1097 1098
AcO OAc . NaOMe, Ho OH .
MeOH /a\i\ NaOH, MeOH
O COOMe O COOMe
—> AcHN F AcHN - F
AcO CAc (77%) HO OH (76%)
a-1100 (36%) 1103 HOOH
OAc
Aco QA AcO OAc AcHN%Qi\FCOOH
Fa, HO OH
AcHN (7 ~0——COOMe = AcHN L /Q7 FCOOMe 01096
AcO AcOH AcO OAc
OAc
1089 1101 (7%)
OAc
AcO OAc
L+ AcHNLZ5Q7 ~COOMe
AcO OAc
F
1102

9.2. Simultaneous Fluorine Introduction at C-2 and C-3

The earliest syntheses of 2,3-difluorinated sialic acid analogues
employed electrophilic fluorination of the sialic acid glycal
intermediate 1099 (Scheme 150), which can be obtained from
sialic acid by methyl ester formation to 1097, acetylation of the
alcohol groups with concomitant conversion of the hemiketal to
the chloride 1098, and finally by elimination of the latter to the
conjugated ester.”””**! Reaction of 1099 with fluorine gas in
acetic acid gave the 2F,,3F . -difluorinated sialic acid derivative
a-1100 as the major product in 36% vyield, alongside the 2-
acetoxy-3-fluoro diastereomers 1101 and 1102 as side
products."®> With AcOF as the fluorinating agent, 1101 was
the major product and a-1100 and 1102 the minor products
(34%, 7.7%, 0.5% yields, respectively, not shown). Acetate

BT

methanolysis and acid hydrolysis of a-1100 gave a-1096, which
was reported to be a potent inhibitor against neuraminidase.***

This methodology was used by the Ikeda/Sato group on a
sialic acid glycal modified at the 4-position (Scheme 151).**
Starting from peracetylated sialic acid methyl ester 1104,***
which could be obtained from sialic acid without using
diazomethane via acid-catalyzed methyl ester formation
followed by alcohol acetylation,*® protection of the anomeric
center as the thiophenolate resulted in the formation of 1105.**
Deacetylation was followed by acetonide formation, which was
selective for the terminal side-chain position. The resulting 1106
was selectively alkylated at OH-4, upon which the acetonide was
hydrolyzed and all alcohols reprotected as acetates to give 1108.
Activation of the anomeric substituent with dimethyl-
(methylthio)sulfonium triflate (DMTST) allowed its elimina-
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Scheme 151. Synthesis of a 2,3-Difluorinated Sialic Acid Analogue Using a Direct Difluorination Strategy with F,"*
OH MeOH OAc OAc
HO AcO PhSH AcO 1) NaOMe
OH + OAc , SPh ’
DOWEX H BF.-E6,O MoOH
AcHN {707/ ~COCH hon AN ZZQ7 ~COOMe ——— o\ (7707 ~COOMe  —————>
HO OH Ac,0, py AcO OAc (81%) AcO OAc 2) 'ilfgé: ).
Sialic acid (89%) 1104 1105 81%)
\/\o OH OAc
0 1) BrCH,CN, HO AcO
SPh ,&gzo, TBAI e Ac,0, ¢ SPh 1) DMSTST
AcHN Q7 ~COOMe —————————= AcHNLLQY/ ~COOMe ——— 1\ Q7 ~COOMe — =
: 2) 80% AcOH HO OCHCN py . )
HO OH (47%, 2 1) 2 (98%) O OCH,CN (97%)
1106 1107 1108 OH
OAc HO E
AcO AcO OAC . Ho OH .
F2/No, KOH, AcHNL Q7 FCOOH
AcHNL7O—CoOMe " | Q7 FCO0Me ———= acn Q7 FCOOH =, HO J
AcO CHClj - MeOH - NH
OCH,CN @5%)  CO OCHCN (62%) HO OCH,CN 2
1109 1110 111 112 S
Scheme 152. Direct Difluorination Strategy with XeF, 79481
OAc
AcO XeF,, BF3-Et,0, AcO OAc HO OH E
o CH,Cly, -70 °C 1) NaOMe, MeOH
AcHN 7 COOMe O07=COOMe 07 =COOH
AcHN - F AcHN F
AcO then NaHCO3 AcO OA 2) NaOH HO
Ohe (41-62%) c (quant) OH
1099 a-1100 a-1096

(Scheme 150)

Scheme 153. Fluorine Introduction at C-3 via Reaction of Sialic Acid Glycal with SelectFluor!”0488:490:491

AcO QA
Aco OAC AcO CAc |
SelectFluor, 1113 (60%)
AcHN { (0] » COOMe
AcO T AcO QAC
1099 Bno OBn
(Scheme 150) AcHN (/207 COOMe nd
AcO OAc AcHN 7507 ~COOMe
© 1114 (20%) BnO OBn ¢
1) NaOMe, MeOH 1116 (57-69%)
aOMe, Me
Aco DA 2) NaH, BnBr, Bno QBN
then aq. NaOH SelectFluor, Bno OBN OH
AcHN O0—,-COOMe ————————————— ACHN O—,—COOMe
AcO 3) Mel, K,CO3, DMF BnO DMF, H,0 AcHNLZ~Q7 FCOOMe
OAc (64%) OBn 60°C, 1.5-3h BnO Ggn
1099 1115 0
(Scheme 150) 1117 (22-24%)
tion with DBU to give the key glycal intermediate 1109.** Wong group (Scheme 153A)."7%**® From the peracetylated
Reaction with diluted fluorine gas was reported to lead to 1110 glycal 1099, the F,,-3 and F -3 diastereomers 1113 and 1114
stereoselectively, which after deprotections gave the 2F,3F - were obtained in a 3:1 ratio (isolated yields) in excellent overall
difluorosialic acid derivative 1111. This was further converted to yield. The Ito/Kanie group reported that the reaction on the
the human sialidase inhibitor S-acetamido-3-cyanomethyl-2,5- perbenzylated derivative 1118, obtzgi;led via a protecting group
dideoxy-2,3-difluoro-a-p-erythro-L-gluco-2-nonulopyranosonic switch from 1099 (Scheme 153B)," was much faster and with
acid 1112.*%3 similar yields of the F,,-3 and F,,-3 stereomers compared to the
Alternatively, reaction of glycal 1099 (synthesis described in I eag})on of 1099, albeit with a slightly lower diastereoselectig;
Scheme 150) with xenon difluoride/BF; also leads to syn-vicinal ity.”" This result has been confirmed by the Gilmour grogg.
difluorination with the same facial selectivity as the reaction with This group also updated the original SYnt}ngiS of 1115™" by
F,, with no report of formation of F,-3-containing minor replacing diazomethane with iodomethane.
products (Scheme 152). 779481 Acetate methanolysis and methyl This fluorination methodology has also been employed for 4-
ester hydrolysis then gave a-1096. azido analogues, such as 1119 and 1123 (Scheme 154). The
93. St ise Introducti former can be obtained by Lewis acid activation of the allylic
-3. Stepwise Introduction acetate in 1099, which initiates cyclization of the NAc group to
9.3.1. Fluorination at C-3 from the Glycal. The reaction form a fused oxazoline, giving 1118. Reaction with azide under
of the sialic acid glycal with SelectFluor was first described by the acid activation at the allylic position provided the 4-azido group
BU https://doi.org/10.1021/acs.chemrev.2c00086
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Scheme 154. Fluorine Introduction at C-3 via Reaction of 4-Azido Modified Sialic Acid Glycal with SelectFluor*’****

OAc OAc
AcO BF 4 Et,0, AcO OAc AcO OH
MeOH, COOM
AcHNS/_O-—COOMe "~ "' 0—,—COOMe AcHNS 2 e
AcO I CHCly 1 / AO Ny [
1008 (96%) AcO 118 SelectFluor, 1120 (39%)
(Scheme 150) CH-NO,. H-O
LiN3, DMF, Dowex\ (73%) RN AcoPAC
50 W x 80(H")
Aco OAC AcHNL LR FCOOMe
AcO N3
AcHN O-,—COOMe 1121 (18%)
1) Boc,0O, DMAP (96%) AcO
2) NaOMe, MeOH N3 AcO OAC
3) Ac,0, py 1119
63%, 2 st
(63%. 251 i-PrcOHN L Z5Q/ ~COOMe
AcO QAC Aco QAC SelectFluor, ACO N3 ¢
1) TFA (85%) CH3NO,, H0, 1124 (A: 49%; B: 58%)
0—,—COOMe -PrCOHN 0—,—COOMe
BOCH,:'CO 7 2) i-PrCOCl AcO 7 A)5d,t Ao OAC
N3 Et3N, CH,Cl, N3 B) microwave C OH
(91%) 80 °C, 2h
1122 1123 -PreOHNL 797 FCOOMe
AcO N3

1125 (A: 17%; B: 35%)

Scheme 155. Fluorine Introduction at C-3 via Reaction of 4-Boc-amino Modified Sialic Acid Glycal with SelectFluor*”’

—

1) NaOMe, MeOH
Aco QA 1) Hy, Lindlar cat, AcO QAc 2) acetone, H* resin 00
EtOAc (88%, 2 st)
AcHNL/O0—COOMe ————— > i\ (70—, —COOMe ——————————=  pcHNL/_O_,—COOMe
AcO 2) Boc,O, AcO 3) PNPOCOCI, PNPO. O
N3 EtsN, THF NHBoc DMAP, py (80%) 3 NHBoc
119 (86%, 2 st) 1126 0
1127
(Scheme 154)
1) N3CH,CHoNH,, Aco DAC Ao QAC
py, DMAP (90%) SelectFluor,
AHNL7~0——COOMe — "~ AcHN 75707 ~COOMe
2) 80% HOAc NH_ O CH3NO,, H,0, NH. _Omi F
3)Acz0, py (80%, 2st) Ns 3 NHBoc t,4d N Boc
S 1128 (50%) 0 1129/1130
Scheme 156. Enzyme-Catalyzed Aldol Reaction Leading to 3-Fluorinated Sialic Acid*'"/*!%*7%49%:502
O \L
F
oA oo HO QM o 1) MeOH, TFA So
HO 0 ¢ Neus-aldolase 0/ ~coon 2 22-dimethoxypropane, OH
Ho ———— AcHN- AcHN O COOMe
(EC 4.1.3.3) HO OH F TsOH, NEt3, acetone Cl Ho o
_ 719 3 st
N-acetyl mannosamine (76-81%) (71% over 3 steps) F
1093
o 1131
Neu5-aldolase
F
\)J\COZNa (EC 4.1.3.3)
OH l OH i
HO OH HO OH
AGHNLZZQ7 ~COOH 4 pcn (7707 ZCOOH
HO on | HO OH
1093 1094
Ec aldolase: 52% 44%
Pm aldolase: 59% 40%

in 1119 with overall retention of configuration.*”* Subsequent
treatment of 1119 with SelectFluor in a nitromethane—water

long reaction time confirms the unreactive nature of the
acetylated glycal. Von Itzstein showed that reaction with

mixture at room temperature gave the F,-3 derivative 1120 as
the major isomer in 39% yield, alongside the F,-3 1121 in 18%
yield (2.2:1 ratio).*”® With the similar glycal 1123, the von
Itzstein group obtained similar product yields (49% for 1124,
17% for 1125) using these room temperature conditions.*”* The

BV

SelectFluor at 80 °C under microwave irradiation dramatically
decreased the reaction time, while increasing the product yield
and ratio. In 2 h, 1124 and 1125 were obtained in a 1.7:1 ratio in
93% combined yield (58% for 1124, 35% for 1125).*** Glycal
1123 can be obtained from 1119 by switching the N-acetyl for a
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Boc group, which proceeds first by Boc-protection of the amide
and acetamide hydrolysis, followed by the required reacetylation
of the alcohol groups to get 1122. Amine deprotection followed
by acylation with isobutanoyl chloride then provides
1123495496

With a less electron withdrawing NHBoc group at the 4-
position, as in glycal 1128 (Scheme 155), the SelectFluor
reaction required 4 days at room temperature to give a 50%
combined yield of 1129/1130.*” Unfortunately, no ratio was
reported. The glycal was obtained from 1119 by azide reduction
and subsequent Boc protection to give 1126, upon which the
remaining alcohols were deprotected. After terminal acetonide
formation, the OH-7 was activated to give the p-nitrophenyl
(PNP) carbonate 1127.*® Reaction with 1-amino-2-azido-
ethane gave the corresponding carbamate, after which the
acetonide protecting group was removed and the alcohols
reprotected as acetates, giving 1128. The mixture of 1129/1130
was taken forward for deoxyfluorination (see Scheme 170).

9.3.2. Aldolase Reaction with 3-Fluoropyruvate.
9.3.2.1. Unmodified ManNAc Starting Material. Sialic acid is
biosynthesized by an aldol reaction between N-acetyl mannos-
amine (ManNAc) and sodium pyruvate, which is catalyzed by
N-acetylneuraminic acid aldolase (EC 4.1.3.3). Following the
patent literature, the Withers group reported that this enzyme
effectively catalyzed the aldol reaction with monofluorinated
pyruvate to give 1093 (Scheme 156)."”® Only the formation of
the F,-3 stereomer was reported, in excellent yield (76%). The
Bennett group confirmed this result (81% yield),*"" as did the
Watts group when they isolated the protected F,, sialic acid
derivative 1131."”” However, using the same enzyme cloned
from Ecoli K12,°°° the Chen group obtained both F-3
diastereomers 1093 and 1094, with the F,-3 as the major
product in a 1.2:1 ratio of isolated yields.”> A similar result was
found using aldolase from Pasteurella multocida.”*' >

9.3.2.2. Modified ManNAc Starting Materials. The aldolase
enzyme also tolerates the use of modified ManNAc substrates,
which has been exploited to produce azide and alkyne
containing sialic acid derivatives for bioconjugation purposes.
Starting from N-(pent-4-ynoyl)-mannosamine 1133 (Scheme
157), synthesized from mannosamine hydrochloride with
activated pent-4-ynoic acid 1132,”** the aldolase reaction with
fluoropyruvic acid was reported by the Wong group to give a
mixture of C-3 diastereomers 1134 and 1135 (F,/F 7:1—

Scheme 157. Aldolase Reaction on a Substituted ManNAc
Substrate’?®

o

\
A
OH WO% oH |
NHsCl 1132 O J\/\
HO 03 o HNO \\
HO HO
oH  NEts, THF HO
Mannosamine (85%) 1133 OH

hydrochloride

OH
e} HO
OH
F\)J\COZNa H 0
N COOH
—
NeuAc-aldolase \\/\K(()HO OH

1134/1135 (F,,/Foq 7:1 - 3:1)

OAc
AcO
1. 1R-120, MeOH OAc
2. Ac,0, DMAP, py “ 07 ~COOMe
T, :
(35%. 3 1) \\/\\(oAco OAc |
1136

BW

3:1).°% Purification by chromatography was possible after
esterification and acetylation to afford 1136 in 35% yield over
three steps.

The aldolase reaction with fluoropyruvate also proceeds when
the N-acetyl group in ManNAc is modified to an azido group, as
in 1137 (Scheme 158), which can be achieved from mannos-
amine by a diazo transfer reaction.’”® The Chen group reported
that Pm aldolase was efficient in catalyzing this reaction to give
the F.-3 product 1138 in 68% yield after chromatography.®”*
The F,-3 product 1139 was formed as observed by TLC-
analysis, but the yield was low and no product was isolated. The
Ec aldolase was reported not to work efficiently with this
substrate.

The 6-deoxy-6-azido ManNAc substrate 1140 (Scheme
159A) can be obtained from ManNAc either in two steps,
involving selective OH-6 tosylation and displacement with
sodium azide,****" or in four steps when alcohol protection is
included (via 1141).°” The Withers group reported that
aldolase reaction of 1140 with fluoropyruvate gave, after ester
formation and alcohol acetylation, the F,,-3 isomer 1144 in 64%
isolated yield and the F.-3 isomer 1145 in 14% yield (4.6:1
ratio).>*® The Chen group also investigated 1140 (Scheme
159B).°” With their enzymes, 1144 and 1145 were obtained in
a much lower ratio (46% and 39% yield, 1.2:1 ratio), regardless
of whether Ec or Pm aldolase was used.

9.3.3. Deoxyfluorination at C-2 toward 2,3-Difluori-
nated Sialic Acid Analogues. In all cases, a DAST-type
deoxyfluorination reaction was employed to achieve the
formation of 2,3-difluorinated sialic acid analogues from 3-
fluorinated sialic acids.

9.3.3.1. With Unmodified 3-Fluorosialic Acid. Selective
deoxyfluorination of the anomeric hydroxy group requires full
protection of the other alcohol groups. Hence, 3-fluorosialic
acids obtained from aldolase reactions, such as 1093 (Scheme
160A), require carboxylic acid and alcohol protection, followed
by selective deprotection of the anomeric alcohol. From 1093
this sequence gave 1113, which can also be obtained as the
major product from the reaction of the sialic acid glycal (1099)
with SelectFluor (as shown in Scheme 153). A number of
publications mention that from 1113 $-1146 as the only isolated
deoxyfluorination product,*’**°* including when the safer
DAST alternative XtalFluor-E was used.”™' However, the
Withers group reported a full experimental process showing
that deoxyfluorination of 1113 gave a mixture of both anomeric
sialyl fluorides in 96% combined yield.*”” Samples of pure
anomers $-1146 (18%) and a-1146 (14%) were isolated, with
the remaining material in mixed fractions. Full deprotection of
each anomer gave the 2F 3F, and 2F 3F, sialic acid
derivatives $-1095 and -1095.*!1#78479:502

When an equatorial F-3 substituent was present, in 1114
(Scheme 160B), only the f-deoxyfluorination product 5-1100
was reported in 81—85% vyield. Deprotection then gave the
2F3F, sialic acid derivative $-1096"77°>

The F.-3 stereomer 1114 can be obtained from the
corresponding aldolase adduct (cf. Scheme 156) by the usual
protection conditions (not shown),”” but not all available
aldolase enzymes allow its synthesis. In such cases, 1114 can be
obtained as shown in Scheme 161 from the XeF, reaction
product a-1096 (cf. Scheme 152).*”° Hydrolysis of the sialyl
fluoride a-1096 led to F -3 sialic acid 1094, which was then
submitted to the carboxylic acid protection, alcohol protection,
and anomeric deprotection sequence. Alternatively, 1114 can be
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Scheme 158. Aldolase Reaction on 2-Deoxy-2-azido Mannose
TiN3, CuSO,, OH Ho OH Ho OH
NHSC' KZCO& N3 F A CO,Na
HOI L2 0 FCOOH + COOH
MeOH/HZO Neu5-aldolase O CH

Mannosamlne (80%) 1137 O (Pm) HO OH
hydrochioride 1138 (68%) 1139 (races)

Scheme 159. Aldolase Reaction on 6-Deoxy-6-azido ManNac**>°%*
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Scheme 160. Anomeric Deoxyfluorination on 3-Fluorinated Sialic Acids*'"*7%#7°02
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Scheme 161. Alternative Synthesis of F, -3 Sialic Acid"”” obtained as the minor isomer from the SelectFluor-mediated
OH fluorination of the sialic acid glycal 1099 (cf. Scheme 153).
F 50 mM HCI HP OH 9.3.3.2. With NAc-modified 3-fluorosialic acids. The Wong
AcHNSZ7Q7 FCOOH ————, 1N Q7 FCOOH group reported the synthesis of 1149 as a cell-permeable probe
HO oH (87%) HO OH for sialidase imaging and identification (Scheme 162).°%
o-1096 1094 Compound 1136, obtained as described in Scheme 157, was
selectively deprotected at the anomeric position to give 1147. In
AcHNLZ5QZ7 FCOOMe accordance with the results described in Scheme 160, DAST-
2) Acy0, D'\_/lAP, py (61:/0) AcO OAc mediated deoxyfluorination led to the formation of both
3 FNNHZ HOAC (76%) 114 anomers of 1148, here in a 2:1 f#/a ratio. The desired f-anomer
was then deprotected to give 1149.
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Scheme 162. Deoxyfluorination of (Protected) N-(4-Pentynoyl-Substituted F,.-3 Sialic Acid®*®
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Scheme 163. DAST-Mediated Deoxyfluorination of (Protected) 4-Deoxy-3-F,_ Sialic Acid**’
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Scheme 164. DAST-Mediated Deoxyfluorination of (Protected) 7-Deoxy-3-F,, Sialic Acid**®
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9.3.3.3. With Deoxygenated 3-Fluorosialic Acids. The Deoxygenation at the 4-position was achieved by selective
synthesis of a series of deoxygenated 2,3-difluorinated sialic reaction of 1131 (Scheme 163) with phenyl chlorothionofor-

mate to give the thiocarbonate 1150, with OH-7 being too
sterically hindered to react. Reduction with tributyl tin hydride
under 2,2-bis(tert-butylperoxy)butane (BTBPB) initiation

acids has been reported by the Watts group.*”” In all cases,

deoxygenation reactions were carried out starting from

isopropylidene-protected F,,-3 sialic acid 1131, for which the afforded 1151, which was then functionalized to allow anomeric
synthesis is described in Scheme 156. fluorination by acetal hydrolysis, peracetylation and anomeric
BY https://doi.org/10.1021/acs.chemrev.2c00086
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Scheme 165. DAST-Mediated Deoxyﬂuorination of (Protected) 8-Deoxy-3-F,, Sialic Acid*”’
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Scheme 166. DAST-Mediated Deoxyfluorination of (Protected) 9-Deoxy-3-F,, Sialic Acid**’
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deprotection to give 1152. DAST-mediated deoxyfluorination
led to the a-anomer of 1153 as the major isomer in a 1.5:1 ratio.
The configuration of $-1153 was proven using X-ray crystallo-
graphic analysis. Full deprotection of a-1153 afforded S5-N-
acetyl-2,3,4,5-tetradeoxy-3-fluoro-n-glycero-a-p-galacto-non-2-
ulopyranosonic fluoride 1154. Note that the deoxygenation at
the 4-position alters the configurational prefixes and anomeric
reference atom.

For deoxygenation at the 7-position (Scheme 164), 1131 was
benzoylated to give the 2,4-di-O-benzoyl product 1155 in 54%
yield, alongside the fully benzoylated 1156. As reaction with
phenyl chlorothionoformate led to an inseparable 1:1 mixture of
the desired thiocarbonate and a rearranged byproduct (not
shown), 1155 was instead reacted with 1,1’-thiocarbonyldiimi-
dazole. Subsequent tributyl tin hydride-mediated reduction with
a commercial initiator gave 1157, which was then converted
through a series of protecting group manipulations to give the
required deoxyfluorination substrate 1158. This reactionled to a
2:1 ratio of anomers, again with the desired anomer (-1159) as
the major product. Its deprotection then yielded 5-N-acetyl-
2,3,5,7-tetradeoxy-3-fluoro-n-glycero-f-L-manno-non-2-ulopyra-
nosonic fluoride 1160. Note that the deoxygenation at the 7-
position alters one of the configurational prefixes.

The synthesis of the C-8-deoxygenated derivative 1165 is
shown in Scheme 1685. Starting from 1131, full protection to give
1161 was followed by acetonide hydrolysis and selective

BZ

protection at the primary position to give the OH-8 unprotected
1162. Deoxygenation, followed by anomeric deprotection
resulted in 1163, which was subjected to deoxyfluorination to
give a mixture of anomers 1164. These could be separated after
ester hydrolysis and reprotection of the carboxylic acid.
Deprotection of the desired major f-anomer gave 5-N-acetyl-
2,3,5,8-tetradeoxy-3-fluoro-n-glycero-f-L-manno-non-2-ulopyra-
nosonic fluoride 1165.

Finally, the 9-deoxy derivative 1170 was synthesized from the
tribenzoate 1156 (Scheme 166), obtained as a byproduct from
the protection of 1131 as explained in Scheme 164. Acetal
hydrolysis was followed by installation of the cyclic thiocar-
bonate 1166. Reaction of the thiocarbonyl group with
iodomethane allowed the released iodide to react at C-9,
which was then reduced with tin hydride. The resulting 9-deoxy
derivative 1167 was fully deprotected at the alcohol groups, and
then peracetylated to allow selective deprotection of the
anomeric position, to afford 1168. Interestingly, deoxyfluorina-
tion gave a 1:1 mixture of anomers 1169, and the desired f-
anomer was deprotected to give 5-N-acetyl-2,3,5,9-tetradeoxy-
3-fluoro-p-erythro-f-L-manno-non-2-ulopyranosonic fluoride
1170.

9.3.3.4. With Azido-Substituted Sialic Acid Derivatives. A
series of azido-modified 2,3-difluorinated sialic acids have been
synthesized.

https://doi.org/10.1021/acs.chemrev.2c00086
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Scheme 167. Deoxyfluorination of (Protected) 4-Deoxy-4-azido-3-fluoro Sialic Acids*’>***3%
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The Withers group reported the synthesis of a series of 4-
substituted 2,3-difluorinated sialic acids (Scheme 167A).*%°%
Deoxyfluorination of 1120, for which the synthesis was
described in Scheme 154, gave the f-anomer 1171 in excellent
yield.*”* No formation of the q-anomer was reported.
Compound 1171 was then converted to derivatives $-1172
and 1175. The synthesis of a-1172 was also described,””
although the deoxyfluorination reaction leading to the
corresponding 2F, 3F,, isomer was not provided. The von
Itzstein group reported that DAST-mediated anomeric
deoxyfluorination of the similar 1124 (Scheme 167B), in
which the acetamido group is replaced by an isobutyramido
group, yielded both anomeric fluorides of 1176 in a 3:1 ratio,
with preferential formation of the S-anomer.*”* Their
deprotection gave the 2,3,5,8-tetradeoxy-3-fluoro-S-isobutyry-
lamido-p-erythro-L-manno-non-2-ulopyranosonic $- and a-fluo-
rides 1177.

With an equatorial F-3 substituent (Scheme 167C), both the
Withers and von Itzstein groups reported that deoxyfluorination
only led to the f-anomers, regardless of the amido group.*”****
Hence, 1121 and 1125 were converted to 1178 and 1179, which
after deprotection gave 1180 and 1181. The acetamido

CA

derivatives were then converted to the neuraminidase inhibitors
1182 and 1183.*”

The synthesis of a 2,3-difluorinated sialic acid with a modified
NAc group was reported by the Chen group (Scheme 168).°%*
In contrast to the Von Itzstein approach shown in Scheme
167B/C, this was achieved from the corresponding S-azido
neuraminic acid derivative 1138, for which the synthesis was
described in Scheme 158. Protection of 1138 to give 1184 was
followed by anomeric deprotection, which allowed deoxyfluori-
nation to give 1185 as the only reported anomer in excellent
yield. Full deprotection then gave 2,3,5-trideoxy-S-azido-3-
fluoro-p-erythro-f-L-gluco-non-2-ulopyranosonic fluoride 1186.
Azide reduction, amide bond formation with acetyloxyethanoyl
chloride, and acetate methanolysis then provided the 2,3-
difluorinated NeuSGc analogue 1187.

The synthesis of 9-azido-2,3-difluorinated sialic acids has
been reported by both the Withers and Chen groups (Scheme
169A).°9°% Anomeric deprotection of 1144 (synthesis
described in Scheme 159) resulted in 1188, whereupon DAST
treatment formed both anomers of 1189 in a 4:1 ff/« ratio of
isolated yields.”*® The Chen group reported only the formation
of B-1189 in 74% yield from 1144 (not shown).”*” The desired
P-anomer was then deprotected to give 1190 and converted to a
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Scheme 168. Deoxyfluorination of a (Protected) 5-Deoxy-5-
azido-3-fluoro Sialic Acid Analogue502
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number of probes, including the 7-hydroxycoumarin derivative
1191.°%

Starting from the F.-3 sialic acid derivative 1145 (Scheme
169B), anomeric deprotectlon and deoxyfluorination gave 1192
as the only reported stereomer. Deprotection gave S-N-acetyl-
2,3,5,9-tetradeoxy-9-azido-3-fluoro-p-erythro-p-L-manno-non-2-
ulopyranosonic fluoride 1193.°”

9.3.3.5. With Amino-Substituted Sialic Acid Derivatives.
Instead of a 4-azido group, 2,3-difluorinated sialic acids have also
been sgnthesned with a Boc-protected 4-amino group (Scheme
170)."”7 Yang et al. described a f3-selective deoxyfluorination of
the F,,-3/F ;-3 mixture 1129/1130, for which the synthesis is
described in Scheme 155. This led to a mixture of F-3
diastereomers 1194/1195 that were not separated at this
stage. Amine deprotection and subsequent introduction of a
protected guanidine group led to 1197/1198 in 83% yield.
Separation was possible at this stage, but only the yield of 1197
was reported (39%). Both 1197 and 1198 were then converted
to multivalent zanamivir analogues (not shown).

10. GLYCOSIDE FORMATION

This section is organized according to deoxyfluorination type,
and not by mechanism. A number of examples have already been

mentioned in preceding sections, for example, when anomeric
functionalization was required as a protecting group. These are
reproduced here for the sake of completion.

The larger electron withdrawing effect of fluorine compared
to that of an OH group results in a destabilization of the
transition states of anomeric C—O bond forming reactions,
which is pronounced when fluorination is adjacent to the
anomeric position.

10.1. Donor with Fluorination at Positions 2 and 3

The Giguere group reported the glycosidation of the anomeric
acetate 560 (Scheme 171) as allyl glycoside protection in order
to enable subsequent fluorination at the 6-postion (see Scheme
80).””> They reported that glycosidations starting from the
corresponding glycosyl bromide failed, but TMSOTf-catalyzed
allylation using allyl trimethylsilane proceeded to give a 44%
yield under microwave heating conditions. The glycosylation
failed when allyl alcohol was used, or when conventional heating
was employed. Starting from a predominantly a-configured
acetate, a 1:1.7 @:ff mixture of 561 was obtained.

For the tetrafluorinated donors 271 and 285 (cf. Schemes 36
and 38), the Linclau group explored an anomeric alkylation
strategy (Scheme 172). This is a comparatively infrequently
used glycosylation method in which the hemiacetal is
deprotonated, and then reacts as a nucleophile with an
electrophilic acceptor.”’’ Fluorination will facilitate the
deprotonation step, as the electron withdrawing effect stabilizes
the conjugate base. Following precedent by the Fried group on a
noncarbohydrate fluorinated cyclic hemiacetal,”'" reaction of
271 with KOH and Mel gave the methyl glycosides in excellent
yield with a modest anomeric ratio.”*” With the corresponding
C-4-epimer 285, the a-anomer of 1201 was obtained as the
ma]or product, although the conditions were slightly differ-

¢ Subsequent benzyl hydrogenolysis gave the deprotected
methyl glycosides 1200 and 1202.”%°"

With NaH as base, dichloromethane as solvent, and a long
chain alkyl triflate, 271 gave an inseparable anomeric mixture of
1203 with the f-anomer as the major product.”®’

10.2. Donors with Fluorination at Positions 2 and 4

The Lewis acid-mediated allylation described in Scheme 171 has
also been applied to 2,4-dideoxy-2,4-difluorinated glucose

Scheme 169. Deoxyfluorination of (Protected) 9-Deoxy-9-azido-3-fluoro Sialic Acids**>***
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(Scheme 159)
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Scheme 170. Deoxyfluorination of (Protected) 4-Deoxy-4-N-Boc-3-fluoro Sialic Acids"”’
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Scheme 171. Glycosyidation of a 2,3-Dideoxy-2,3-
difluorinated Sugar Derivative®’”
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donor 565 (Scheme 173A), which had also already been
described above as an anomeric protection reaction (see Scheme
81).””* This reaction gave a 61% yield of 566, alongside 20% of a
partially deprotected glycosidation product 1204. The Giguere
group also investigated anomeric alkylation methods.”'” With

Ag,0 as base (Scheme 173B), excellent yields and anomeric
selectivities were obtained for the glycosidation of 1205,
obtained from 565 by hydrazinolysis, with methyl and allyl
iodide to give 1206a,b. Glycosylation of 1-iodo-4-pentyne,
however, gave only a modest anomeric ratio of 1206¢c. With a
free OH-6 group, such as in 1207 (Scheme 173C), the reaction
also worked well, with 1208 obtained in 76% yield, although the
OH-6 group was partially allylated leading to 1209 in 23% yield.
An interesting result was obtained with a known direct
glycosidationSH’515 using a strong Lewis acid (Scheme 173D):
reaction of 1205 with the podophyllotoxin derivative 1210 gave
1211 in good yield. This glycosidation was thought to proceed
via the benzylic cation 1212 and, while the anomeric selectivity
was relatively modest, complete facial selectivity for the reaction
with 1212 was reported.”"”

Scheme 172. Glycosidation of 2,3-Dideoxy-2,2,3,3-tetrafluorinated Sugar Derivatives
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Scheme 173. Glycosidations with 2,4-Dideoxy-2,4-difluorinated Glucose Donors

A oac TMSOTF, CHyCN

NSy

F
Bn

272,513

o &R &R

F "OAc 90 °C, 45 min F OAl F TOAll
565 (microwave) 566 1204
(/B 6.5:1) (61%) (20%)
(Scheme 81) (/B 1:1)
(88%) | HoNNH,-HOAc, DMF
OAc : OAc OAc OAc E
Ag,0 (3 equiv), :
B géﬁk Do R e0G BroN. | Bho OMe Bho X\ OAll Bho S |
n DCE, RI, 60 ° n ¢+ Bn n n !
s c 60 °C o : - o/\/\\\;
a-Cc ' I
, a@r%ponly) b(®7% Bonly) c67% ap131) . 5
©  on OH OAll
F 0 Ag,0 (3 equiv), F 1)
BnO T BnO OAll * Ho OAlI
oH DCE, All-I, 60 °C E
1207 1208 (76%, B only) 1209 (23%, B only)
E OH ® E
() e o |
OAc OAc :< o) < O o] '
1210, BF;-OFEt,, e e (S o
F (0] F (0] ! : H o) i
BnO BnO | 2 O BF3OEt, !
MeCN, -20 °C I :
F "OH (62%) F O ' '
1205 ° 1211 é . MeO OMe MeO OMe |
(/B 1.7:1) ! OH OH !
! 1210 (= ROH) 1212 ;
cneme . cosylation o1 a 4,0-D1deoxy-2,0-diuorinate alactose onor
Scheme 174. Glycosylation of a 2,6-Dideoxy-2,6-difluorinated Galactose Donor*>*'*
1214,TMSOT, 1P Vo 3
CH,Cl, 9 !
E HO 2 i
(72%) AcHN | ; AcHNY ;
1217 ; |
(o:p 1:3) FrmocHN CO,fBuU i FmocHN™ ~CO,tBu 3
: 1214 |
| F !
1215, TMSOTT, 1 HO |
é 0 _ClsCCN, - Eé _ CHClz gg kg ! é:o
' HO
SoH DBU %) D AcHN
(89%) CI3 (57%) AcHN : o}
361 1213 1218 |
(Scheme 48) (a:p 1:2) i FmocHN™ “CO,tBu |
FmocHN CO,Bu ! 1215
F ; |
BnO . OBn !
1216, TMSOTT, o BnO i OAG !
CH,Cly, MeCN HHOONR :
2(6?9% F eho Bn O(CHy) N
1219 ORI L 1218 T e
516

10.3. Donors with Fluorination at Positions 2 and 6

The Hoffmann-Roder group achieved a number of glycosyla-
tions with the 2,6-dideoxy-2,6-difluorinated galactose donor
1213 (Scheme 174).**°'¢ This trichloroacetimidate donor was
obtained from 361 (see Scheme 48) using standard conditions.
Coupling with Ty derivatives 1214 and 1215 gave the
fluorinated Ty antigen analogues 1217 and 1218 in good yield
with moderate f-selectivities. Reaction with 1215 also led to a
small amount (<15%) of a 3,4-bisglycosylated product (not
shown). All attempts to increase the pf-selectivities were
fruitless.”” However, complete S-selectivity was achieved for

cb

the glycosylation of 1213 with 1216,” ° under conditions which

exploited the “nitrile-effect” by using a mixture of dichloro-
517,518 5

trichloroacetimidate rearrangement side reaction was success-

methane and acetonitrile at low temperature.

fully suppressed by using an inverse addition procedure, where
donor 1213 was added to a solution of 1216 and TMSOTf in
CH,Cl,/MeCN at —78 °C. The yield of this reaction was
slightly lower compared to glycosylations with nonfluorinated or
C-2-monofluorinated donors, which was attributed to its lower
reactivity. The disaccharide analogue 1219 was further

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch173&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch173&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch174&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?fig=sch174&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

converted to fluorinated Leishmania cap trisaccharides (not
shown).>'¢

Takagi’s group reported glycosidation of a 2,6,6,6-tetrafluori-
nated donor derived from 1220 (Scheme 175) with

Scheme 175. Glycosidation of a 2,6-Dideoxy-2,6,6,6-
tetrafluorinated Galactose Donor>'®

OAc |
MesSil,
F3C O F3C O
OA toluene OA
AOCF  (57%)  AcO " F
1220 1221
(Scheme 52)  gaunomycinone,
HgO, Hgly, | (67%)
CI(CHy),Cl

daunomycinone as the acceptor.’’® Compound 1220 was
synthesized by acetylation of 386, for which the synthesis was
described in Scheme 52.°'® They found that activation of the
anomeric center of 1220 was difficult, which was again
attributed to the electron withdrawing effect of the fluorines.
Both conventional bromination of 1220 (30% HBr in AcOH or
TiBr, in CH,Cl,/EtOAc) and ethyl thioglycoside formation
(EtSH, BF;-OEt, in CH,Cl,) only returned starting material.
However, based on the observation that phenyl thioglycosida-
tion [PhSSiMe;, Bu,NI, Znl, in CI(CH,),Cl] gave a mixture of
the phenyl thioglycoside and the glycosyl iodide 1221, the
synthesis of the latter was successfully achieved with Me,Sil (in
toluene at 80 °C) in reasonable yield. This glycosyl iodide could
be isolated after flash column chromatography and could be
stored for a few days at —30 °C, again testimony to the fluorine
electron withdrawing effect. Coupling of 1221 with daunomy-
cinone under Koenigs—Knorr conditions successfully and
selectively gave the a-L-glycoside 1222 in 67% yield.
Interestingly, glycosidation of the corresponding glycosyl
bromide donor 1223 without C-2-fluorination and with a
similar acceptor led to a 1:1 ratio of diastereomers,*"’ suggesting
the directing effect of the axial fluorine in 1221. The glycoside
1222 was then further converted to doxorubicin-type analogues
(not shown).*'*

10.4. Donors with Fluorination at Positions 3 and 4

The Giguere group also employed their Lewis acid-catalyzed
allylation for the anomeric protection of 569 (Scheme 176A), as
mentioned before in Scheme 82 with the synthesis of 3,4,6-
trideoxy-3,4,6-trifluoro-a-p-glucopyranose.””* A 48% yield of a
1:1 ratio of anomers 570 was obtained.

The Linclau group employed an anomeric alkylation for the
functionalization of the tetrafluorinated 407 and 408 (Scheme
176B) to effect their separation, as explained above in Scheme
55. This anomeric alkylation was reported to be highly j-
selective, with less than 3% of the a-anomers detected (*’F NMR
analysis). The amount of alkylation at the 2-postion was also
very small, and only observed for 407 (not shown).”*”

CE

Scheme 176. Glycosidations of Donors with
Deoxyfluorination at the 3 and 4-Positions””>***
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10.5. Donors with Fluorination at Positions 3 and 6

The Karban group reported two glycosylations with donor 1012
(Scheme 177), for which the synthesis was described in Scheme
139.%* Under N-iodosuccinimide (NIS) activation, donor 1012
reacted with acceptors 213 and 1223 to obtain anomeric
mixtures of disaccharides 1224 and 1225, respectively.
Anomeric separation proved difficult, further complicated by
byproducts, and only the isolated yield of the anomers shown
could be provided. The obtained anomeric ratios from this 3,6-
difluorinated donor were higher with the less reactive acceptor
1223, but overall these glycosylations had a lower a/f ratio
compared to glycosylations with the corresponding 3-fluori-
nated donors with ester groups at the 6-position, which was
attributed to the a-directing effect of 6-O-acyl groups.

10.6. Donors with Fluorination at Positions 4 and 6

Lucas et al. achieved glycosidation of the 4,6-dideoxy-4,6-
difluorinated galactosyl bromide donor 1226 with ethylene
glycol (Scheme 178), en route to carbohydrate-oligonucleotide
conjugates.””’ Only the f-anomer 1227 was reported. The
Giguere group also demonstrated their BF;-OEt,-catalyzed
glycosylation of podophyllotoxin derivative 1210 with the 4,6-
dideoxy-4,6-difluorinated glucose donor 1228, as already
discussed in Scheme 173. This gave 1229 with modest anomeric
selecvtivity but with retention of the alcohol configuration of the
aglycon.>"”

10.7. Donors with Fluorination at Positions 2, 3, and 4

Glycosidation under phase-transfer conditions of the trifluori-
nated galactosyl bromide donor 575 (Scheme 179) had been
described as part of the synthesis of 2,3,4,6-tetradeoxy-2,3,4,6-
tetrafluoro-a-p-galactopyranoside derivatives (Scheme
84).>”**”> Displacements of the bromide by both nucleophiles
gave the products 576 and 583 with clean inversion of anomeric
configuration. In the case of reaction with deprotonated methyl
4-hydroxybenzoate, 20% of the E2-elimination side product
1230 was also isolated.

In contrast, nucleophilic displacement attempts on the
corresponding trifluorinated allosyl bromide 1231, generated
from 545 under the usual conditions, met with failure.””®
Reaction with methyl 4-hydroxybenzoate or with a glycosyl
sulfide precursor led to the formation of the allal derivative 1232.
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Scheme 177. Glysosylation of a 3,6-Difluorinated Donor*®>
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Scheme 178. Glycosylations of Donors with Deoxyfluorination at the 4 and 6-Positions
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Scheme 179. Glycosidation of a 2,3,4-Trideoxy-2,3,4-trifluorinated Galactose Donor””*>"*
Ho@—cozme OAc OAc
BuyNSO,H, Na,COs, gﬂ \@ %&
EtOAc CO,Me
OAC OAc ’
HBr, AcOH (60%, 2 st) 0576 1230
F (60%, 2 st) (20%)
F OAc
5
(Scheme 74) Scheme 84) " F _OAc
BusNSO,H, Na,CO3, EtOAC, § S/
(94%, 2 st)
) BU4NSO4H Na2003
OAc OAc OAC
HBr, HOAc OCOOMe
F 0 F 0 F (0]
78 h —
F545F OAc (81%) F FBrJ b) TBAF, OAc A
1231
Scheme 78 . AcO 1232
( ) (c/p 3.3:1) AcO STIPS (trace amount, conditions a)

(56%, conditions b)

The difference in outcome was attributed to the availability of
the C-2—H bond in 1231 compared to that in 5§75, with the axial
F-4 in 575 hindering the E2 process.””® Presumably, the
antiperiplanar F-3 in 1231 increases the reactivity of H-2 toward
elimination as well.

Investigations toward alternative glycosidation method-
ologies for this donor were successful and are described in
Scheme 180. Microwave irradiation of 545 at 100 °C (Scheme
180A) with allyloxytrimethtyl silane under Lewis acid catalysis

CF

yielded the separable allyl alloside anomers 547 (cf. also Scheme
78), with the a-anomer isolated in 22% yield and the f-anomer
in 7% yield.””> However, an anomeric alkylation strategy from
the reducing sugar 1233 (Scheme 180B), obtained from 545 by
hydrazinolysis, using primary alkyl iodide electrophiles and
Ag,)O in dichloromethane resulted in excellent yields of the
2,3,4-trifluorinated allosyl glycosides 1234a—c as f-anomers
only.’"? Product 1234c was accompanied by 5% of the
corresponding 6-deacetylated byproduct (not shown). Reaction
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Scheme 180. Successful Glycosidation Methodologies for 2,3,4-Trideoxy-2,3,4-trifluoroallose Donors
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of 1233 with methyl 16-iodohexadecanoate and 1,4-diiodobu-
tane gave 1234d,e in a lower yield. Unfortunately, other primary
iodides such as 1235 and 1236 failed to give any product. With
more hindered iodides, such as cyclohexyl iodide, the yield
dropped further to 29% (1234f), and reaction with cholesterol
iodide gave no product (not shown). However, reaction with
secondary iodide 1237 (Scheme 180C) did give a 25% yield of
the corresponding glycoside 1238 (with concomitant oxidation
to the o0-quinone), although in a 7.3:1 ratio at C-4 in favor of the
4S-stereomer (retention of configuration). As discussed in
Scheme 173, the corresponding cation 1212 (not shown here)
reacts with complete facial selectivity. Indeed, with alcohol 1210
as the acceptor, trifluoroallosylated podophyllotoxin derivative
1239 was obtained with complete retention of stereochemistry
at C-4. The stereochemical outcome for the reaction of 1233
with 1237 could indicate the occurrence of an Sy2 reaction as a
minor pathway.”"

Finally, the Giguere group also established that the reaction of
545 with allyl trimethylsilane under TMSOT catalysis at 85 °C
(conventional heating) led to the C-glycoside 1240 with
complete a-selectivity (Scheme 181).>%

11. CONCLUSION

There is a large body of synthetic work for the synthesis of
polyfluorinated carbohydrates, with most of the positional
combinations for dideoxy difluorination of pentoses and hexoses

CcG

Scheme 181. C-Glycosidation of a 2,3,4-Trideoxy-2,3,4-
trifluoroallose Donor*®®
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exemplified and, at least for glucose, many of the trideoxy
trifluorination combinations. Dideoxy difluorination method-
ologies at positions 1 and 2 of pentoses and hexoses (positions 2
and 3 for sialic acids) have been extensively investigated given
their applications. Applications in nucleoside chemistry have led
to a large body of work toward 2’,3’-dideoxy difluorinated
pentoses.

By and large, the fluorination methodologies used in
polyfluorosugar synthesis are also used in the synthesis of
monodeoxyfluorinated sugars. The opening of epoxides, DAST-
mediated deoxyfluorination, and reaction of glycals with
SelectFluor are the most common methods, and the use of
1,6-anhydrosugars has proven particularly useful for controlled
fluorine introduction at positions 2—4, despite the possible
rearrangements, not least because of the possibility for
deoxyfluorination at the 3-position with retention of config-
uration.
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Many older syntheses described above, dating from the pre-
DAST /selectFluor era, will be easily further optimized, and in
this regard further synthetic advances will undoubtedly be
possible with more recently developed fluorination agents and
methodologies, as well as by considering the updated
Richardson-Hough rules with the use of triflate leaving
groups. 19120

The glycosidation of polyfluorinated sugars is an area where
further advances are sorely needed to exploit their full potential
as bioactive compounds or carbohydrate materials, both
regarding glycoside formation with other sugars as well as with
aglycons, including biomolecules. The modification of glycosyl
donor reactivities by polyfluorination is naturally even more
pronounced than with monofluorinated sugars, and perhaps the
development of other methodologies than the traditional acid-
catalyzed/electrophile-induced or base-mediated anomeric
glycosidation will provide extra opportunities. A recent example
by the Gilmour group allowing glycosidation of a 2,2-
difluorinated reducing sugar appears very promising.’”'
Establishing eflicient protocols to employ polyfluorinated
sugar donors in an automated glycan synthesis setting will be
another key advancement. It is worth pointing out that
enzymatic glycosyl formation with polyfluorinated donors has
not yet been achieved.””” Much work also remains to be done
regarding establishing reactivities of hydroxyl groups in
fluorinated sugar acceptors, both in chemical and enzymatic
glycosylations.

Despite the large body of work involving 1,2- and 1,5-
difluorinated carbohydrates, 2,3-difluorinated sialic acids, and
with 2’,3'-diflluorinated nucleosides aside, there is still relatively
little work to date on the investigation of biological activities of
polyfluorinated carbohydrates, especially as part of glycans and
multivalent constructs. This is largely due to the lack of eflicient
glycoside formation methodologies, and hence there are many
opportunities for further development in this area.

Finally, the past few years have seen interesting results
regarding how fluorination, including polyfluorination, influen-
ces key pharmaceutically relevant properties, such as lip-
ophilicity. Clearly this is an area with great future perspectives,
especially as new glycosyl formation methodologies become
available. The first lipophilicities of disaccharides have only
recently been reported by the Karban group.”*” It will also be of
interest to explore whether glycan conformation®* will be
significantly influenced by polyfluorination.

In summary, the synthesis of polyfluorinated carbohydrates
has reached an advanced state, with the synthetic frontier now
being their efficient conversion into glycosides. Achieving this
will unlock their potential in chemical biology, and medicinal
and materials chemistry.

AUTHOR INFORMATION
Corresponding Author

Bruno Linclau — School of Chemistry, University of
Southampton, Southampton SO17 1BJ, U.K.; Department of
Organic and Macromolecular Chemistry, Ghent University,
Ghent 9000, Belgium; ® orcid.org/0000-0001-8762-0170;
Email: Bruno.linclau@ugent.be

Author

Kler Huonnic — School of Chemistry, University of
Southampton, Southampton SO17 1BJ, UK,; © orcid.org/
0000-0002-8531-2307

CH

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemrev.2c00086

Notes

The authors declare no competing financial interest.
Biographies

Kler Huonnic received a technical degree in chemical engineering and
applied physics (2017) in Lannion, France. She obtained an
engineering degree in organic chemistry at ENSICAEN and a masters
degree at the University of Caen in 2020. She is now a Ph.D. student at
the University of Southampton where she works on the synthesis and
glycosidation of fluorinated carbohydrates.

Bruno Linclau obtained his Licentiate in Sciences (Chemistry) degree
from the University of Ghent (Belgium), where he also obtained his
Ph.D. in 1996 with Prof. Maurits Vandewalle. He carried out
postdoctoral research with Professor Dennis P. Curran at the University
of Pittsburgh, Pittsburgh PA (USA) in the field of fluorous chemistry,
with a fellowship from the Belgian American Educational Foundation.
He joined the faculty at Southampton University in 1999, where he was
promoted to full Professor in 2015. In 2021 he moved back to the
University of Ghent as Senior Full Professor in Organic Chemistry. His
main research interests involve investigating how fluorination modifies
important properties such as conformation, lipophilicity, and hydrogen
bonding of druglike structures, carbohydrates, and amino acids.

ACKNOWLEDGMENTS

K.H. and B.L. thank the University of Southampton for funding,
and B.L. acknowledges Ghent University and the Research
Foundation Flanders (FWO, Belgium) for an Odysseus Type I
grant (GOFS621N).

REFERENCES

(1) Su, L.; Feng, Y.; Wei, K; Xu, X; Liu, R; Chen, G. Carbohydrate-
Based Macromolecular Biomaterials. Chem. Rev. 2021, 121, 10950—
11029.

(2) Smith, D. F,; Cummings, R. D. Investigating Virus-Glycan
Interactions Using Glycan Microarrays. Curr. Opin. Virol. 2014, 7, 79—
87.

(3) Kline, K. A;; Filker, S.; Dahlberg, S.; Normark, S.; Henriques-
Normark, B. Bacterial Adhesins in Host-Microbe Interactions. Cell Host
Microbe 2009, S, 580—592.

(4) Thompson, A. J.; de Vries, R. P.; Paulson, J. C. Virus Recognition
of Glycan Receptors. Curr. Opin. Virol. 2019, 34, 117—129.

(5) van Kooyk, Y.; Rabinovich, G. A. Protein-Glycan Interactions in
the Control of Innate and Adaptive Immune Responses. Nat. Immunol.
2008, 9, 593—601.

(6) Crocker, P. R.; Paulson, J. C.; Varki, A. Siglecs and Their Roles in
the Immune System. Nat. Rev. Immunol. 2007, 7, 255—266.

(7) Watanabe, Y.; Bowden, T. A; Wilson, I. A; Crispin, M.
Exploitation of Glycosylation in Enveloped Virus Pathobiology.
Biochim. Biophys. Acta Gen. Subj. 2019, 1863, 1480—1497.

(8) Temme, J. S.; Butler, D. L; Gildersleeve, J. C. Anti-Glycan
Antibodies: Roles in Human Disease. Biochem. J. 2021, 478, 1485—
1509.

(9) Bertozzi, C. R.; Kiessling, L. L. Chemical Glycobiology. Science
2001, 291, 2357—2364.

(10) Luca, U.; Ana, G.; Pablo, V.; Ilaria, C.; Helena, C.; Stefania, M.;
Ana, P.; Ana, A,; Jesus, J.-B. Glycans in Infectious Diseases. A Molecular
Recognition Perspective. Curr. Med. Chem. 2017, 24, 4057—4080.

(11) Valverde, P.; Ard4, A.; Reichardt, N.-C.; Jiménez-Barbero, J.;
Gimeno, A. Glycans in Drug Discovery. MedChemComm 2019, 10,
1678—1691.

(12) Toone, E. J. Structure and Energetics of Protein Carbohydrate
Complexes. Curr. Opin. Struct. Biol. 1994, 4, 719—728.

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bruno+Linclau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8762-0170
mailto:Bruno.linclau@ugent.be
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kler+Huonnic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8531-2307
https://orcid.org/0000-0002-8531-2307
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00086?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c01338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.coviro.2014.05.005
https://doi.org/10.1016/j.coviro.2014.05.005
https://doi.org/10.1016/j.chom.2009.05.011
https://doi.org/10.1016/j.coviro.2019.01.004
https://doi.org/10.1016/j.coviro.2019.01.004
https://doi.org/10.1038/ni.f.203
https://doi.org/10.1038/ni.f.203
https://doi.org/10.1038/nri2056
https://doi.org/10.1038/nri2056
https://doi.org/10.1016/j.bbagen.2019.05.012
https://doi.org/10.1042/BCJ20200610
https://doi.org/10.1042/BCJ20200610
https://doi.org/10.1126/science.1059820
https://doi.org/10.2174/0929867324666170217093702
https://doi.org/10.2174/0929867324666170217093702
https://doi.org/10.1039/C9MD00292H
https://doi.org/10.1016/S0959-440X(94)90170-8
https://doi.org/10.1016/S0959-440X(94)90170-8
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(13) Krasnova, L; Wong, C. H. Oligosaccharide Synthesis and
Translational Innovation. J. Am. Chem. Soc. 2019, 141, 3735—3754.

(14) Arda, A.; Jimenez-Barbero, J. The Recognition of Glycans by
Protein Receptors. Insights from NMR Spectroscopy. Chem. Commun.
2018, 54, 4761—4769.

(15) Burke, H. M.; Gunnlaugsson, T.; Scanlan, E. M. Recent Advances
in the Development of Synthetic Chemical Probes for Glycosidase
Enzymes. Chem. Commun. 2018, 51, 10576—10588.

(16) Linclau, B.; Arda, A.; Reichardt, N. C.; Sollogoub, M.; Unione, L.;
Vincent, S. P.; Jimenez-Barbero, J. Fluorinated Carbohydrates as
Chemical Probes for Molecular Recognition Studies. Current Status
and Perspectives. Chem. Soc. Rev. 2020, 49, 3863—3888.

(17) Fernandez-Tejada, A.; Canada, F. J.; Jimenez-Barbero, J. Recent
Developments in Synthetic Carbohydrate-Based Diagnostics, Vaccines,
and Therapeutics. Chem.—Eur. J. 2015, 21, 10616—10628.

(18) Glaudemans, C. P. J.; Kovac, P. Probing the Combining Site of
Monoclonal IgA J539 Using Deoxyfluoro- and Other Galactosides as
Ligands. Mol. Immunol. 1985, 22, 651—653.

(19) Street, L. P.; Armstrong, C. R.; Withers, S. G. Hydrogen Bonding
and Specificity. Fluorodeoxy Sugars as Probes of Hydrogen Bonding in
the Glycogen Phosphorylase-Glucose Complex. Biochemistry 1986, 25,
6021—-6027.

(20) Glaudemans, C. P. J. Mapping of Subsites of Monoclonal, Anti-
Carbohydrate Antibodies Using Deoxy and Deoxyfluoro Sugars. Chem.
Rev. 1991, 91, 25-33.

(21) Tysoe, C.; Withers, S. G. Fluorinated Mechanism-Based
Inhibitors: Common Themes and Recent Developments. Curr. Top.
Med. Chem. 2014, 14, 865—874.

(22) Rempel, B. P.; Withers, S. G. Covalent Inhibitors of Glycosidases
and their Applications in Biochemistry and Biology. Glycobiology 2008,
18, 570—-586.

(23) Tengel, T.; Fex, T.; Emtenas, H.; Almqvist, F.; Sethson, I;
Kihlberg, J. Use of F-19 NMR Spectroscopy to Screen Chemical
Libraries for Ligands That Bind to Proteins. Org. Biomol. Chem. 2004, 2,
725-=731.

(24) Diercks, T.; Ribeiro, J. P.; Canada, F. J.; Andre, S.; Jimenez-
Barbero, J.; Gabius, H. J. Fluorinated Carbohydrates as Lectin Ligands:
Versatile Sensors in F-19-Detected Saturation Transfer Difference
NMR Spectroscopy. Chem.—Eur. J. 2009, 15, 5666—5668.

(25) Andre, S.; Canada, F. J.; Shiao, T. C.; Largartera, L.; Diercks, T.;
Bergeron-Brlek, M.; el Biari, K; Papadopoulos, A.; Ribeiro, J. P,;
Touaibia, M.; et al. J. Fluorinated Carbohydrates as Lectin Ligands:
Biorelevant Sensors with Capacity to Monitor Anomer Affinity in F-19-
NMR-Based Inhibitor Screening. Eur. J. Org. Chem. 2012, 2012, 4354—
4364.

(26) Matei, E.; Andre, S.; Glinschert, A.; Infantino, A. S.; Oscarson, S.;
Gabius, H. J.; Gronenborn, A. M. Fluorinated Carbohydrates as Lectin
Ligands: Dissecting Glycan-Cyanovirin Interactions by Using F-19
NMR Spectroscopy. Chem.—Eur. J. 2013, 19, 5364—5374.

(27) Ribeiro, J. P.; Diercks, T.; Jimenez-Barbero, J.; Andre, S.; Gabius,
H. J.; Canada, F. J. Fluorinated Carbohydrates as Lectin Ligands:
(19)F-Based Direct STD Monitoring for Detection of Anomeric
Selectivity. Biomolecules 20185, S, 3177—3192.

(28) Diercks, T.; Infantino, A. S.; Unione, L.; Jimenez-Barbero, J.;
Oscarson, S.; Gabius, H. J. Fluorinated Carbohydrates as Lectin
Ligands: Synthesis of OH/F-Substituted N-Glycan Core Trimannoside
and Epitope Mapping by 2D STD-TOCSYreF NMR Spectroscopy.
Chem.—Eur. J. 2018, 24, 15761—15765.

(29) Valverde, P.; Quintana, J. I; Santos, J. L; Ard4, A.; Jiménez-
Barbero, J. Novel NMR Avenues to Explore the Conformation and
Interactions of Glycans. ACS Omega 2019, 4, 13618—13630.

(30) Martinez, J. D.; Manzano, A. L; Calvino, E.; Diego, A.; Rodriguez
de Francisco, B.; Romano, C.; Oscarson, S.; Millet, O.; Gabius, H. J.;
Jimenez-Barbero, J.; et al. J. Fluorinated Carbohydrates as Lectin
Ligands: Simultaneous Screening of a Monosaccharide Library and
Chemical Mapping by (19)F NMR Spectroscopy. J. Org. Chem. 2020,
85, 16072—16081.

Cl

(31) Tyrikos-Ergas, T.; Fittolani, G.; Seeberger, P. H.; Delbianco, M.
Structural Studies Using Unnatural Oligosaccharides: Towards Sugar
Foldamers. Biomacromolecules 2020, 21, 18—29.

(32) Ernst, B.; Magnani, J. L. From Carbohydrate Leads to
Glycomimetic Drugs. Nat. Rev. Drug Discovery 2009, 8, 661—677.

(33) Tamburrini, A.; Colombo, C.; Bernardi, A. Design and Synthesis
of Glycomimetics: Recent Advances. Med. Res. Rev. 2020, 40, 495—531.

(34) Bernardi, A.; Jimenez-Barbero, J.; Casnati, A.; De Castro, C.;
Darbre, T.; Fieschi, F.; Finne, J.; Funken, H.; Jaeger, K. E.; Lahmann,
M,; et al. A. Multivalent Glycoconjugates as Anti-Pathogenic Agents.
Chem. Soc. Rev. 2013, 42, 4709—4727.

(35) Cecioni, S.; Imberty, A; Vidal, S. Glycomimetics versus
Multivalent Glycoconjugates for the Design of High Affinity Lectin
Ligands. Chem. Rev. 2018, 115, 525—561.

(36) Lundquist, J.J.; Toone, E. J. The Cluster Glycoside Effect. Cherm.
Rev. 2002, 102, 555—578.

(37) Fasting, C.; Schalley, C. A.,; Weber, M.; Seitz, O.; Hecht, S,;
Koksch, B.; Dernedde, J.; Graf, C.; Knapp, E.-W.; Haag, R. Multivalency
as a Chemical Organization and Action Principle. Angew. Chem., Int. Ed.
2012, 51, 10472—10498.

(38) Hevey, R. Bioisosteres of Carbohydrate Functional Groups in
Glycomimetic Design. Biomimetics (Basel) 2019, 4, 53.

(39) Hevey, R. Strategies for the Development of Glycomimetic Drug
Candidates. Pharmaceuticals 2019, 12, 55.

(40) Hevey, R. The Role of Fluorine in Glycomimetic Drug Design.
Chem.—Eur. J. 2021, 27, 2240—2253.

(41) Hoffmann-Réder, A.; Kaiser, A; Wagner, S; Gaidzik, N.;
Kowalczyk, D.; Westerlind, U.; Gerlitzki, B.; Schmitt, E.; Kunz, H.
Synthetic Antitumor Vaccines from Tetanus Toxoid Conjugates of
MUCI Glycopeptides with the Thomsen-Friedenreich Antigen and a
Fluorine-Substituted Analogue. Angew. Chem., Int. Ed. 2010, 49, 8498—
8503.

(42) Hoffmann-Roder, A.; Johannes, M. Synthesis of a MUCI-
Glycopeptide-BSA Conjugate Vaccine Bearing the 3'-Deoxy-3'-fluoro-
Thomsen-Friedenreich Antigen. Chem. Commun. 2011, 47, 9903—
9905.

(43) Oberbillig, T.; Mersch, C.; Wagner, S.; Hoffmann-Roeder, A.
Antibody Recognition of Fluorinated MUCI Glycopeptide Antigens.
Chem. Commun. 2012, 48, 1487—1489.

(44) Wei, M. M.; Wang, Y. S.; Ye, X. S. Carbohydrate-based Vaccines
for Oncotherapy. Med. Res. Rev. 2018, 38, 1003—1026.

(45) Anderluh, M.; Berti, F.; Bzducha-Wrébel, A,; Chiodo, F.;
Colombo, C.; Compostella, F.; Durlik, K.; Ferhati, X.; Holmdahl, R;;
Jovanovic, D. Recent Advances on Smart Glycoconjugate Vaccines in
Infections and Cancer. FEBS J. 2021, No. 15909, DOI: 10.1111/
febs.15909.

(46) Mettu, R;; Chen, C.-Y.; Wy, C.-Y. Synthetic Carbohydrate-based
Vaccines: Challenges and Opportunities. J. Biomed. Sci. 2020, 27, 9.

(47) Ribeiro Morais, G.; Falconer, R. A.; Santos, I. Carbohydrate-
Based Molecules for Molecular Imaging in Nuclear Medicine. Eur. J.
Org. Chem. 2013, 2013, 1401—1414.

(48) Feng, H.; Wang, X; Chen, J.; Cui, J.; Gao, T.; Gao, Y.; Zeng, W.
Nuclear Imaging of Glucose Metabolism: Beyond 18F-FDG. Contrast
Media Mol. Imaging 2019, 2019, 7954854

(49) Shinde, S. S.; Maschauer, S.; Prante, O. Sweetening
Pharmaceutical Radiochemistry by 18F-Fluoroglycosylation: Recent
Progress and Future Prospects. Pharmaceuticals 2021, 14, 1175.

(50) Kim, H. W.; Rossi, P.; Shoemaker, R. K,; DiMagno, S. G.
Structure and Transport Properties of a Novel, Heavily Fluorinated
Carbohydrate Analogue. J. Am. Chem. Soc. 1998, 120, 9082—9083.

(1) Biffinger, J. C.; Kim, H. W,; DiMagno, S. G. The Polar
Hydrophobicity of Fluorinated Compounds. Chembiochem 2004, S,
622—627.

(52) Linclau, B.; Wang, Z.; Compain, G.; Paumelle, V.; Fontenelle, C.
Q.; Wells, N.; Weymouth-Wilson, A. Investigating the Influence of
(Deoxy)fluorination on the Lipophilicity of Non-UV-Active Fluori-
nated Alkanols and Carbohydrates by a New log P Determination
Method. Angew. Chem., Int. Ed. 2016, SS, 674—678.

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1021/jacs.8b11005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b11005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC01444B
https://doi.org/10.1039/C8CC01444B
https://doi.org/10.1039/C5CC02793D
https://doi.org/10.1039/C5CC02793D
https://doi.org/10.1039/C5CC02793D
https://doi.org/10.1039/C9CS00099B
https://doi.org/10.1039/C9CS00099B
https://doi.org/10.1039/C9CS00099B
https://doi.org/10.1002/chem.201500831
https://doi.org/10.1002/chem.201500831
https://doi.org/10.1002/chem.201500831
https://doi.org/10.1016/0161-5890(85)90094-X
https://doi.org/10.1016/0161-5890(85)90094-X
https://doi.org/10.1016/0161-5890(85)90094-X
https://doi.org/10.1021/bi00368a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00368a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00368a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00001a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00001a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2174/1568026614666140202204602
https://doi.org/10.2174/1568026614666140202204602
https://doi.org/10.1093/glycob/cwn041
https://doi.org/10.1093/glycob/cwn041
https://doi.org/10.1039/B313166A
https://doi.org/10.1039/B313166A
https://doi.org/10.1002/chem.200900168
https://doi.org/10.1002/chem.200900168
https://doi.org/10.1002/chem.200900168
https://doi.org/10.1002/ejoc.201200397
https://doi.org/10.1002/ejoc.201200397
https://doi.org/10.1002/ejoc.201200397
https://doi.org/10.1002/chem.201204070
https://doi.org/10.1002/chem.201204070
https://doi.org/10.1002/chem.201204070
https://doi.org/10.3390/biom5043177
https://doi.org/10.3390/biom5043177
https://doi.org/10.3390/biom5043177
https://doi.org/10.1002/chem.201803217
https://doi.org/10.1002/chem.201803217
https://doi.org/10.1002/chem.201803217
https://doi.org/10.1021/acsomega.9b01901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b01901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.9b01090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.9b01090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrd2852
https://doi.org/10.1038/nrd2852
https://doi.org/10.1002/med.21625
https://doi.org/10.1002/med.21625
https://doi.org/10.1039/C2CS35408J
https://doi.org/10.1021/cr500303t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500303t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500303t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr000418f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201201114
https://doi.org/10.1002/anie.201201114
https://doi.org/10.3390/biomimetics4030053
https://doi.org/10.3390/biomimetics4030053
https://doi.org/10.3390/ph12020055
https://doi.org/10.3390/ph12020055
https://doi.org/10.1002/chem.202003135
https://doi.org/10.1002/anie.201003810
https://doi.org/10.1002/anie.201003810
https://doi.org/10.1002/anie.201003810
https://doi.org/10.1039/c1cc13184b
https://doi.org/10.1039/c1cc13184b
https://doi.org/10.1039/c1cc13184b
https://doi.org/10.1039/C1CC15139H
https://doi.org/10.1002/med.21493
https://doi.org/10.1002/med.21493
https://doi.org/10.1111/febs.15909
https://doi.org/10.1111/febs.15909
https://doi.org/10.1111/febs.15909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/febs.15909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s12929-019-0591-0
https://doi.org/10.1186/s12929-019-0591-0
https://doi.org/10.1002/ejoc.201201457
https://doi.org/10.1002/ejoc.201201457
https://doi.org/10.1155/2019/7954854
https://doi.org/10.3390/ph14111175
https://doi.org/10.3390/ph14111175
https://doi.org/10.3390/ph14111175
https://doi.org/10.1021/ja9803714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9803714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cbic.200300910
https://doi.org/10.1002/cbic.200300910
https://doi.org/10.1002/anie.201509460
https://doi.org/10.1002/anie.201509460
https://doi.org/10.1002/anie.201509460
https://doi.org/10.1002/anie.201509460
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(53) Wray, V. The Carbon-13 Nuclear Magnetic Resonance Spectra
of the Deoxyfluoro-D-glucoses, 2-Deoxy-2-fluoro-D-mannose, and 4-
Deoxy-4-fluoro-D-galactose. Orientational and Substituent Effects
Upon JFC. . Chem. Soc.,, Perkin Trans. 2 1976, 1598—1605.

(54) Csuk, R; Glanzer, B. I; Tipson, R. S.; Horton, D. N.M.R.
Spectroscopy of Fluorinated Monosaccharides. Adv. Carbohydr. Chem.
Biochem. 1989, 46, 73—177, DOI: 10.1016/S0065-2318(08)60165-1.

(55) Michalik, M.; Hein, M.; Frank, M. NMR Spectra of Fluorinated
Carbohydrates. Carbohydr. Res. 2000, 327, 185—218.

(56) Foster, A. B; Hems, R. 3,5-Dideoxy-3,5-difluoro-d-xylose.
Carbohydr. Res. 1969, 10, 168—171.

(57) Adamson, J.; Foster, A. B.; Hall, L. D.; Hesse, R. H. 2-Deoxy-2-
fluoro-D-glucose. J. Chem. Soc. D 1969, 309—310.

(58) Sarda, P.; Escribano, F. C.; José; Alves, R.; Olesker, A.; Lukacs, G.
Stereospecific Access to 2,3,4-Trideoxy-2—3-4-trifluoro-D-glucose and
D-galactose Derivatives. J. Carbohydr. Chem. 1989, 8, 115—123.

(59) Klemm, G. H.; Kaufman, R. J; Sidhu, R. S. Utility of DAST
(Diethylaminosulfur trifluoride) in the Chemistry of Carbohydrates:
Synthesis of 3,4,6-Trideoxy-3,4,6-trifluoro-a-D-galactopyranosyl fluo-
ride. Tetrahedron Lett. 1982, 23, 2927—2930.

(60) Boydell, A. J.; Vinader, V.; Linclau, B. Enantioselective Synthesis
of Tetrafluoroethylene-containing Monosaccharides. Angew. Chem., Int.
Ed. 2004, 43, 5677—5679.

(61) Pankiewicz, K. W. Fluorinated Nucleosides. Carbohydr. Res.
2000, 327, 87—105.

(62) Liu, P.; Sharon, A; Chu, C. K. Fluorinated Nucleosides:
Synthesis and Biological Implication. J. Fluorine Chem. 2008, 129, 743—
766.

(63) Cavaliere, A,; Probst, K. C.; Westwell, A. D.; Slusarczyk, M.
Fluorinated Nucleosides as an Important Class of Anticancer and
Antiviral Agents. Future Med. Chem. 2017, 9, 1809—1833.

(64) Bassetto, M.; Slusarczyk, M. Therapeutic Use of Fluorinated
Noucleosides - Progress in Patents. Pharm. Pat. Anal. 2018, 7,277—299.

(65) Pal, S.; Chandra, G.; Patel, S.; Singh, S. Fluorinated Nucleosides:
Synthesis, Modulation in Conformation and Therapeutic Application.
Chem. Rec. 2022, No. €20210033S.

(66) Uhrig, M. L.; Lantafio, B.; Postigo, A. Synthetic Strategies for
Fluorination of Carbohydrates. Org. Biomol. Chem. 2019, 17, 5173—
5189.

(67) Bilska-Markowska, M.; Szwajca, A.; Marciniak, B. Design,
Properties and Applications of Fluorinated and Fluoroalkylated N-
Containing Monosaccharides and their Analogues. J. Fluorine Chem.
2019, 227, 109364.

(68) Cheng, Y.,; Guo, A. L.; Guo, D. S. Recent Progress in Synthesis
and Applications of Fluorinated Carbohydrates. Curr. Org. Chem. 2010,
14, 977-999.

(69) Saavedra, O. M.; Vilchis-Reyes, M. A. Fluorinated aminoglyco-
sides. ARKIVOC 2020, 2019, 178—226.

(70) Kent, P. W. Synthesis and Reactivity of Fluorocarbohydrates.
Ciba Found. Symp. 2008, 2, 169—213.

(71) Penglis, A. A. E; Tipson, R. S; Horton, D. Fluorinated
Carbohydrates. Adv. Carbohydr. Chem. Biochem. 1981, 38, 195285,
DOI: 10.1016/50065-2318(08)60311-X.

(72) Welch, J. T. Tetrahedron Report Number 221: Advances in the
Preparation of Biologically Active Organofluorine Compounds.
Tetrahedron 1987, 43, 3123—-3197.

(73) Card, P. J. Synthesis of Fluorinated Carbohydrates. J. Carbohydr.
Chem. 19885, 4, 451—487.

(74) Tsuchiya, T. Chemistry and Developments of Fluorinated
Carbohydrates. Adv. Carbohydr. Chem. Biochem. 1990, 48, 91—-277.

(75) Dax, K; Albert, M.; Ortner, J.; Paul, B. J. Fluorinated
Carbohydrates: Some New Aspects in Synthesis and Application.
Curr. Org. Chem. 1999, 3, 287—307.

(76) Yokoyama, M. Methods of Synthesis of Glycosyl Fluorides.
Carbohydr. Res. 2000, 327, S—14.

(77) Dax, K; Albert, M.; Ortner, J.; Paul, B. J. Synthesis of
Deoxyfluoro Sugars From Carbohydrate Precursors. Carbohydr. Res.
2000, 327, 47—86.

(@]

(78) Plantier-Royon, R.; Portella, C. C-Difluoromethylene-contain-
ing, C-Trifluoromethyl and C-Perfluoroalkyl Carbohydrates. Synthesis
by Carbohydrate Transformation or Building Block Methods.
Carbohydr. Res. 2000, 327, 119—146.

(79) Miethchen, R. Modified Natural Substances - Fluorinated and
Fluoroalkylated Monosaccharides and Inositols. J. Fluorine Chem. 2004,
12§, 895—901.

(80) Hein, M.; Miethchen, R.: Fluorinated Carbohydrates. In Modern
Organofluorine Chemistry - Synthetic Aspects; Advances in Organic
Synthesis; Atta-ur-Rahman, Laali, K. K., Eds.; Bentham Science, 2006;
Vol. 2, pp 227—241.

(81) Dax, K.; Albert, M.; Hammond, D.; Illaszewicz, C.; Purkarthofer,
T.; Tscherner, M.,; Weber, H. Rearrangements in the Course of
Fluorination by Diethylaminosulfur Trifluoride at C-2 of Glycopyrano-
sides: Some New Parameters. Monatsh. Chem. 2002, 133, 427—448.

(82) Qiu, X.-L; Qing, F.-L.: Synthesis of Fluorinated Sugars from
Fluorine-Containing Synthons. In Fluorinated Heterocyclic Compounds;
Petrov, V. A,, Ed.; Wiley, 2009; pp 227—-241.

(83) Tius, M. A. Xenon Difluoride in Synthesis. Tetrahedron 1995, 51,
6605—6634.

(84) Lal, G. S.; Pez, G. P.; Syvret, R. G. Electrophilic NF Fluorinating
Agents. Chem. Rev. 1996, 96, 1737—1756.

(85) Banks, R. E.; Mohialdin-Khaffaf, S. N.; Lal, G. S.; Sharif, I; Syvret,
R. G. 1-Alkyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane Salts: a Novel
Family of Electrophilic Fluorinating Agents. J. Chem. Soc, Chem.
Commun. 1992, 595—-596.

(86) Banks, R. E. Selectfluor Reagent F-TEDA-BF4 in Action: Tamed
Fluorine at Your Service. . Fluorine Chem. 1998, 87, 1—17.

(87) Nyffeler, P. T.; Duron, S. G.; Burkart, M. D.; Vincent, S. P.;
Wong, C. H. Selectfluor: Mechanistic Insight and Applications. Angew.
Chem., Int. Ed. 2008, 44, 192—212.

(88) Differding, E.; Ofner, H. N-Fluorobenzenesulfonimide: A
Practical Reagent For Electrophilic Fluorinations. Synlett 1991, 1991,
187—189.

(89) Gu, Q.; Vessally, E. N-Fluorobenzenesulfonimide: A Useful and
Versatile Reagent for the Direct Fluorination and Amination of
(Hetero)aromatic C-H Bonds. RSC Adv. 2020, 10, 16756—16768.

(90) Gilicinski, A. G.; Pez, G. P; Syvret, R. G.; Lal, G. S. On the
Relative Power of Electrophilic Fluorinating Reagents of the N-F Class.
J. Fluorine Chem. 1992, 59, 157—162.

(91) Timofeeva, D. S.; Ofial, A. R.; Mayr, H. Kinetics of Electrophilic
Fluorinations of Enamines and Carbanions: Comparison of the
Fluorinating Power of N-F Reagents. J. Am. Chem. Soc. 2018, 140,
11474—11486.

(92) Rozatian, N.; Ashworth, I. W.; Sandford, G.; Hodgson, D. R. W.
A Quantitative Reactivity Scale for Electrophilic Fluorinating Reagents.
Chem. Sci. 2018, 9, 8692—8702.

(93) Harsanyi, A,; Sandford, G. Organofluorine Chemistry:
Applications, Sources and Sustainability. Green Chem. 2018, 17,
2081-2086.

(94) Yoneda, N. The Combination of Hydrogen Fluoride with
Organic Bases as Fluorination Agents. Tetrahedron 1991, 47, 5329—
536S.

(95) Hayashi, M.; Hashimoto, S.-i.; Noyori, R. Simple Synthesis of
Glycosyl Fluorides. Chem. Lett. 1984, 13, 1747—1750.

(96) Szarek, W. A.; Grynkiewicz, G.; Doboszewski, B.; Hay, G. W. The
Synthesis of Glycosyl Fluorides Using Pyridinium Poly(hydrogen
Fluoride). Chem. Lett. 1984, 13, 1751—1754.

(97) Olah, G. A.; Welch, J. T.; Vankar, Y. D.; Nojima, M.; Kerekes, L;
Olah, J. A. Synthetic Methods and Reactions. 63. Pyridinium
Poly(hydrogen Fluoride) (30% Pyridine-70% Hydrogen Fluoride): a
Convenient Reagent for Organic Fluorination Reactions. J. Org. Chem.
1979, 44, 3872—3881.

(98) Olah, G. A;; Shih, J. G.; Prakash, G. K. S. Fluorine-Containing
Reagents in Organic Synthesis. J. Fluorine Chem. 1986, 33, 377—396.

(99) Franz, R. Ueber Trishydrofluoride Tertiaerer Amine und Ihren
Einsatz als Fluorierungsmittel. J. Fluorine Chem. 1980, 15, 423—434.

(100) Haufe, G. Triethylamine Trishydrofluoride in Synthesis. J.
Prakt. Chem. 1996, 338, 99—113.

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1039/p29760001598
https://doi.org/10.1039/p29760001598
https://doi.org/10.1039/p29760001598
https://doi.org/10.1039/p29760001598
https://doi.org/10.1016/S0065-2318(08)60165-1
https://doi.org/10.1016/S0065-2318(08)60165-1
https://doi.org/10.1016/S0065-2318(08)60165-1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0008-6215(99)00323-7
https://doi.org/10.1016/S0008-6215(99)00323-7
https://doi.org/10.1016/S0008-6215(00)81101-5
https://doi.org/10.1039/c29690000309
https://doi.org/10.1039/c29690000309
https://doi.org/10.1080/07328308908047996
https://doi.org/10.1080/07328308908047996
https://doi.org/10.1016/S0040-4039(00)87496-1
https://doi.org/10.1016/S0040-4039(00)87496-1
https://doi.org/10.1016/S0040-4039(00)87496-1
https://doi.org/10.1016/S0040-4039(00)87496-1
https://doi.org/10.1002/anie.200460746
https://doi.org/10.1002/anie.200460746
https://doi.org/10.1016/S0008-6215(00)00089-6
https://doi.org/10.1016/j.jfluchem.2008.06.007
https://doi.org/10.1016/j.jfluchem.2008.06.007
https://doi.org/10.4155/fmc-2017-0095
https://doi.org/10.4155/fmc-2017-0095
https://doi.org/10.4155/ppa-2018-0028
https://doi.org/10.4155/ppa-2018-0028
https://doi.org/10.1002/tcr.202100335
https://doi.org/10.1002/tcr.202100335
https://doi.org/10.1039/C9OB00405J
https://doi.org/10.1039/C9OB00405J
https://doi.org/10.1016/j.jfluchem.2019.109364
https://doi.org/10.1016/j.jfluchem.2019.109364
https://doi.org/10.1016/j.jfluchem.2019.109364
https://doi.org/10.2174/138527210791111821
https://doi.org/10.2174/138527210791111821
https://doi.org/10.24820/ark.5550190.p010.944
https://doi.org/10.24820/ark.5550190.p010.944
https://doi.org/10.1002/9780470719855.ch9
https://doi.org/10.1016/S0065-2318(08)60311-X
https://doi.org/10.1016/S0065-2318(08)60311-X
https://doi.org/10.1016/S0065-2318(08)60311-X?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4020(01)90286-8
https://doi.org/10.1016/S0040-4020(01)90286-8
https://doi.org/10.1080/07328308508082671
https://doi.org/10.1016/S0065-2318(08)60032-3
https://doi.org/10.1016/S0065-2318(08)60032-3
https://doi.org/10.2174/1385272803666220202194417
https://doi.org/10.2174/1385272803666220202194417
https://doi.org/10.1016/S0008-6215(99)00324-9
https://doi.org/10.1016/S0008-6215(00)00022-7
https://doi.org/10.1016/S0008-6215(00)00022-7
https://doi.org/10.1016/S0008-6215(00)00034-3
https://doi.org/10.1016/S0008-6215(00)00034-3
https://doi.org/10.1016/S0008-6215(00)00034-3
https://doi.org/10.1016/j.jfluchem.2004.01.015
https://doi.org/10.1016/j.jfluchem.2004.01.015
https://doi.org/10.1007/s007060200019
https://doi.org/10.1007/s007060200019
https://doi.org/10.1007/s007060200019
https://doi.org/10.1016/0040-4020(95)00362-C
https://doi.org/10.1021/cr941145p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr941145p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c39920000595
https://doi.org/10.1039/c39920000595
https://doi.org/10.1016/S0022-1139(97)00127-9
https://doi.org/10.1016/S0022-1139(97)00127-9
https://doi.org/10.1002/anie.200400648
https://doi.org/10.1055/s-1991-20673
https://doi.org/10.1055/s-1991-20673
https://doi.org/10.1039/D0RA00324G
https://doi.org/10.1039/D0RA00324G
https://doi.org/10.1039/D0RA00324G
https://doi.org/10.1016/S0022-1139(00)80214-6
https://doi.org/10.1016/S0022-1139(00)80214-6
https://doi.org/10.1021/jacs.8b07147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8SC03596B
https://doi.org/10.1039/C4GC02166E
https://doi.org/10.1039/C4GC02166E
https://doi.org/10.1016/S0040-4020(01)80970-4
https://doi.org/10.1016/S0040-4020(01)80970-4
https://doi.org/10.1246/cl.1984.1747
https://doi.org/10.1246/cl.1984.1747
https://doi.org/10.1246/cl.1984.1751
https://doi.org/10.1246/cl.1984.1751
https://doi.org/10.1246/cl.1984.1751
https://doi.org/10.1021/jo01336a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01336a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01336a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-1139(00)85282-3
https://doi.org/10.1016/S0022-1139(00)85282-3
https://doi.org/10.1016/S0022-1139(00)81775-3
https://doi.org/10.1016/S0022-1139(00)81775-3
https://doi.org/10.1002/prac.19963380122
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(101) Giudicelli, M. B; Picq, D.; Veyron, B. Et3N.2HF, a New
Convenient Reagent for Nucleophilic Fluorine Displacement Reac-
tions. Tetrahedron Lett. 1990, 31, 6527—6530.

(102) Laine, D.; Denavit, V.; Lessard, O.; Carrier, L.; Fecteau, C. E.;
Johnson, P. A,; Giguere, D. Fluorine Effect in Nucleophilic Fluorination
at C4 of 1,6-Anhydro-2,3-dideoxy-2,3-Difluoro-beta-D-hexopyranose.
Beilstein J. Org. Chem. 2020, 16, 2880—2887.

(103) Yin, J.; Zarkowsky, D. S; Thomas, D. W,; Zhao, M. M,;
Huffman, M. A. Direct and Convenient Conversion of Alcohols to
Fluorides. Org. Lett. 2004, 6, 1465—1468.

(104) Liang, S.; Hammond, G. B; Xu, B. Hydrogen Bonding:
Regulator for Nucleophilic Fluorination. Chem.—Eur. J. 2017, 23,
17850—17861.

(105) Lee, J. W.; Oliveira, M. T.; Bin Jang, H.; Lee, S.; Chi, D. Y.; Kim,
D. W,; Song, C. E. Hydrogen-Bond Promoted Nucleophilic
Fluorination: Concept, Mechanism and Applications in Positron
Emission Tomography. Chem. Soc. Rev. 2016, 45, 4638—4650.

(106) Kim, D. W.; Jeong, H.-J.; Lim, S. T.; Sohn, M.-H.
Tetrabutylammonium Tetra(tert-Butyl Alcohol)-Coordinated Fluo-
ride as a Facile Fluoride Source. Angew. Chem., Int. Ed. 2008, 47, 8404—
8406.

(107) Kim, D. W.; Jeong, H.-J; Litn, S. T.; Sohn, M.-H;
Katzenellenbogen, J. A.; Chi, D. Y. Facile Nucleophilic Fluorination
Reactions Using tert-Alcohols as a Reaction Medium: Significantly
Enhanced Reactivity of Alkali Metal Fluorides and Improved
Selectivity. . Org. Chem. 2008, 73, 957—962.

(108) Engle, K. M.; Pfeifer, L.; Pidgeon, G. W.; Giuffredi, G. T.;
Thompson, A. L,; Paton, R. S; Brown, J. M,; Gouverneur, V.
Coordination Diversity in Hydrogen-Bonded Homoleptic Fluoride-
Alcohol Complexes Modulates Reactivity. Chem. Sci. 2018, 6, 5293—
5302.

(109) Pfeifer, L.; Engle, K. M.; Pidgeon, G. W.; Sparkes, H. A;
Thompson, A. L.; Brown, J. M.; Gouverneur, V. Hydrogen-Bonded
Homoleptic Fluoride-Diarylurea Complexes: Structure, Reactivity, and
Coordinating Power. J. Am. Chem. Soc. 2016, 138, 13314—13325.

(110) Pupo, G.; Vicini, A. C; Ascough, D. M. H,; Ibba, F;
Christensen, K. E;; Thompson, A. L,; Brown, J. M; Paton, R. S,;
Gouverneur, V. Hydrogen Bonding Phase-Transfer Catalysis with
Potassium Fluoride: Enantioselective Synthesis of f-Fluoroamines. J.
Am. Chem. Soc. 2019, 141, 2878—2883.

(111) Wright, J. A; Taylor, N. F. Fluorocarbohydrates: Part XVI. The
Synthesis of 3-Deoxy-3-fluoro-D-xylose and 3-Deoxy-3-fluoro-$-D-
Arabinose. Carbohydr. Res. 1967, 3, 333—339.

(112) Haufe, G. Regio- and Stereoselective Synthesis of Vicinal
Fluorohydrins. J. Fluorine Chem. 2004, 125, 875—894.

(113) Tyrra, W. Silver(I) Fluoride and Related Compounds in
Chemical Synthesis. Heteroat. Chem. 2002, 13, 561—566.

(114) Achilonu, M. C.; Umesiobi, D. O. The Formation of Carbon-
Carbon and Carbon-Heteroatom Bonds Using Silver Tetrafluoroborate
as a Promoter. Arab. J. Chem. 2016, 9, S1984—S2003.

(115) Doboszewski, B.; Hay, G. W.; Szarek, W. A. The Rapid
Synthesis of Deoxyfluoro Sugars Using Tris(dimethylamino )sulfonium
Difluorotrimethylsilicate (TASF). Can. J. Chem. 1987, 65, 412—419.

(116) Noyori, R; Nishida, I; Sakata, J.; Nishizawa, M. Tris-
(dialkylamino)sulfonium Enolates. J. Am. Chem. Soc. 1980, 102,
1223—-1225.

(117) Scheidt, K. A.; Chen, H.; Follows, B. C.; Chemler, S. R; Coffey,
D. S.; Roush, W. R. Tris(dimethylamino)sulfonium Difluorotrime-
thylsilicate, a Mild Reagent for the Removal of Silicon Protecting
Groups. J. Org. Chem. 1998, 63, 6436—6437.

(118) Richardson, A. C. Nucleophilic Replacement Reactions of
Sulphonates: Part VI. A Summary of Steric and Polar Factors.
Carbohydr. Res. 1969, 10, 395—402.

(119) Hale, K. J.; Hough, L.; Manaviazar, S.; Calabrese, A. An Update
of the Rules for Pyranoside Sulfonate Displacement. Org. Lett. 2014, 16,
4838—4841.

(120) Hale, K. J.; Hough, L.; Manaviazar, S.; Calabrese, A. Rules and
Stereoelectronic Guidelines for the Anionic Nucleophilic Displacement

CK

of Furanoside and Furanose O-Sulfonates. Org. Lett. 2015, 17, 1738—
1741.

(121) Song, W.; Cai, J.; Zou, X.; Wang, X.; Hu, J.; Yin, J. Applications
of Controlled Inversion Strategies in Carbohydrate Synthesis. Chin.
Chem. Lett. 2018, 29, 27—34.

(122) Furst, A; Plattner, P. A. Uber Steroide und Sexualhormone.
160. Mitteilung. 2@, 3a- und 2, 3-Oxido-chlolestane; Konfiguration
der 2-Oxy-cholestane. Helv. Chim. Acta 1949, 32, 275—283.

(123) Wang, H.; Houk, K. N. Torsional Control of Stereoselectivities
in Electrophilic Additions and Cycloadditions to Alkenes. Chem. Sci.
2014, S, 462—470.

(124) Middleton, W. J. New Fluorinating Reagents. Dialkylamino-
sulfur Fluorides. J. Org. Chem. 1975, 40, 574—578.

(125) Sharma, M.; Korytnyk, W. A general and Convenient Method
for Synthesis of 6-Fluoro-6-deoxyhexoes. Tetrahedron Lett. 1977, 18,
573-576.

(126) Messina, P. A,; Mange, K. C.; Middleton, W. J. Aminosulfur
Trifluorides: Relative Thermal Stability. J. Fluorine Chem. 1989, 42,
137—143.

(127) Lal, G. S.; Pez, G. P.; Pesaresi, R. J.; Prozonic, F. M.; Cheng, H.
Bis(2-methoxyethyl)aminosulfur Trifluoride: A New Broad-Spectrum
Deoxofluorinating Agent with Enhanced Thermal Stability. J. Org.
Chem. 1999, 64, 7048—7054.

(128) Lal, G. S;; Pez, G. P.; Pesaresi, R. J.; Prozonic, F. M. Bis(2-
methoxyethyl)aminosulfur Trifluoride: a New Broad-Spectrum Deox-
ofluorinating Agent with Enhanced Thermal Stability. Chem. Commun.
1999, 215-216.

(129) Beaulieu, F.; Beauregard, L. P.; Courchesne, G.; Couturier, M.;
LaFlamme, F.; L’'Heureux, A. Aminodifluorosulfinium Tetrafluorobo-
rate Salts as Stable and Crystalline Deoxofluorinating Reagents. Org.
Lett. 2009, 11, S050—5053.

(130) L'Heureux, A.; Beaulieu, F.; Bennett, C.; Bill, D. R;; Clayton, S.;
LaFlamme, F. o.; Mirmehrabi, M.; Tadayon, S.; Tovell, D.; Couturier,
M. Aminodifluorosulfinium Salts: Selective Fluorination Reagents with
Enhanced Thermal Stability and Ease of Handling. J. Org. Chem. 2010,
75, 3401—3411.

(131) Mohammadkhani, L.; Heravi, M. M. XtalFluor-E: A Useful and
Versatile Reagent in Organic Transformations. J. Fluorine Chem. 2019,
225, 11-20.

(132) Petrov, V. A.; Swearingen, S.; Hong, W.; Chris Petersen, W.
1,1,2,2-Tetrafluoroethyl-N,N-dimethylamine: A New Selective Fluori-
nating Agent. J. Fluorine Chem. 2001, 109, 25—31.

(133) Kobayashi, S.; Yoneda, A.; Fukuhara, T.; Hara, S. Selective
Synthesis of Fluorinated Carbohydrates Using N,N-Diethyl-alpha,al-
pha-difluoro-(m-methylbenzyl)amine. Tetrahedron Lett. 2004, 4S,
1287—1289.

(134) Kobayashi, S.; Yoneda, A.; Fukuhara, T.; Hara, S. Deoxyfluori-
nation of Alcohols Using N,N-Diethyl-alpha,alpha-difluoro-(m-
methylbenzyl)amine. Tetrahedron 2004, 60, 6923—6930.

(135) Takamatsu, S.; Katayama, S.; Hirose, N.; De Cock, E.;
Schelkens, G.; Demillequand, M.; Brepoels, J.; Izawa, K. Convenient
Synthesis of Fluorinated Nucleosides with Perfluoroalkanesulfonyl
Fluorides. Nucleosides, Nucleotides Nucleic Acids 2002, 21, 849—861.

(136) Nielsen, M. K;; Ahneman, D. T.; Riera, O,; Doyle, A. G.
Deoxyfluorination with Sulfonyl Fluorides: Navigating Reaction Space
with Machine Learning. J. Am. Chem. Soc. 2018, 140, 5004—5008.

(137) Zhao, X. Q;; Zhuang, W. P.; Fang, D. S.; Xue, X. W.; Zhou, J. M.
A Highly Efficient Conversion of Primary or Secondary Alcohols into
Fluorides with n-Perfluorobutanesulfonyl Fluoride-Tetrabutylammo-
nium Triphenyldifluorosilicate. Synlett 2009, 2009, 779—782.

(138) Sutherland, A.; Vederas, J. C. The First Isolation of an Alkoxy-
N,N-dialkylaminodifluorosulfane From the Reaction of an Alcohol and
DAST: an Efficient Synthesis of (25,3R,6S)-3-Fluoro-2,6-diaminopi-
melic acid. Chem. Commun. 1999, 1739—1740.

(139) Tewson, T.J.; Welch, M. J. New Approaches to the Synthesis of
3-Deoxy-3-fluoro-D-glucose. J. Org. Chem. 1978, 43, 1090—1092.

(140) Al-Maharik, N.; O’Hagan, D. Organofluorine Chemistry:
Deoxyfluorination Reagents for C-F Bond Synthesis. Aldrichimica
Acta 2011, 44, 65—75.

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1016/S0040-4039(00)97108-9
https://doi.org/10.1016/S0040-4039(00)97108-9
https://doi.org/10.1016/S0040-4039(00)97108-9
https://doi.org/10.3762/bjoc.16.237
https://doi.org/10.3762/bjoc.16.237
https://doi.org/10.1021/ol049672a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol049672a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201702664
https://doi.org/10.1002/chem.201702664
https://doi.org/10.1039/C6CS00286B
https://doi.org/10.1039/C6CS00286B
https://doi.org/10.1039/C6CS00286B
https://doi.org/10.1002/anie.200803150
https://doi.org/10.1002/anie.200803150
https://doi.org/10.1021/jo7021229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo7021229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo7021229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo7021229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5SC01812A
https://doi.org/10.1039/C5SC01812A
https://doi.org/10.1021/jacs.6b07501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b07501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b07501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0008-6215(00)82209-0
https://doi.org/10.1016/S0008-6215(00)82209-0
https://doi.org/10.1016/S0008-6215(00)82209-0
https://doi.org/10.1016/j.jfluchem.2004.01.023
https://doi.org/10.1016/j.jfluchem.2004.01.023
https://doi.org/10.1002/hc.10102
https://doi.org/10.1002/hc.10102
https://doi.org/10.1016/j.arabjc.2015.06.038
https://doi.org/10.1016/j.arabjc.2015.06.038
https://doi.org/10.1016/j.arabjc.2015.06.038
https://doi.org/10.1139/v87-070
https://doi.org/10.1139/v87-070
https://doi.org/10.1139/v87-070
https://doi.org/10.1021/ja00523a082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00523a082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo981215i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo981215i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo981215i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0008-6215(00)80900-3
https://doi.org/10.1016/S0008-6215(00)80900-3
https://doi.org/10.1021/ol502193j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol502193j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b00511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b00511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b00511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cclet.2017.09.061
https://doi.org/10.1016/j.cclet.2017.09.061
https://doi.org/10.1002/hlca.19490320139
https://doi.org/10.1002/hlca.19490320139
https://doi.org/10.1002/hlca.19490320139
https://doi.org/10.1039/C3SC52538D
https://doi.org/10.1039/C3SC52538D
https://doi.org/10.1021/jo00893a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00893a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(01)92697-8
https://doi.org/10.1016/S0040-4039(01)92697-8
https://doi.org/10.1016/S0022-1139(00)83974-3
https://doi.org/10.1016/S0022-1139(00)83974-3
https://doi.org/10.1021/jo990566+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo990566+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/a808517j
https://doi.org/10.1039/a808517j
https://doi.org/10.1039/a808517j
https://doi.org/10.1021/ol902039q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol902039q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo100504x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo100504x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jfluchem.2019.06.006
https://doi.org/10.1016/j.jfluchem.2019.06.006
https://doi.org/10.1016/S0022-1139(01)00372-4
https://doi.org/10.1016/S0022-1139(01)00372-4
https://doi.org/10.1016/j.tetlet.2003.11.121
https://doi.org/10.1016/j.tetlet.2003.11.121
https://doi.org/10.1016/j.tetlet.2003.11.121
https://doi.org/10.1016/j.tet.2004.05.089
https://doi.org/10.1016/j.tet.2004.05.089
https://doi.org/10.1016/j.tet.2004.05.089
https://doi.org/10.1081/NCN-120016572
https://doi.org/10.1081/NCN-120016572
https://doi.org/10.1081/NCN-120016572
https://doi.org/10.1021/jacs.8b01523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b01523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0028-1087931
https://doi.org/10.1055/s-0028-1087931
https://doi.org/10.1055/s-0028-1087931
https://doi.org/10.1039/a904821i
https://doi.org/10.1039/a904821i
https://doi.org/10.1039/a904821i
https://doi.org/10.1039/a904821i
https://doi.org/10.1021/jo00400a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00400a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(141) Kovag, P;; Yeh, H.J. C; Jung, G. L.; Glaudemans, C. P. J. The
Reaction of Methyl 3-O-benzyl-4,6-O-benzylidene-alpha-D-mannopyr-
anoside with Diethylaminosulfur Trifluoride (DAST). J. Carbohydr.
Chem. 1986, S, 497—512.

(142) Nicolaou, K. C.; Ladduwahetty, T.; Randall, J. L.;
Chucholowski, A. Stereospecific 1,2-Migrations in Carbohydrates.
Stereocontrolled Synthesis of Alpha- and Beta-2-Deoxyglycosides. J.
Am. Chem. Soc. 1986, 108, 2466—2467.

(143) Street, 1. P.; Withers, S. G. Fluorination of Protected Mannose
Derivativs Using Diethylaminosulfur Trifluoride. Can. J. Chem. 1986,
64, 1400—1403.

(144) Kova, P.; Yeh, H. J. C; Jung, G. L. The Reaction of 2,3,4-Tri-O-
benzyl-D-glucose with Diethylaminosulfur Trifluoride (DAST). J.
Carbohydrate Chem. 1987, 6, 423—439.

(145) Kihlberg, J.; Frejd, T.; Jansson, K.; Magnusson, G. Unexpected
Formation of the 3,6-Anhydro and 6-O-Methyl-1-fluoro Derivatives of
Galabiose on Attempted Substitution of HO-6 by Fluorine in Methyl 4-
O-a-d-Galactopyranosyl-#-d-Galactopyranoside (Methyl f-d-galabio-
side). Carbohydr. Res. 1988, 176, 287—294.

(146) Karban, J.; Cisarova, L; Strasak, T.; Stastna, L. C.; Sykora, J.
Skeletal Rearrangements Resulting from Reactions of 1,6:2,3-and
1,6:3,4-Dianhydro-beta-D-hexopyranoses with Diethylaminosulphur
Trifluoride. Org. Biomol. Chem. 2012, 10, 394—403.

(147) Hunter, L.; Hu, X.-G.; Hu, W.-L. Recent Developments in the
Deoxyfluorination of Alcohols and Phenols: New Reagents, Mecha-
nistic Insights, and Applications. Synthesis 2017, 49, 4917—4930.

(148) Champagne, P. A; Desroches, J.; Hamel, J. D.; Vandamme, M.;
Paquin, J. F. Monofluorination of Organic Compounds: 10 Years of
Innovation. Chem. Rev. 20185, 115, 9073—9174.

(149) Liang, T.; Neumann, C. N,; Ritter, T. Introduction of Fluorine
and Fluorine-Containing Functional Groups. Angew. Chem., Int. Ed.
2013, 52, 8214—8264.

(150) Ido, T.; Wan, C. N.; Fowler, J. S.; Wolf, A. P. Fluorination with
Molecular Fluorine. A Convenient Synthesis of 2-Deoxy-2-fluoro-D-
glucose. J. Org. Chem. 1977, 42, 2341-2342.

(151) Satyamurthy, N.; Blda, G. T.; Padgett, H. C.; Barrio, J. R. On the
Stereoselectivity of Fluorine and Acetylhypofluorite Additions to
Glycals: The Synthesis of 2-Deoxy-2-Fldorohexoses. J. Carbohydr.
Chem. 1988, 4, 489—512.

(152) Ashique, R; Chirakal, R. V.; Hughes, D. W.; Schrobilgen, G. J.
Two-step Regio- and Stereoselective Syntheses of [19F]- and [18F]-2-
Deoxy-2-(R)-fluoro-f-d-allose. Carbohydr. Res. 2006, 341, 457—466.

(153) McCarter, J. D.; Adam, M. J.; Braun, C.; Namchuk, M.; Tull, D.;
Withers, S. G. Syntheses of 2-Deoxy-2-fluoro Mono- and Oligo-
saccharide Glycosides From Glycals and Evaluation as Glycosidase
Inhibitors. Carbohydr. Res. 1993, 249, 77—90.

(154) Thanna, S.; Lindenberger, . J.; Gaitonde, V. V.; Ronning, D. R ;
Sucheck, S. J. Synthesis of 2-Deoxy-2,2-difluoro-alpha-maltosyl
Fluoride and its X-ray Structure in Complex with Streptomyces
Coelicolor GIgEI-V279S. Org. Biomol. Chem. 2018, 13, 7542—7550.

(155) Hehre, E. J; Brewer, C. F; Genghof, D. S. Scope and
Mechanism of Carbohydrase Action. Hydrolytic and Nonhydrolytic
Actions of Beta-amylase on Alpha- and Beta-maltosyl Fluoride. J. Biol.
Chem. 1979, 254, 5942—5950.

(156) Hehre, E. J.; Kitahata, S.; Brewer, C. F. Catalytic Flexibility of
Glycosylases. The Hydration of Maltal by Beta-amylase to form 2-
Deoxymaltose. J. Biol. Chem. 1986, 261, 2147—-2153.

(157) Adamson, J.; Foster, A. B.; Hall, L. D.; Johnson, R. N.; Heese, R.
H. Fluorinated Carbohydrates: Part III. 2-Deoxy-2-fluoro-D-glucose
and 2-Deoxy-2-fluoro-D-mannose. Carbohydr. Res. 1970, 15,351—359.

(158) Kent, P. W.; Dimitrijevich, S. D. Fluorocarbohydrates Part XXV.
Synthesis and Structure of 2-Deoxy-2-fluorolactose and Related
Compounds. J. Fluorine Chem. 1977, 10, 455—478.

(189) Liu, M.; Luo, Z.-X; Li, T.; Xiong, D.-C.; Ye, X.-S.
Electrochemical Trifluoromethylation of Glycals. J. Org. Chem. 2021,
86, 16187—16194.

(160) Korytnyk, W.; Valentekovic-Horvat, S. Reactions of Glycals
With Xenon Fluoride: an Improved Synthesis of 2-Deoxy-2-
Fluorosaccharides. Tetrahedron Lett. 1980, 21, 1493—1496.

CL

(161) Korytnyk, W.; Valentekovic-Horvath, S.; Petrie, C. R. A
Convenient Synthesis of 1,2-Difluoro-1, 2-dideoxyhexoses Using
Xenon Fluoride. Tetrahedron 1982, 38, 2547—2550.

(162) Boyd, E.; Jones, R. V. H.; Quayle, P.; Waring, A.J. A Synthesis of
2-Fluoroglucal Derivatives. Tetrahedron Lett. 2006, 47, 7983—7986.

(163) Syson, K.; Stevenson, C. E. M.; Rashid, A. M,; Saalbach, G.;
Tang, M.; Tuukkanen, A.; Svergun, D. L; Withers, S. G.; Lawson, D. M.;
Bornemann, S. Structural Insight into How Streptomyces coelicolor
Maltosyl Transferase GIgE Binds a-Maltose 1-Phosphate and Forms a
Maltosyl-enzyme Intermediate. Biochemistry 2014, 53, 2494—2504.

(164) Hine, J.; Brader, W. H. The Effect of Halogen Atoms on the
Reactivity of Other Halogen Atoms in the Same Molecule III. The SN2
Reactivity of Ethylene Halides. J. Am. Chem. Soc. 1953, 75, 3964—3966.

(165) Bordwell, F. G.; Brannen, W. T. The Effect of the Carbonyl and
Related Groups on the Reactivity of Halides in SN2 Reactions. J. Am.
Chem. Soc. 1964, 86, 4645—4650.

(166) Wong, C.; Griffin, R. J.; Hardcastle, L. R.; Northen, J. S.; Wang,
L.-Z.; Golding, B. T. Synthesis of Sulfonamide-Based Kinase Inhibitors
from Sulfonates by Exploiting the Abrogated SN2 Reactivity of 2,2,2-
Trifluoroethoxysulfonates. Org. Biomol. Chem. 2010, 8, 2457—2464.

(167) Scaffidi, A; Stick, R. V.; Stubbs, K. A. Synthesis of Some
Glycosylated Derivatives of 2-Deoxy-2-fluoro-laminaribiosyl Fluoride:
Another Success for Glycosynthases. Aust. J. Chem. 2007, 60, 83—88.

(168) Ortner, J.; Albert, M.; Weber, H.,; Dax, K. Studies on the
Reaction of D-Glucal and its Derivatives with 1-Chloromethyl-4-
Fluoro-1,4-Diazoniabicyclo[2.2.2]Octane Salts. J. Carbohydr. Chem.
1999, 18, 297-316.

(169) Vincent, S. P.; Burkart, M. D.; Tsai, C. Y.; Zhang, Z. Y.; Wong,
C. H. Electrophilic Fluorination-Nucleophilic Addition Reaction
Mediated by Selectfluor: Mechanistic Studies and New Applications.
J. Org. Chem. 1999, 64, 5264—5279.

(170) Burkart, M. D.; Zhang, Z.; Hung, S. C.; Wong, C. H. A new
Method for the Synthesis of Fluoro-Carbohydrates and Glycosides
Using Selectfluor. J. Am. Chem. Soc. 1997, 119, 11743—11746.

(171) Fokt, 1; Szymanski, S.; Skora, S.; Cybulski, M.; Madden, T.;
Priebe, W. D-Glucose- and D-Mannose-Based Antimetabolites. Part 2.
Facile Synthesis of 2-Deoxy-2-halo-D-glucoses and -D-Mannoses.
Carbohydr. Res. 2009, 344, 1464—1473.

(172) Hall, L. D.; Johnson, R. N.; Adamson, J.; Foster, A. B.
Fluorinated Carbohydrates. Part VII. 2-Deoxy-2-fluorohexopyranosyl
Fluorides. Can. J. Chem. 1971, 49, 118—123.

(173) Hall, L. D.; Johnson, R. N.; Adamson, J.; Foster, A. B.
Observations on the Angular Dependence of Vicinal 19F-19F Coupling
Constants. J. Chem. Soc. D 1970, 0, 463—464.

(174) Wong, A. W.; He, S.; Grubb, J. H,; Sly, W. S.; Withers, S. G.
Identification of Glu-540 as the Catalytic Nucleophile of Human fS-
Glucuronidase Using Electrospray Mass Spectrometry™. J. Biol. Chem.
1998, 273, 34057—34062.

(175) Lebedel, L.; Ard4, A.; Martin, A.; Désiré, J.; Mingot, A.; Aufiero,
M.; Aiguabella Font, N.; Gilmour, R.; Jiménez-Barbero, J.; Blériot, Y.;
et al. Structural and Computational Analysis of 2-Halogeno-Glycosyl
Cations in the Presence of a Superacid: An Expansive Platform. Angew.
Chem., Int. Ed. 2019, 58, 13758—13762.

(176) Patel, K; Song, F.; Andreana, P. R. Synthesis of Substrate
Analogues as Potential Inhibitors for Mycobacterium Tuberculosis
Enzyme MshC. Carbohydr. Res. 2017, 453—454, 10—18.

(177) Stick, R. V.; Watts, A. G. The Chameleon of Retaining
Glycoside Hydrolases and Retaining Glycosyl Transferases: The
Catalytic Nucleophile. Monatsh. Chem. 2002, 133, 541—554.

(178) Bucher, C.; Gilmour, R. Fluorine-Directed Glycosylation.
Angew. Chem., Int. Ed. 2010, 49, 8724—8728.

(179) Vocadlo, D. J.; Withers, S. G. The Chemical Synthesis of 2-
Deoxy-2-fluorodisaccharide Probes of the Hen Egg White Lysozyme
Mechanism. Carbohydr. Res. 2008, 340, 379—388.

(180) Gallant, M.; Link, J. T.; Danishefsky, S. J. A Stereoselective
Synthesis of Indole-beta-N-glycosides: an Application to the Synthesis
of Rebeccamycin. J. Org. Chem. 1993, 58, 343—349.

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1080/07328308608058852
https://doi.org/10.1080/07328308608058852
https://doi.org/10.1080/07328308608058852
https://doi.org/10.1021/ja00269a066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00269a066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1139/v86-231
https://doi.org/10.1139/v86-231
https://doi.org/10.1080/07328308708057930
https://doi.org/10.1080/07328308708057930
https://doi.org/10.1016/0008-6215(88)80139-3
https://doi.org/10.1016/0008-6215(88)80139-3
https://doi.org/10.1016/0008-6215(88)80139-3
https://doi.org/10.1016/0008-6215(88)80139-3
https://doi.org/10.1016/0008-6215(88)80139-3
https://doi.org/10.1039/C1OB06336G
https://doi.org/10.1039/C1OB06336G
https://doi.org/10.1039/C1OB06336G
https://doi.org/10.1055/s-0036-1590881
https://doi.org/10.1055/s-0036-1590881
https://doi.org/10.1055/s-0036-1590881
https://doi.org/10.1021/cr500706a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500706a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201206566
https://doi.org/10.1002/anie.201206566
https://doi.org/10.1021/jo00433a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00433a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00433a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/07328308508082672
https://doi.org/10.1080/07328308508082672
https://doi.org/10.1080/07328308508082672
https://doi.org/10.1016/j.carres.2005.12.002
https://doi.org/10.1016/j.carres.2005.12.002
https://doi.org/10.1016/0008-6215(93)84061-A
https://doi.org/10.1016/0008-6215(93)84061-A
https://doi.org/10.1016/0008-6215(93)84061-A
https://doi.org/10.1039/C5OB00867K
https://doi.org/10.1039/C5OB00867K
https://doi.org/10.1039/C5OB00867K
https://doi.org/10.1016/S0021-9258(18)50503-2
https://doi.org/10.1016/S0021-9258(18)50503-2
https://doi.org/10.1016/S0021-9258(18)50503-2
https://doi.org/10.1016/S0021-9258(17)35910-0
https://doi.org/10.1016/S0021-9258(17)35910-0
https://doi.org/10.1016/S0021-9258(17)35910-0
https://doi.org/10.1016/S0008-6215(00)80451-6
https://doi.org/10.1016/S0008-6215(00)80451-6
https://doi.org/10.1016/S0022-1139(00)82427-6
https://doi.org/10.1016/S0022-1139(00)82427-6
https://doi.org/10.1016/S0022-1139(00)82427-6
https://doi.org/10.1021/acs.joc.1c01318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(00)92755-2
https://doi.org/10.1016/S0040-4039(00)92755-2
https://doi.org/10.1016/S0040-4039(00)92755-2
https://doi.org/10.1016/0040-4020(82)85090-4
https://doi.org/10.1016/0040-4020(82)85090-4
https://doi.org/10.1016/0040-4020(82)85090-4
https://doi.org/10.1016/j.tetlet.2006.08.122
https://doi.org/10.1016/j.tetlet.2006.08.122
https://doi.org/10.1021/bi500183c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi500183c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi500183c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01112a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01112a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01112a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01075a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01075a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b922717b
https://doi.org/10.1039/b922717b
https://doi.org/10.1039/b922717b
https://doi.org/10.1071/CH06394
https://doi.org/10.1071/CH06394
https://doi.org/10.1071/CH06394
https://doi.org/10.1080/07328309908543997
https://doi.org/10.1080/07328309908543997
https://doi.org/10.1080/07328309908543997
https://doi.org/10.1021/jo990686h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo990686h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9723904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9723904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9723904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carres.2009.06.016
https://doi.org/10.1016/j.carres.2009.06.016
https://doi.org/10.1139/v71-017
https://doi.org/10.1139/v71-017
https://doi.org/10.1039/C29700000463
https://doi.org/10.1039/C29700000463
https://doi.org/10.1074/jbc.273.51.34057
https://doi.org/10.1074/jbc.273.51.34057
https://doi.org/10.1002/anie.201907001
https://doi.org/10.1002/anie.201907001
https://doi.org/10.1016/j.carres.2017.10.014
https://doi.org/10.1016/j.carres.2017.10.014
https://doi.org/10.1016/j.carres.2017.10.014
https://doi.org/10.1007/s007060200027
https://doi.org/10.1007/s007060200027
https://doi.org/10.1007/s007060200027
https://doi.org/10.1002/anie.201004467
https://doi.org/10.1016/j.carres.2004.12.015
https://doi.org/10.1016/j.carres.2004.12.015
https://doi.org/10.1016/j.carres.2004.12.015
https://doi.org/10.1021/jo00054a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00054a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00054a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(181) Butchard, G. C.; Kent, P. W. Fluorocarbohydrates-XXVIII
Synthesis and Characterisation of 2-Deoxy-2-fluoro Derivatives of L-
Rhamnose and L-Epirhamnose. Tetrahedron 1979, 35, 2439—2443.

(182) Timmons, S. C.; Jakeman, D. L. On the Synthesis of the 2,6-
Dideoxysugar L-Digitoxose. Carbohydr. Res. 2007, 342, 2695—2704.

(183) Bliard, C.; Escribano, F. C.; Lukacs, G.; Olesker, A.; Sarda, P.
Synthesis of C-2"f- and C-2"a-Fluoro Avermectin Bla. J. Chem. Soc,
Chem. Commun. 1987, 368—370.

(184) Nicolaou, K. C; Dolle, R. E.; Papahatjis, D. P. Practical
Synthesis of Oligosaccharides. Partial Synthesis of Avermectin Bla. J.
Am. Chem. Soc. 1984, 106, 4189—4192.

(185) Bliard, C.; Herczegh, P.; Olesker, A.; Lukacs, G. Synthesis of
Derivatives of 2,6-Dideoxy-2,2-Difluoro-3-O-Methyl-l-Arabinopyra-
nose (2,2-Difluorooleandrose). J. Carbohydr. Chem. 1989, 8, 103—113.

(186) Lemieux, R. U.; Fraser-Reid, B. The Brominolysis of
Carbohydrate Iodides: I. Acetylated 6-Deoxy-6-iodo and 2-Deoxy-2-
iodo Glycosides. Can. J. Chem. 1964, 42, 539—546.

(187) Faghih, R.; Escribano, F. C.; Castillon, S.; Garcia, J.; Olesker, A.;
Thang, T. T. Chiral Synthons for the Total Synthesis of Fluoro Amino-
acids and Fluoro Analogs of Antibiotic Sugars. J. Org. Chem. 1986, 51,
4558—4564.

(188) Miljkovic, M.; Gligorijevic, M.; Glisin, D. Steric and
Electrostatic Interactions in Reactions of Carbohydrates. III. Direct
Displacment of the C-2 Sulfonate of Methyl 4,6-O-Benzylidene-3-O-
methyl-2-O-Methylsulfonyl-beta-D-gluco- and -mannopyranosides. J.
Org. Chem. 1974, 39, 3223—3226.

(189) Adamson, J.; Marcus, D. M. 2-Deoxy-2-fluoro-D-galactose.
Carbohydr. Res. 1970, 13, 314—316.

(190) Adamson, J.; Marcus, D. M. Fluorinated Carbohydrates: Part
XIII. 2-Deoxy-2-fluoro-D-galactose. Carbohydr. Res. 1972, 22, 257—
264.

(191) Dwek, R. A,; Kent, P. W,; Kirby, P. T.; Harrison, A. S. Fluorine
Chemical Shifts in Some Monosaccharide Derivatives. Tetrahedron Lett.
1970, 11, 2987—2990.

(192) Hayashi, T.; Murray, B. W.; Wang, R; Wong, C-H. A
Chemoenzymatic Synthesis of UDP-(2-deoxy-2-fluoro)galactose and
Evaluation of its Interaction With Galactosyltransferase. Biorg. Med.
Chem. 1997, S, 497—500.

(193) Geilen, C. C.; Loch, N.; Reutter, W.; Seppelt, K.; Oberdorfer, F.
A Simple Synthesis of 2-Deoxy-2-fluoro-d-galactose Using Xenon
Difluoride. Tetrahedron Lett. 1992, 33, 2435—2438.

(194) Albert, M.; Dax, K.; Ortner, J. A Novel Direct Route to 2-Deoxy-
2-fluoro-aldoses and their Corresponding Derivatives. Tetrahedron
1998, 54, 4839—4848.

(195) Barbieri, L.; Costantino, V.; Fattorusso, E.; Mangoni, A,;
Basilico, N.; Mondani, M.; Taramelli D. Immunomodulatory a-
Galactoglycosphingolipids: Synthesis of 2’-Fluoro-2’-deoxy-a-galacto-
sylceramide and an Evaluation of Its Immunostimulating Properties.
Eur. J. Org. Chem. 2008, 2005, 3279—3285.

(196) Wagner, S.; Mersch, C.; Hoffmann-Roeder, A. Fluorinated
Glycosyl Amino Acids for Mucin-Like Glycopeptide Antigen
Analogues. Chem.—Eur. J. 2010, 16, 7319—7330.

(197) Durantie, E.; Bucher, C.; Gilmour, R. Fluorine-Directed beta-
Galactosylation: Chemical Glycosylation Development by Molecular
Editing. Chem.—Eur. J. 2012, 18, 8208—8215.

(198) Dai, Y.; Hartke, R; Li, C; Yang, Q.; Liu, J. O.; Wang, L.-X.
Synthetic Fluorinated I-Fucose Analogs Inhibit Proliferation of Cancer
Cells and Primary Endothelial Cells. ACS Chem. Biol. 2020, 15, 2662—
2672.

(199) Butchard, C. G.; Kent, P. W. Fluorocarbohydrates—XXVII 2-
Deoxy-2-fluoro-l-fucose: Synthesis and Structure. Tetrahedron 1979,
35, 2551-2554.

(200) Li, C; Zhu, S; Ma, C; Wang, L. X. Designer alphal,6-
Fucosidase Mutants Enable Direct Core Fucosylation of Intact N-
Glycopeptides and N-Glycoproteins. J. Am. Chem. Soc. 2017, 139,
15074—15087.

(201) Francisco, C. G.; Gonzalez, C. C.; Kennedy, A. R;; Paz, N. R;;
Suarez, E. Fragmentation of Carbohydrate Anomeric Alkoxyl Radicals:

(@]

New Synthesis of Chiral 1-Fluoro-1-halo-1-iodoalditols. Chem.—Eur. J.
2008, 14, 6704—6712.

(202) Nieman, C. E.; Wong, A. W.; He, S.; Hopwood, J. J.; Withers, S.
G. Family 39 a-l-Iduronidases and f-d-Xylosidases React through
Similar Glycosyl-Enzyme Intermediates: Identification of the Human
Iduronidase Nucleophile. Biochemistry 2003, 42, 8054—8065.

(203) El Laghdach, A; Echarri, R; Matheu, M. L; Barrena, M. I;
Castillon, S.; Garcia, J. Gem-Difluorination Versus 1,2-Migration and
Fragmentation in the Reaction of 2-Uloses and 3-Uloses with DAST -
Influence of Stereochemistry at the Anomeric Carbon Atom. J. Org.
Chem. 1991, 56, 4556—4559.

(204) Barrena, M. L; Matheu, M. L; Castillon, S. An Improved
Synthesis of 4-O-Benzoyl-2,2-difluorooleandrose from L-Rhamnose.
Factors Determining the Synthesis of 2,2-Difluorocarbohydrates from
2-Uloses. J. Org. Chem. 1998, 63, 2184—2188.

(205) Rempel, B. P.; Withers, S. G. Non-Stick Sugars: Synthesis of
Difluorosugar Fluorides as Potential Glycosidase Inactivators. Aust. J.
Chem. 2009, 62, 590—599.

(206) Kovéé, P.; Yeh, H. J. C; Glaudemans, C. P. J. Synthesis and
N.M.R. Spectra of Methyl 2-Deoxy-2-fluoro- and 3-Deoxy-3-fluoro-a-
and f-D-Glucopyranosides. Carbohydr. Res. 1987, 169, 23—34.

(207) Praly, J-P; Brard, L.; Descotes, G.; Toupet, L. Photo-
halogenation of Glycopyranosyl Halides: An Expedient Route to C-1
Gem Dihalogenated Sugars. Tetrahedron 1989, 45, 4141—4152.

(208) Adamson, J.; Foster, A. B; Westwood, J. H. 2-Deoxy-2,2-
difluoro-D-arabino-hexose (“2,2-difluoroglucose”). Carbohydr. Res.
1971, 18, 345—347.

(209) Zhang, R.; McCarter, J. D.; Braun, C.; Yeung, W.; Brayer, G.D.;
Withers, S. G. Synthesis and Testing of 2-Deoxy-2,2-dihaloglycosides as
Mechanism-based Inhibitors of Alpha-glycosidases. J. Org. Chem. 2008,
73, 3070—3077.

(210) Hall, L. D.; Johnson, R. N.; Foster, A. B.; Westwood, J. H.
Fluorinated Carbohydrates. Part VIIL. Studies of Some 3-Deoxy-3-
fluoro-D-pyranosyl Fluorides. Can. J. Chem. 1971, 49, 236—240.

(211) Coté, G. L.; Robyt, J. F. Isolation and Partial Characterization of
an Extracellular Glucansucrase from Leuconostoc Mesenteroides
NRRL B-1355 That Synthesizes an Alternating (1—6), (1—3)-a-d-
Glucan. Carbohydr. Res. 1982, 101, 57—74.

(212) Michiels, A. G.; Wang, A. Y,; Clark, D. S.; Blanch, H. W.
Inhibition of Dextransucrase by a-D-Glucose Derivatives. Appl.
Biochem. Biotechnol. 1991, 31, 237—246.

(213) Foster, A. B.; Hems, R.; Webber, J. M. Fluorinated
Carbohydrates: Part I. 3-Deoxy-3-fluoro-D-glucose. Carbohydr. Res.
1967, S, 292—301.

(214) Withers, S. G.; MacLennan, D. J.; Street, 1. P. The Synthesis and
Hydrolysis of a Series of Deoxyfluoro-D-Glucopyranosyl Phosphates.
Carbohydr. Res. 1986, 154, 127—144.

(215) St-Gelais, J.; Coté, E.; Lainé, D.; Johnson, P. A,; Giguére, D.
Addressing the Structural Complexity of Fluorinated Glucose
Analogues: Insight into Lipophilicities and Solvation Effects. Chem.—
Eur. ]. 2020, 26, 13499—13506.

(216) St-Gelais, J.; Denavit, V.; Lainé, D.; Muru, K; Giguere, D.
Alternative Synthesis of 1,2,4,6-Tetra-O-acetyl-3-deoxy-3-fluoro-a,f3-
D-glucopyranose. Carbohydrate Chemistry: Proven Synthetic Methods;
Kosma, P., Wrodnigg, T., Stiitz, A., Eds.; Wiley-VCH, 2021; Vol. S, pp
173—181.

(217) Barford, A. D.; Foster, A. B.; Westwood, J. H.; Hall, L. D.;
Johnson, R. N. Fluorinated Carbohydrates: Part XII. 4-Deoxy-4-fluoro-
D-glucose: an Improved Synthesis and the Glycosyl Fluoride
Derivatives. Carbohydr. Res. 1971, 19, 49—61.

(218) Belyk, K. M.; Leonard, W. R;; Bender, D. R;; Hughes, D. L.
Practical Synthesis of 1,6-Anhydro-2,4-dideoxy-f-d-glycero- hexopyr-
anos-3-ulose from Levoglucosan. J. Org. Chem. 2000, 65, 2588—2590.

(219) Cerny, M.; Gut, V.; Pacak, J. Partielle Substitution der 1,6-
Anhydro-p-D-glucopyranose. Collect. Czech. Chem. Commun. 1961, 26,
2542-2550.

(220) Cerny, M.; Kalvoda, L.; Pacak, J. Syntheses with Anhydro
Sugars. V. Preparation of 2,4-Di-O-substituted 1,6-Anhydro-$-D-

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1016/S0040-4020(01)93761-5
https://doi.org/10.1016/S0040-4020(01)93761-5
https://doi.org/10.1016/S0040-4020(01)93761-5
https://doi.org/10.1016/j.carres.2007.09.012
https://doi.org/10.1016/j.carres.2007.09.012
https://doi.org/10.1039/C39870000368
https://doi.org/10.1021/ja00327a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00327a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/07328308908047995
https://doi.org/10.1080/07328308908047995
https://doi.org/10.1080/07328308908047995
https://doi.org/10.1139/v64-078
https://doi.org/10.1139/v64-078
https://doi.org/10.1139/v64-078
https://doi.org/10.1021/jo00374a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00374a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00936a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00936a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00936a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00936a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0008-6215(00)80841-1
https://doi.org/10.1016/S0008-6215(00)81276-8
https://doi.org/10.1016/S0008-6215(00)81276-8
https://doi.org/10.1016/S0040-4039(01)98392-3
https://doi.org/10.1016/S0040-4039(01)98392-3
https://doi.org/10.1016/S0968-0896(96)00263-5
https://doi.org/10.1016/S0968-0896(96)00263-5
https://doi.org/10.1016/S0968-0896(96)00263-5
https://doi.org/10.1016/S0040-4039(00)92208-1
https://doi.org/10.1016/S0040-4039(00)92208-1
https://doi.org/10.1016/S0040-4020(98)00189-6
https://doi.org/10.1016/S0040-4020(98)00189-6
https://doi.org/10.1002/ejoc.200500053
https://doi.org/10.1002/ejoc.200500053
https://doi.org/10.1002/ejoc.200500053
https://doi.org/10.1002/chem.200903294
https://doi.org/10.1002/chem.200903294
https://doi.org/10.1002/chem.200903294
https://doi.org/10.1002/chem.201200468
https://doi.org/10.1002/chem.201200468
https://doi.org/10.1002/chem.201200468
https://doi.org/10.1021/acschembio.0c00228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.0c00228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0040-4020(79)88019-9
https://doi.org/10.1016/0040-4020(79)88019-9
https://doi.org/10.1021/jacs.7b07906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200800734
https://doi.org/10.1002/chem.200800734
https://doi.org/10.1021/bi034293v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi034293v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi034293v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00014a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00014a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00014a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo971846x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo971846x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo971846x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo971846x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1071/CH09223
https://doi.org/10.1071/CH09223
https://doi.org/10.1016/0008-6215(87)80239-2
https://doi.org/10.1016/0008-6215(87)80239-2
https://doi.org/10.1016/0008-6215(87)80239-2
https://doi.org/10.1016/S0040-4020(01)81310-7
https://doi.org/10.1016/S0040-4020(01)81310-7
https://doi.org/10.1016/S0040-4020(01)81310-7
https://doi.org/10.1016/S0008-6215(00)80363-8
https://doi.org/10.1016/S0008-6215(00)80363-8
https://doi.org/10.1021/jo702565q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo702565q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1139/v71-041
https://doi.org/10.1139/v71-041
https://doi.org/10.1016/S0008-6215(00)80795-8
https://doi.org/10.1016/S0008-6215(00)80795-8
https://doi.org/10.1016/S0008-6215(00)80795-8
https://doi.org/10.1016/S0008-6215(00)80795-8
https://doi.org/10.1007/BF02921750
https://doi.org/10.1016/S0008-6215(00)80504-2
https://doi.org/10.1016/S0008-6215(00)80504-2
https://doi.org/10.1016/S0008-6215(00)90028-4
https://doi.org/10.1016/S0008-6215(00)90028-4
https://doi.org/10.1002/chem.202002825
https://doi.org/10.1002/chem.202002825
https://doi.org/10.1016/S0008-6215(00)80311-0
https://doi.org/10.1016/S0008-6215(00)80311-0
https://doi.org/10.1016/S0008-6215(00)80311-0
https://doi.org/10.1021/jo991719w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo991719w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1135/cccc19612542
https://doi.org/10.1135/cccc19612542
https://doi.org/10.1135/cccc19681143
https://doi.org/10.1135/cccc19681143
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

hexopyranos-3-uloses and Their Isomerization and Reduction. Collect.
Czech. Chem. Commun. 1968, 33, 1143—1156.

(221) Grindley, T. B.; Reimer, G. J,; Kralovec, J; Brown, R. G;
Anderson, M. Syntheses of 3-Deoxy-3-substituted-D-glucose Deriva-
tives. Part I. Improvements in Preparation of and Nucleophilic
additions to 1,6:2,3-Dianhydro-4-O-benzyl-$-D-allopyranose. Can. J.
Chem. 1987, 65, 1065—1071.

(222) Kato, T.; Vasella, A;; Crich, D. Stereospecific Synthesis of
Methyl 2-Amino-2-deoxy-(6S)-deuterio-a,$-D-glucopyranoside and
Methyl 2,6-Diamino-2,6-dideoxy-(6R)-deuterio-a,B-D-glucopyrano-
side: Side Chain Conformations of the 2-Amino-2-deoxy and 2,6-
Diamino-2,6-dideoxyglucopyranosides. Carbohydr. Res. 2017, 448, 10—
17.

(223) Lewandowska, E.; Neschadimenko, V.; Wnuk, S. F.; Robins, M.
J. Efficient Removal of Sugar O-Tosyl Groups and Heterocycle
Halogens from Purine Nucleosides with Sodium Naphthalenide.
Tetrahedron 1997, 53, 6295—6302.

(224) Fontenelle, C. Q.; Shishmarev, D.; Kuchel, P. W.; Linclau, B.
The Synthesis of 3,4-Dideoxy-3,4-difluoro-D-glucose. Trends Carbo-
hydr. Res. 2017, 9, 29—34.

(225) Jeanloz, R. W.,; Rapin, A. M. C.,; Hakomori, S.-I. Partial
Esterification of 1,6-Anhydro-f-D-glucopyranose. J. Org. Chem. 1961,
26, 3939—3946.

(226) Grindley, T. B.; Thangarasa, R. Selective Mono-Eesterification
and Alkylation of 1,6-Anhydro-beta-D-Glucopyranose via its Dibutyl
Stannylene Derivative. Carbohydr. Res. 1988, 172, 311-318.

(227) Laine, D.; Denavit, V.; Giguére, D. Synthesis of Protected 3-
Deoxy-3-fluoro- and 4-Deoxy-4-fluoro-d-galactopyranosides from
Levoglucosan. J. Org. Chem. 2017, 82, 4986—4992.

(228) Williams, J. M.; Richardson, A. C. Selective Acylation of
Pyranoside—IL.: Benzoylation of Methyl a-D-Glycopyranosides of
Mannose, Glucose and Galactose. Tetrahedron 1967, 23, 1369—1378.

(229) Card, P. J. Fluorinated Carbohydrates. Use of DAST in the
Synthesis of Fluorinated Sugars. J. Org. Chem. 1983, 48, 393—395.

(230) Esmurziev, A. M.; Simic, N.; Hoff, B. H,; Sundby, E. Synthesis
and Structure Elucidation of Benzoylated Deoxyfluoropyranosides. J.
Carbohydr. Chem. 2010, 29, 348—367.

(231) Weiberth, F. J; Gill, H. S.; Jiang, Y.; Lee, G. E.; Lienard, P.;
Pemberton, C.; Powers, M. R.; Subotkowski, W.; Tomasik, W.;
Vanasse, B. J; et al. Process Development of Selectively Benzoylated
and Fluorinated Glycosyl Donors. Org. Process Res. Dev. 2010, 14, 623—
631.

(232) Xu, G.; Gaul, M. D.; Kuo, G.-H.; Dy, F,; Xu, J. Z.; Wallace, N.;
Hinke, S.; Kirchner, T.; Silva, J.; Huebert, N. D.; Lee, S.; Murray, W.;
Liang, Y.; Demarest, K. Design, Synthesis and Biological Evaluation of
(25,3R/4R,5S,6R)-S-Fluoro-6-(hydroxymethyl)-2-aryltetrahydro-2H-
pyran-3,4-diols as Potent and Orally Active SGLT Dual Inhibitors.
Bioorg. Med. Chem. Lett. 2018, 28, 3446—3453.

(233) Foster, A. B.;; Westwood, J. H.; Donaldson, B.; Hall, L. D.
Fluorinated Carbohydrates. 15. 2,3,6-Tri-O-acetyl-4-deoxy-4-fluoro-
alpha- and beta-D-galactopyranosyl Fluoride - Observations on 5] F-19-
F-19 Coupling. Carbohydr. Res. 1972, 2§, 228—231.

(234) St-Gelais, J.; Leclerc, C.; Giguére, D. Synthesis of Fluorinated
Thiodigalactoside Analogues. Carbohydr. Res. 2022, S11, 108481.

(235) McCarter, J. D.; Withers, S. G. 5-Fluoro Glycosides: A New
Class of Mechanism-Based Inhibitors of Both a- and #-Glucosidases. J.
Am. Chem. Soc. 1996, 118, 241—242.

(236) Kallemeijn, W. W.; Witte, M. D.; Wennekes, T.; Aerts, J. M. F.
G.; Horton, D. Mechanism-Based Inhibitors of Glycosidases: Design
and Applications. Adv. Carbohydr. Chem. Biochem. 2014, 71, 297—338,
DOL: 10.1016/B978-0-12-800128-8.00004-2.

(237) Blattner, R; Ferrier, R. J. Photo-bromination of Carbohydrate
Derivatives. Part 2. Penta-O-acetyl-f-D-glucopyranose; the S-Bromo-
derivative and Products of Further Bromination. J. Chem. Soc., Perkin
Trans. 1 1980, 1523—1527.

(238) Ferrier, R. J; Tyler, P. C. Photo-bromination of Carbohydrate
Derivatives. Part 3. C-5 Bromination of Penta-O-benzoyl-a- and -3-D-
Glucopyranose; a Route to D-Xylo-hexos-S-ulose Derivatives and a-L-
Idopyranosides. J. Chem. Soc., Perkin Trans. 1 1980, 1528—1534.

CN

(239) Skelton, B. W; Stick, R. V.; Stubbs, K. A.; Watts, A. G.; White,
A. H. The Fluorination (at CS) of Some Derivatives of D—Glucose.
Aust. J. Chem. 2004, 57, 345—353.

(240) Caddick, S.; Gazzard, L.; Motherwell, W. B.; Wilkinson, J. A.
Preparation of 1-Fluoroglycosides from 1-Arylthio and 1-Arylseleno-
glycosides Using 4-Methyl(difluoroiodo)benzene. Tetrahedron 1996,
52, 149—156.

(241) Kreuzer, M.; Thiem, J. Aufbau von Oligosacchariden Mit
Glycosylfluoriden Unter Lewissdure-katalyse. Carbohydr. Res. 1986,
149, 347-361.

(242) Hehre, E. J.; Matsui, H.; Brewer, C. F. Hydrolysis of -D-
Glucopyranosyl Fluoride to a-D-Glucose Catalyzed by Aspergillus
Niger a-D-Glucosidase. Carbohydr. Res. 1990, 198, 123—132.

(243) Wiesner, M.; Thiem, J. Formation and Anomerization of
Glycopyranosyl Fluorides and their Facile Conversion into Glycopyr-
anosyl Azides. Trends carbohydr. Res. 2020, 12, 1-8.

(244) Posner, G. H.; Haines, S. R. A Convenient, One-step, High-
Yield Replacement of an Anomeric Hydroxyl Group by a Fluorine
Atom Using DAST. Preparation of Glycosyl Fluorides. Tetrahedron
Lett. 1985, 26, 5—8.

(245) Praly, J. P,; Descotes, G. Syntheses of “Anomeric’ Gem
Dihalogenated Glucopyranosyl Derivatives. Tetrahedron Lett. 1987, 28,
1405—1408.

(246) Steinmann, A.; Thimm, J.; Matwiejuk, M.; Thiem, J. Formation
of Homooligosaccharides Using Base-Promoted Glycosylation of
Unprotected Glycosyl Fluorides. Macromolecules 2010, 43, 3606—3612.

(247) Caputo, A. T.; Alonzi, D. S.; Marti, L.; Reca, L.-B.; Kiappes, J. L.;
Struwe, W. B.; Cross, A.; Basu, S.; Lowe, E. D.; Darlot, B; et al.
Structures of Mammalian ER a-Glucosidase II Capture the Binding
Modes of Broad-Spectrum Iminosugar Antivirals. Proc. Natl. Acad. Sci.
U. S. A. 2016, 113, No. E4630-E4638.

(248) Ly, H. D.; Howard, S.; Shum, K.; He, S. M.; Zhu, A.; Withers, S.
G. The synthesis, Testing and Use of S-fluoro-alpha-D-Galactosyl
Fluoride to Trap an Intermediate on Green Coffee Bean Alpha-
Galactosidase and Identify the Catalytic Nucleophile. Carbohydr. Res.
2000, 329, 539—547.

(249) Zacharia, J. T.; Hayashi, M. Facile Synthesis of Acacetin-7-O-f-
D-Galactopyranoside. Carbohydr. Res. 2012, 348, 91—94.

(250) Howard, S.; He, S.; Withers, S. G. Identification of the Active
Site Nucleophile in Jack Bean Alpha-Mannosidase Using S-Fluoro-
beta-L-gulosyl Fluoride. J. Biol. Chem. 1998, 273, 2067—2072.

(251) Wong, A. W.; He, S.; Withers, S. G. Synthesis of S-Fluoro-f-D-
glucopyranosyluronic Acid Fluoride and its Evaluation as a Mechanistic
Probe of Escherichia Coli f-Glucuronidase. Can. J. Chem. 2001, 79,
510-518.

(252) Chittenden, G. J. F. Reaction of Some 1,2-Trans-Aldose
Peracetates With Thionyl Chloride-Acetic Acid — A Convenient
Synthesis of some 1,2-Trans-per-O-acetyl-D-glycosyl Chlorides.
Carbohydr. Res. 1993, 242, 297—301.

(253) Eby, R; J. Sondheimer, S.; Schuerch, C. Selective Acetolysis of
Primary Benzyl Ethers. Carbohydr. Res. 1979, 73, 273—276.

(254) Tikad, A; Delbrouck, J. A; Vincent, S. P. Debenzylative
Cycloetherification: An Overlooked Key Strategy for Complex
Tetrahydrofuran Synthesis. Chem.—Eur. . 2016, 22, 9456—9476.

(255) Bessell, E. M.; Foster, A. B.; Westwood, J. H.,; Hall, L. D;
Johnson, R. N. Fluorinated Carbohydrates: Part XII. 6-Deoxy-6-fluoro-
D-glucose: An Improved Synthesis and the Glycosyl Fluoride
Derivatives. Carbohydr. Res. 1971, 19, 39—48.

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

(257) Cottaz, S.; Appary, C.; Driguez, H. Chemoenzymatic Approach
to the Preparation of Regioselectively Modified Cyclodextrins. The
Substrate Specificity of the Enzyme Cyclodextrin Glucosyltransferase
(CGTase). J. Chem. Soc., Perkin Trans. 1 1991, 2235—2241.

(258) Tanaka, T.; Huang, W. C.; Noguchi, M.; Kobayashi, A.; Shoda,
S.-i. Direct Synthesis of 1,6-Anhydro Sugars From Unprotected
Glycopyranoses by Using 2-Chloro-1,3-dimethylimidazolinium Chlor-
ide. Tetrahedron Lett. 2009, 50, 2154—2157.

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1135/cccc19681143
https://doi.org/10.1139/v87-180
https://doi.org/10.1139/v87-180
https://doi.org/10.1139/v87-180
https://doi.org/10.1016/j.carres.2017.05.015
https://doi.org/10.1016/j.carres.2017.05.015
https://doi.org/10.1016/j.carres.2017.05.015
https://doi.org/10.1016/j.carres.2017.05.015
https://doi.org/10.1016/j.carres.2017.05.015
https://doi.org/10.1016/S0040-4020(97)00313-X
https://doi.org/10.1016/S0040-4020(97)00313-X
https://doi.org/10.1021/jo01068a073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01068a073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0008-6215(00)90866-8
https://doi.org/10.1016/S0008-6215(00)90866-8
https://doi.org/10.1016/S0008-6215(00)90866-8
https://doi.org/10.1021/acs.joc.7b00543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b00543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b00543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0040-4020(67)85091-9
https://doi.org/10.1016/0040-4020(67)85091-9
https://doi.org/10.1016/0040-4020(67)85091-9
https://doi.org/10.1021/jo00151a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00151a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/07328303.2010.540055
https://doi.org/10.1080/07328303.2010.540055
https://doi.org/10.1021/op100053k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op100053k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmcl.2018.09.025
https://doi.org/10.1016/j.bmcl.2018.09.025
https://doi.org/10.1016/j.bmcl.2018.09.025
https://doi.org/10.1016/S0008-6215(00)82762-7
https://doi.org/10.1016/S0008-6215(00)82762-7
https://doi.org/10.1016/S0008-6215(00)82762-7
https://doi.org/10.1016/j.carres.2021.108481
https://doi.org/10.1016/j.carres.2021.108481
https://doi.org/10.1021/ja952732a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja952732a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-800128-8.00004-2
https://doi.org/10.1016/B978-0-12-800128-8.00004-2
https://doi.org/10.1016/B978-0-12-800128-8.00004-2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/P19800001523
https://doi.org/10.1039/P19800001523
https://doi.org/10.1039/P19800001523
https://doi.org/10.1039/P19800001528
https://doi.org/10.1039/P19800001528
https://doi.org/10.1039/P19800001528
https://doi.org/10.1039/P19800001528
https://doi.org/10.1071/CH03288
https://doi.org/10.1016/0040-4020(95)00889-G
https://doi.org/10.1016/0040-4020(95)00889-G
https://doi.org/10.1016/S0008-6215(00)90057-0
https://doi.org/10.1016/S0008-6215(00)90057-0
https://doi.org/10.1016/0008-6215(90)84282-Y
https://doi.org/10.1016/0008-6215(90)84282-Y
https://doi.org/10.1016/0008-6215(90)84282-Y
https://doi.org/10.1016/S0040-4039(00)98451-X
https://doi.org/10.1016/S0040-4039(00)98451-X
https://doi.org/10.1016/S0040-4039(00)98451-X
https://doi.org/10.1016/S0040-4039(00)95938-0
https://doi.org/10.1016/S0040-4039(00)95938-0
https://doi.org/10.1021/ma100191d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma100191d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma100191d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1604463113
https://doi.org/10.1073/pnas.1604463113
https://doi.org/10.1016/S0008-6215(00)00214-7
https://doi.org/10.1016/S0008-6215(00)00214-7
https://doi.org/10.1016/S0008-6215(00)00214-7
https://doi.org/10.1016/j.carres.2011.11.015
https://doi.org/10.1016/j.carres.2011.11.015
https://doi.org/10.1074/jbc.273.4.2067
https://doi.org/10.1074/jbc.273.4.2067
https://doi.org/10.1074/jbc.273.4.2067
https://doi.org/10.1139/cjc-79-5-6-510
https://doi.org/10.1139/cjc-79-5-6-510
https://doi.org/10.1139/cjc-79-5-6-510
https://doi.org/10.1016/0008-6215(93)80045-G
https://doi.org/10.1016/0008-6215(93)80045-G
https://doi.org/10.1016/0008-6215(93)80045-G
https://doi.org/10.1016/S0008-6215(00)85498-1
https://doi.org/10.1016/S0008-6215(00)85498-1
https://doi.org/10.1002/chem.201600655
https://doi.org/10.1002/chem.201600655
https://doi.org/10.1002/chem.201600655
https://doi.org/10.1016/S0008-6215(00)80310-9
https://doi.org/10.1016/S0008-6215(00)80310-9
https://doi.org/10.1016/S0008-6215(00)80310-9
https://doi.org/10.1021/acs.orglett.8b03947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b03947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b03947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/p19910002235
https://doi.org/10.1039/p19910002235
https://doi.org/10.1039/p19910002235
https://doi.org/10.1039/p19910002235
https://doi.org/10.1016/j.tetlet.2009.02.171
https://doi.org/10.1016/j.tetlet.2009.02.171
https://doi.org/10.1016/j.tetlet.2009.02.171
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(259) Lepage, M. L.; Schneider, J. P.; Bodlenner, A.; Compain, P.
Toward a Molecular Lego Approach for the Diversity-Oriented
Synthesis of Cyclodextrin Analogues Designed as Scaffolds for
Multivalent Systems. J. Org. Chem. 2015, 80, 10719—10733.

(260) Tamura, J.; Schmidt, R. R. Effect of Protecting Groups and
Solvents in Anomeric O-Alkylation of Mannopyranosel. J. Carbohydr.
Chem. 1995, 14, 895—911.

(261) Tashiro, T.; Nakagawa, R.; Shigeura, T.; Watarai, H.; Taniguchi,
M.; Mori, K. RCAI-61 and Related 6’-Modified Analogs of KRN7000:
Their Synthesis and Bioactivity for Mouse Lymphocytes to Produce
Interferon-y In Vivo. Biorg. Med. Chem. 2013, 21, 3066—3079.

(262) Miethchen, R; Zur, C. Organofluorine Compounds and
Fluorinating Agents. 14. Thermotropic Liquid-Crystalline Glycosyl
Fluorides. J. Prakt. Chem. 1995, 337, 189—195.

(263) Denavit, V.; Lainé, D.; Le Heiget, G.; Giguére, D.: Alternative
Synthesis of 1,2,4,6-Tetra-O-acetyl-3-deoxy-3-fluoro-a,B-D-glucopyr-
anose. Carbohydrate Chemistry: Proven Synthetic Methods; Wiley-VCH,
2018; Vol. 4, pp 247—253.

(264) Noecker, L. A; Edwards, J. R. Synthesis of 6-Deoxy-6,6-
difluoro-a-D-glucopyranosyl Fluoride. Tetrahedron Lett. 1997, 38,
5779-5780.

(265) Mtashobya, L.; Quiquempoix, L.; Linclau, B. The Synthesis of
Mono- and Difluorinated 2,3-Dideoxy-D-Glucopyranoses. J. Fluorine
Chem. 2015, 171, 92—96.

(266) Czernecki, S.; Leteux, C.; Veyriéres, A. Versatile Behavior of o-
Stannylated D-Glucal Towards Halogens. Tetrahedron Lett. 1992, 33,
221-224.

(267) Leteux, C.; Veyriéres, A.; Robert, F. An Electrophile-Mediated
Cyclization on the 1,6-Anhydro-D-glucopyranose Framework. Carbo-
hydr. Res. 1993, 242, 119—130.

(268) Katavic, P. L.; Yong, K. W. L,; Herring, J. N.; Deseo, M. A.;
Blanchfield, J. T.; Ferro, V.; Garson, M. J. Structure and Stereo-
chemistry of an Anti-inflammatory Anhydrosugar from the Australian
Marine Sponge Plakinastrella Clathrata and the Synthesis of Two
Analogues. Tetrahedron 2013, 69, 8074—8079.

(269) Arndt, S.; Hsieh-Wilson, L. C. Use of Cerny Epoxides for the
Accelerated Synthesis of Glycosaminoglycans. Org. Lett. 2003, S,
4179—4182.

(270) Pacak, J.; Tocik, Z.; Cerny, M. Synthesis of 2-Deoxy-2-fluoro-D-
glucose. J. Chem. Soc. D 1969, 0, 77—77.

(271) Pacak, J.; Podesva, J.; Tocik, Z.; Cerny, M. Syntheses with
Anhydro Sugars. XI. Preparation of 2-Deoxy-2-fluoro-D-glucose and
2,4-Difluoro-D-glucose. Collect. Czech. Chem. Commun. 1972, 37,
2589—-2599.

(272) St-Gelais, J.; Bouchard, M.; Denavit, V.; Giguére, D. Synthesis
and Lipophilicity of Trifluorinated Analogues of Glucose. J. Org. Chem.
2019, 84, 8509—8522.

(273) Denavit, V.; Laine, D.; Bouzriba, C.; Shanina, E.; Gillon, E.;
Fortin, S.; Rademacher, C.; Imberty, A.; Giguere, D. Stereoselective
Synthesis of Fluorinated Galactopyranosides as Potential Molecular
Probes for Galactophilic Proteins: Assessment of Monofluorogalacto-
side-LecA Interactions. Chem.—Eur. J. 2019, 25, 4478—4490.

(274) Malassis, J.; Vendeville, J. B.; Nguyen, Q. H.; Boujon, M,;
Gaignard-Gaillard, Q; Light, M; Linclau, B. Synthesis of Vicinal
Dideoxy-difluorinated Galactoses. Org. Biomol. Chem. 2019, 17, 5331—
5340.

(275) Denavit, V.; Lainé, D.; St-Gelais, J.; Johnson, P. A.; Giguére, D.
A Chiron Approach Towards the Stereoselective Synthesis of
Polyfluorinated Carbohydrates. Nat. Commun. 2018, 9, 4721.

(276) Albert, R; Dax, K; Link, R. W.; Stiitz, A. E. Carbohydrate
Triflates: Reaction with Nitrite, Leading Directly to Epi-Hydroxy
Compounds. Carbohydr. Res. 1983, 118, C5—Cé6.

(277) Senicar, M.; Lafite, P.; Eliseeva, S. V.; Petoud, S.; Landemarre,
L.; Daniellou, R. Galactofuranose-Related Enzymes: Challenges and
Hopes. Int. J. Mol. Sci. 2020, 21, 3465.

(278) Peltier, P.; Euzen, R; Daniellou, R; Nugier-Chauvin, C.;
Ferrieres, V. Recent Knowledge and Innovations Related to
Hexofuranosides: Structure, Synthesis and Applications. Carbohydr.
Res. 2008, 343, 1897—1923.

co

(279) Taha, H. A;; Richards, M. R;; Lowary, T. L. Conformational
Analysis of Furanoside-Containing Mono- and Oligosaccharides. Chem.
Rev. 2013, 113, 1851—1876.

(280) Zhang, Q.; Liu, H.-w. Mechanistic Investigation of UDP-
Galactopyranose Mutase from Escherichia coli Using 2- and 3-
Fluorinated UDP-Galactofuranose as Probes. J. Am. Chem. Soc. 2001,
123, 6756—6766.

(281) Hricoviniov4, Z. Facile and Efficient Synthesis of ido-
Heptulosan via a Strategy Derived from Mo(VI)-Catalysed Reactions.
Synthesis 2001, 2001, 751—-754.

(282) Laine, D.; Lessard, O.; St-Gelais, J.; Giguére, D. From
Carbohydrates to Complex Organofluorines: Synthesis, Conformation,
and Lipophilicity of Multivicinal-Fluorine-Containing Hexitol Ana-
logues. Chem.—Eur. J. 2021, 27, 3799—380S.

(283) Cerny, M.; Trnka, T.; P, B.; Pacik, J. Syntheses with Anhydro
Sugars. VIIL Preparation of 1,6:2,3-Dianhydro- and 1,6:3,4-Dianhydro-
p-D-allopyranose. Collect. Czech. Chem. Commun. 1969, 34, 3377—
3382.

(284) Takagi, Y.; Kobayashi, N.; Chang, M. S.; Lim, G.J.; Tsuchiya, T.
Synthesis and Antitumor Activity of the 7-O-(2,6-Dideoxy-2-fluoro-
alpha-L-talopyranosyl)daunomycinone Derivatives Modified at C-3” or
C-4°. Carbohydr. Res. 1998, 307, 217—232.

(285) Kwang-dae, O.K; Takagi, Y.; Tsuchiya, T.; Umezawa, S,;
Umezawa, H. Synthesis of Antitumor-Active 7-O-(2,6-Dideoxy-2-
fluoro-a-L-talopyranosyl)-Daunomycinone and -Adriamycinone. Car-
bohydr. Res. 1987, 169, 69—81.

(286) Zehavi, U.; Sharon, N. Synthesis of Methyl 2,4-Diacetamido-
2,4,6-trideoxy Hexopyranosides. J. Org. Chem. 1972, 37, 2141-214S.

(287) Timofte, R. S; Linclau, B. Enantioselective Synthesis of
Tetrafluorinated Glucose and Galactose. Org. Lett. 2008, 10, 3673—
3676.

(288) Golten, S.; Fontenelle, C. Q.; Timofte, R. S.; Bailac, L.; Light,
M.; Sebban, M.; Oulyadi, H.; Linclau, B. Enantioselective Synthesis of
Dideoxy-tetrafluorinated Hexoses. J. Org. Chem. 2016, 81, 4434—4453.

(289) Linclau, B. Enantioselective Dihydroxylation of Perfluoroalkyl-
substituted Alkenes. Chim. Oggi 2007, 25, 51—54.

(290) Linclau, B.; Boydell, A. J.; Timofte, R. S.; Brown, K. J.; Vinader,
V.; Weymouth-Wilson, A. C. Enantioselective Synthesis of Tetra-
fluorinated Ribose and Fructose. Org. Biomol. Chem. 2009, 7, 803—814.

(291) N’Go, L; Golten, S.; Ard4, A.; Canada, J.; Jiménez-Barbero, J.;
Linclau, B.; Vincent, S. P. Tetrafluorination of Sugars as Strategy for
Enhancing Protein-Carbohydrate Affinity: Application to UDP-Galp
Mutase Inhibition. Chem.—Eur. J. 2014, 20, 106—112.

(292) Konno, T.; Hoshino, T.; Kida, T.; Takano, S.; Ishihara, T. Short
Synthetic Preparation of Enantiomerically Pure Tetrafluoroethylenated
Sugar Derivatives. J. Fluorine Chem. 2013, 152, 106—113.

(293) Gassman, P. G.; O'Reilly, N. J. Nucleophilic Addition of the
Pentafluoroethyl Group to Aldehydes, Ketones, and Esters. J. Org.
Chem. 1987, 52, 2481—2490.

(294) Markina, N. A.; Voznyi, Y. V. A Short Synthesis of 4-Deoxy-4-
Fluoroglucosaminides: Methylumbelliferyl N-Acetyl-4-deoxy-4-fluoro-
beta-D-glucosaminide. Russ. J. Bioorg. Chem. 2008, 34, 475—479.

(295) Denavit, V.; St-Gelais, J.; Tremblay, T.; Giguere, D. Exploring
the Chemistry of Non-sticky Sugars: Synthesis of Polyfluorinated
Carbohydrate Analogs of D-Allopyranose. Chem.—Eur. J. 2019, 25,
9272-9279.

(296) Quiquempoix, L.; Wang, Z.; Graton, J.; Latchem, P. G.; Light,
M,; Le Questel, J. Y.; Linclau, B. Synthesis of 2,3,4-Trideoxy-2,3,4-
trifluoroglucose. J. Org. Chem. 2019, 84, 5899—5906.

(297) Pacak, J.; Podesva, J.; Cerny, M. 2,4-Dideoxy-2,4-difluoro-D-
glucose. Chem. Ind. 1970, 929.

(298) Pacdk, J.; Braunova, M.; Stropovd, D.; Cerny, M. Fluorinated
Derivatives of 1,6-Anhydro-8-D-ribo-hexopyranos-3-ulose. Collect.
Czech. Chem. Commun. 1977, 42, 120—131.

(299) Vera-Ayoso, Y.; Borrachero, P.; Cabrera-Escribano, F.;
Carmona, A. T.; Gomez-Guillen, M. Fluorination of 2-Hydroxy-
Hexopyranosides by DAST: Towards Formyl C-Glycofuranosides from
Equatorial-2-OH Methyl Hexopyranosides. Tetrahedron-Asymmetry
2004, 15, 429—444.

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1021/acs.joc.5b01938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b01938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b01938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/07328309508005384
https://doi.org/10.1080/07328309508005384
https://doi.org/10.1016/j.bmc.2013.03.028
https://doi.org/10.1016/j.bmc.2013.03.028
https://doi.org/10.1016/j.bmc.2013.03.028
https://doi.org/10.1002/prac.19953370142
https://doi.org/10.1002/prac.19953370142
https://doi.org/10.1002/prac.19953370142
https://doi.org/10.1016/S0040-4039(97)01317-8
https://doi.org/10.1016/S0040-4039(97)01317-8
https://doi.org/10.1016/j.jfluchem.2014.08.023
https://doi.org/10.1016/j.jfluchem.2014.08.023
https://doi.org/10.1016/0040-4039(92)88055-A
https://doi.org/10.1016/0040-4039(92)88055-A
https://doi.org/10.1016/0008-6215(93)80026-B
https://doi.org/10.1016/0008-6215(93)80026-B
https://doi.org/10.1016/j.tet.2013.06.079
https://doi.org/10.1016/j.tet.2013.06.079
https://doi.org/10.1016/j.tet.2013.06.079
https://doi.org/10.1016/j.tet.2013.06.079
https://doi.org/10.1021/ol035606h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol035606h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C29690000077
https://doi.org/10.1039/C29690000077
https://doi.org/10.1135/cccc19722589
https://doi.org/10.1135/cccc19722589
https://doi.org/10.1135/cccc19722589
https://doi.org/10.1021/acs.joc.9b00795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b00795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201806197
https://doi.org/10.1002/chem.201806197
https://doi.org/10.1002/chem.201806197
https://doi.org/10.1002/chem.201806197
https://doi.org/10.1039/C9OB00707E
https://doi.org/10.1039/C9OB00707E
https://doi.org/10.1038/s41467-018-06901-y
https://doi.org/10.1038/s41467-018-06901-y
https://doi.org/10.1016/0008-6215(83)88062-8
https://doi.org/10.1016/0008-6215(83)88062-8
https://doi.org/10.1016/0008-6215(83)88062-8
https://doi.org/10.3390/ijms21103465
https://doi.org/10.3390/ijms21103465
https://doi.org/10.1016/j.carres.2008.02.010
https://doi.org/10.1016/j.carres.2008.02.010
https://doi.org/10.1021/cr300249c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300249c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010473l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010473l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010473l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-2001-12773
https://doi.org/10.1055/s-2001-12773
https://doi.org/10.1002/chem.202004646
https://doi.org/10.1002/chem.202004646
https://doi.org/10.1002/chem.202004646
https://doi.org/10.1002/chem.202004646
https://doi.org/10.1135/cccc19693377
https://doi.org/10.1135/cccc19693377
https://doi.org/10.1135/cccc19693377
https://doi.org/10.1016/S0008-6215(98)00026-3
https://doi.org/10.1016/S0008-6215(98)00026-3
https://doi.org/10.1016/S0008-6215(98)00026-3
https://doi.org/10.1016/0008-6215(87)80243-4
https://doi.org/10.1016/0008-6215(87)80243-4
https://doi.org/10.1021/jo00978a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00978a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol801272e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol801272e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b00302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b00302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b817260a
https://doi.org/10.1039/b817260a
https://doi.org/10.1002/chem.201303693
https://doi.org/10.1002/chem.201303693
https://doi.org/10.1002/chem.201303693
https://doi.org/10.1016/j.jfluchem.2013.02.013
https://doi.org/10.1016/j.jfluchem.2013.02.013
https://doi.org/10.1016/j.jfluchem.2013.02.013
https://doi.org/10.1021/jo00388a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00388a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1134/S1068162008040122
https://doi.org/10.1134/S1068162008040122
https://doi.org/10.1134/S1068162008040122
https://doi.org/10.1002/chem.201901346
https://doi.org/10.1002/chem.201901346
https://doi.org/10.1002/chem.201901346
https://doi.org/10.1021/acs.joc.9b00310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b00310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1135/cccc19770120
https://doi.org/10.1135/cccc19770120
https://doi.org/10.1016/j.tetasy.2003.11.034
https://doi.org/10.1016/j.tetasy.2003.11.034
https://doi.org/10.1016/j.tetasy.2003.11.034
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(300) Somawardhana, C. W.; Brunngraber, E. G. A One-Step
Synthesis of Methyl 4,6-Dideoxy-4,6-difluoro-alpha-D-galactopyrano-
side. Carbohydr. Res. 1981, 94, C14—C15.

(301) Somawardhana, C. W.; Brunngraber, E. G. Stereo- and Regio-
selectivity of Diethylaminosulfur Trifluoride as a Fluorinating Reagent
for Methyl Glycosides. Carbohydr. Res. 1983, 121, 51—60.

(302) Card, P.]J.; Reddy, G. S. Fluorinated Carbohydrates. 2. Selective
Fluorination of Glucopyranosides and Mannopyranosides - Use OF 2-
D NMR for Structural Assignments. J. Org. Chem. 1983, 48, 4734—
4743.

(303) Giuffredi, G. T.; Jennings, L. E.; Bernet, B.; Gouverneur, V.
Facile Synthesis of 4-Deoxy-4-fluoro-a-D-talopyranoside, 4-Deoxy-4-
fluoro-a-D-idopyranoside and 2,4-Dideoxy-2,4-difluoro-a-D-talopyr-
anoside. J. Fluorine Chem. 2011, 132, 772—778.

(304) Kiister, J. M.; Dyong, L Partiell benzylierte Kohlenhydrate, 2.
Synthese aller Methyl-mono-, Methyl-di- und Methyl-tri-O-benzyl-a-
D-glucopyranoside. Justus Liebigs Ann. Chem. 1975, 1975,2179—2189.

(305) Haradahira, T.; Maeda, M.; Omae, H.; Yano, Y.; Kojima, M.
Synthesis of 2-Deoxy-2-fluoro-D-mannose Using Fluoride Ion. Chem.
Pharm. Bull. 1984, 32, 4758—4766.

(306) Giuffredi, G. T.; Gouverneur, V.; Bernet, B. Intramolecular
OH---FC Hydrogen Bonding in Fluorinated Carbohydrates: CHF is a
Better Hydrogen Bond Acceptor than CF2. Angew. Chem., Int. Ed. 2013,
52, 10524—10528.

(307) Giuffredi, G. T.; Bernet, B.; Gouverneur, V. De Novo Synthesis
of Racemic 4-Deoxy-4,4-difluoro- and 2,4-Dideoxy-2,4,4-trifluorohexo-
sides. Eur. J. Org. Chem. 2011, 2011, 3825—3836.

(308) von Janta-Lipinski, M.; Etzold, G.; Langen, P. Nucleoside von
Fluorzuckern. XVI. Halogensubstitutionen und Konfigurationsumkehr
am Lactolring vom 6’-Fluor-D-glucopyranosyl-thymin. J. Prakt. Chem.
1978, 320, 157—16S.

(309) Huchting, J.; Meier, C. Synthesis of Pyranonucleoside-6'
triphosphates through the cycloSal-Method. Eur. J. Org. Chem. 2014,
2014, 3423—3429.

(310) Etzold, G.; Von Janta-Lipinski, M.; Langen, P. Nucleoside von
Fluorzuckern, XV. Synthese von Thymin-Nucleosiden der 6-Fluor-D-
glucopyranose und 6-Fluor-D-galaktopyranose. J. Prakt. Chem. 1976,
318, 79—-86.

(311) Withers, S. G.; Percival, M. D.; Street, L. P. The Synthesis and
Hydrolysis of a Series of Deoxofluoro-alfa-D-glucopyranosyl and
Deoxofluoro-alfa-D-glucopyranosyl Phosphates. Carbohydr. Res.
1989, 187, 43—66.

(312) Subramaniam, V.; Gurcha, S. S.; Besra, G. S.; Lowary, T. L.
Synthetic Disaccharide Analogs as Potential Substrates and Inhibitors
of a Mycobacterial Polyprenol Monophosphomannose-dependent a-
(1—6)-Mannosyltransferase. Tetrahedron: Asymmetry 2008, 16, S53—
567.

(313) Spijker, N. M.; Slief, J.-W.; Van Boeckel, C. A. A. Synthesis of
Modified Di- and Trisaccharide Fragments of N-Glycoproteins. J.
Carbohydr. Chem. 1993, 12, 1017—1041.

(314) Subramaniam, V.; Gurcha, S. S.; Besra, G. S.; Lowary, T. L.
Modified Mannose Disaccharides as Substrates and Inhibitors of a
Polyprenol Monophosphomannose-Dependent a-(1—6)-Mannosyl-
transferase Involved in Mycobacterial Lipoarabinomannan Biosyn-
thesis. Biorg. Med. Chem. 2005, 13, 1083—1094.

(315) Umemura, E.; Tsuchiya, T.; Kobayashi, Y.; Tanaka, K. A
Synthetic Study of Methyl 3-Deoxy-3-fluoro-a-D-glucopyranosides
from Methyl 2,3-Anhydro-a-D-allopyranosides, and Synthesis of 3'-
Deoxy-3'-fluorokanamycin A and 3’-Chloro-3’-deoxykanamycin A.
Carbohydr. Res. 1992, 224, 141—163.

(316) Comba, M. B,; Mangione, M. L; Sudrez, A. G.; Sarotti, A. M.;
Spanevello, R. A. A Domino Epoxide Ring-Opening Xanthate
Migration Reaction: An Alternative Entry to Thiosugars. Eur. J. Org.
Chem. 2018, 2018, 6848—6856.

(317) Procopio, A.; Dalpozzo, R.; De Nino, A.; Maiuolo, L.; Nardi,
M,; Romeo, G. Mild and Efficient Method for the Cleavage of
Benzylidene Acetals by Using Erbium (iii) Triflate. Org. Biomol. Chem.
2008, 3, 4129—4133.

cpP

(318) Nakai, K.; Takagi, Y.; Tsuchiya, T. Synthesis and Antitumor
Activity of 7-O-[2,6-Dideoxy-2-fluoro-5-C-(trifluoromethyl)-a-L-talo-
pyranosyl]-Daunomycinone and -Adriamycinone. Carbohydr. Res.
1999, 316, 47—57.

(319) Prakash, G. K. S.; Krishnamurti, R.; Olah, G. A. Synthetic
Methods and Reactions. 141. Fluoride-Induced Trifluoromethylation
of Carbonyl-Compounds with Trifluoromethyltrimethylsilane (TMS-
CF3) - A Trifluoromethide Equivalent. J. Am. Chem. Soc. 1989, 111,
393-395.

(320) Mizutani, K.; Yamazaki, T.; Kitazume, T. Novel Stereoselective
Syntheses of Chiral 2,6-Dideoxy-6,6,6-trifluoro Sugars via Enzymatic
Resolution of Trifluoromethylated Propynylic Alcohol. J. Chem. Soc,
Chem. Commun. 1995, 51—52.

(321) Mubarak, A.; Fraserreid, B. Synthetic Routes to “3-C-Cyano-3-
deoxy-D-galactopyranose Derivatives. J. Org. Chem. 1982, 47, 4265—
4268.

(322) Ergon, M.-J; Leclercq, F.; Antonakis, K.; Bennani-Baiti, M.I;
Frayssinet, C. Synthesis and Antineoplastic Properties of 3'-Deoxy-3’-
Fluoroketonucleoside Derivatives. Correlations Between Structure and
Biological Activity. Carbohydr. Res. 1993, 248, 143—150.

(323) Leclercq, F.; Antonakis, K. Direct Fluorination at Positions 3’
4, and 6’ of B-D-Glucopyranosyltheophylline. Carbohydr. Res. 1989,
193, 307—-313.

(324) Leclercq, F.; Egron, M.-J.; Antonakis, K.; Idriss Bennani-Baiti,
M.; Frayssinet, C. Synthesis and Biological Activity of a Fluoroketo-
nucleoside: 7-(3-Deoxy-3-fluoro-f3-d-glycero-hex-2-enopyranosyl-4-
ulose)theophylline. Carbohydr. Res. 1992, 228, 95—102.

(325) Wheatley, D. E.; Fontenelle, C. Q.; Kuppala, R;; Szpera, R;
Briggs, E. L.; Vendeville, J. B.; Wells, N. J.; Light, M. E,; Linclau, B.
Synthesis and Structural Characteristics of all Mono- and Difluorinated
4,6-Dideoxy-d-xylo-hexopyranoses. J. Org. Chem. 2021, 86, 7725—
7756.

(326) Hadfield, A. F.; Hough, L.; Richardson, A. C. The Synthesis of
6-Deoxy-6-fluoro-a,a-trehalose and Related Analogues. Carbohydr. Res.
1978, 63, 51—-60.

(327) Hadfield, A. F.; Hough, L.; Richardson, A. C. The Syntheses of
4,6-Dideoxy-4,6-difluoro- and 4-Deoxy-4-fluoro-a,a-trehalose. Carbo-
hydr. Res. 1979, 71, 95—102.

(328) Hough, L. Palmer, A. K; Richardson, A. C. Chemical
Modification of Trehalose. Part XI. 6,6'-Dideoxy-6,6'-di-fluoro-aa-
trehalose and its Galacto-Analogue. J. Chem. Soc., Perkin Trans. 1 1972,
2513-2517.

(329) Hough, L.; Palmer, A. K; Richardson, A. C. Chemical
Modification of Trehalose. Part XIIIL Synthesis of Some 4,4’'-Difluoro-
and 4,4',6,6'-Tetrafluoro-Analogues. J. Chem. Soc, Perkin Trans. 1
1973, 784—788.

(330) Hough, L.; Kabir, A. K. M. S.; Richardson, A. C. The Synthesis
of Some 4-Deoxy-4-fluoro and 4,6-Dideoxy-4,6-difluoro Derivatives of
Sucrose. Carbohydr. Res. 1984, 131, 335—340.

(331) Kihlberg, J.; Frejd, T.; Jansson, K.; Sundin, A.; Magnusson, G.
Synthetic Receptor Analogues: Preparation and Calculated Conforma-
tions of the 2-deoxy, 6-O-Methyl, 6-Deoxy, and 6-Deoxy-6-fluoro
Derivatives of Methyl 4-O-a-D-Galactopyranosyl-$-D-galactopyrano-
side (Methyl -D-Galabioside). Carbohydr. Res. 1988, 176, 271—286.

(332) Saulnier, M. G.; Balasubramanian, B. N,; Long, B. H,;
Frennesson, D. B.; Ruediger, E.; Zimmermann, K.; Eummer, J. T.; St.
Laurent, D. R;; Stoffan, K. M.; Naidu, B. N; et al. Discovery of a
Fluoroindolo[2,3-a]carbazole Clinical Candidate with Broad Spectrum
Antitumor Activity in Preclinical Tumor Models Superior to the
Marketed Oncology Drug, CPT-11. J. Med. Chem. 2005, 48, 2258—
2261.

(333) Liu, J. L. C.; Shen, G. J.; Ichikawa, Y.; Rutan, J. F.; Zapata, G;
Vann, W. F; Wong, C. H. Overproduction of CMP-Sialic Acid
Synthetase for Organic Synthesis. J. Am. Chem. Soc. 1992, 114, 3901—
3910.

(334) Lin, G. M,; Sun, H. G; Liu, H. W. Study of Uridine 5'-
Diphosphate (UDP)-Galactopyranose Mutase Using UDP-5-Fluoro-
galactopyranose as a Probe: Incubation Results and Mechanistic
Implications. Org. Lett. 2016, 18, 3438—3441.

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1016/S0008-6215(00)80725-9
https://doi.org/10.1016/S0008-6215(00)80725-9
https://doi.org/10.1016/S0008-6215(00)80725-9
https://doi.org/10.1016/0008-6215(83)84005-1
https://doi.org/10.1016/0008-6215(83)84005-1
https://doi.org/10.1016/0008-6215(83)84005-1
https://doi.org/10.1021/jo00172a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00172a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00172a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jfluchem.2011.05.017
https://doi.org/10.1016/j.jfluchem.2011.05.017
https://doi.org/10.1016/j.jfluchem.2011.05.017
https://doi.org/10.1002/jlac.197519751203
https://doi.org/10.1002/jlac.197519751203
https://doi.org/10.1002/jlac.197519751203
https://doi.org/10.1248/cpb.32.4758
https://doi.org/10.1002/anie.201303766
https://doi.org/10.1002/anie.201303766
https://doi.org/10.1002/anie.201303766
https://doi.org/10.1002/ejoc.201100565
https://doi.org/10.1002/ejoc.201100565
https://doi.org/10.1002/ejoc.201100565
https://doi.org/10.1002/prac.19783200121
https://doi.org/10.1002/prac.19783200121
https://doi.org/10.1002/prac.19783200121
https://doi.org/10.1002/ejoc.201402047
https://doi.org/10.1002/ejoc.201402047
https://doi.org/10.1002/prac.19763180109
https://doi.org/10.1002/prac.19763180109
https://doi.org/10.1002/prac.19763180109
https://doi.org/10.1016/0008-6215(89)80055-2
https://doi.org/10.1016/0008-6215(89)80055-2
https://doi.org/10.1016/0008-6215(89)80055-2
https://doi.org/10.1016/j.tetasy.2004.11.063
https://doi.org/10.1016/j.tetasy.2004.11.063
https://doi.org/10.1016/j.tetasy.2004.11.063
https://doi.org/10.1080/07328309308020115
https://doi.org/10.1080/07328309308020115
https://doi.org/10.1016/j.bmc.2004.11.027
https://doi.org/10.1016/j.bmc.2004.11.027
https://doi.org/10.1016/j.bmc.2004.11.027
https://doi.org/10.1016/j.bmc.2004.11.027
https://doi.org/10.1016/0008-6215(92)84101-W
https://doi.org/10.1016/0008-6215(92)84101-W
https://doi.org/10.1016/0008-6215(92)84101-W
https://doi.org/10.1016/0008-6215(92)84101-W
https://doi.org/10.1002/ejoc.201801432
https://doi.org/10.1002/ejoc.201801432
https://doi.org/10.1039/b511314h
https://doi.org/10.1039/b511314h
https://doi.org/10.1016/S0008-6215(99)00028-2
https://doi.org/10.1016/S0008-6215(99)00028-2
https://doi.org/10.1016/S0008-6215(99)00028-2
https://doi.org/10.1021/ja00183a073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00183a073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00183a073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00183a073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c39950000051
https://doi.org/10.1039/c39950000051
https://doi.org/10.1039/c39950000051
https://doi.org/10.1021/jo00143a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00143a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0008-6215(93)84122-M
https://doi.org/10.1016/0008-6215(93)84122-M
https://doi.org/10.1016/0008-6215(93)84122-M
https://doi.org/10.1016/0008-6215(89)85133-X
https://doi.org/10.1016/0008-6215(89)85133-X
https://doi.org/10.1016/S0008-6215(00)90551-2
https://doi.org/10.1016/S0008-6215(00)90551-2
https://doi.org/10.1016/S0008-6215(00)90551-2
https://doi.org/10.1021/acs.joc.1c00796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c00796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0008-6215(00)80928-3
https://doi.org/10.1016/S0008-6215(00)80928-3
https://doi.org/10.1016/S0008-6215(00)86064-4
https://doi.org/10.1016/S0008-6215(00)86064-4
https://doi.org/10.1039/P19720002513
https://doi.org/10.1039/P19720002513
https://doi.org/10.1039/P19720002513
https://doi.org/10.1039/P19730000784
https://doi.org/10.1039/P19730000784
https://doi.org/10.1039/P19730000784
https://doi.org/10.1016/0008-6215(84)85256-8
https://doi.org/10.1016/0008-6215(84)85256-8
https://doi.org/10.1016/0008-6215(84)85256-8
https://doi.org/10.1016/0008-6215(88)80138-1
https://doi.org/10.1016/0008-6215(88)80138-1
https://doi.org/10.1016/0008-6215(88)80138-1
https://doi.org/10.1016/0008-6215(88)80138-1
https://doi.org/10.1021/jm049090z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm049090z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm049090z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm049090z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00036a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00036a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b01618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b01618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b01618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b01618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(335) Hartman, M. C. T.; Coward, J. K. Synthesis of 5-Fluoro N-
Acetylglucosamine Glycosides and Pyrophosphates via Epoxide
Fluoridolysis: Versatile Reagents for the Study of Glycoconjugate
Biochemistry. J. Am. Chem. Soc. 2002, 124, 10036—10053.

(336) Wong, A. W.; Adam, M. J.; Withers, S. G. Synthesis of 2,6-
Dideoxy-2-fluoro-6-[ 18F]-fluoro-f-D-glucopyranosyl Fluoride
(2,6FGF) as a Potential Imaging Probe for Glucocerebrosidase. J.
Labelled Compd. Radiopharm. 2001, 44, 385—394.

(337) Bresciani, S.; Lebl, T.; Slawin, A. M. Z; O’Hagan, D.
Fluorosugars: Synthesis of the 2,3,4-Trideoxy-2,3,4-trifluoro Hexose
Analogues of D-Glucose and D-Altrose and Assessment of Their
Erythrocyte Transmembrane Transport. Chem. Commun. 2010, 46,
5434—5436.

(338) Trost, B. M.; Ball, Z. T.; Jége, T. Regioselective Hydrosilylation
of Propargylic Alcohols: An Aldol Surrogate. Angew. Chem., Int. Ed.
2003, 42, 3415—3418.

(339) Bresciani, S.; Slawin, A. M. Z.; O’'Hagan, D. A Regio- and
Stereoisomeric Study of Allylic Alcohol Fluorination with a Range of
Reagents. J. Fluorine Chem. 2009, 130, 537—543.

(340) Corr, M. J.; O’Hagan, D. Fluorosugars: An Improved Synthesis
of the 2,3,4-Trideoxy-2,3,4-trifluoro Hexose Analogue of D-Glucose. J.
Fluorine Chem. 2013, 155, 72—77.

(341) Butchard, C. G.; Kent, P. W. Fluorocarbohydrates—XX: 2-
Deoxy-2-fluoro-D-lyxopyranose and Related Sugars Synthesized by
Addition of CF3O0F to 3,4-di-O-Acetyl-D-xylal. Tetrahedron 1971, 27,
3451-3463.

(342) Albano, E. L.; Tolman, R. L.; Robins, R. K. The Synthesis of
Certain Derivatives of 2-Fluoro-D-ribose, 2-Deoxy-2-fluoro-D-ribose,
and 2-Deoxy-2-fluoro-D-arabinose. Carbohydr. Res. 1971, 19, 63—70.

(343) Dax, K; Glinzer, B. L; Schulz, G.; Vyplel, H. Reaction of Acetyl
Hypofluorite with Pyranoid and Furanoid Glycals. Carbohydr. Res.
1987, 162, 13—22.

(344) Lovett, G. H.; Chen, S.; Xue, X.-S.; Houk, K. N.; MacMillan, D.
W. C. Open-Shell Fluorination of Alkyl Bromides: Unexpected
Selectivity in a Silyl Radical-Mediated Chain Process. J. Am. Chem.
Soc. 2019, 141, 20031—20036.

(345) Tann, C. H.; Brodfuehrer, P. R;; Brundidge, S. P.; Sapino, C.;
Howell, H. G. Fluorocarbohydrates in Synthesis. An Efficient Synthesis
of 1-(2-Deoxy-2-fluoro-beta-D-arabinofuranosyl)-S-iodouracil (beta-
FIAU) and 1-(2-Deoxy-2-fluoro-beta-D-arabinofuranosyl)thymine
(beta-FMAU). J. Org. Chem. 1985, S0, 3644—3647.

(346) Sivets, G. G.; Amblard, F.; Schinazi, R. F. Synthesis of 2-Fluoro-
substituted and 2,6-Modified Purine 2’,3’-Dideoxy-2',3’-difluoro-D-
arabinofuranosyl Nucleosides from D-Xylose. Tetrahedron 2019, 75,
2037-2046.

(347) Zhang, X. G.; Xia, H. R.; Dong, X. C.; Jin, J.; Meng, W.D.; Qing,
F. L. 3-Deoxy-3,3-difluoro-D-arabinofuranose: First Stereoselective
Synthesis and Application in Preparation of Gem-difluorinated Sugar
Noucleosides. J. Org. Chem. 2003, 68, 9026—9033.

(348) Xu, X. H,; Qiy, X. L,; Zhang, X. G.; Qing, F. L. Synthesis of L-
and D-beta-3 ‘-Deoxy-3 ’,3 ’-difluoronucleosides. J. Org. Chem. 2006,
71, 2820—2824.

(349) Lee, S. S.; Greig, I. R;; Vocadlo, D. J.; McCarter, J. D.; Patrick, B.
O.; Withers, S. G. Structural, Mechanistic, and Computational Analysis
of the Effects of Anomeric Fluorines on Anomeric Fluoride Departure
in S-Fluoroxylosyl Fluorides. . Am. Chem. Soc. 2011, 133, 15826—
15829.

(350) Kasumi, T; Tsumuraya, Y.; Brewer, C. F.; Kersters-Hilderson,
H.; Claeyssens, M.; Hehre, E. ]. Catalytic Versatility of Bacillus Pumilus
beta-Xylosidase: Glycosyl Transfer and Hydrolysis Promoted with
alpha- and beta-D-Xylosyl Fluoride. Biochemistry 1987, 26,3010—3016.

(351) Sivets, G. G.; Kalinichenko, E. N.; Mikhailopulo, I. A. Synthesis
and Conformational Analysis of 1’- and 3’-Substituted 2-Deoxy-2-
fluoro-D-ribofuranosyl Nucleosides. Helv. Chim. Acta 2007, 90, 1818—
1836.

(352) Baker, B. R;; Schaub, R. E.; Williams, J. H. Puromycin. Synthetic
Studies. VIIL. Synthesis of 3-Amino-3-deoxy-D-ribofuranoside Deriv-
atives. A Second Synthesis of 3-Amino-3-deoxy-D-ribose. J. Am. Chem.
Soc. 1955, 77, 7—-12.

cQ

(353) Lim, M. H,; Kim, H. O.; Moon, H. R; Lee, S. J.; Chun, M. W.;
Gao, Z.-G.; Melman, N.; Jacobson, K. A.; Kim, J. H.; Jeong, L. S. Design,
Synthesis and Binding Affinity of 3'-Fluoro Analogues of Cl-IB-MECA
as Adenosine A3 Receptor Ligands. Bioorg. Med. Chem. Lett. 2003, 13,
817-820.

(354) Thomé, M. A.; Giudicelli, M. B.; Picq, D.; Anker, D. An
Improved Synthesis of Methyl 2,3-Anhydro-a and f-D-Lyxofurano-
sides. J. Carbohydr. Chem. 1991, 10, 923—926.

(355) Wright, J. A;; Fox, J. J. A Synthesis of 2-Deoxy-2-fluoro-D-
xylose. Carbohydr. Res. 1970, 13, 297—300.

(356) Mikhailopulo, I. A.; Poopeiko, N. E.; Prikota, T. L; Sivets, G. G.;
Kvasyuk, E. L; Balzarini, J.; De Clercq, E. Synthesis and Antiviral and
Cytostatic Properties of 3’-Deoxy-3'-fluoro- and 2’-Azido-3'-fluoro-
2’,3'-dideoxy-D-ribofuranosides of Natural Heterocyclic Bases. J. Med.
Chem. 1991, 34, 2195-2202.

(357) Coe, P. L.; Talekar, R. R;; Walker, R. T. The Synthesis of
Difluoro and Trifluoro Analogues of Pyrimidine Deoxyribonucleosides:
a Novel Approach Using Elemental Fluorine. J. Fluorine Chem. 1994,
69, 19-24.

(358) Shiragami, H.; Irie, Y.; Shirae, H.; Yokozeki, K; Yasuda, N.
Synthesis of 2°,3’-Dideoxyuridine via Deoxygenation of 2°,3'-O-
(Methoxymethylene)uridine. J. Org. Chem. 1988, 53, 5170—5173.

(359) van Aerschot, A.; Herdewijn, P. 2,3'-Difluoro-and 3’-Azido-2'-
fluoro Substituted Dideoxypyrimidines as Potential Anti-HIV Agents.
Bull. Soc. Chim. Belg. 1989, 98, 937—941.

(360) Verheyden, J. P. H.; Wagner, D.; Moffatt, J. G. Synthesis of
Some Pyrimidine 2’-Amino-2’-deoxynucleosides. J. Org. Chem. 1971,
36, 250—254.

(361) Zablotskaya, A.; Segal, I; Pedersen, E. V. Simple and Effective
Method for the Synthesis of 3',5'-Substituted 1-f-D-Arabinofuranosy-
luracil. Chem. Heterocycl. Compd. 1996, 32, 835—837.

(362) van Aerschot, A.; Herdewijn, P. Synthesis of 2'-Chloro-2',3’-
dideoxy-2’,3'-didehydro Nucleosides. Bull. Soc. Chim. Belg. 1989, 98,
931-936.

(363) Herdewijn, P.; van Aerschot, A. Synthesis of 2/,3’-Disubstituted
3’-deoxythymidine Derivatives. Bull. Soc. Chim. Belg. 1989, 98, 943—
947.

(364) Huang, J. T.; Chen, L. C.; Wang, L.; Kim, M. H.; Warshaw, J. A.;
Armstrong, D.; Zhu, Q. Y.; Chou, T. C.; Watanabe, K. A. Fluorinated
Sugar Analogs of Potential Anti-HIV-1 Nucleosides. J. Med. Chem.
1991, 34, 1640—1646.

(365) Ashwell, M.; Jones, A. S.; Walker, R. T. The Synthesis of Some
Branched-Chain-Sugar Nucleoside Analogues. Nucleic Acids Res. 1987,
15, 2157—-2166.

(366) Srivastav, N. C.; Shakya, N.; Mak, M.; Agrawal, B.; Tyrrell, D. L.;
Kumar, R. Antiviral Activity of Various 1-(2'-Deoxy-f-d-lyxofurano-
syl), 1-(2’-Fluoro-p-d-xylofuranosyl), 1-(3'-Fluoro-f-d-arabinofurano-
syl), and 2’-Fluoro-2',3’-didehydro-2’,3’-dideoxyribose Pyrimidine
Nucleoside Analogues against Duck Hepatitis B Virus (DHBV) and
Human Hepatitis B Virus (HBV) Replication. J. Med. Chem. 2010, S3,
7156—7166.

(367) Gadikota, R. R.; Callam, C. S.; Wagner, T.; Del Fraino, B;
Lowary, T. L. 2,3-Anhydro Sugars in Glycoside Bond Synthesis. Highly
Stereoselective Syntheses of Oligosaccharides Containing a- and f-
Arabinofuranosyl Linkages. ]. Am. Chem. Soc. 2003, 125, 4155—4165.

(368) Srivastav, N. C.; Shakya, N.; Mak, M.; Liang, C.; Tyrrell, D. L.J.;
Agrawal, B.; Kumar, R. Synthesis and In Vitro Antiviral Activities of 3'-
Fluoro (or Chloro) and 2/,3’-Difluoro 2’,3'-dideoxynucleoside Analogs
Against Hepatitis B and C Viruses. Biorg. Med. Chem. 2010, 18, 7542—
7547.

(369) Dawadi, S.; Viswanathan, K; Boshoff, H. L; Barry, C. E;
Aldrich, C. C. Investigation and Conformational Analysis of
Fluorinated Nucleoside Antibiotics Targeting Siderophore Biosyn-
thesis. J. Org. Chem. 2015, 80, 4835—4850.

(370) Charafeddine, A.; Dayoub, W.; Chapuis, H.; Strazewski, P. First
Synthesis of 2'-Deoxyfluoropuromycin Analogues: Experimental In-
sight into the Mechanism of the Staudinger Reaction. Chem.—Eur. J.
2007, 13, 5566—5584.

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1021/ja0127234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0127234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0127234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0127234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jlcr.466
https://doi.org/10.1002/jlcr.466
https://doi.org/10.1002/jlcr.466
https://doi.org/10.1039/c0cc01128b
https://doi.org/10.1039/c0cc01128b
https://doi.org/10.1039/c0cc01128b
https://doi.org/10.1002/anie.200351587
https://doi.org/10.1002/anie.200351587
https://doi.org/10.1016/j.jfluchem.2009.03.003
https://doi.org/10.1016/j.jfluchem.2009.03.003
https://doi.org/10.1016/j.jfluchem.2009.03.003
https://doi.org/10.1016/j.jfluchem.2013.06.003
https://doi.org/10.1016/j.jfluchem.2013.06.003
https://doi.org/10.1016/S0040-4020(01)97757-9
https://doi.org/10.1016/S0040-4020(01)97757-9
https://doi.org/10.1016/S0040-4020(01)97757-9
https://doi.org/10.1016/S0008-6215(00)80312-2
https://doi.org/10.1016/S0008-6215(00)80312-2
https://doi.org/10.1016/S0008-6215(00)80312-2
https://doi.org/10.1016/0008-6215(87)80196-9
https://doi.org/10.1016/0008-6215(87)80196-9
https://doi.org/10.1021/jacs.9b11434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00219a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00219a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00219a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00219a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tet.2019.02.027
https://doi.org/10.1016/j.tet.2019.02.027
https://doi.org/10.1016/j.tet.2019.02.027
https://doi.org/10.1021/jo034512i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo034512i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo034512i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo052652h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo052652h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204829r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204829r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204829r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00385a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00385a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00385a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/hlca.200790191
https://doi.org/10.1002/hlca.200790191
https://doi.org/10.1002/hlca.200790191
https://doi.org/10.1021/ja01606a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01606a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01606a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0960-894X(03)00027-1
https://doi.org/10.1016/S0960-894X(03)00027-1
https://doi.org/10.1016/S0960-894X(03)00027-1
https://doi.org/10.1080/07328309108543961
https://doi.org/10.1080/07328309108543961
https://doi.org/10.1080/07328309108543961
https://doi.org/10.1016/S0008-6215(00)80837-X
https://doi.org/10.1016/S0008-6215(00)80837-X
https://doi.org/10.1021/jm00111a040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00111a040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00111a040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-1139(94)03070-7
https://doi.org/10.1016/0022-1139(94)03070-7
https://doi.org/10.1016/0022-1139(94)03070-7
https://doi.org/10.1021/jo00256a056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00256a056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bscb.19890981206
https://doi.org/10.1002/bscb.19890981206
https://doi.org/10.1021/jo00801a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00801a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF01165730
https://doi.org/10.1007/BF01165730
https://doi.org/10.1007/BF01165730
https://doi.org/10.1002/bscb.19890981205
https://doi.org/10.1002/bscb.19890981205
https://doi.org/10.1002/bscb.19890981207
https://doi.org/10.1002/bscb.19890981207
https://doi.org/10.1021/jm00109a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00109a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/15.5.2157
https://doi.org/10.1093/nar/15.5.2157
https://doi.org/10.1021/jm100803c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm100803c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm100803c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm100803c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm100803c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja029302m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja029302m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja029302m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmc.2010.08.048
https://doi.org/10.1016/j.bmc.2010.08.048
https://doi.org/10.1016/j.bmc.2010.08.048
https://doi.org/10.1021/acs.joc.5b00550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b00550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b00550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200700058
https://doi.org/10.1002/chem.200700058
https://doi.org/10.1002/chem.200700058
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(371) Wang, G.; Dyatkina, N.; Prhavc, M.; Williams, C.; Serebryany,
V.; Hu, Y.; Huang, Y.; Wu, X.; Chen, T.; Huang, W.; et al. Synthesis and
Anti-HCV Activity of Sugar-Modified Guanosine Analogues: Discovery
of AL-611 as an HCV NSSB Polymerase Inhibitor for the Treatment of
Chronic Hepatitis C. J. Med. Chem. 2020, 63, 10380—10395.

(372) Yan, N.; Lei, Z-W.; Su, J-K; Liao, W.-L;; Hu, X.-G. Ring
Opening of Sugar-Derived Epoxides by TBAF/KHF2: An Attractive
Alternative for the Introduction of Fluorine into the Carbohydrate
Scaffold. Chin. Chem. Lett. 2017, 28, 467—470.

(373) Jeong, L. S.; Marquez, V. E. First Synthesis of a Dideoxydifluoro
Nucleoside with a beta-D-Lyxo Configuration. An Unprecedented
Effect of the cis-Fluorines on the Reactivity of the Aglycon. J. Org. Chem.
1995, 60, 4276—4279.

(374) Jeong, L. S; Lim, B. B.; Marquez, V. E. Synthesis of a 2,3-
Dideoxy-2,3-difluorofuranose With the D-lyxo Configuration. An
Intramolecular Rearrangement of Methyl S-O-benzoyl-2,3-dideoxy-
2,3-difluoro-D-lyxofuranoside Observed During the Attempted Syn-
thesis of 1-(2,3-Dideoxy-2,3-difluoro--D-lyxofuranosyl) thymine. Car-
bohydr. Res. 1994, 262, 103—114.

(375) Martin, J. A.; Bushnell, D. J.; Duncan, L. B.; Dunsdon, S. J.; Hall,
M. J.; Machin, P. J; Merrett, J. H.; Parkes, K. E. B.; Roberts, N. A.
Synthesis and Antiviral Activity of Monofluoro and Difluoro Analogs of
Pyrimidine Deoxyribonucleosides Against Human Immunodeficiency
Virus (HIV-1). J. Med. Chem. 1990, 33, 2137—2145.

(376) Gosselin, G.; Puech, F.; Génu-Dellac, C.; Imbach, J.-L. 1,2-Di-
O-acetyl-5-O-benzoyl-3-deoxy-3-fluoro-D-xylofuranose. A Versatile
Precursor for the Synthesis of 3-Deoxy-3-fluoro-$-D-Xylofuranosyl
Nucleosides as Potential Antiviral Agents. Carbohydr. Res. 1993, 249,
1-17.

(377) Marquez, V. E.; Lim, B. B.; Barchi, J. J.; Nicklaus, M. C.:
Conformational Studies and Anti-HIV Activity of Mono- and
Difluorodideoxy Nucleosides. In Nucleosides and Nucleotides as
Antitumor and Antiviral Agents; Chu, C. K., Baker, D. C., Eds.; Springer
US: Boston, MA, 1993; pp 265—284.

(378) Pankiewicz, K. W.; Krzeminski, J.; Ciszewski, L. A.; Ren, W. Y.;
Watanabe, K. A. A Synthesis of 9-(2-Deoxy-2-fluoro-beta-D-
arabinofuranosyl)adenine and -Hypoxanthine. An Effect of C3’-Endo
to C2-Endo Conformational Shift on the Reaction Course of 2’-
Hydroxyl Group with DAST. J. Org. Chem. 1992, 57, $53—559.

(379) Michailidou, F.; Lebl, T.; Slawin, A. M. Z.; Sharma, S. V.;
Brown, M. J. B.; Goss, R. J. Synthesis and Conformational Analysis of
Fluorinated Uridine Analogues Provide Insight into a Neighbouring-
Group Participation Mechanism. Molecules 2020, 25, 5513.

(380) Sivets, G. G.; Kalinichenko, E. N.; Mikhailopulo, I. A. Synthesis
of 9-(2,3-Dideoxy-2,3-difluoro-B-D- arabinofuranosyl)adenine. Nucleo-
sides, Nucleotides Nucleic Acids 2007, 26, 1387—1389.

(381) Anderson, C. D.; Goodman, L.; Baker, B. R. Potential
Anticancer Agents.1 VIL Synthesis and Ammonolysis of Methyl 2,3-
Anhydro-D-ribofuranoside. J. Am. Chem. Soc. 1958, 80, 5247—5252.

(382) Giudicelli, M.-B.; Thomé, M.-A.; Picq, D.; Anker, D. Synthese et
Equilibre Thermodynamique des Huit 5-O-Benzyl-2- (ou 3)-
Dimethylamino-3 (ou 2)-O-Mesyl-a (ou f8)-D-xylo (ou arabino) -
Furanosides de Methyle. Tetrahedron 1992, 48, 5123—5134.

(383) Wright, J. A; Taylor, N. F; Fox, J. J. Nucleosides. LX.
Fluorocarbohydrates. 22. Synthesis of 2-Deoxy-2-fluoro-D-arabinose
and 9-(2-Deoxy-2-fluoro-alpha and beta-D-Arabinofuranosyl)-
adenines. J. Org. Chem. 1969, 34, 2632—2636.

(384) Mikhailopulo, I. A.; Sivets, G. G.; Poopeiko, N. E.; Khripach, N.
B. Oxidation-Reduction Sequence for the Synthesis of Peracylated
Fluorodeoxy Pentofuranosides. Carbohydr. Res. 1995, 278, 71—89.

(385) Sivets, G. G.; Kalinichenko, E. N.; Mikhailopulo, I. A.; Detorio,
M. A;; McBrayer, T. R,; Whitaker, T.; Schinazi, R. F. Synthesis and
Antiviral Activity of Purine 2’,3’-Dideoxy-2’,3’-Difluoro-D-Arabinofur-
anosyl Nucleosides. Nucleosides, Nucleotides Nucleic Acids 2009, 28,
519-536.

(386) Mikhailopulo, I. A.; Sivets, G. G. A Novel Route for the
Synthesis of Deoxy Fluoro Sugars and Nucleosides. Helv. Chim. Acta
1999, 82, 2052—2065.

CR

(387) Mikhailopulo, I. A;; Sivets, G. G.; Khripach, N. B. A Novel
Route for the Synthesis of Fluorodeoxy Sugars and Nucleosides.
Nucleosides and Nucleotides 1999, 18, 689—690.

(388) Schinazi, R. F.; Sivets, G. G.; Detorio, M. A.; McBrayer, T. R;;
Whitaker, T.; Coats, S. J; Amblard, F. Synthesis and Antiviral
Evaluation of 2’,3'-Dideoxy-2',3’-difluoro-D-arabinofuranosyl 2,6-
Disubstituted Purine Nucleosides. Heterocycl. Commun. 201S, 21,
315-327.

(389) Watanabe, K. A.; Su, T. L.; Klein, R. S.; Chu, C. K,; Matsuda, A.;
Chun, M. W,; Lopez, C.; Fox, J. J. Nucleosides. 123. Synthesis of
Antiviral Nucleosides: S-Substituted 1-(2-Deoxy-2-Halogeno-beta-D-
arabinofuranosyl)cytosines and -Uracils. Some Structure-activity
Relationships. J. Med. Chem. 1983, 26, 152—156.

(390) Etzold, G.; Hintsche, R.; Kowollik, G.; Langen, P. Nucleoside
von Fluorzuckern- VI: Synthese und Reaktivitit von 3’-Fluor- und 3'-
Chlor-3'-desoxy-thymidin. Tetrahedron 1971, 27, 2463—2472.

(391) Sari, O.; Bassit, L, Gavegnano, C.; McBrayer, T. R;
McCormick, L.; Cox, B.; Coats, S. J.; Amblard, F.; Schinazi, R. F.
Synthesis and Antiviral Evaluation of 2°,2’,3",3'-Tetrafluoro Nucleoside
Analogs. Tetrahedron Lett. 2017, 58, 642—644.

(392) willen, D.; Bengtsson, D.; Clementson, S.; Tykesson, E.;
Manner, S.; Ellervik, U. Synthesis of Double-Modified Xyloside
Analogues for Probing the beta4GalT7 Active Site. ]. Org. Chem.
2018, 83, 1259—-1277.

(393) Timmons, S. C.; Jakeman, D. L. Stereospecific Synthesis of
Sugar-1-phosphates and Their Conversion to Sugar Nucleotides.
Carbohydr. Res. 2008, 343, 865—874.

(394) Martinez-Montero, S.; Deleavey, G. F.; Kulkarni, A.; Martin-
Pintado, N.; Lindovska, P.; Thomson, M.; Gonzalez, C.; Gotte, M.;
Damha, M. J. Rigid 2 ’4 ’-Difluororibonucleosides: Synthesis,
Conformational Analysis, and Incorporation into Nascent RNA by
HCV Polymerase. J. Org. Chem. 2014, 79, 5627—563S.

(395) Owen, G. R.; Verheyden, J. P. H.; Moffatt, J. G. 4-Substituted
Nucleosides. 3. Synthesis of Some 4’-Fluorouridine Derivatives. J. Org.
Chem. 1976, 41, 3010—3017.

(396) Schmid, C. R.; Bryant, J. D.; Dowlatzedah, M.; Phillips, J. L.;
Prather, D. E,; Schantz, R. D.; Sear, N. L.; Vianco, C. S. Synthesis of 2,3-
O-Isopropylidene-D-glyceraldehyde in High Chemical and Optical
Purity: Observations on the Development of a Practical Bulk Process. J.
Org. Chem. 1991, 56, 4056—405S.

(397) Schmid, C. R; Bryant, J. D. D-(R)-Glyceraldehyde Acetonide.
Org. Synth. 1995, 72, 6—13.

(398) Wang, P.; Chun, B.-K; Rachakonda, S.; Dy, J.; Khan, N.; Shi, J.;
Stec, W,; Cleary, D.; Ross, B. S.; Sofia, M. J. An Efficient and
Diastereoselective Synthesis of PSI-6130: A Clinically Efficacious
Inhibitor of HCV NSSB Polymerase. J. Org. Chem. 2009, 74, 6819—
6824.

(399) Reddy, P. G.; Chun, B.-K.; Zhang, H.-R.; Rachakonda, S.; Ross,
B. S.; Sofia, M. J. Stereoselective Synthesis of PSI-352938: A f-d-2’-
Deoxy-2'-a-fluoro-2’-f-C-methyl-3',5'-cyclic Phosphate Nucleotide
Prodrug for the Treatment of HCV. J. Org. Chem. 2011, 76, 3782—
3790.

(400) Schiitt, M.; Kowollik, G.; Etzold, G.; Langen, P. Nucleoside von
Fluorzuckern. IX. Synthese von Fluorzucker-Nucleosiden aus Uridin
und Cytidin. J. Prakt. Chem. 1972, 314, 251-265.

(401) Tsoukala, E.; Agelis, G.; Dolinsek, J.; Botic, T.; Cenci¢, A;
Komiotis, D. An Efficient Synthesis of 3-Fluoro-5-thio-xylofuranosyl
Nucleosides of Thymine, Uracil, and S-Fluorouracil as Potential
Antitumor or/and Antiviral Agents. Biorg. Med. Chem. 2007, 15, 3241—
3247.

(402) Munier, P.; Giudicelli M.-B.; Picq, D.; Anker, D. Nouvelle
Classe de Sucres a Liaison Osidique Stabilisee: 1-Desoxy-1,1,1-
trifluoro-pent(hex)-2-uloses; Obtention de Quelques Derives. J.
Carbohydr. Chem. 1994, 13, 1225—1230.

(403) Munier, P.; Picq, D.; Anker, D. Trifluoromethylation of Sugar
1,4-Lactones: Synthesis of S-Deoxy-5,5,5-trifluoro-D and L-Ribose and
Lyxose Derivatives. Tetrahedron Lett. 1993, 34, 8241—8244.

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1021/acs.jmedchem.0c00935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cclet.2016.10.006
https://doi.org/10.1016/j.cclet.2016.10.006
https://doi.org/10.1016/j.cclet.2016.10.006
https://doi.org/10.1016/j.cclet.2016.10.006
https://doi.org/10.1021/jo00118a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00118a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00118a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0008-6215(94)84007-5
https://doi.org/10.1016/0008-6215(94)84007-5
https://doi.org/10.1016/0008-6215(94)84007-5
https://doi.org/10.1016/0008-6215(94)84007-5
https://doi.org/10.1016/0008-6215(94)84007-5
https://doi.org/10.1021/jm00170a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00170a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00170a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0008-6215(93)84056-C
https://doi.org/10.1016/0008-6215(93)84056-C
https://doi.org/10.1016/0008-6215(93)84056-C
https://doi.org/10.1016/0008-6215(93)84056-C
https://doi.org/10.1021/jo00028a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00028a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00028a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00028a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules25235513
https://doi.org/10.3390/molecules25235513
https://doi.org/10.3390/molecules25235513
https://doi.org/10.1080/15257770701534063
https://doi.org/10.1080/15257770701534063
https://doi.org/10.1021/ja01552a057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01552a057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01552a057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4020(01)90122-X
https://doi.org/10.1016/S0040-4020(01)90122-X
https://doi.org/10.1016/S0040-4020(01)90122-X
https://doi.org/10.1016/S0040-4020(01)90122-X
https://doi.org/10.1021/jo01261a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01261a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01261a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01261a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0008-6215(95)00230-8
https://doi.org/10.1016/0008-6215(95)00230-8
https://doi.org/10.1080/15257770903053979
https://doi.org/10.1080/15257770903053979
https://doi.org/10.1080/15257770903053979
https://doi.org/10.1002/(SICI)1522-2675(19991110)82:11<2052::AID-HLCA2052>3.0.CO;2-7
https://doi.org/10.1002/(SICI)1522-2675(19991110)82:11<2052::AID-HLCA2052>3.0.CO;2-7
https://doi.org/10.1080/15257779908041542
https://doi.org/10.1080/15257779908041542
https://doi.org/10.1515/hc-2015-0174
https://doi.org/10.1515/hc-2015-0174
https://doi.org/10.1515/hc-2015-0174
https://doi.org/10.1021/jm00356a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00356a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00356a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00356a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4020(01)90749-5
https://doi.org/10.1016/S0040-4020(01)90749-5
https://doi.org/10.1016/S0040-4020(01)90749-5
https://doi.org/10.1016/j.tetlet.2017.01.006
https://doi.org/10.1016/j.tetlet.2017.01.006
https://doi.org/10.1021/acs.joc.7b02809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b02809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carres.2008.01.046
https://doi.org/10.1016/j.carres.2008.01.046
https://doi.org/10.1021/jo500794v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo500794v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo500794v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00880a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00880a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00012a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00012a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00012a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.15227/orgsyn.072.0006
https://doi.org/10.1021/jo901345j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo901345j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo901345j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo200060f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo200060f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo200060f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/prac.19723140207
https://doi.org/10.1002/prac.19723140207
https://doi.org/10.1002/prac.19723140207
https://doi.org/10.1016/j.bmc.2007.02.031
https://doi.org/10.1016/j.bmc.2007.02.031
https://doi.org/10.1016/j.bmc.2007.02.031
https://doi.org/10.1080/07328309408011861
https://doi.org/10.1080/07328309408011861
https://doi.org/10.1080/07328309408011861
https://doi.org/10.1016/S0040-4039(00)61400-4
https://doi.org/10.1016/S0040-4039(00)61400-4
https://doi.org/10.1016/S0040-4039(00)61400-4
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(404) Morgan, W. T. J; Reichstein, T. d-Fructo-methylose. 3.
Mitteilung tiber 2-Keto-methylpentosen. Helv. Chim. Acta 1938, 21,
1023—1031.

(405) Guthrie, R. D.; Jenkins, L. D.; Yamasaki, R. Synthesis of 1-,6- and
1,6-Derivatives of Methyl D-fructofuranosides. Aust. J. Chem. 1982, 35,
1003—1018.

(406) Pacak, J.; Halaskova, J.; Stepan, V.; Cerny, M. Synthesis of 1,6-
Dideoxy-1,6-difluoro-D-fructose. Collect. Czech. Chem. Commun. 1972,
37, 3646—3651.

(407) Card, P. J.; Hitz, W. D. Synthesis of 1-Deoxy-1"-Fluorosucrose
via Sucrose Synthetase Mediated Coupling of 1-Deoxy-1-Fluorofruc-
tose with Uridine-Diphosphate Glucose. J. Am. Chem. Soc. 1984, 106,
5348—5350.

(408) Bonnac, L; Lee, S. E.,; Giuffredi, G. T.; Elphick, L. M,;
Anderson, A. A.; Child, E. S.; Mann, D. J.; Gouverneur, V. Synthesis and
O-Phosphorylation of 3,3,4,4-Tetrafluoroaryl-C-nucleoside Analogues.
Org. Biomol. Chem. 2010, 8, 1445—1454.

(409) Leshch, Y.; Waschke, D.; Thimm, J.; Thiem, J. d-Gluco-hept-2-
ulose and Novel Deoxyfluoro Derivatives as Seven-Carbon Analogues
of F-Deoxy-d-glucose (FDG). Synthesis 2011, 2011, 3871—3877.

(410) Waschke, D.; Leshch, Y.; Thimm, J.; Himmelreich, U.; Thiem, J.
Synthesis of Fluorinated Ketoheptoses as Specific Diagnostic Agents.
Eur. J. Org. Chem. 2012, 2012, 948—959.

(411) Khazaei, K; Yeung, ]J. H. F.,; Moore, M. M,; Bennet, A. J.
Inhibitory Efficiencies for Mechanism-Based Inactivators of Sialidases.
Can. J. Chem. 2015, 93, 1207—1213.

(412) Watts, A. G,; Oppezzo, P.; Withers, S. G.; Alzari, P. M,;
Buschiazzo, A. Structural and Kinetic Analysis of Two Covalent
Sialosyl-Enzyme Intermediates on Trypanosoma rangeli Sialidase. J.
Biol. Chem. 2006, 281, 4149—415S.

(413) Chokhawala, H. A.;; Cao, H; Yu, H; Chen, X. Enzymatic
Synthesis of Fluorinated Mechanistic Probes for Sialidases and
Sialyltransferases. J. Am. Chem. Soc. 2007, 129, 10630—10631.

(414) Vocadlo, D. J; Bertozzi, C. R. A Strategy for Functional
Proteomic Analysis of Glycosidase Activity from Cell Lysates. Angew.
Chem., Int. Ed. 2004, 43, 5338—5342.

(415) Shelling, J. G.; Dolphin, D.; Wirz, P.,; Cobbledick, R. E;
Einstein, F. W. B. 2/-Fluoromaltose: Synthesis and Properties of 4-O-
(2-Deoxy-2-fluoro-a-D-glucopyranosyl)-D-glucopyranose, and the
Crystal Structure of 2,3-di-O-Acetyl-1,6-anhydro-4-O-(3,4-tri-O-ace-
tyl-2-deoxy-2-fluoro-a-d-glucopyranosyl)-f-d- glucopyranose. Carbo-
hydr. Res. 1984, 132, 241—-259.

(416) Rempel, B. P.; Withers, S. G. Phosphodiesters Serve as
Potentially Tunable Aglycones for Fluoro Sugar Inactivators of
Retaining f-Glycosidases. Org. Biomol. Chem. 2014, 12, 2592—2595.

(417) Salvadé, M.; Amgarten, B.; Castillén, S.; Bernardes, G. J. L;
Boutureira, O. Synthesis of Fluorosugar Reagents for the Construction
of Well-Defined Fluoroglycoproteins. Org. Lett. 2015, 17, 2836—2839.

(418) Hall, R. H.; Jordaan, A. Preparation of 2-C-Cyano-glycals. J.
Chem. Soc., Perkin Trans. 1 1973, 1059—1062.

(419) Bischotberger, K; Hall, R. H; Jordaan, A,; Woolard, G. R.
Fluorinated Branched Chain Sugars. Part 3. Preparation of Fluorinated
Cyano- and Aminosugars. S. Afr. J. Chem. 1980, 33, 92—94.

(420) Luijkx, Y. M. C. A; Jongkees, S.; Strijbis, K.; Wennekes, T.
Development of a 1,2-Difluorofucoside Activity-Based Probe for
Profiling GH29 Fucosidases. Org. Biomol. Chem. 2021, 19,2968—2977.

(421) Dessinges, A.; Cabrera Escribano, F.; Lukacs, G.; Olesker, A;
Ton That, T. Synthesis of Derivatives of 3-Amino-2,2-difluoro-2,3,6-
trideoxy-L-lyxopyranose (2,2-Difluorodaunosamine). J. Org. Chem.
1987, 52, 1633—1634.

(422) Chan, W.-P.; Gross, P. H. Evidence for Bicyclic Oxonium Ions
in the Nitrous Acid Deamination of Benzyl 2-amino-4,6-O-
benzylidene-2-deoxy-D-glucopyranosides. J. Org. Chem. 1980, 4S5,
1369—-1373.

(423) Hicks, D. R.; Fraser-Reid, B. Selective Sulphonylation with N-
Tosylimidazole. A One-Step Preparation of Methyl 2,3-Anhydro-4,6-
O-benzylidene-a-D-mannopyranoside. Synthesis 1974, 1974,203—203.

(424) Magnusson, G.; Ahlfors, S.; Dahmen, J.; Jansson, K.; Nilsson,
U.,; Noori, G,; Stenvall, K;; Tjoernebo, A. Prespacer Glycosides in

(&

Glycoconjugate Chemistry. Dibromoisobutyl (DIB) Glycosides for the
Synthesis of Neoglycolipids, Neoglycoproteins, Neoglycoparticles, and
Soluble Glycosides. J. Org. Chem. 1990, 55, 3932—3946.

(425) Castillon, S.; Dessinges, A.; Faghih, R.; Lukacs, G.; Olesker, A.;
Thang, T. T. Synthesis of 2’-C-Fluoro-beta-daunomycin - An Example
of Configurational Retention in Fluorodehydroxylation with Dieth-
ylaminosulfur Trifluoride. J. Org. Chem. 1985, 50, 4913—4917.

(426) Witte, M. D.; Walvoort, M. T. C; Li, K.-Y.; Kallemeijn, W. W,;
Donker-Koopman, W. E.; Boot, R. G.; Aerts, J. M. F. G.; Codée,].D. C,;
van der Marel, G. A;; Overkleeft, H. S. Activity-Based Profiling of
Retaining f-Glucosidases: A Comparative Study. ChemBioChem. 2011,
12, 1263—1269.

(427) Chauvigné-Hines, L. M.; Anderson, L. N.; Weaver, H. M,;
Brown, J. N.; Koech, P. K;; Nicora, C. D.; Hofstad, B. A.; Smith, R. D;
Wilkins, M. J.; Callister, S. J.; et al. Suite of Activity-Based Probes for
Cellulose-Degrading Enzymes. J. Am. Chem. Soc. 2012, 134, 20521—
20532.

(428) Hall, R. H,; Jordaan, A.; Lourens, G. ]J. Reaction of
Chlorosulphonyl Isocyanate with Unsaturated Sugars. J. Chem. Soc,,
Perkin Trans. 1 1973, 38—44.

(429) Hamala, V.; Cervenkové Sfastn, L.; Kurfitt, M.; Cufinovs, P.;
Dracinsky, M.; Karban, J. Synthesis of Multiply Fluorinated N-Acetyl-
D-Glucosamine and D-Galactosamine Analogs via the Corresponding
Deoxyfluorinated Glucosazide and Galactosazide Phenyl Thioglyco-
sides. Beilst. J. Org. Chem. 2021, 17, 1086—1095.

(430) Lin, P. C.; Adak, A. K;; Ueng, S. H.; Huang, L. D.; Huang, K. T ;
Ho, J. A. A; Lin, C. C. DAST-Mediated Regioselective Anomeric
Group Migration in Saccharides. J. Org. Chem. 2009, 74, 4041—4048.

(431) Jensen, H. H.; Lyngbye, L.; Bols, M. A Free-Energy Relationship
Between the Rate of Acidic Hydrolysis of Glycosides and the pK(a) of
Isofagomines. Angew. Chem., Int. Ed. 2001, 40, 3447—3449.

(432) Jensen, H. H.; Bols, M. Stereoelectronic Substituent Effects. Acc.
Chem. Res. 2006, 39, 259—265.

(433) Micheel, F.; Klemer, A.; Nolte, M.; Nordiek, H.; Tork, L.;
Westermann, H. Uber Fluorzucker und Einige Threr Umsetzungen.
Chem. Ber. 1957, 90, 1612—1616.

(434) Vocadlo, D. J.; Mayer, C.; He, S.; Withers, S. G. Mechanism of
Action and Identification of Asp242 as the Catalytic Nucleophile of
Vibrio furnisii N-Acetyl-f-d-glucosaminidase Using 2-Acetamido-2-
deoxy-S-fluoro-a-l-idopyranosyl Fluoride. Biochemistry 2000, 39, 117—
126.

(435) Singh, S.; Packwood, J.; Samuel, C. J.; Critchley, P.; Crout, D. H.
G. Glycosidase-Catalysed Oligosaccharide Synthesis: Preparation of N-
Acetylchitooligosaccharides Using the p-N-Acetylhexosaminidase of
Aspergillus oryzae. Carbohydr. Res. 1995, 279, 293—3085.

(436) Heidlas, J. E.; Lees, W. ].; Pale, P.; Whitesides, G. M. Gram-scale
Synthesis of Uridine 5’-Diphospho-N-acetylglucosamine: Comparison
of Enzymic and Chemical Routes. J. Org. Chem. 1992, 57, 146—151.

(437) Leaback, D. H; Walker, P. G. 958. The Preparation and
Properties of Acetochloroglucosamine and its Use in the Synthesis of 2-
Acetamido-2-deoxy-f-D-glucosides (N-acetyl-f}-D-glucosaminides). J.
Chem. Soc. (Resumed) 1957, 0, 4754—4760.

(438) Ballardie, F. W.; Capon, B.; Dearie, W. M.; Foster, R. L.
Neighbouring Acetamido-Group Participation in Reactions of
Derivatives of 2-Acetamido-2-deoxy-D-glucose. Carbohydr. Res. 1976,
49, 79-92.

(439) Stubbs, K. A.; Scaffidi, A.; Debowski, A. W.; Mark, B. L.; Stick,
R. V,; Vocadlo, D. J. Synthesis and Use of Mechanism-Based Protein-
Profiling Probes for Retaining A-D-Glucosaminidases Facilitate
Identification of Pseudomonas aeruginosa NagZ. J. Am. Chem. Soc.
2008, 130, 327—335.

(440) Cunha, A. C.; Pereira, L. O. R;; de Souza, M. C. B. V.; Ferreira,
V. E. Use of Protecting Groups in Carbohydrate Chemistry: An
Advanced Organic Synthesis Experiment. J. Chem. Educ. 1999, 76, 79.

(441) Minuth, T.; Irmak, M.; Groschner, A.; Lehnert, T.; Boysen, M.
M. K. Sweets for Catalysis - Facile Optimisation of Carbohydrate-Based
Bis(oxazoline) Ligands. Eur. J. Org. Chem. 2009, 2009, 997—1008.

(442) Carmona, A. T.; Borrachero, P.; Cabrera-Escribano, F.; Diinez,
M.]J,; Estrada, M. D.; Lépez-Castro, A.; Ojeda, R.; Gémez-Guillén, M.;

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1002/hlca.193802101132
https://doi.org/10.1002/hlca.193802101132
https://doi.org/10.1071/CH9821003
https://doi.org/10.1071/CH9821003
https://doi.org/10.1135/cccc19723646
https://doi.org/10.1135/cccc19723646
https://doi.org/10.1021/ja00330a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00330a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00330a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b922442d
https://doi.org/10.1039/b922442d
https://doi.org/10.1055/s-0031-1289598
https://doi.org/10.1055/s-0031-1289598
https://doi.org/10.1055/s-0031-1289598
https://doi.org/10.1002/ejoc.201101238
https://doi.org/10.1139/cjc-2015-0245
https://doi.org/10.1074/jbc.M510677200
https://doi.org/10.1074/jbc.M510677200
https://doi.org/10.1021/ja072687u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja072687u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja072687u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200454235
https://doi.org/10.1002/anie.200454235
https://doi.org/10.1016/0008-6215(84)85222-2
https://doi.org/10.1016/0008-6215(84)85222-2
https://doi.org/10.1016/0008-6215(84)85222-2
https://doi.org/10.1016/0008-6215(84)85222-2
https://doi.org/10.1039/C4OB00235K
https://doi.org/10.1039/C4OB00235K
https://doi.org/10.1039/C4OB00235K
https://doi.org/10.1021/acs.orglett.5b01259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b01259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/p19730001059
https://doi.org/10.1039/D1OB00054C
https://doi.org/10.1039/D1OB00054C
https://doi.org/10.1021/jo00384a055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00384a055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01296a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01296a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01296a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-1974-23284
https://doi.org/10.1055/s-1974-23284
https://doi.org/10.1055/s-1974-23284
https://doi.org/10.1021/jo00299a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00299a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00299a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00299a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00224a052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00224a052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00224a052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cbic.201000773
https://doi.org/10.1002/cbic.201000773
https://doi.org/10.1021/ja309790w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja309790w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/p19730000038
https://doi.org/10.1039/p19730000038
https://doi.org/10.3762/bjoc.17.85
https://doi.org/10.3762/bjoc.17.85
https://doi.org/10.3762/bjoc.17.85
https://doi.org/10.3762/bjoc.17.85
https://doi.org/10.1021/jo900516r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo900516r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/1521-3773(20010917)40:18<3447::AID-ANIE3447>3.0.CO;2-8
https://doi.org/10.1002/1521-3773(20010917)40:18<3447::AID-ANIE3447>3.0.CO;2-8
https://doi.org/10.1002/1521-3773(20010917)40:18<3447::AID-ANIE3447>3.0.CO;2-8
https://doi.org/10.1021/ar050189p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cber.19570900834
https://doi.org/10.1021/bi991958d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi991958d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi991958d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi991958d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0008-6215(95)00302-9
https://doi.org/10.1016/0008-6215(95)00302-9
https://doi.org/10.1016/0008-6215(95)00302-9
https://doi.org/10.1021/jo00027a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00027a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00027a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/JR9570004754
https://doi.org/10.1039/JR9570004754
https://doi.org/10.1039/JR9570004754
https://doi.org/10.1016/S0008-6215(00)83127-4
https://doi.org/10.1016/S0008-6215(00)83127-4
https://doi.org/10.1021/ja0763605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0763605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0763605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed076p79?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed076p79?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.200801035
https://doi.org/10.1002/ejoc.200801035
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Pérez-Garrido, S. Branched-chain Fluoro Nitro D- and L-Sugars from
Glucose. Tetrahedron: Asymmetry 1999, 10, 1751—1764.

(443) Borrachero, P.; Cabrera-Escribano, F.; Carmona, A. T.; Gémez-
Guillén, M. Rearrangement Reactions in the Fluorination of 3-Deoxy-3-
C-methyl-3-nitro-hexopyranosides (and Hexo-1-thiopyranosides) of
the D- and L-Series by the DAST Reagent. Tetrahedron: Asymmetry
2000, 11, 2927-2946.

(444) Baer, H. H; Rao, G. V. Die Synthese Stickstofthaltiger
Verzweigtkettiger Zucker. Uber eine Epimerisierung bei der Reaktion
von Nitrodthan mit Zuckerdialdehyden. Justus Liebigs Ann. Chem. 1965,
686, 210—220.

(445) Fontenelle, C. Q; Tizzard, G. J.; Linclau, B. The Synthesis of
Tetrafluorinated Aminosugars. J. Fluorine Chem. 2015, 174, 95—101.

(446) Konno, T.; Takano, S.; Takahashi, Y.; Konishi, H.; Tanaka, Y.;
Ishihara, T. Novel Introduction of a Tetrafluoroethylene (-CF2CF2-)
Unit into Organic Molecules. Synthesis 2011, 2011, 33—44.

(447) Fontenelle, C. Q; Conroy, M,; Light, M.; Poisson, T.;
Pannecoucke, X.; Linclau, B. Stereoselectivity of the Honda-
Reformatsky Reaction in Reactions with Ethyl Bromodifluoroacetate
with a-Oxygenated Sulfinylimines. J. Org. Chem. 2014, 79, 4186—419S.

(448) Tremblay, T.; Robert-Scott, G.; Bérubé, C.; Carpentier, A.;
Voyer, N.; Giguere, D. Synthesis of C-Terminal Glycopeptides via
Oxime Resin Aminolysis. Chem. Commun. 2019, 55, 13741—13744.

(449) Giudicelli M.-B; Dominique, P.; Daniel, A. Formation
Competitive d’Ions Azetidinium, Pyrrolidinium et Aziridinium Lors
de la Fluoration de Quelques Dimethylaminopentofuranosides Di-O-
mesyles. Tetrahedron 1992, 48, 6033—6042.

(450) Giudicelli M.-B.; Thomé, M.-A.; Picq, D.; Anker, D.
Fluorination by Anchimeric Assistance of a Diallylamino Group:
Application to the Synthesis of Some Methyl Aminofluoropentofurano-
sides. Carhohydr.vRes; 1993, 249, 19-37.

(451) Hornik, S.; Cervenkové Stastn4, L.; Cufinova, P.; Sykora, J.;
Kénov4, K.; Hrstka, R.; Cisafovd, I.; Dracinsky, M.; Karban, J. Synthesis
and In Vitro Cytotoxicity of Acetylated 3-Fluoro, 4-Fluoro and 3,4-
Difluoro Analogs of D-Glucosamine and D-Galactosamine. Beilst. J.
Org. Chem. 2016, 12, 750—759.

(452) Zottola, M. A.; Alonso, R.; Vite, G. D.; Fraser-Reid, B. A
Practical, Efficient Large-scale Synthesis of 1,6-Anhydrohexopyranoses.
J. Org. Chem. 1989, 54, 6123—6125.

(453) Ogawa, S.; Nakamura, Y. Synthesis and Enzyme-inhibitory
Activity of Methyl Acarviosin Analogues Having the a-Manno
Configuration. Carbohydr. Res. 1992, 226, 79—89.

(454) Hann, R. M.; Hudson, C. S. An Anhydro Derivative of D-
Mannosan < 1,5>f<1,6> (presumably 3,4-Anhydro-D-talosan <
1,5>$<1,6>). J. Am. Chem. Soc. 1942, 64, 925—928.

(455) Stanek, J., jr.; Cerny, M. A Simple Method for Preparing Water-
Soluble Sugar Epoxides Using a Strong Anion-Exchange Resin.
Synthesis 1972, 1972, 698—699.

(456) Ogawa, S.; Aso, D. Chemical Modification of the Sugar Moiety
of Methyl Acarviosin: Synthesis and Inhibitory Activity of Eight
Analogues Containing a 1,6-Anhydro Bridge. Carbohydr. Res. 1993,
250, 177—184.

(457) Karban, J.; Budesinsky, M.; Cerny, M.; Trnka, T. Synthesis and
NMR Spectra of 1,6-Anhydro-2,3-dideoxy-2,3-epimino- and 1,6-
Anhydro-3,4-dideoxy-3,4-epimino-beta-D-hexopyranoses. Collect.
Czech. Chem. Commun. 2001, 66, 799—819.

(458) Picq, D.; Anker, D. Synthese de I’Amino-3-Fluoro-2-Tridesoxy-
2,3,6-L-Galactose (a-Fluoro-2-L-Daunosamine). J. Carbohydr. Chem.
1985, 4, 113—123.

(459) Picq, D.; Carret, G.; Anker, D. Mise en Evidence par Etude
rmn.-1H de Conformations Anormales de Meéthyl-3-désoxy-3-
diallylamino-a-D-altropyranosides. Carbohydr. Res. 1986, 149, 458—
463.

(460) Picq, D.; Anker, D. Utilisation du Complexe Triéthylamine-
Acide Fluorhydrique Pour la Synthese de Désoxyfluoropyranosides et la
Scission de Groupes Silylés Substitués. Carbohydr. Res. 1987, 166, 309—
313.

(461) Nebois, P.; Picq, D.; Anker, D. Syntheses of 3-Deoxy-3-
Fluoroglucosamine Derivatives. J. Carbohydr. Chem. 1990, 9, 359—368.

cT

(462) Hamala, V.; Cervenkova Stastna, L.; Kurfirt, M.; Curinova, P.;
Dracinsky, M.; Karban, J. Use of Remote Acyl Groups for Stereo-
selective 1,2-cis-Glycosylation with Fluorinated Glucosazide Thiodo-
nors. Org. Biomol. Chem. 2020, 18, 5427—5434.

(463) Hamala, V.; Cervenkova Stastna, L.; Kurfirt, M.; Curinova, P.;
Balouch, M.; Hrstka, R,; Vonka, P.; Karban, J. The Effect of
Deoxyfluorination and O-Acylation on the Cytotoxicity of N-Acetyl-
D-gluco- and D-Galactosamine Hemiacetals. Org. Biomol. Chem. 2021,
19, 4497—-4506.

(464) Kurfirt, M.; Cervenkova St’astna, L.; Dracinsky, M.; Mullerova,
M.; Hamala, V.; Curinova, P.; Karban, J. Stereoselectivity in
Glycosylation with Deoxofluorinated Glucosazide and Galactosazide
Thiodonors. J. Org. Chem. 2019, 84, 6405—6431.

(465) Inouye, Y.; Onodera, K;; Kitaoka, S.; Hirano, S. Some Fatty Acid
Derivatives of D-Glucosamine. J. Am. Chem. Soc. 1956, 78, 4722—4724.

(466) Gibbs, C. F.; Hough, L.; Richardson, A. C. A New Synthesis of a
2,3-Epimino-a-D-allopyranoside. Carbohydr. Res. 19685, 1, 290—296.

(467) Hough, L.; Penglis, A. A. E.; Richardson, A. C. Synthesis of
Fluoro Derivatives of 2-Amino-2-deoxy-D-galactose and 2-Amino-2-
deoxy-D-glucose. Can. J. Chem. 1981, 59, 396—405.

(468) Gross, P. H.; Jeanloz, R. W. Optically Pure N-Substituted
Derivatives of Benzyl 2-Amino-2-deoxy-alpha- and beta-D-glucopyr-
anoside. J. Org. Chem. 1967, 32, 2759—2763.

(469) Sharma, M.; Bernacki, R. J.; Paul, B.; Korytnyk, W. Fluorinated
Carbohydrates as Potential Plasma-Membrane Modifiers - Synthesis of
4-Fluoro and 6-Fluoro Derivatives of 2-Acetamido-2-Deoxy-D-
Hexopyranoses. Carbohydr. Res. 1990, 198, 205—221.

(470) Albert, R ; Dax, K; Stiitz, A. E. Synthese Fluorierter Kanamycin-
A-derivate, Modifizierung der Positionen “4 and 6. J. Carbohydr. Chem.
1984, 3, 267—278.

(471) Albert, R.; Dax, K; Stiitz, A. E.; Weidmann, H. Acetyl Migration
in Partially Acetylated D-Glucopyrano-Sides and Acylamidohexopyr-
anosides. J. Carbohydr. Chem. 1983, 2, 279—292.

(472) Kurfirt, M.; Lucie, C. S.; Curinova, P.; Hamala, V.; Karban, J.
Development of alpha-Selective Glycosylation for the Synthesis of
Deoxyfluorinated TN Antigen Analogues. J. Org. Chem. 2021, 86,
5073-5090.

(473) Stephenson, E. L.; Zhang, P.; Ghorbani, S.; Wang, A; Gu, J;
Keough, M. B.; Rawji, K. S.; Silva, C.; Yong, V.W.; Ling, C. C. Targeting
the Chondroitin Sulfate Proteoglycans: Evaluating Fluorinated Glucos-
amines and Xylosides in Screens Pertinent to Multiple Sclerosis. ACS
Cent. Sci. 2019, S, 1223—1234.

(474) Kuhn, R.; Baer, H. H.; Seeliger, A. Zur Methylierung Von N-
Acetylglucosamin-Derivaten. Justus Liebigs Ann. Chem. 1958, 611,236—
241.

(475) Gallo-Rodriguez, C.; Varela, O.; de Lederkremer, R. M. First
Synthesis of -D-Galf(1—4)GIcNAc, a Structural Unit Attached O-
Glycosidically in Glycoproteins of Trypanosoma cruzi. J. Org. Chem.
1996, 61, 1886—1889.

(476) Berkin, A.; Szarek, W. A; Kisilevsky, R. Synthesis of 4-deoxy-4-
fluoro analogues of 2-acetamido-2-deoxy-D-glucose and 2-acetamido-
2-deoxy-D-galactose and their effects on cellular glycosaminoglycan
biosynthesis. Carbohydr. Res. 2000, 326, 250—263.

(477) McNaught, A. D. Nomenclature of Carbohydrates (IUPAC
Recommendations 1996). Pure Appl. Chem. 1996, 68, 1919—2008.

(478) Watts, A. G.; Withers, S. G. The Synthesis of Some Mechanistic
Probes for Sialic Acid Processing Enzymes and the Labeling of a
Sialidase from Trypanosoma rangeli. Can. J. Chem. 2004, 82, 1581—
1588.

(479) Buchini, S.; Gallat, F.-X.; Greig, I. R.; Kim, J.-H.; Wakatsuki, S.;
Chavas, L. M. G.; Withers, S. G. Tuning Mechanism-Based Inactivators
of Neuraminidases: Mechanistic and Structural Insights. Angew. Chem.,
Int. Ed. 2014, 53, 3382—3386.

(480) Meindl, P.; Tuppy, H. Uber 2-Deoxy-2,3-dehydro-sialinsduren,
1. Mitt.: Synthese und Eigenschaften von 2-Deoxy-2,3-dehydro-N-
acylneuraminsiuren und deren Methylestern. Monatsh. Chem. 1969,
100, 1295—1306.

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1016/S0957-4166(99)00156-1
https://doi.org/10.1016/S0957-4166(99)00156-1
https://doi.org/10.1016/S0957-4166(00)00252-4
https://doi.org/10.1016/S0957-4166(00)00252-4
https://doi.org/10.1016/S0957-4166(00)00252-4
https://doi.org/10.1002/jlac.19656860124
https://doi.org/10.1002/jlac.19656860124
https://doi.org/10.1002/jlac.19656860124
https://doi.org/10.1016/j.jfluchem.2014.07.015
https://doi.org/10.1016/j.jfluchem.2014.07.015
https://doi.org/10.1055/s-0030-1258330
https://doi.org/10.1055/s-0030-1258330
https://doi.org/10.1021/jo500396p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo500396p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo500396p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CC07481C
https://doi.org/10.1039/C9CC07481C
https://doi.org/10.1016/S0040-4020(01)89851-3
https://doi.org/10.1016/S0040-4020(01)89851-3
https://doi.org/10.1016/S0040-4020(01)89851-3
https://doi.org/10.1016/S0040-4020(01)89851-3
https://doi.org/10.1016/0008-6215(93)84057-D
https://doi.org/10.1016/0008-6215(93)84057-D
https://doi.org/10.1016/0008-6215(93)84057-D
https://doi.org/10.3762/bjoc.12.75
https://doi.org/10.3762/bjoc.12.75
https://doi.org/10.3762/bjoc.12.75
https://doi.org/10.1021/jo00287a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00287a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0008-6215(92)84056-X
https://doi.org/10.1016/0008-6215(92)84056-X
https://doi.org/10.1016/0008-6215(92)84056-X
https://doi.org/10.1021/ja01256a053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01256a053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01256a053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-1972-21974
https://doi.org/10.1055/s-1972-21974
https://doi.org/10.1016/0008-6215(93)84164-2
https://doi.org/10.1016/0008-6215(93)84164-2
https://doi.org/10.1016/0008-6215(93)84164-2
https://doi.org/10.1135/cccc20010799
https://doi.org/10.1135/cccc20010799
https://doi.org/10.1135/cccc20010799
https://doi.org/10.1080/07328308508062953
https://doi.org/10.1080/07328308508062953
https://doi.org/10.1016/S0008-6215(00)90067-3
https://doi.org/10.1016/S0008-6215(00)90067-3
https://doi.org/10.1016/S0008-6215(00)90067-3
https://doi.org/10.1016/0008-6215(87)80066-6
https://doi.org/10.1016/0008-6215(87)80066-6
https://doi.org/10.1016/0008-6215(87)80066-6
https://doi.org/10.1080/07328309008543839
https://doi.org/10.1080/07328309008543839
https://doi.org/10.1039/D0OB01065K
https://doi.org/10.1039/D0OB01065K
https://doi.org/10.1039/D0OB01065K
https://doi.org/10.1039/D1OB00497B
https://doi.org/10.1039/D1OB00497B
https://doi.org/10.1039/D1OB00497B
https://doi.org/10.1021/acs.joc.9b00705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b00705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b00705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01599a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01599a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0008-6215(00)81759-0
https://doi.org/10.1016/S0008-6215(00)81759-0
https://doi.org/10.1139/v81-061
https://doi.org/10.1139/v81-061
https://doi.org/10.1139/v81-061
https://doi.org/10.1021/jo01284a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01284a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01284a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0008-6215(90)84293-4
https://doi.org/10.1016/0008-6215(90)84293-4
https://doi.org/10.1016/0008-6215(90)84293-4
https://doi.org/10.1016/0008-6215(90)84293-4
https://doi.org/10.1080/07328308408058820
https://doi.org/10.1080/07328308408058820
https://doi.org/10.1080/07328308308057874
https://doi.org/10.1080/07328308308057874
https://doi.org/10.1080/07328308308057874
https://doi.org/10.1021/acs.joc.0c03015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c03015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.9b00327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.9b00327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.9b00327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jlac.19586110121
https://doi.org/10.1002/jlac.19586110121
https://doi.org/10.1021/jo951934m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo951934m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo951934m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0008-6215(00)00049-5
https://doi.org/10.1016/S0008-6215(00)00049-5
https://doi.org/10.1016/S0008-6215(00)00049-5
https://doi.org/10.1016/S0008-6215(00)00049-5
https://doi.org/10.1351/pac199668101919
https://doi.org/10.1351/pac199668101919
https://doi.org/10.1139/v04-125
https://doi.org/10.1139/v04-125
https://doi.org/10.1139/v04-125
https://doi.org/10.1002/anie.201309675
https://doi.org/10.1002/anie.201309675
https://doi.org/10.1007/BF00903465
https://doi.org/10.1007/BF00903465
https://doi.org/10.1007/BF00903465
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(481) Petrie, C. R;; Sharma, M.; Simmons, O. D.; Korytnyk, W.
Synthesis of Analogs of N-Acetylneuraminic Acid and Their Effect on
CMP-Sialate Synthase. Carbohydr. Res. 1989, 186, 326—334.

(482) Nakajima, T.; Hori, H,; Ohrui, H; Meguro, H; Ido, T.
Synthesis of N-Acetyl-3-fluoro-neuraminic Acids. Agric. Biol. Chem.
1988, 52, 1209—121S.

(483) Ikeda, K ; Kitani, S.; Sato, K.; Suzuki, T.; Hosokawa, C.; Suzuki,
Y.; Tanaka, K,; Sato, M. 24,3f-Difluorosialic Acid Derivatives
Structurally Modified at the C-4 Position: Synthesis and Biological
Evaluation as Inhibitors of Human Parainfluenza Virus Type 1.
Carbohydr. Res. 2004, 339, 1367—1372.

(484) Marra, A.; Sinay, P. Acetylation of N-Acetylneuraminic Acid
and Its Methyl Ester. Carbohydr. Res. 1989, 190, 317—322.

(485) Allevi, P.; Anastasia, M.; Costa, M. L.; Rota, P. Two Procedures
for the Syntheses of Labeled Sialic Acids and Their 1,7-Lactones.
Tetrahedron: Asymmetry 2011, 22, 338—344.

(486) Marra, A.; Sinay, P. Stereoselective Synthesis of 2-Thioglyco-
sides of N-Acetylneuraminic Acid. Carbohydr. Res. 1989, 187, 35—42.

(487) Ikeda, K.; Sano, K.; Ito, M.; Saito, M.; Hidari, K,; Suzuki, T.;
Suzuki, Y.; Tanaka, K. Synthesis of 2-Deoxy-2,3-didehydro-N-
acetylneuraminic Acid Analogues Modified at the C-4 and C-9
Positions and Their Behaviour Towards Sialidase from Influenza
Virus and Pig Liver Membrane. Carbohydr. Res. 2001, 330, 31—41.

(488) Burkart, M. D.; Vincent, S. P.;, Wong, C. H. An Efficient
Synthesis of CMP-3-Fluoroneuraminic Acid. Chem. Commun. 1999,
1525—-1526.

(489) Ito, Y.; Ogawa, T. Highly Stereoselective Glycosylation of Sialic
Acid Aided by Stereocontrolling Auxiliaries. Tetrahedron 1990, 46, 89—
102.

(490) Suzuki, K; Ohtake, A.; Ito, Y.; Kanie, O. Synthesis of a
Fluorescently Tagged Sialic Acid Analogue Useful for Live-cell Imaging.
Chem. Commun. 2012, 48, 9744—9746.

(491) Hayashi, T.; Kehr, G.; Bergander, K.; Gilmour, R. Stereospecific
alpha-Sialylation by Site-Selective Fluorination. Angew. Chem., Int. Ed.
2019, 58, 3814—3818.

(492) von Itzstein, M,; Jin, B.; Wu, W.-Y.; Chandler, M. A Convenient
Method for the Introduction of Nitrogen and Sulfur at C-4 on a Sialic
Acid Analogue. Carbohydr. Res. 1993, 244, 181—18S5.

(493) Kim, J.-H.; Resende, R.; Wennekes, T.; Chen, H.-M.; Bance, N.;
Buchini, S.; Watts, A. G.; Pilling, P.; Streltsov, V. A,; Petric, M.; Liggins,
R; Barrett, S.; McKimm-Breschkin, J. L.; Niikura, M.; Withers, S. G.
Mechanism-Based Covalent Neuraminidase Inhibitors with Broad-
Spectrum Influenza Antiviral Activity. Science 2013, 340, 71-75.

(494) Dirr, L.; El-Deeb, I. M.; Guillon, P.; Carroux, C. J.; Chavas, L.
M. G.; von Itzstein, M. The Catalytic Mechanism of Human
Parainfluenza Virus Type 3 Haemagglutinin-Neuraminidase Revealed.
Angew. Chem., Int. Ed. 2015, 54, 2936—2940.

(495) El-Deeb, 1. M.; Guillon, P.; Winger, M.; Eveno, T.; Haselhorst,
T.; Dyason, J. C,; von Itzstein, M. Exploring Human Parainfluenza
Virus Type-1 Hemagglutinin-Neuraminidase as a Target for Inhibitor
Discovery. J. Med. Chem. 2014, 57, 7613—7623.

(496) Guillon, P.; Dirr, L.; El-Deeb, L. M.; Winger, M.; Bailly, B;
Haselhorst, T.; Dyason, J. C.; von Itzstein, M. Structure-Guided
Discovery of Potent and Dual-acting Human Parainfluenza Virus
Haemagglutinin-Neuraminidase Inhibitors. Nat. Commun. 2014, §,
5268.

(497) Yang, Z.-L.; Zeng, X.-F.; Liu, H.-P.; Yu, Q.; Meng, X; Yan, Z.-L.;
Fan, Z.-C.; Xiao, H.-X; Iyer, S. S.; Yang, Y,; Yu, P. Synthesis of
Multivalent Difluorinated Zanamivir Analogs as Potent Antiviral
Inhibitors. Tetrahedron Lett. 2016, 57, 2579—2582.

(498) Dinh, H.; Zhang, X.; Sweeney, J.; Yang, Y.; He, Y.; Dhawane, A;
Iyer, S. S. Glycan Based Detection and Drug Susceptibility of Influenza
Virus. Anal. Chem. 2014, 86, 8238—8244.

(499) Hader, S.; Watts, A. G. The Synthesis of a Series of
Deoxygenated 2,3-Difluoro-N-Acteylneuraminic acid Derivatives as
Potential Sialidase Inhibitors. Carbohydr. Res. 2013, 374, 23—28.

(500) Yu, H.; Yu, H,; Karpel, R;; Chen, X. Chemoenzymatic Synthesis
of CMP-Sialic acid Derivatives by a One-Pot Two-Enzyme System:

cuU

Comparison of Substrate Flexibility of Three Microbial CMP-Sialic
Acid Synthetases. Biorg. Med. Chem. 2004, 12, 6427—6435.

(501) Li, Y;; Yu, H.; Cao, H.; Lau, K.; Muthana, S.; Tiwari, V. K.; Son,
B.; Chen, X. Pasteurella multocida Sialic Acid Aldolase: a Promising
Biocatalyst. Appl. Microbiol. Biotechnol. 2008, 79, 963—970.

(502) Li, W.; Santra, A.; Yu, H,; Slack, T. J.; Muthana, M. M.; Shi, D.;
Liu, Y,; Chen, X. 9-Azido-9-deoxy-2,3-difluorosialic Acid as a
Subnanomolar Inhibitor Against Bacterial Sialidases. J. Org. Chem.
2019, 84, 6697—6708.

(503) Yu, H.; Chokhawala, H.; Karpel, R;; Yu, H.; Wu, B.; Zhang, J;
Zhang, Y.; Jia, Q; Chen, X. A Multifunctional Pasteurella multocida
Sialyltransferase: A Powerful Tool for the Synthesis of Sialoside
Libraries. J. Am. Chem. Soc. 2005, 127, 17618—17619.

(504) Chang, P. V.; Chen, X.; Smyrniotis, C.; Xenakis, A,; Hu, T.;
Bertozzi, C. R.,; Wu, P. Metabolic Labeling of Sialic Acids in Living
Animals with Alkynyl Sugars. Angew. Chem., Int. Ed. 2009, 48, 4030—
4033.

(505) Tsai, C.-S.; Yen, H.-Y.; Lin, M.-L; Tsai, T.-L; Wang, S.-Y.;
Huang, W.-L; Hsu, T.-L.; Cheng, Y.-S. E,; Fang, J.-M.; Wong, C.-H.
Cell-permeable Probe for Identification and Imaging of Sialidases. Proc.
Natl. Acad. Sci. U.S.A. 2013, 110, 2466—2471.

(506) Izumi, M.; Shen, G.-J.; Wacowich-Sgarbi, S.; Nakatani, T;
Plettenburg, O.; Wong, C.-H. Microbial Glycosyltransferases for
Carbohydrate Synthesis: @-2,3-Sialyltransferase from Neisseria gonor-
rheae. J. Am. Chem. Soc. 2001, 123, 10909—10918.

(507) Saxon, E.; Luchansky, S. J.; Hang, H. C; Yu, C;; Lee, S. C;
Bertozzi, C. R. Investigating Cellular Metabolism of Synthetic
Azidosugars with the Staudinger Ligation. J. Am. Chem. Soc. 2002,
124, 14893—14902.

(508) Buchini, S.; Buschiazzo, A.; Withers, S. G. A New Generation of
Specific Trypanosoma cruzi trans-Sialidase Inhibitors. Angew. Chem.,,
Int. Ed. 2008, 47, 2700—2703.

(509) Weck, S.; Robinson, K; Smith, M. R; Withers, S. G.
Understanding Viral Neuraminidase Inhibition by Substituted
Difluorosialic Acids. Chem. Commun. 2018, 51, 2933—2935.

(510) Schmidt, R. R. New Methods for the Synthesis of Glycosides
and Oligosaccharides - Are There Alternatives to the Koenigs-Knorr
Method. Angew. Chem., Int. Ed. 1986, 25, 212—235.

(511) Fried, J.; Hallinan, E. A.; Szwedo, M. J. Synthesis and Properties
of 7,7-Difluoro Derivatives of the 2,6-Dioxa[3.1.1]bicycloheptane Ring
System Present in Thromboxane A2. J. Am. Chem. Soc. 1984, 106,
3871-3872.

(512) Linclau, B.; Golten, S.; Light, M.; Sebban, M.; Oulyadi, H. The
Conformation of Tetrafluorinated Methyl Galactoside Anomers:
Crystallographic and NMR Studies. Carbohydr. Res. 2011, 346,
1129-1139.

(513) Tremblay, T.; St-Gelais, J.; Houde, M.; Giguére, D.
Polyfluoroglycoside Synthesis via Simple Alkylation of an Anomeric
Hydroxyl Group: Access to Fluoroetoposide Analogues. J. Org. Chem.
2021, 86, 4812—4824.

(514) Kuhn, M,; Von Wartburg, A. Uber ein neues Glykosidier-
ungsverfahren Synthese von Epipodophyllotoxin-$-D-glucopyranosid.
21. Mitt. Uber mitosehemmende Naturstoffe [1]. Helv. Chim. Acta
1968, 51, 1631—1641.

(515) Allevi, P; Anastasia, M,; Ciuffreda, P.; Sanvito, A. M.;
Macdonald, P. A Short and Simple Synthesis of the Antitumor Agent
Etoposide. Tetrahedron Lett. 1992, 33, 4831—4834.

(516) Baumann, A.; Marchner, S.; Daum, M.; Hoffmann-Réder, A.
Synthesis of Fluorinated Leishmania Cap Trisaccharides for Diagnostic
Tool and Vaccine Development. Eur. J. Org. Chem. 2018, 2018, 3803—
3818S.

(517) Schmidt, R. R.; Behrendt, M.; Toepfer, A. Nitriles as Solvents in
Glycosylation Reactions: Highly Selective f-Glycoside Synthesisl.
Synlett 1990, 1990, 694—696.

(518) Braccini, L; Derouet, C.; Esnault, J.; de Penhoat, C. H.; Mallet, J.
M.; Michon, V.; Sinay, P. Conformational Analysis of Nitrilium
Intermediates in Glycosylation Reactions. Carbohydr. Res. 1993, 246,
23—41.

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1016/0008-6215(89)84047-9
https://doi.org/10.1016/0008-6215(89)84047-9
https://doi.org/10.1271/bbb1961.52.1209
https://doi.org/10.1016/j.carres.2004.02.029
https://doi.org/10.1016/j.carres.2004.02.029
https://doi.org/10.1016/j.carres.2004.02.029
https://doi.org/10.1016/0008-6215(89)84135-7
https://doi.org/10.1016/0008-6215(89)84135-7
https://doi.org/10.1016/j.tetasy.2011.02.012
https://doi.org/10.1016/j.tetasy.2011.02.012
https://doi.org/10.1016/0008-6215(89)80054-0
https://doi.org/10.1016/0008-6215(89)80054-0
https://doi.org/10.1016/S0008-6215(00)00267-6
https://doi.org/10.1016/S0008-6215(00)00267-6
https://doi.org/10.1016/S0008-6215(00)00267-6
https://doi.org/10.1016/S0008-6215(00)00267-6
https://doi.org/10.1039/a903362i
https://doi.org/10.1039/a903362i
https://doi.org/10.1016/S0040-4020(01)97586-6
https://doi.org/10.1016/S0040-4020(01)97586-6
https://doi.org/10.1039/c2cc34605b
https://doi.org/10.1039/c2cc34605b
https://doi.org/10.1002/anie.201812963
https://doi.org/10.1002/anie.201812963
https://doi.org/10.1016/0008-6215(93)80014-6
https://doi.org/10.1016/0008-6215(93)80014-6
https://doi.org/10.1016/0008-6215(93)80014-6
https://doi.org/10.1126/science.1232552
https://doi.org/10.1126/science.1232552
https://doi.org/10.1002/anie.201412243
https://doi.org/10.1002/anie.201412243
https://doi.org/10.1021/jm500759v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm500759v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm500759v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms6268
https://doi.org/10.1038/ncomms6268
https://doi.org/10.1038/ncomms6268
https://doi.org/10.1016/j.tetlet.2016.04.079
https://doi.org/10.1016/j.tetlet.2016.04.079
https://doi.org/10.1016/j.tetlet.2016.04.079
https://doi.org/10.1021/ac501624v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac501624v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carres.2013.03.026
https://doi.org/10.1016/j.carres.2013.03.026
https://doi.org/10.1016/j.carres.2013.03.026
https://doi.org/10.1016/j.bmc.2004.09.030
https://doi.org/10.1016/j.bmc.2004.09.030
https://doi.org/10.1016/j.bmc.2004.09.030
https://doi.org/10.1016/j.bmc.2004.09.030
https://doi.org/10.1007/s00253-008-1506-2
https://doi.org/10.1007/s00253-008-1506-2
https://doi.org/10.1021/acs.joc.9b00385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b00385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0561690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0561690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0561690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200806319
https://doi.org/10.1002/anie.200806319
https://doi.org/10.1073/pnas.1222183110
https://doi.org/10.1021/ja011382r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja011382r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja011382r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027748x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027748x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200705435
https://doi.org/10.1002/anie.200705435
https://doi.org/10.1039/C4CC08256G
https://doi.org/10.1039/C4CC08256G
https://doi.org/10.1002/anie.198602121
https://doi.org/10.1002/anie.198602121
https://doi.org/10.1002/anie.198602121
https://doi.org/10.1021/ja00325a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00325a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00325a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carres.2011.04.007
https://doi.org/10.1016/j.carres.2011.04.007
https://doi.org/10.1016/j.carres.2011.04.007
https://doi.org/10.1021/acs.joc.0c02841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c02841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/hlca.19680510719
https://doi.org/10.1002/hlca.19680510719
https://doi.org/10.1002/hlca.19680510719
https://doi.org/10.1016/S0040-4039(00)61297-2
https://doi.org/10.1016/S0040-4039(00)61297-2
https://doi.org/10.1002/ejoc.201800384
https://doi.org/10.1002/ejoc.201800384
https://doi.org/10.1055/s-1990-21214
https://doi.org/10.1055/s-1990-21214
https://doi.org/10.1016/0008-6215(93)84021-W
https://doi.org/10.1016/0008-6215(93)84021-W
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(519) Takagi, Y.; Nakai, K; Tsuchiya, T.; Takeuchi, T. A S'-
(Trifluoromethyl)anthracycline Glycoside: Synthesis of Antitumor-
Active 7-O-(2,6-Dideoxy-6,6,6-trifluoro-a-l-lyxo-hexopyranosyl)-
adriamycinone. J. Med. Chem. 1996, 39, 1582—1588.

(520) Lucas, R;; Penalver, P.; Gémez-Pinto, I; Vengut-Climent, E.;
Mtashobya, L.; Cousin, J.; Maldonado, O. S.; Perez, V.; Reynes, V.;
Avifié, A,; et al. Effects of Sugar Functional Groups, Hydrophobicity,
and Fluorination on Carbohydrate-DNA Stacking Interactions in
Water. J. Org. Chem. 2014, 79, 2419—2429.

(521) Lucchetti, N.; Gilmour, R. Reengineering Chemical Glyco-
sylation: Direct, Metal-Free Anomeric O-Arylation of Unactivated
Carbohydrates. Chem.—Eur. J. 2018, 24, 16266—16270.

(522) Council, C. E.; Kilpin, K. J.; Gusthart, J. S.; Allman, S. A.;
Linclau, B.; Lee, S. S. Enzymatic Glycosylation Involving Fluorinated
Carbohydrates. Org. Biomol. Chem. 2020, 18, 3423—3451.

(523) Kurfirt, M.; Dracinsky, M.; Cervenkova Stastna, L.; Curinova,
P.; Hamala, V.; Hovorkova, M.; Bojarova, P.; Karban, J. Selectively
Deoxyfluorinated N-Acetyllactosamine Analogues as 19F NMR Probes
to Study Carbohydrate-Galectin Interactions. Chem.—Eur. ]. 2021, 27,
13040—13051.

(524) Yu, Y,; Delbianco, M. Conformational Studies of Oligosac-
charides. Chem.—Eur. J. 2020, 26, 9814—9825.

cv

https://doi.org/10.1021/acs.chemrev.2c00086
Chem. Rev. XXXX, XXX, XXX—=XXX


https://doi.org/10.1021/jm960177x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm960177x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm960177x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm960177x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo402700y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo402700y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo402700y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201804416
https://doi.org/10.1002/chem.201804416
https://doi.org/10.1002/chem.201804416
https://doi.org/10.1039/D0OB00436G
https://doi.org/10.1039/D0OB00436G
https://doi.org/10.1002/chem.202101752
https://doi.org/10.1002/chem.202101752
https://doi.org/10.1002/chem.202101752
https://doi.org/10.1002/chem.202001370
https://doi.org/10.1002/chem.202001370
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

