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Halogenation-induced C—N bond activation
enables the synthesis of 1,2-cis C-aryl furanosides
via deaminative cyclizationt
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1,2-cis C-Aryl furanosides are prevalent in nature and exhibit significant biological activities. The 1,2-cis
configuration is less favorable in terms of stereoelectronic and steric effects, making the synthesis of this
type of skeleton highly challenging. Traditional methods for the synthesis of 1,2-cis C-aryl furanosides
usually require complicated protection manipulations, resulting in lengthy synthetic routes and low
overall efficiency. Here, we report a simple and highly applicable procedure for the synthesis of 1,2-cis
C-aryl furanosides from unprotected aldoses via Petasis reaction and subsequent deaminative
cyclization. Unprotected aldose mediated Petasis reactions yield linear 1,2-trans 1-aryl polyhydroxy
amines. Halogenation of the amine motif activates the conventionally inert C—N bond and triggers the
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Accepted 19th November 2024 key stereoinvertive intramolecular substitution process, affording 1,2-cis C-aryl furanosides with
excellent chemo- and diastereoselectivity. This procedure does not require the use of any sensitive

DO 10.1035/d4sc07410f reagents, and can be conducted in one-pot without precautions against oxygen or moisture, offering
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Introduction

1,2-cis C-Aryl furanosides represent a unique class of carbohy-
drates in which aromatic aglycons are linked to the anomeric
position of furanoses via C-C glycosidic bonds from the same
side as the C2 hydroxy group (C2-OH). This type of structure has
been found in natural products isolated from traditional
oriental herbs, the metabolites of bacteria or fungi, and has
shown significant biological activity (Scheme 1A)."* Notably,
gilvocarcin V produced by the genus Streptomyces has shown
remarkable antitumor activity and exceptionally low toxicity.*®
Due to their potent bioactivities, 1,2-cis C-aryl furanosides are
attractive targets for total synthesis and medicinal
chemistry.’**® However, the C-C bond linkage and 1,2-cis
configuration pose great obstacles for the synthesis of these
types of skeletons.

Naturally available unprotected hexoses and pentoses exist
in solution as equilibrium mixtures of cyclic hemiacetals and
linear glycosyl aldehydes, in which the pyranose forms
predominate and the furanose forms are less abundant at
equilibrium (Scheme 1B). To achieve the synthesis of 1,2-cis C-
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a streamlined approach to 1,2-cis C-aryl furanoside natural products and bioactive agents.

aryl furanosides from readily available aldoses, strategies with
high selectivity are needed to ensure the construction of the
furan skeleton, the C-C bond linkage, and most importantly,
the 1,2-cis configuration. Traditional methods for the synthesis
of 1,2-cis C-aryl furanosides usually first convert pyranose
hemiacetals into highly protected furanosyl donors, and then
construct C-C bonds via Lewis-acid-promoted glycosylation
reactions, such as the Friedel-Crafts reaction with electron-rich
arenes,"” O-to-C rearrangement of O-aryl glycosides*® and C2-
OH-directed intramolecular aglycone delivery.”*** Alterna-
tively, nucleophilic addition to linear glycosyl aldehydes with
aryl reagents yields 1-aryl alditol intermediates, and cyclization
through an intramolecular substitution can also afford C-aryl
furanosides.””** However, anionic aryl nucleophiles with high
basicity, such as aryl lithium reagents and Grignard reagents,
are needed. The addition reactions suffer from low diaster-
eoselectivity. Inevitably, complicated protection manipulations
are indispensable in the aforementioned methods, resulting in
lengthy synthetic routes and low overall efficiency. Recently, List
reported a concise procedure for the synthesis of the C-nucle-
oside of remdesivir from the reaction of unprotected p-ribose
with electron-rich arenes.*® Cyclization of the temporarily pro-
tected linear 1,2-trans alditol intermediate gave 1,2-cis C-aryl
furanoside as the major product (dr up to 9:1) under acidic
conditions. Despite these achievements, the synthesis of 1,2-cis
C-aryl furanosides has lagged far behind the synthesis of C-
glycosides.””*” Methods that enable the stereoselective
synthesis of 1,2-cis C-aryl furanosides directly from unprotected
aldoses are still greatly needed.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A) Selected examples of bioactive 1,2-cis C-aryl furanoside natural products
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Scheme 1 Occurrence and synthetic strategies for 1,2-cis C-aryl furanosides. PO: protected hydroxy groups; LG: leaving group; BDE: bond

dissociation energy; NBS: N-bromosuccinimide; NCS: N-chlorosuccini

We envision that the C-C bond linkage between unprotected
aldoses and aryl motifs can be constructed via a three-
component Petasis reaction, wherein aryl-boronic acids or
boronates are used as nucleophiles to attack the imines
generated in situ from the condensation of aldehydes and
amines.*®*** The presence of a hydroxy group at the « position of
the aldehyde can accelerate the nucleophilic addition process
and control the diastereoselectivity, producing 1,2-trans hydroxy
amines.**' Then deaminative cyclization of the 1,2-trans 1-aryl-
polyhydroxy amines via intramolecular Sy2 substitution
provides a concise procedure for the synthesis of 1,2-cis C-aryl
furanosides (Scheme 1B). However, organic amines are unar-
guably weak acids and poor leaving groups in the Syx2 reaction.*
To increase their nucleofugality (leaving ability), primary
amines must be converted to bis-sulfonimides,* diazo ions®* or
pyridinium cations (Katritzky salt),*>*® and the C-N bond of
tertiary amines can be activated in the form of quaternary
ammonium salts by treatment with stoichiometric amounts of
electrophiles, such as methyl iodide, cyanogen bromide (von
Braun reaction) or difluorocarbenes (Scheme 1C).*”7* For 1,2-
trans 1-aryl-polyhydroxy amines, the inherent multiple free

© 2025 The Author(s). Published by the Royal Society of Chemistry

mide.

hydroxy groups may also interfere with these electrophiles,
making the selective cleavage of C-N bonds a challenging
transformation.””® Herein, we report an efficient approach for
the activation of the C-N bond and triggering of the key ster-
eoinvertive intramolecular substitution process via halogena-
tion of the amine moiety with N-bromosuccinimide or N-
chlorosuccinimide (Scheme 1D). Combined with p-toluidine- or
indoline-mediated Petasis reactions of unprotected aldoses
with aryl trifluoroborates, this procedure provides a general
route for the synthesis of 1,2-cis C-aryl furanoside natural
products and their analogs from unprotected aldoses in two
steps.

Results and discussion
Optimization of the reaction conditions

As shown in Scheme 2, p-toluidine and indoline were found to
be the optimal amine sources in the Petasis reaction of
unprotected  glucose  with  potassium(4-methylphenyl)-
trifluoroborate, affording the linear 1-aryl polyhydroxy amines
1 and 2 with excellent 1,2-trans selectivity (see the ESI for the

Chem. Sci., 2025, 16, 410-417 | 411
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Scheme 2 Synthesis of 1,2-trans 1-aryl-polyhydroxy amine via Petasis
reaction. Isolated yield on a scale of 0.2 mmol.

optimization of the Petasis reactiont). Treatment of 1 or 2 with
NBS (2.1 equiv.) at elevated temperature in acetonitrile gave 1,2-
cis C-aryl furanoside 3 in 85% or 76% isolated yield, respec-
tively, with inversion of the stereochemistry at the C1 position
(Table 1, entries 1 & 5). The structure of 3 was confirmed by X-
ray crystallographic analysis of its phosphite derivative 3-P.” In
addition to succinimide, 2,6-dibromo-4-methylaniline 4 (91%)
and 5,7-dibromoindoline 5 (79%) were identified as byproducts.
The deaminative cyclization reaction proceeded smoothly at
60 °C (entries 2 & 6) and even at room temperature (entry 7) with
decent yields. The addition of aq. HBr (1.0 equiv.) accelerated
the cyclization of 1 at room temperature, giving 3 in 97% NMR
yield (entry 3). NCS afforded yields comparable to those of NBS,
but required slightly longer reaction times (entries 4 & 8).
Notably, the Petasis reaction and deaminative cyclization

Table 1 Reaction development?

HQ, NH,
Br: Br
HO"-(OH
-01
4
2
HO Me
3 4
, oL
100 2 ————> Me + or

(0.2 mmol) CHLCN

X-ray structure of 5
phosphite protected Glcf 3-P

Entry Reagents and conditions byield of 3

1 1, NBS, 80 °C, 5 min 97% (85% + 4, 91%)°
2 1, NBS, 60 °C, 6 h 70%

3 1, NBS, aq. HBr, rt, 6 h 97%

4 1, NCS, 100 °C, 30 min 95%

5 2, NBS, 100 °C, 5 min 89% (76% + 5, 79%)°
6 2, NBS, 60 °C, 8 h 75%

7 2, NBS, rt, 24 h 61% (20%)”

8 2, NCS, 100 °C, 1 h 85%

“All screemng reactions were carried out in an 8 mL glass vial on a scale
of 0.2 mmol. ? Yields were based on 'H NMR analysis of the reaction
mixture with 1,1,2,2-tetrachloroethane as internal standard. ‘ Isolated
yield.  The amount of 2 remaining.
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reactions were conducted under an air atmosphere, and did not
require any precautions against moisture.

Mechanistic studies

The inverted configuration and brominated arylamine byprod-
ucts strongly indicate that the cyclization reaction may have
occurred in an intramolecular Sy2 substitution fashion. To
verify the mechanism of this deaminative cyclization reaction,
enantioenriched substrate (R)-6 was prepared and subjected to
the halogenation conditions. As the deaminative cyclization
proceeded more slowly when NCS was used as the halogenation
agent (Table 1, entry 1 vs. entry 4), (R)-6 (85% ee) was treated
with NCS to obtain some intermediates that participated in the
cyclization reaction.

As shown in Scheme 3A, cyclized product (S)-7 was isolated
in 28% yield with slightly eroded enantiopurity (78% ee), along
with 59% ortho dichlorinated intermediate (R)-8 (84% ee) and
31% 2,6-dichloro-4-methylaniline 9. Reheating (R)-8 in the
absence of any additive delivered (S)-7 in only 12% NMR yield,
and the addition of succinimide inhibited the cyclization reac-
tion (Scheme 3B). Gratifyingly, the addition of a catalytic
amount of NCS (0.1 equiv.) restored the reactivity, affording (S)-
7 in 91% yield, albeit with diminished enantiopurity (75% ee).
The partial racemization may arise from interference by the Sy1
reaction pathway at elevated temperatures. Lowering the reac-
tion temperature to 60 °C led to low conversion and also
reduced the likelihood of racemization, giving (S)-7 in 9% yield
with 83% ee. These results support the presence of the ortho
dichlorinated intermediate during the cyclization reaction, and
suggest that NCS plays essential roles beyond halogenating the
phenyl skeleton. NCS can transfer the chloronium ion to the
nitrogen atom of aromatic amines, generating quaternary
ammonium salts,**®" thus increasing their nucleofugality. To
verify this quaternization effect, Bronsted acids that can pro-
tonize the amine motif were tested. As shown in Scheme 3B,
aqueous hydrobromide (aq. HBr) can promote the cyclization of
(R)-8, affording results comparable to those of NCS.

It is evident that quaternization at the nitrogen atom is
crucial for inducing selective C-N bond cleavage. Quaterniza-
tion enhances the acidity of the aryl-amine motif, making it
a better leaving group than the neutral form. In addition,
chlorination at the ortho position of the amine group may also
facilitate C-N bond cleavage by exerting both steric effects and
electronic effects. As shown in Scheme 3C, unchlorinated 6
failed to give any cyclized product with a catalytic amount (0.1
equiv.) or excess (2.0 equiv.) of aq. HBr even at 100 °C. By
contrast, increasing the steric hindrance by introducing two
ortho-methyl groups (10), or increasing the electron deficiency
by replacing the para-methyl group with the CF; strong electron-
withdrawing group (11), afforded much improved yields.
Cyclization of mono-chlorinated amino-alcohol (12) also affor-
ded 7 in 39% yield. This type of substituent induced weakening
of ¢ bonds was also observed in the C(Me)-O bond cleavage of
anisoles and was supported by DFT calculations.®* Although
amines 10-12 were amenable for the deaminative cyclization
reaction, these types of anilines were unable to participate in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the Petasis reaction with unprotected aldoses. Overall, to realize
this two-step protocol, arylamines with good nucleophilicity,
such as p-toluidine or indoline, are required in the first-step
Petasis reaction; then, halogenation converts them to better
leaving groups, making the deaminative cyclization reaction
feasible.

One the basis of the above results and previous reports,
a possible mechanism for this two-step procedure is proposed
in Scheme 3D. In the Petasis reaction, p-toluidine reacts with
the linear aldehyde to form imine, and at the same time, C2-OH
captures the arylborate to give a boronate complex.’®** Then,
intramolecular transfer of the aryl group proceeds through
transition state TS-I to minimize the 1,3-allylic strain, giving 1-
aryl polyhydroxy amine Int-I with excellent trans selectivity.
Halogenation at the aromatic amine skeleton affords Int-II, and
quaternization at the nitrogen atom activates the C-N bond and
then triggers the intramolecular Sy2 reaction with the C4-OH
group (TS-I), affording 1,2-cis C-aryl furanoside. N-Haloge-
nated byproduct 9-X (X = Cl or Br) can serve as a halogenation
reagent that transfers the halogen cation to succinimide,
regenerating NXS, or halogenates Int-II directly to initiate the
next round of the deaminative cyclization reaction. The N-
chloroaniline intermediates are highly labile and generally not
isolated.®** Our efforts toward the isolation of 9-Cl also failed.
The formation of furanosides has been proven to be kinetically
favored over the formation of pyranosides,®®*® which is further

A) Separation of the chlorinated intermediate
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verified here, as the presence of C5-OH or C6-OH does not affect
the reaction, and no pyranoside or seven-membered product
was detected.

Substrate scope. We next examined the generality of the
established procedure with a variety of aryl-trifluoroborates and
aldoses. As shown in Scheme 4A, a broad range of substituents
on the aromatic ring were well tolerated, including halogen (15-
19) and free hydroxymethyl (20) groups. Notably, the vinyl
group, the key core pharmacophore of gilvocarcin V, was not
affected under halogenation conditions, and 21 was obtained in
good yield with exclusively 1,2-cis configuration.®” Heteroarene-
derived trifluoroborates were compatible with this two-step
procedure, affording 1,2-cis C-heteroaryl furanosides in good
overall yields (22-25). The deaminative cyclization of 1-aryl
polyhydroxy amines carrying electron-rich arenes gave C-aryl
furanosides as mixtures of anomers (26-28). This may be
ascribed to the superior stability of the corresponding benzylic
carbocations, that some ¢rans anomers were generated via the
competitive Sy1 pathway.

This two-step procedure is compatible with a broad range of
unprotected aldoses (Scheme 4B). Free p-galactose (29), L-fucose
(30), and even isomaltose (31) with seven unprotected hydroxy
groups, reacted smoothly to give 1,2-cis C-aryl furanosides in
good yields. In addition to hexoses, unprotected pentoses were
competent substrates in this procedure. As exemplified by
compounds 32-39, C-aryl furanosides were obtained from
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Scheme 3 Mechanistic studies. All reactions were carried out in an 8 mL glass vial on a scale of 0.2 mmol. @Yields were based on 'H NMR analysis
of the reaction mixture with 1,1,2,2-tetrachloroethane as internal standard. N. D.: not detected.
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Scheme 4 Substrate scope. Isolated yields on a 0.2 mmol scale. °Inseparable anomers.

reactions of p-arabinose (32), p-xylose (33, 34) and p-ribose (35-
39) with an exclusively 1,2-cis configuration.®® This provides
a potential method for the preparation of a-C-nucleosides. The
Petasis reaction of p-mannose, L.-rhamnose and p-lyxose affor-
ded 1-aryl polyhydroxy amines with exclusively 1,2-trans selec-
tivity (see the ESI for detailst).*® The subsequent deaminative
cyclization reaction delivered the products as mixtures of
separable anomers (40-42). The structures of 40 and 40 were
confirmed by X-ray crystallographic analysis after being pro-
tected with isopropylidene groups (40'a & 40'B).°° Among the
expected products (408, 41 and 42p) generated via the Sy2
pathway, all of the substituents on the furannosyl skeleton are
located on the same side. This crowded all-cis configuration
would cause severe steric repulsion in the transition states of
the Sy2 pathway, that some o anomers were generated via the
Sn1 pathway. Nevertheless, 3 anomers were still obtained as the
major products, underscoring the power of the developed

414 | Chem. Sci., 2025, 16, 410-417

synthetic procedure in the synthesis of challenging all-cis C-aryl
furanosides.

Synthetic utility. As depicted in Scheme 5A, the Petasis reac-
tion and deaminative cyclization can be conducted in a one-pot
manner without isolating intermediate 2 to give C-aryl furano-
side 3 in 55% yield. The stepwise procedure can be scaled up to
12 mmol scale, yielding 1.06 g of 3 as a single anomer. This
procedure is also amenable for the synthesis of C-aryl furanoside
natural products and analogs of bioactive reagents (Scheme 5B).
Using aryl-trifluoroborate 43 derived from the aglycone of the
antidiabetic agent dapagliflozin,” a series of 1,2-cis C-aryl
furanoside-type analogs of dapagliflozin were obtained from
reactions with p-glucose (44), 1-fucose (45) and p-ribose (46). The
reaction of the daidzein derivative 47 with p-glucose under
procedure B afforded 48 as a mixture of anomers in 56% yield
(/B = 1:1). After the removal of the isopropyl group with BBr3,
natural products neopuerarin A (49) and neopuerarin B (50) were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ars-BFsK a I 58% I: 70% I: 63%
I procedure B
form the aglycone of Dapaglifiozin 11 70%, o 11: 60%, o 11: 66%, o
C) Synthesis of Neopuerarin A and B
1. KHF, (4.5 equiv) OH
MeOH, rt
2. D-glucose, indoline O
HFIP, rt, 24 h HO Wy
66%, 2 steps Ho S O AR BBr; (10.0 equiv) _ o
3. NBS (2.1 equiv) DCM, -20 °C to rt 4
MeCN, 100 °C no' oH 9h HO 4 o O
30 min 48 HO B o
ArP-BPin 56%, a/p = 1/1 L oH
derived form Daidzein HO OH
49 50

Scheme 5 Synthetic utility. “Isolated yields on a 0.2 mmol scale.

obtained in 31% and 31% yields, respectively (Scheme 5C). The
structures of 49 and 50 were confirmed by comparison with data
reported in the literature’” and X-ray crystallographic analysis of
the sodium salt of 49.

Conclusions

In summary, we have developed an efficient two-step method
for the synthesis of 1,2-cis C-aryl furanosides from unprotected
aldoses. p-Toluidine- or indoline-mediated Petasis reactions
with aldoses and potassium aryl-trifluoroborates enable the key
C1-C(Ar) bond coupling and covert cyclic pyranoses to linear 1-
aryl polyhydroxy amines with excellent 1,2-trans selectivity;
subsequent selective halogenation at the aryl-amine motif
activates the C-N bond and triggers intramolecular Sy2
substitution, furnishing 1,2-cis C-aryl furanosides. This “open-
and-close” procedure is compatible with a broad range of free
aldoses and aryl-trifluoroborates. The use of readily available
reagents, mild reaction conditions and simple operation make
this procedure highly practical for accessing 1,2-cis C-aryl
furanoside natural products. This halogenation-enabled C-N
bond cleavage can inspire additional strategies for the selective
transformation of amine-containing substrates.

Data availability

Detailed synthetic procedures, compound characterization,
NMR spectra, and X-ray crystallographic data are provided in
the ESLt Crystallographic data for 3-P, 34, 39, 40-S, 40'a, 40’
and 49-Na have been deposited at the Cambridge Crystallo-
graphic Data Centre.
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