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Abstract

The incorporation of C-glycosides in drug design has become a routine practice for medicinal
chemists. These naturally occurring building blocks exhibit attractive pharmaceutical profiles,
becoming an extensive topic of synthetic efforts in recent decades.[Xl Described herein is a
practical, scalable, and versatile route for the synthesis of non-anomeric and unexploited C-acyl
glycosides via a Ni/photoredox dual catalytic system. Utilizing an organic photocatalyst, an
arsenal of glycosyl-based radicals is generated and efficiently coupled with highly functionalized
carboxylic acids at room temperature. Distinctive features of this transformation include its mild
conditions, impressive compatibility with a wide array of functional groups, and most
significantly, preservation of the anomeric carbon: a handle for further, late-stage derivatization.
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C-acyl glycosides, naturally occurring building blocks, have recently been the focus of extensive
research efforts due to their enhanced biological activities and unique chemical structure. We
describe a practical and versatile route toward non anomeric C-acyl glycosides via Ni/Photoredox
dual catalysis. Key to this transformation is the preservation of the anomeric carbon as a handle for
further late-stage derivatization. This process is operationally simple and widely applicable to
various functional groups. An organic photocatalyst is utilized to generate an array of glycosyl-
based radicals that engage in cross-coupling with /n-situ activated carboxylic acids to access
medicinally relevant compounds.
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Glycodiversification of drug scaffolds is a powerful strategy used to invoke unique chemical
diversity and enhance pharmacokinetic and/or pharmacodynamic properties of medicinal
targets.[1:2] Glycosidic attachment in natural products renders increased solubility,
membrane transport, and specificity in cellular tissues.[3] A privileged class of saccharides
containing a C—C bond linking a carbohydrate unit to an aglycone or another sugar moiety
are known as C-glycosides.[1¢4] These compounds are ubiquitous in nature and serve as key
motifs in numerous antitumor, antibiotic, and type 11 antidiabetic agents.['¢l Given their /in
vivo resistance toward basic, acidic, and enzymatic hydrolysis, C-glycosides have proven to
be successful mimetic forms of the more labile O-glycosides.[] In particular, C-acyl
glycosides have demonstrated important biological activities such as inhibition against
reactive oxygen species, playing a major role in cell signaling (oxidative stress), and
glutamate-induced cell death.3! It is worth highlighting that C-acyl-glycosylation has proven
efficient in providing unique synthetic disconnections toward complex, bioactive molecules.
(6] A prominent example is the synthesis of zaragozic acid C, a potent squalene synthase
inhibitor, based on a photochemical Csp3-H acylation strategy of a glycosidic moiety.[6a]

Consequently, various strategies have been devised to introduce acyl groups at the anomeric
carbon in glycosides. Most common methods include: i) nucleophilic additions of
organometallic reagents to C-glycosyl aldehydes followed by an oxidation step,[’] ii)
addition of aldehydes(®l or electrophilic acylating agents(®! to glycosyl-based lithium, tin or
samarium reagents (Scheme 1A), and iii) addition of Grignard reagents to glyconitriles1% or
masked aldehydes such as glycosyl benzothiazoles.[!1] These strategies rely on harsh
conditions and reactive organometallic reagents, thus limiting their widespread applicability
in pharmaceutical settings.

More recently, Gong et al. described a nickel-catalyzed reductive coupling of aliphatic
carboxylic acids with glycosyl bromides with complete a-selectivity in the mannose series
(Scheme 1B).[22] This report documents the most straightforward route toward C-acyl
glycosides to date.

Traditional transition metal-catalyzed cross-coupling reactions remain in large part
inapplicable in the context of Cacyl-glycosylation because of the Csp3-hybridized nature of
the anomeric position. As a result, the development of efficient and catalytic transformations
toward C-acyl glycosides is highly desired. Specifically, non-anomeric acylation approaches
that preserve the anomeric carbon for further functionalization are highly limited and
challenging.

Routes based on Wacker oxidation of terminal olefins have been reported for the synthesis of
non-anomeric C-acyl glycosides (Scheme 2A).[131 However, such transformations are
limited to methyl ketones and require elevated temperatures. Other strategies to assemble
complex sugar units take advantage of the addition of sugar aldehydes to stabilized sugar
phosphonates (Scheme 2B).[24] Conversion of glycosyl carboxylic acids to more reactive
acyl chlorides has been utilized in the synthesis of a-diazocarbonyl saccharides.[1%] Finally,
the addition of organomagnesium or organolithium reagents to sugar aldehydes at C5 has
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been described (Scheme 2C).[16] These transformation are generally not applicable to
molecules possessing delicate functional groups.

Recent efforts have demonstrated that Ni/photoredox cross-coupling reactions are valuable
tools for the construction of new C—C bonds.[17] These processes are governed by a single-
electron transmetalation pathway, with an inherent low activation energy barrier favoring
Cspa-hybridized nucleophiles.[*8 In this context, we explored 1,4-dihydropyridines (1,4-
DHPs)[19] as glycosyl-based radical precursors. These coupling partners are bench stable
and can be prepared from inexpensive starting materials.[29¢] Although 1,4-DHPs stem from
the corresponding C-formyl glycosides, they are of immense synthetic value as they have
low oxidation potentials and thus are amenable for fragmentation using inexpensive organic
photocatalysts in lieu of stoichiometric oxidants.[2%¢] To address the demands associated
with the synthesis of non-anomeric Cacyl glycosides, we investigated the feasibility of a
crosscoupling reaction of /n situ activated carboxylic acidst2%] with glycosyl based DHPs in
an attempt to access such challenging structural motifs.

Studies were initiated by evaluating suitable activators of hydrocinnamic acid using high-
throughput experimentation techniques (see Supporting Information)2° Dimethyl
dicarbonate (DMDC)?! served as an ideal activator, and 4CzIPN, an inexpensive organic
dye, performed more efficiently than Ir-and Ru-based photocatalysts.

Subsequently, the generality of this transformation with respect to the DHP coupling partner
was examined (Table 1). Various functionalized glycosidic scaffolds are well-tolerated under
the reaction conditions, affording the desired ketones in high yields and acceptable
diastereoselectivities. Sterically hindered pyranose and furanose moieties (2a, 2b, and 2€)
performed equally well when compared to those with less steric constraints (2c and 2d). It is
worth noting that synthetically challenging glycoside 2f, exhibiting a free hydroxyl group,
can be obtained in good yield in one-step starting from the corresponding DHP 1e. Non-
glycosyl based DHPs successfully furnished the desired ketones (2g, 2h, and 2i) in high
yields.

Next, we focused our attention on the compatibility of abundant carboxylic acids as cross-
coupling partners (Table 2). Nucleophilic free hydroxyl groups are tolerated despite their
potential reactivity with DMDC (2l). Glycosides bearing small, strained rings were
incorporated with no loss in reactivity (2m, 20, 2p, 2r, and 2s). An A-Boc-protected amino
acid and an Fmoc-protected amine afforded the desired ketones in high yields and excellent
diasteroselectivities (2k and 2n, respectively). Glycoside 2w incorporating indomethacin,
and 3b and 3c derived from naproxen, were successfully obtained. Glycosides containing
steroidal moieties, abundant motifs in synthetic drugs and natural products, are amenable to
this cross-coupling (2x). The feasibility of using non-glycosyl based DHPs was successfully
examined in the synthesis of dialkyl ketones 3b-3f.

Most notably, employing glycosyl-based carboxylic acids allowed the generation of
disaccharide alkyl ketones (2z and 3a) with complete retention of configuration in the
saccharide moiety derived from the carboxylic acid, despite the challenging steric demands
of both cross-coupling partners. To the best of our knowledge, this structural motif is
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currently unreported in the literature. Therefore, this acylation strategy provides a
straightforward route to new chemical space in carbohydrate chemistry.

To assess the scalability of this protocol, we conducted the reaction to access 2x on 2.5
mmol scale (Scheme 3). Because of its economical profile [~$5/mmol], 4CzIPN is an
attractive photocatalyst for large-scale applications. The resulting yield was comparable to
the reaction on 0.3 mmol scale. This demonstrates the usefulness of glycosyl-based DHPs in
the synthesis of C-acyl glycosides, especially within the context of rapid, late-stage
functionalization of desired targets bearing a carboxylic acid handle.

In conclusion, this report details a practical and versatile route toward the acylation of highly
functionalized, non-anomeric, C-acyl glycosides in high yields and acceptable
diastereoselectivities. Utilizing a dual-catalytic Ni/photoredox system, we are able to employ
a vast array of glycosyl-based radicals to preserve the anomeric carbon; a useful handle for
further structural elaboration. This mild acylation protocol can be utilized in industrial
settings to access medicinally relevant C-acyl glycosides, as well as provide unique and
alternative disconnections in the synthetic design of complex, bioactive molecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Previous work:
A) Addition of aldehydes or acylating agents to C1 glycosyl nucleophiles
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Scheme 1.

Recent developments in the synthesis of C-acyl glycosides.
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Routes to non-anomeric, reversed C-acyl glycosides

A) Wacker oxidation of terminal olefins
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Scheme 2.
Acylation strategies of non-anomeric glycoside.
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DHP (1.5 equiv)

4CzIPN (2 mol %)
NiCly(dtbbpy)*6H,0 (6 mol %)

DMDC (2 equiv)

acetone/i-PrOAc (2:1). i1, 24 h
blue LEDs

2x, 71% yield
2.5 mmol scale

Scheme 3.
Scale-up of C-acyl-glycosylation under Ni/photoredox conditions.
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Table 1.

Scope of 1,4-DHPs in the Cross-Coupling with Carboxylic Acids.
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" DMDC (2 equiv)
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Il cited yields are isolated. See Supporting Information for experimental details.
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