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The bigger picture

C-Alkyl glycosides, especially

those that are conjugated to

amino acids or peptides, possess

therapeutic properties and are

important in biological studies as

well as drug development

programs. However, existing

synthetic methods exhibit limited

scope and often rely on

impractical stoichiometric

reagents. Catalytic regimes that

promote glycosyl additions to less

electrophilic acrylamides are

typically inefficient. As described

here, a Ti-catalyzed system has

been devised to merge readily

available glycosyl chlorides with

activated alkenes, through

stereocontrolled glycosyl radical

addition, to furnish C-alkyl

glycosides and glycopeptide

conjugates with high anomeric

selectivity. By utilizing alkynes as

radical traps, access to C-alkenyl

glycosides with Z olefins can be

achieved. Mechanistic

investigations provide insights to

rationalize the observed reactivity

profile of glycosyl chlorides, which

are useful in the design of new

catalytic reactions for complex

carbohydrate synthesis.
SUMMARY

C-Alkyl glycosides occur widely in nature and are indispensable in
drug development programs, owing to their diverse range of medic-
inal properties. Previous synthetic efforts often utilize stoichio-
metric reagents, and catalytic methods that afford such glycosides
exhibit limited scope. Here, we describe a stereoselective Ti-cata-
lyzed regime that efficiently merges a vast array of readily available
glycosyl chlorides with activated olefins, through stereocontrolled
glycosyl radical addition to deliver an assortment of C-alkyl glyco-
sides. By employing alkynes as radical acceptors, the present strat-
egy is amenable to the synthesis of C-alkenyl glycosides bearing a Z
olefin appendage. The unexpected greater reactivity of glycosyl
chlorides (compared with simple tertiary chloroalkanes) in the pres-
ence of an organotitanium complex is elucidated through mecha-
nistic and computational studies. Utility of the protocol is under-
scored by the concise preparation of therapeutically important
carbohydrates and glycopeptide conjugates, which are difficult to
access using alternative approaches.

INTRODUCTION

C-Glycosides, molecules bearing a carbohydrate unit appended to an aglycone or

another carbohydrate through a C–C bond linkage, are ubiquitous in nature and

are found to possess a myriad of biological activities, ranging from anticancer to

antidiabetic properties.1–3 Moreover, the robustness of C-glycosidic bonds toward

hydrolytic enzymes in vivo has played a paramount role in the modern design of

C-glycoside pharmaceutical candidates, as mimics or surrogates of the nativeO-gly-

cosides.4–6 A specific class of C-glycosides carrying an aliphatic motif on the anome-

ric carbon have featured prominently in various studies of biological functions and

disease models,5,7,8 as well as in the design of sugar-based therapeutics9 (Scheme

1A). Of particular note, the synthesis of C-alkyl glycosides that are conjugated to

amino acids10–12 or peptide building blocks13,14 offers a powerful platform tomodify

biologically active peptides of interest or to develop sugar-based peptidomimet-

ics.15,16 C-Glycosylated peptide analogs have proven to be more potent than their

parent peptide molecules; yet, they simultaneously possess enhanced metabolic

stability against peptidase degradation for drug delivery to the central nervous sys-

tem.15,17 As such, these glycosylated derivatives have been used to investigate the

mechanism of blood brain transport, involving bioactive peptides and the role of

glycosylation in stabilizing peptides in biological fluids and tissues.15,17,18

Notwithstanding the remarkable advances introduced for the stereoselective prep-

aration of C-alkyl glycosides over the years, longstanding challenges remain to be

addressed (Scheme 1B). One attractive approach to C-alkyl glycosides involves

the generation of glycosyl radical19,20 intermediates, which then engage with a
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second reactant to undergo stereocontrolled C–C bond formation under mild con-

ditions. Inspired by Giese’s seminal work involving glycosyl halide additions to acti-

vated olefins using tributyltin hydride under photolysis,21,22 non-catalytic synthetic

protocols often rely on a radical initiator (e.g., AIBN,23 Et3B/O2,
24–27 and lauroyl

peroxide28,29) in conjunction with stoichiometric quantities of a hydrogen atom

donor to merge a variety of glycosyl precursors, some of which are specially de-

signed,19,20 with Michael acceptors. In one procedure, stoichiometric amounts of

Et3B/carbene-borane were utilized to mediate the addition of unprotected glycosyl

radicals (from the corresponding glycosyl sulfoxides) to electron-deficient alkenes,

including acrylamides.27 In another instance, super-stoichiometric quantities of a

pre-synthesized Ti(III) reagent was employed to promote additions of glycosyl bro-

mides to activated olefins (20 equiv were used), but only four examples with %75%

yields were reported.30 Stoichiometric Ti(III) species has also been shown to reduc-

tively ring-open 1,2-anhydro sugars before trapping with electrophilic alkenes to

give C-alkyl glycosides.31 C-Allylation could also be accomplished by using allyltri-

butylstannane in the presence of AIBN.32 In a number of these reports, the scope of

glycosyl units accessible is limited,19,20 and application to complex carbohydrate

synthesis is not demonstrated. Furthermore, the need for excess reagents

reduces practicality and inadvertently produces waste that may pose complications,

particularly if the compounds are toxic (e.g., organotin19,20) and/or pyrophoric (e.g.,

Et3B
24–27).

On the other hand, catalytic regimes that take advantage of transition metal33–38 or

photoredox39–43 catalysis have been conceived to deliver C-alkyl glycosides. Still,

methods that involved additions of glycosyl donors to alkenes suffer from limited

scope. For example, the catalytic addition of nucleophilic glycosyl radicals to less

electron-deficient acrylamide and its derivatives (versus acrylates) is generally ineffi-

cient, and undesired reduction by-products are formed instead.33–43 In the absence

of stoichiometric promoters,27 access to important bioactive compounds or glyco-

peptide conjugates (cf. Scheme 1A), many of which could be potentially furnished

through direct glycosyl delivery to an unsaturated amide moiety, consequently

becomes an obstacle. Cross-coupling processes have been devised to generate

C-alkyl glycosides, but existing reactions utilize air- and moisture-sensitive alkylme-

tal reagents, and poor stereoselectivity was observed for glucosides.33 Similar to the

non-catalytic reports, the diversity of glycoside scaffolds that can be afforded is

unsatisfactory.

To address the aforementioned issues, we turned to nonprecious and non-toxic tita-

nium catalysis, which has been demonstrated to generate alkyl radicals from the cor-

responding halides, driven by titanium’s high affinity with halogen atoms.44–51 We

speculated if catalytic amounts of a Ti-based complex can be exploited to mediate

the formation of glycosyl radicals from readily accessible and bench-stable glycosyl

chloride donors, which can be prepared in high yield from their corresponding hemi-

acetals in one step.52 Following diastereoselective radical addition to the activated

alkene (or alkyne) and protonolysis with an appropriate proton source,47 the corre-

sponding C-alkyl glycoside (or C-alkenyl glycoside) may be obtained (Scheme 1C).

To this end, we reasoned that a commercially available Ti(IV) complex could react

with an inexpensive reducing agent to generate the requisite Ti(III) catalytic species

that abstracts a Cl atom to give the glycosyl radical.44–51 However, a number of chal-

lenges have to be overcome for the successful implementation of our conceived

strategy: (1) Although Ti-mediated additions of carbogenic radicals to electron-defi-

cient C=C bonds have been reported,44–46,49,50 the corresponding intermolecular

reactions with less electrophilic acrylamides or alkynes are scarce and typically low
3378 Chem 7, 3377–3392, December 9, 2021
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Scheme 1. The motivation for developing a broadly applicable Ti-catalyzed regime to achieve stereoselective synthesis of C-glycosides
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Table 1. Evaluation of reaction conditions

Entry Deviation from standard conditions Yield (%)a

1 none 93 (78)b

2 Zn instead of Mn 47

3 CpTiCl3 instead of Cp*TiCl3 Trace

4 Cp2TiCl2 instead of Cp*TiCl3 80

5 DCM instead of THF 52

6 Toluene, DME, DMSO, or MeCN instead of
THF

<10

7 2,4,6-Collidine$HCl instead of Et3N$HCl 28

8 HCl (dioxane) instead of Et3N$HCl <10

9 i-PrOH, t-BuOH or Ph2CHOH instead of
Et3N$HCl

Trace

10 H2O instead of Et3N$HCl <2

11 3b instead of 3a <2

12c 3c instead of 3a 40

13 3d instead of 3a 48

Abbreviations: THF, tetrahydrofuran; DCM, dichloromethane; DME, dimethoxyethane; DMSO, dimethyl

sulfoxide; RT, room temperature; Cp, cyclopentadienyl; Cp*, pentamethylcyclopentadienyl.
aReactions were performed on 0.1 mmol scale. Yields are for isolated and purified products.
bThe reaction was performed on 2 mmol scale. Value in parentheses denotes isolated yield.
cGlycal side product was obtained in 30% isolated yield in addition to the desired peracetylated C-alkyl

glycoside.
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yielding49 or non-stereoselective.44 (2) The involvement of polyhydroxy compounds,

such as sugars, may potentially inhibit the catalytic reaction by competitive coordi-

nation to the oxophilic Ti center.53 (3) The nucleophilic carbon-centered glycosyl

radical may potentially associate with the electrophilic Ti complex, forming an alkyl-

titanium species that is susceptible to b-heteroatom elimination to give undesired

glycal side products.54,55 Thus, a new broadly applicable Ti-based catalytic system

for carbohydrate synthesis remains to be identified. Herein, we disclose the first

cases of a Ti-catalyzed manifold to facilitate stereoselective glycosyl radical func-

tionalization using a wide range of glycosyl chlorides and activated alkenes/alkynes

under mild reductive conditions.
RESULTS AND DISCUSSION

Reaction optimization

The model reaction of tetrabenzyl-protected a-mannosyl chloride 3a (1 equiv) and

acrylate 4a (1.5 equiv) to afford C-alkyl glycoside 5a was used to optimize conditions

(Table 1). In the event, 5a was secured in 93% yield as a single a-anomer, using

10 mol % of the commercially available Cp*TiCl3 (Cp*: pentamethylcyclopenta-

dienyl) with Mn (2 equiv) as reductant and Et3N$HCl as proton donor in tetrahydro-

furan (THF) at an ambient temperature (Table 1, entry 1). The reaction is highly robust
3380 Chem 7, 3377–3392, December 9, 2021
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and could be carried out on a larger scale (2 mmol) to deliver 5a in 78% yield. 5a was

isolated in lower yield (47%) when Mn was replaced with Zn (Table 1, entry 2). It

merits mention that a color change (from red Ti(IV) to green Ti(III)) was detected in

both Mn- and Zn-promoted reactions, suggesting that both reductants were

capable of reducing Cp*TiCl3 in THF.47 Changing Cp*TiCl3 to CpTiCl3 or Cp2TiCl2
(Cp: cyclopentadienyl) led to diminished yields of 5a (Table 1, entries 3 and 4).

Switching THF to dichloromethane (DCM) generated 5a in moderate yield (52%;

Table 1, entry 5), but other solvents were much less effective (Table 1, entry 6).

The identity of the proton source was crucial in the catalytic process. Changing

Et3N$HCl to 2,4,6-Collidine$HCl or HCl (dioxane) significantly lowered efficiency

(Table 1, entries 7 and 8), whereas transformations with less Brønsted acidic alcohols

or water were found to be unproductive (Table 1, entries 9 and 10). These observa-

tionsmay be attributed to the poor ability of the proton donor to induce protonolysis

of the Ti–O bond47 within the putative enolate intermediate, thus engendering inef-

ficient catalytic turnover (see Scheme 7B for further discussion). The corresponding

radical alkylations with other glycosyl precursors were also examined. Although

mannosyl bromide 3d could furnish 5a in 48% yield under the established conditions

(Table 1, entry 13), minimal reaction (<5% conv.) was detected using disarmed56 tet-

raacetate mannosyl chloride 3b (Table 1, entry 11), whereas 3c afforded the desired

C-alkyl glycoside in 40% yield along with 30% of glycal from undesired b-acetate

elimination54,55 of a putative glycosyltitanium species (Table 1, entry 12).

Reaction scope

Using 3a or 2,3:5,6-di-O-isopropylidene D-mannofuranosyl chloride as the glycosyl

donor, a variety of electronically activated alkenes 4 and alkynes 6 were examined

under our established Ti-catalyzed conditions (Scheme 2). Remarkably, all products

were obtained with exclusive a selectivity across the board. Reactions with acrylates

derived from aliphatic alcohols (5b, 5d, and 5e) or phenols (5c), as well as complex

enantioenriched bioactive compounds (5f and 5g) containing electrophilic allylic

carboxylate (5d) and ketone (5f and 5g) motifs proceeded to deliver the desired ad-

ducts in 54%–91% yield. Gratifyingly, acrylamides bearing secondary and tertiary

amides were amenable substrates in our catalytic regime, generating 5h–5m, which

includes an example derived from an aminoglycoside57 (5j) in 52%–82% yield. Vinyl

sulfone also underwent hydroalkylation to give 5n in 91% yield, but transformations

with the less electron-deficient styrenes afforded 5o and 5p in moderate yields

(unactivated alkyl-substituted olefins were found to be non-productive).

To the best of our knowledge, terminal aryl alkynes were shown to be competent and

selective glycosyl radical traps for the first time, affording C-glycosides 7a–7e ap-

pended to a stereodefined Z olefin in 36%–47% yield and R94% Z selectivities (a

previous report involving glycosyl radical addition to alkynes was poorly stereose-

lective and afforded C-glycosides bearing Te-substituted olefins58). For these cases,

the more sizable Cp2TiCl2 proved to be optimal as Cp*TiCl3 led to products with

appreciably lower Z selectivities (see Scheme 7 for further discussion). Multifunc-

tional glycosides containing Lewis basic and Lewis acidic sites (7d and 7e) could

be furnished, highlighting the present method’s functional group compatibility.

The Z:E stereochemical outcome may be rationalized by the minimization of steric

repulsions between the C–glycosyl bond and the adjacent C–Ti bond, which are

formed in an anti-configuration within the in situ-generated alkenyltitanium interme-

diate, analogous to previous observations in Ni59 and Fe60 catalytic manifolds (see

Scheme 7B for further discussion). It is well documented that an E-to-Z switch in

C=C bond geometry may give rise to beneficial enhancements in the properties
Chem 7, 3377–3392, December 9, 2021 3381



Scheme 2. The scope of alkenes and alkynes in Ti-catalyzed glycosyl radical functionalization

a:b ratios and Z:E ratios were determined by 1H NMR analysis

Yields are for isolated and purified products. aThe reactions were conducted with glycosyl donor (1.5 equiv) and alkene (1 equiv). bThe reaction was

conducted with alkene (10 equiv) and Cp2TiCl2 (10 mol %) as catalyst. cThe reactions were conducted with glycosyl donor (2 equiv) and alkyne (1 equiv)

with Cp2TiCl2 (10 mol %) as catalyst and EtOAc as solvent.
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of a biologically active molecule.61,62 Given that most reported C-alkenyl glycosides

of medicinal value possess an E olefin moiety,63–66 our catalytic protocol offers an

attractive avenue to explore new chemical space in drug discovery through the ster-

eoselective synthesis of C-glycoside analogs containing Z alkenes.

Reactions with methyl-protected D-mannopyranosyl chloride were similarly efficient

under the standard conditions, giving 5q and 5r in 85% and 64% yield, respectively

(Scheme 3). Besides mannosyl substrates, chloride donors of other classes of pyra-

noses and furanoses were also effective in glycosyl radical alkylation. Additions to

acrylates and acrylamides were achieved with excellent diastereoselectivities in

the presence of chlorides derived from D-galactopyranose (5s), D-glucopyranose

(5t–5w), L-rhamnopyranose (5x–5aa), D-mannofuranose (5ab), and D-ribofuranose
3382 Chem 7, 3377–3392, December 9, 2021



Scheme 3. The scope of carbohydrates in Ti-catalyzed glycosyl radical functionalization

a:b ratios were determined by 1H NMR analysis. Yields are for isolated and purified products.
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(5ac–5ae). The X-ray crystal structures of 5v and 5z confirmed the predominant for-

mation of the a-anomer in each case. C-Alkyl glycosides with good a selectivities (5v

and 5w) were still generated even with a 2-acetyl-protected glucosyl chloride that is

known to participate in neighboring group effects.67

Synthetic applications

To showcase the utility of our catalytic protocol in glycopeptide synthesis, acrylates

as well as acrylamides conjugated to the side chain or N-terminus of a-amino acid

and oligopeptide derivatives were merged with various glycosyl chlorides to furnish

5af–5ap in 59%–94% yield with exceptional control of a/b anomeric selectivity

(Scheme 4). These include C-alkyl glycosides bearing O-linked amino esters (5af

and 5ag) and dipeptides (5al and 5am) as well as N-linked amino esters (5ah–5ak),

dipeptides (5an), and tripeptides (1). The Ti-catalyzed strategy could also be

extended to protected dehydroamino acid/peptide substrates to yield C-linked
Chem 7, 3377–3392, December 9, 2021 3383



Scheme 4. Stereoselective synthesis of glycopeptide conjugates

a:b ratios and diastereomeric ratios (d.r.) were determined by 1H NMR analysis. Yields are for isolated and purified products.
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adducts with newly constructed N-substituted stereogenic centers (5ao and 5ap).

Whereas 5ao was isolated in 90:10 diastereomeric ratio, the corresponding reaction

leading to 5ap was less diastereoselective. However, both diastereomers of 5ap

could be easily separated by simple silica gel flash column chromatography, allow-

ing for potential compound screening studies. It is worth highlighting that past ap-

proaches to related C-linked glycosylated peptides, which are known to possess

desirable medicinal attributes15,17 (cf. Scheme 1A) were less practical, since excess

toxic tributyltin hydride was used to induce glycosyl radical (generated from less sta-

ble glycosyl bromides) additions at elevated temperatures.68

In another application toward the concise assembly of anti-inflammatory agent 269

(Scheme 5A), the known aminophenol 8 was subjected to a sequence of acetylation

and benzylation to form acrylamide 10 in 66% overall yield. This sets the stage for the

key Ti-catalyzed coupling with 3a to afford C-alkyl glycoside 11 in 74% yield and

complete a selectivity, before a final benzyl ether deprotection furnished 2 in 99%

yield. In addition to bioactive molecule synthesis, versatile sugar building blocks

bearing a carboxylic ester functionality, such as 5a, could be readily modified by a

series of synthetic transformations to generate molecular diversity (Scheme 5B).

Conversion of 5a to its redox-active ester-variant 12 followed by established cata-

lytic decarboxylative C–C bond forming reactions provide convenient entry to a

wider set of prized carbohydrates. For example, Ni-catalyzed defluorinative alkyl-

ation70 and arylation71 gave functionalized C-alkyl glycosides 13 and 14 in 73%
3384 Chem 7, 3377–3392, December 9, 2021
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Scheme 5. Stereoselective synthesis of bioactive C-alkyl glycosides and other derivatives

a:b ratios were determined by 1H NMR analysis. Yields are for isolated and purified products.
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and 62% yield, respectively. On the other hand, 15 was formed in 79% yield through

photoredox-catalyzed decarboxylative alkynylation72 under blue light irradiation.

Mechanistic investigations

A series of control experiments were performed to gain more insights into the mech-

anism of the developed Ti-catalyzed reactions (Scheme 6). Support for the genera-

tion of glycosyl radical intermediates from the chloride substrates was obtained by

subjecting 3e to the standard conditions in the absence of the alkene/alkyne

acceptor, which generated a mixture of diastereomeric radical homocoupling prod-

ucts73 16a and 16b in 46% and 29% yield, respectively (Scheme 6A).

In another set of deuterium labeling experiments to probe the origin of the hydrogen

source (Scheme 6B), the reaction of 3e with 4a using d8-THF as solvent was found to

give the expected a-anomer product 5ab in 47% yield with <5% deuterium incorpo-

ration, suggesting that any hydrogen atom transfer with THF is negligible. On the

other hand, using Et3N$DCl as the deuteron source, 3e underwent Ti-catalyzed

glycosyl radical alkylation with 4a to give d-5ab in 85% yield with 81% deuterium

incorporated at the a-carbonyl site, along with 5% yield of the reduced glycosyl

side product 17. In similar fashion, treating 3e with phenylacetylene 6a in the pres-

ence of Et3N$DCl afforded d-7a as a single Z isomer in 24% yield with 64% deuterium

incorporation, as well as appreciable amounts of 17. The incomplete deuteration in

both cases likely stems from adventitious formation of Et3N$HCl from Et3N$DCl and

trace moisture in THF, consequently giving rise to competitive protonation.

The remarkable efficiency of glycosyl radical additions to acrylamides (Schemes 2, 3,

and 4) led us to wonder if nucleophilic glycosyl radicals are uniquely reactive for such

C–C bond forming transformations. Specifically, we questioned how reactive would

glycosyl chlorides compare with tertiary alkyl chlorides, since both classes of organo-

chlorides could be activated under Ti catalysis. Prior to our study, the relative ther-

modynamic stability of tertiary alkyl radicals and glycosyl radicals is unclear.

Although tertiary alkyl radicals are known to participate readily in Ti-catalyzed

radical alkylation of electron-poor alkenes,46,49,50 reactions with less electrophilic

substrates, such as acrylamides, are significantly less efficient.46,49 This is under-

scored by the control experiments in Scheme 6C, where the union of tertiary chlor-

oalkane 18 and acrylate 4a gave 19a in 92% yield. In stark contrast, the reaction be-

tween 18 and acrylamide 4b only afforded 19b in 18% yield (<5% using conditions

from a previous protocol46). The significantly lower conversion of 18 in the presence

of the more electron-rich 4b (versus 4a) suggest that 4bmay competitively associate

with a putative Ti complex to inhibit coordination and activation of 18 (see below for

further discussion).

Competition experiments using a 1:1 mixture of a-mannosyl chloride 3a and 18

further showcase the distinct reactivity difference between the two substrates. Under

our established Ti-catalyzed conditions in the presence of 4a or 4b, 3a outcompeted

18 and preferentially underwent addition to yield the desired products 5a and 5h in

63%–72% yield. The origin of the unexpected difference in reactivity between

glycosyl chlorides and tertiary chloroalkanes is elucidated through density functional

theory (DFT) calculations (see section S7 for full computational details). As shown in

Scheme 7A, using mannosyl chloride 3f and t-butyl chloride 20 as model systems,

the bond strengths of the C–Cl bond were found to be similar in both cases (bond

dissociation enthalpy [BDE] = 80.4 and 80.3 kcal mol�1, respectively), suggesting

similar C–Cl bond strengths for homolytic cleavage in both mannosyl and tert-butyl

chloride. However, in the presence of the active Cp*TiCl2 species (generated from in
3386 Chem 7, 3377–3392, December 9, 2021
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Scheme 6. Mechanistic studies

a:b ratios and Z:E ratios were determined by 1H NMR analysis. Yields are for isolated and purified products.
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Scheme 7. Computational studies and proposed mechanism for Ti-catalyzed glycosyl radical

functionalization

All Gibbs energies were computed at the SMD(THF)-B3LYP-D3BJ/def2-TZVP//B3LYP-D3BJ/def2-

SVP level of theory. Key bond distances for the transition states are given in Å.
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situ reduction of Cp*TiCl3), the energy barrier for the formation of mannosyl radical

(most stable chair-like conformation23,74) was computed to be 2.7 kcal mol�1 lower

than that for the formation of tert-butyl radical. This translates to a kinetic preference

for the generation of mannosyl radical over tert-butyl radical by �95 times at

ambient temperature using simple transition-state theory. Overall, the Ti-mediated

radical formation step was revealed to be rate determining, exergonic, and irrevers-

ible, as the subsequent mannosyl radical addition to the Lewis acidic Cp*TiCl2-acti-

vated acrylamide 4b proceeds with negligible barrier (see section S7.4 for details).

Without Ti participation, the barrier for direct mannosyl radical conjugate addition
3388 Chem 7, 3377–3392, December 9, 2021
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becomes appreciably higher and is rate determining (see section S7.3 for details). In

contrast to the reactions with tertiary alkyl chlorides (Scheme 6C), it is worth

mentioning that glycosyl chlorides are more capable of competing effectively with

4b for coordination to the active Ti(III) center species to trigger C–Cl bond cleavage

(see DFT-binding thermodynamics calculations in section S7.6).

Analysis of the spin densities of the transition states for radical formation (Scheme

7A) as well as those of the radical intermediates provides a possible rationale for

the more favorable formation of mannosyl radical (versus tert-butyl radical). The

spin density in TS1 is localized on the anomeric carbon as well as on the anomeric

oxygen. On the other hand, TS10 has spin density largely on the carbon atom from

which the chlorine is abstracted. The stabilization of the radical character by the

anomeric oxygen in TS1 likely contributes to stabilization of the structure, resulting

in a lower activation barrier than the formation of tert-butyl radical via TS10. To sum-

marize, our DFT studies shed light on the crucial role of the Ti-based catalytic species

in accelerating glycosyl radical generation as well as glycosyl radical addition across

the C–C p-bond, thus facilitating efficient alkylations of less activated acrylamides.

A plausible mechanism for the Ti-catalyzed glycosyl radical functionalization is pro-

posed in Scheme 7B. Direct single-electron reduction of Cp*TiCl3 (i) by Mn47 in THF

affords the active monomeric Ti(III) complex ii that subsequently abstracts a Cl atom

from glycosyl chloride 3 to generate the putative glycosyl radical intermediate. An

outer-sphere single-electron reduction mechanism can be excluded from cyclic vol-

tammetry studies46 (see section S6.4 for details). In the presence of an electrophilic

olefin 4 (presumably coordinated to another molecule of ii via carbonyl group75,76),

glycosyl radical addition occurs selectively from the sterically less hindered face,

forming a second radical that undergoes facile reduction and association with ii to

give titanium enolate v.30 Finally, protonolysis of the Ti–O bond with Et3N$HCl re-

leases the desired C-alkyl glycoside 5 and regenerates i.

On the other hand, when alkyne 6 is involved, glycosyl radical addition across the

C–C triple bond is postulated to proceed to give a nascent resonance-stabilized

p-type alkenyl radical vi.60 vi then gets trapped by a molecule of viii (obtained

from reduction of Cp2TiCl2 [vii]) to furnish a configurationally defined intermediate

ix in which the C–glycosyl bond and the adjacent C–Ti bond are oriented in anti-

fashion to avoid steric clash between the sizable glycosyl group and the organotita-

nium species. As highlighted earlier, use of the sterically more encumbered vii

(versus i) engenders greater steric repulsions with the glycosyl substituent in the cor-

responding alkenyltitanium species to ensure maximal Z selectivity. The ensuing

stereoretentive protonolysis with Et3N$HCl selectively affords the C-alkenyl glyco-

side 7 bearing a Z olefin. Alternatively, Ti/Mn exchange with MnCl2 (by-product

derived from Mn oxidation) followed by protonolysis of the resulting alkenylmanga-

nese intermediate cannot be entirely excluded.60,77

Conclusion

Starting from easily accessible and convenient-to-use glycosyl chlorides, we have

shown that a Ti-based catalyst can effectively promote the formation of glycosyl rad-

icals that undergo addition to activated alkenes and alkynes with excellent control of

a/b anomeric and Z:E selectivity at ambient temperature under reductive conditions.

Notably, the use of Et3N$HCl allows for efficient protonolysis of the organotitanium

intermediate to turn over the catalytic cycle, thus overcoming the requirement for

stoichiometric Ti-based reagents in previous disclosures. On the basis of the oper-

ational ease as well as applicability to complex sugar and glycopeptide synthesis,
Chem 7, 3377–3392, December 9, 2021 3389
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we expect the present catalytic manifold to find extensive use in carbohydrate

research and facilitate medicinal chemistry initiatives toward the development of

glyco-based therapeutic candidates.
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J.-P., Vidal, S., and Somsák, L. (2017). C-
glycopyranosyl arenes and hetarenes:
synthetic methods and bioactivity focused on
antidiabetic potential. Chem. Rev. 117, 1687–
1764.

7. Peri, F., Cipolla, L., Rescigno, M., La Ferla, B.,
and Nicotra, F. (2001). Synthesis and biological
evaluation of an anticancer vaccine containing
the C-glycoside analogue of the tn epitope.
Bioconjug. Chem. 12, 325–328.

8. Hakulinen, J.K., Hering, J., Brändén, G., Chen,
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Gansäuer, A. (2021). Titanocene-catalyzed
[2+2] cycloaddition of Bisenones and
comparison with photoredox catalysis and
established methods. Angew. Chem. Int. Ed.
Engl. 60, 14339–14344.

77. Wan, S., Luo, Z., Xu, X., Yu, H., Li, J., Pan, Y.,
Zhang, X., Xu, L., and Cao, R. (2021).
Manganese(I)-catalyzed site-selective C6-
alkenylation of 2-pyridones using alkynes via
C–H activation. Adv. Synth. Catal. 363, 2586–
2593.

http://refhub.elsevier.com/S2451-9294(21)00470-8/sref44
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref44
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref44
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref44
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref44
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref44
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref45
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref45
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref45
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref45
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref45
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref45
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref46
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref46
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref46
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref46
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref46
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref47
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref47
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref47
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref48
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref48
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref48
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref48
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref48
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref48
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref48
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref49
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref49
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref49
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref49
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref49
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref50
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref50
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref50
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref50
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref50
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref51
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref51
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref51
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref51
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref51
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref52
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref52
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref52
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref52
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref53
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref53
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref53
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref53
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref53
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref53
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref54
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref54
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref54
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref55
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref55
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref55
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref55
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref56
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref56
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref56
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref56
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref56
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref56
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref57
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref57
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref57
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref58
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref58
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref58
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref58
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref58
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref59
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref59
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref59
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref59
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref60
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref60
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref60
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref60
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref60
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref61
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref61
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref61
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref61
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref62
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref62
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref62
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref62
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref63
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref63
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref63
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref64
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref64
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref64
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref64
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref64
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref65
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref65
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref65
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref65
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref65
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref66
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref66
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref66
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref66
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref66
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref67
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref67
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref67
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref67
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref68
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref68
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref68
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref68
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref68
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref68
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref70
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref70
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref70
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref70
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref70
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref71
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref71
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref71
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref71
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref71
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref71
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref71
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref72
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref72
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref72
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref72
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref72
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref73
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref73
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref73
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref73
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref73
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref74
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref74
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref74
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref74
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref74
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref74
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref74
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref75
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref75
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref75
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref75
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref75
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref76
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref76
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref76
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref76
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref76
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref76
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref77
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref77
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref77
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref77
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref77
http://refhub.elsevier.com/S2451-9294(21)00470-8/sref77

	Synthesis of C-glycosides by Ti-catalyzed stereoselective glycosyl radical functionalization
	Introduction
	Results and discussion
	Reaction optimization
	Reaction scope
	Synthetic applications
	Mechanistic investigations
	Conclusion

	Experimental procedures
	Resource availability
	Lead contact
	Materials availability
	Data and code availability


	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


