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Since its advent, transition metal-catalysed cross-coupling has 
revolutionized the art of chemical synthesis1–4. By offering a 
direct avenue for the union of two or more entities to gener-

ate molecular complexity, the field has far-ranging applications 
across academia and industry5. In recent years, the renaissance 
of non-precious base metal catalysis6–8 has stimulated remarkable 
developments in cross-coupling by enabling a broader set of organic 
precursors to be merged to access new chemical space that is often 
unattainable by noble-metal-based catalysts9,10. In particular, the 
use of catalysts derived from non-toxic iron, the most abundant 
and inexpensive transition metal in the Earth’s crust11–13, is naturally 
appealing to chemists for economic and environmental reasons. 
Although iron-catalysed cross-coupling14,15 has seen substantial 
progress in recent years, the developments in this area and its utility 
in organic synthesis are still pale in comparison with those of the 
more established transition metals, such as palladium16. This owes, 
in part, to iron’s ability to adopt a large number of oxidation states 
and spin states17,18, which consequently elevates the difficulty of 
manipulating organoiron chemistry to facilitate C−C bond forma-
tion. However, iron-catalysed reactions between two bench-stable 
electrophilic substrates19, which would effectively eliminate the 
requirement for unstable and basic organometallic reagents20, are 
scarce and underdeveloped.

In light of the aforementioned challenges, it is unsurprising 
that iron catalysis is rarely employed in the context of complex 
C-glycoside synthesis21–27. Stereochemically pure glycosides with 
a functionalized alkenyl, alkynyl or heteroaryl substituent on the 
anomeric carbon play vital roles in various studies that pertain 
to biological functions28,29 and diseases30 (Fig. 1a). These motifs 
are embedded within the frameworks of countless therapeutically 

active compounds31,32, which renders them attractive candidates 
for further development in drug discovery programmes33. In the 
past decade, only a handful of iron-catalysed syntheses that deliver 
C-glycosides have been disclosed. In one instance, the union of 
glycosyl halides with presynthesized aryl(alkenyl)zinc compounds 
was carried out at a reduced temperature in the presence of an iron 
complex that bore a sizeable and sophisticated bisphosphine ligand  
(Fig. 1b25). Other cases relied on reactions of the Michael–Giese 
type to combine glycals with activated alkenes in the presence of 
excess hydrosilane to afford a limited range of C-alkyl glycosides 
(Fig. 1c (ref. 26 and 1d (ref. 27).

Based on the reportedly high reactivity of iron species towards 
alkyl halides34–39, we wondered if we could identify an appropriate 
iron-based complex, in conjunction with an inexpensive reduc-
ing agent40, to induce the formation of a glycosyl radical41 species 
from readily available and bench-stable glycosyl chloride donors 4 
through a Cl atom abstraction32,41 to give a radical cage pair42,43 i  
(Fig. 2a). After cage escape, the glycosyl radical could directly react 
with a sp2- or sp-hybridized organohalide or pseudohalide 5 through 
an iron-mediated stereocontrolled radical addition/β-halide elimi-
nation19,44 to furnish 6 in high diastereoselectivity via ii. Alternatively, 
the incorporation of a suitable nickel-based co-catalyst45 that first 
activates 5 to generate an organonickel intermediate iii, followed 
by stereocontrolled association with the glycosyl radical (to give iv) 
and reductive elimination would also afford 6. By implementing 
this two-pronged approach, sensitive organometallic reagents can 
be avoided and access to a diverse assortment of glycosides that bear 
C−C(sp2/sp) glycosidic bonds can be accomplished.

Although nickel-catalysed reductive46 as well as 
metallaphotoredox-catalysed45,47,48 protocols have been separately 
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devised to generate C-heteroaryl(aryl) and/or C-alkenyl glycosides,  
enduring shortcomings remain: (1) Alkenyl- and heteroaryl- 
substituted cross-coupling partners usually involve iodides or bro-
mides, and reactions with the more abundant49 but less reactive 
chlorides or fluorides are scarce. Furthermore, there are no exam-
ples with pseudohalides, such as triflates, which can be derived from 
readily available phenols and ketones50–52. (2) For catalytic reactions 
that give C-alkenyl glycosides, the formation of fluorinated ana-
logues (for example, fluoro-varitriol in Fig. 1a) have not been docu-
mented46,53–55. Such products are highly valuable, given that olefinic 
C−H → C−F bond substitution56 often imparts desirable biological 
attributes such as enhanced potency, metabolic stability and bio-
availability to the parent molecule57. (3) Catalytic processes that 
install highly Lewis basic heterocycles on the anomeric carbon are 
sometimes inefficient45,46. Access to these C-heteroaryl glycosides, 
which form the core of medicinally relevant C-nucleoside deriva-
tives28,30,58, is often thwarted by catalyst deactivation59 as a result of 
the competitive heteroarene coordination to the metal centre. (4) 
Limited examples of reactions that lead to C-alkynyl glycosides60,61, 
which are useful precursors to glycosyl triazoles62, have been dem-
onstrated. Here we describe a versatile reductive cross-coupling 
strategy using base metal catalysis that addresses these challenges to 
deliver various classes of C–R (R = alkenyl, alkynyl, aryl, heteroaryl) 
glycosides in high efficiency and stereoselectivity (Fig. 2b).

Results
Reaction optimization and mechanistic evaluation. 
d-Mannofuranosyl chloride 4a was chosen as the glycosyl donor 
to evaluate the conditions for cross-coupling with different organo-
halides (Fig. 3). After examining various transition metal salts, 
ligands, reducing agents and solvents (Supplementary Tables 1–7), 
we found that ligand-free FeBr2 was optimal in promoting reduc-
tive cross-coupling with E-alkenyl halides 5a−5c in the presence of 
manganese as reductant and THF as solvent to deliver the desired 
C-alkenyl glycoside α-6a in 65−80% yields and full stereoreten-
tion of the starting haloalkene geometry. Other Fe(II) and Fe(II) 
salts were inferior, and the addition of ligands was detrimental to 
the efficiency (Supplementary Table 2). Given that simple iron salts 
are typically incapable of inducing oxidative cleavage of C(sp2)−
Cl bonds63, and that fluoroalkenes also serve as effective reagents 
under the reaction conditions (see Table 1 for details), we surmised 
that the Fe-catalysed alkenylation probably proceeds through an 
addition–elimination pathway19. Control experiments further 
revealed that the C-alkenyl glycoside product was generated as a 
single E isomer regardless of the stereochemistry of the haloalkene 
used (see Supplementary Fig. 20 for details), which means that the 
reagent does not need to be isomerically pure. In contrast, the reac-
tion between 4a and heteroaryl chloride 5d required a co-catalyst 
derived from NiBr2·diglyme/L1 (Table 1) in addition to FeBr2 
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Fig. 1 | The significance of C-glycosides and the existing iron-catalysed protocols that generate them. a, Examples of C–R (R = alkenyl, alkynyl or 
heteroaryl) glycoside motifs in naturally occurring and synthetic bioactive compounds. b, Iron-catalysed methods that deliver C-glycosides are scarce 
and limited in scope. For instance, the cross-coupling of glycosyl halides and organozinc reagents requires an iron(II) catalyst that bears a sizeable 
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r.t., room temperature.
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to promote C−C bond formation, affording 6b in 68% yield as a 
single α-anomer. Intriguingly, the reactivity was poor in the pres-
ence of either the Fe or Ni complex alone (Supplementary Table 8). 
We speculated that glycosyl radical formation could be less facile 

with NiBr2·diglyme (versus that with FeBr2), whereas 5d might be 
incompetent in undergoing glycosyl radical addition–elimination64, 
which necessitates the addition of a Ni co-catalyst for activation  
(see Fig. 4 for more details). Notably, <2% conversion to 6b was 

O
Cl

OP
4

Stable, readily available

G

X

G

O

OP G

X

[Fe]

O

G

[Ni]
X

Fe(II) or Fe(III) complex

Reductant

O

OP
i

OP

iii

G

[Ni]

X

iv

O
OP

[Fe] Cl

Cl

Radical addition/
β-halide elimination

5

5

Radical recombination/
reductive elimination

[Ni] catalyst

ii

6

+

FeBr2 (10–20 mol%),
NiBr2·diglyme (10 mol%), L1 (15 mol%),

Mn (3.0 equiv.),
THF, r.t.–60 °C

FeBr2 (10–20 mol%),
Mn (3.0 equiv.),
THF,  r.t.–60 °C

or

O
Cl

OP
4

G

X

6

O

OP G
5

(1.0 equiv.)
N

N

N

tBu

tBu

tBu

L1

a

b

Fig. 2 | Designing a reductive strategy that leverages iron catalysis to access diverse stereodefined C-glycosides. a, Stereoselective synthesis of 
C-glycosides by a two-pronged approach in cross-electrophile coupling via radical intermediates obtained from the iron-catalysed activation of readily 
accessible glycosyl chlorides. b, The single Fe or dual Fe–Ni manifold offers access to products with C−C(sp2/sp) glycosidic bonds in high efficiency and 
anomeric selectivity. G, functional group; P, protecting group; X, halide or pseudohalide; L, ligand; diglyme, diethylene glycol dimethyl ether.

Conditions B:
FeBr2 (20 mol%),

NiBr2·diglyme (10 mol%),
L1 (15 mol%)

Mn (3.0 equiv.),
THF, r.t., 24 h

Conditions A or B

Conditions A:
FeBr2 (10 mol%)

Mn (3.0 equiv.),
THF, r.t.–60 °C, 48 h

O

O O

ClO

O

H

MeMe

Me

Me

4a
(2.0 equiv.)

X 5a, X = Cl
5b, X = Br
5c, X = IOMe

5d (1.0 equiv.)

N
N

N
Cl

OMe

OMe

(1.0 equiv.)

5e (1.0 equiv.)

Cl
O

N

O

O O

O

O

H

MeMe

Me

Me

OMe

6a (α only)
With 5a, 65% yield, >98:2 E:Z
With 5b, 80% yield, >98:2 E:Z
With 5c, 77% yield, >98:2 E:Z

O

O O

O

O

H

MeMe

Me

Me N 6b (α only)
68% yield

N
N

OMe

MeO

O

O O

O

O

H

MeMe

Me

Me 6c (α only)
With conditions A, 60% yield
With conditions B, 57% yield

O

N

Fig. 3 | Reaction development. Examination of the reaction conditions for cross-electrophile coupling with Fe or Fe–Ni catalysis. For the synthesis of 
C-heteroaryl glycoside 6b, a dual Fe–Ni catalytic regime is required. Only trace amounts of the product were detected using either the Fe or Ni complex 
alone. The α:β anomeric ratios and E:Z ratios were determined by gas chromatography and 1H NMR analysis. Yields are for isolated and purified products.

Nature Synthesis | VOL 1 | March 2022 | 235–244 | www.nature.com/natsynth 237

http://www.nature.com/natsynth


Articles NaTurE SynTHEsis

observed under previously disclosed Ni-catalysed conditions46. 
However, cross-coupling with 2-chlorobenzoxazole 5e was found to 
be similarly efficient using the single Fe (conditions A (Methods)) 
or dual Fe–Ni (conditions B (Methods)) regime to furnish α-E-6c 
in ~60% yield.

Additional experiments were performed to acquire more 
insights. As shown in Fig. 4a, exposing 4a to 10 mol% FeBr2 and Mn 
at ambient temperature in the absence of the cross-coupling partner 
led to a mixture of primarily hydrodechlorinated product 7 (22%) 
and diastereomeric radical homocoupling product 8 (13%). This 
suggests that glycosyl chlorides are effective precursors of radical 

intermediates, which are susceptible to homocoupling65 or reaction 
with trace moisture66 (reaction in d8-THF as the solvent showed that 
THF was not the hydrogen donor). Further control reactions and 
electron paramagnetic resonance studies revealed that the species 
responsible for activating 4a to generate the glycosyl radical is likely 
to be a low-valent iron complex obtained in situ by Mn reduction 
(see Supplementary Sections 6.7–6.9 for details). On the contrary, 
there was only 11% conversion to 7 in the presence of NiBr2·diglyme 
under otherwise similar conditions, which may account for the 
lack of reactivity between 4a and 5d when FeBr2 was excluded  
(Fig. 3). To probe the fate of the glycosyl radical in the presence 

Table 1 | Stereoselective synthesis of C-alkenyl and C-alkynyl glycosides
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of an alkenyl halide, we conducted the Fe-catalysed cross-coupling 
using bromoalkenylcyclopropane 5f, previously reported to serve as 
a radical clock substrate67. In the event (Fig. 4b), α-6d was obtained 
in 10% yield (50:50 E:Z ratio) with <2% ring rupture, which inti-
mates that a glycosyl radical addition to the C=C bond to afford 
a transient benzylic radical species is less likely68. Instead, radical 
addition may be synchronous with C−Fe bond formation19 prior to 
β-halide elimination.

To establish the dichotomy in reactivity modes between the 
single Fe and dual Fe–Ni catalytic manifolds, 5e was separately 
subjected to FeBr2 and NiBr2·diglyme/L1 in the presence of Mn 
without any glycosyl chloride (Fig. 4c). Unsurprisingly, there was 
<2% conversion using FeBr2, and 95% conversion to reduction69 
and homocoupling70 products 9 and 10 with the Ni system. These 

results substantiate the plausible involvement of a nickel catalytic 
cycle (under conditions B) that follows an oxidative addition/reduc-
tive elimination mechanism, whereas a direct iron-mediated glyco-
syl radical addition/β-halide elimination64 pathway was responsible 
for the generation of 6c under conditions A. On the basis of our 
experimental observations, a tentative catalytic pathway is illus-
trated in Fig. 4d. In the presence of Mn, the reduction of FeBr2 prob-
ably occurs to form a low-valent iron species37 I (Mn is oxidized to 
Mn(II) simultaneously), which triggers chlorine atom abstraction 
from 1 to afford the radical cage pair II. With a suitable unsaturated 
electrophile 5 (for example, alkenyl halide 5a), the putative glyco-
syl radical (stabilized by anomeric effects41,46) undergoes regio- and 
diastereoselective addition (from the sterically less-hindered face) 
across the carbon–carbon π-bond to generate organoiron complex 
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III. At this juncture, a concerted 1,2-elimination44 to regenerate 
the C=C bond and release the C-glycoside product 6 in high ano-
meric selectivity is concomitant with the formation of iron halide 
IV. Alternatively, the reduction of III by Mn (ref. 19) to deliver a 
resonance-stabilized carbanion67 intermediate V cannot be ruled 
out. When 5 is a haloalkene, the conformational flexibility of V pos-
sibly allows for a C−C bond rotation before the halide elimination19 
to give 6, which may account for the stereoconvergent nature of the 
reaction using isomeric alkenyl halides (Supplementary Fig. 20).

For certain electrophiles (for example, heteroaryl halide 5d), 
successful C−C bond formation relies on the involvement of a 

concurrent nickel catalytic cycle. Oxidative insertion of the active 
nickel complex VI (from Mn reduction) with 5 generates orga-
nonickel intermediate VII, which diastereoselectively associates 
with the glycosyl radical species from II (via a transition state sta-
bilized by the donation of electron density on the ring oxygen to 
the antibonding orbital of the newly generated C−Ni bond)45,46 to 
afford glycosylnickel VIII, which is expected to adopt a conforma-
tion stabilized by metallo-anomeric effects71. After a stereoretentive 
reductive elimination, the desired product 6 is obtained. Finally, 
a single-electron reduction of IX back to VI occurs to turn over  
the cycle.

Table 2 | Stereoselective synthesis of C-heteroaryl(aryl) glycosides

+

Conditions B:
FeBr2 (10–20 mol%),

NiBr2·diglyme (10 mol%), L1 (15 mol%),
Mn (3.0 equiv.),
THF, r.t.–60 °C

Conditions A:
FeBr2 (10–20 mol%),

Mn (3.0 equiv.),
THF,  r.t.–60 °C

Or

O
Cl

OP
4

(2.0 equiv.)

G

X

6

O

OP G
5

(1.0 equiv.)

D-mannofuranose

6awb, R = CF3, 64% yield, α
6axb,c, R = Me, 70% yield, α

6au
51% yield, α

6at
61% yield, α

6ayb,c

64% yield, α
6avb

46% yield, α

6bab,c

91% yield, α
(from estrone)

D-mannopyranose

OMeO
OMeMeO

MeO

6bh
70% yield, β

L-rhamnopyranose

O

BnO
OR

BnO
Me

D-gulofuranose

6bc, R = Bn, 69% yield, α
6bd, R = Ac, 81% yield, α

O

O O

TBDPSO

Me Me
6be

64% yield, β

D-arabinofuranoseD-lyxofuranose
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BnO OBn

BnO

6bg
39% yield, α

O

O O

O

O
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MeMe

Me

Me
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65% yield, α

Man N
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Me
Man N

N
Ph

Man
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SMe

Cl
Man

N

N

Man
N

R

6azb,c

86% yield, α

Man

OMe

Man

OMe

H

H H N

N

N

MeO OMe

N

N

N

MeO OMe

6bb
72% yield, α

N

N
N

MeO

OMe

6bi
60% yield, β

O

O O

O
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MeMe

Me

Me N

O

Cl

D-ribofuranose

N

N
N

MeO

OMe

N

N
N

MeO

OMe
O

BnO OBn

BnO

6bj
42% yield, α

S

N

F
F

O

O O

TBDPSO

Me Me

6bf
Precursor to 3 (anti-influenza)

71% yield, 1:2.6 α:β
51% yield (pure β isomer)

N

N

SMe

Man
N

N OtBu

OtBu

6aja

62% yield, α
6ap

56% yield, α

Man

6am, R = H, 53% yield, α
6an, R = OMe, 58% yield, α
6ao, R = Cl, 53% yield, α

6ak, R = Boc, 44% yield, α
6al, R = Ts, 57% yield, α

N

O

Cl

Man S

N

F

F

6aq
47% yield, α

Man S

N

Cl

6ar
53% yield, α

Man S

N

BnO

Man
Man

S

N
N
R

N
R

Me

Unless otherwise stated, all the reactions were conducted using conditions B with organochlorides (X = Cl). The α:β anomeric ratios and E:Z ratios were determined by 1H NMR analysis. Yields are for 
isolated and purified products. aConditions A were used. bN,N-dimethylacetamide was used as the solvent. cOrganotriflate was used.

Nature Synthesis | VOL 1 | March 2022 | 235–244 | www.nature.com/natsynth240

http://www.nature.com/natsynth


ArticlesNaTurE SynTHEsis

Substrate scope. We first evaluated the generality of our estab-
lished conditions by surveying a diverse assortment of functional-
ized alkenyl halides using 4a as the glycosyl donor (Table 1). Using 
conditions A, disubstituted bromoalkenes that bore electron-rich, 
neutral or electron-deficient arenes served as effective substrates to 
afford the desired C-alkenyl glycosides 6e−6m exclusively as the 
α-anomer in 60−82% yields and >98% E selectivity. The configura-
tion of 6f was ascertained by X-ray crystallographic analysis. With a 
Z-alkenyl bromide, conditions B were employed to preserve the ole-
fin geometry, and the desired product Z-6n could be generated in 
6.6:1 α:β ratio. As many medicinally important C-alkenyl glycosides 
carry an E olefin appendage32, our protocol offers a direct entry to 
unnatural C-glycosides that bear Z alkenes and may possess benefi-
cial properties72,73. Products with 1,3-dienes (6o) as well as trisubsti-
tuted cyclic and acyclic olefins (6p−6r) were also obtained. Besides 
haloalkenes, alkenyl triflates (obtained from ketones) are compat-
ible substrates (6r), which enable access to a wider set of C-alkenyl 
glycosides, particularly for scenarios in which preparation of the 
corresponding alkenyl halide is non-trivial.

α-6s, which bears an aliphatic Z alkene, can be obtained in 
57% yield from the corresponding alkyl-substituted Z-alkenyl 

iodide (<2% product with bromoalkene) under conditions B. It 
is worth mentioning that 1,1-difluoroalkenes are amenable to 
cross-coupling74 to afford products with trisubstituted alkenyl 
fluorides (6t), which further supports our proposed Fe-induced 
glycosyl radical addition/β-halide elimination mechanism (Fig. 
4). By switching to haloalkynes, the desired C-alkynyl glycosides 
6u and 6v can also be secured (61 and 41% yields, respectively), 
which underlines the versatility of the catalytic system. Glycosyl 
chloride donors prepared from a variety of other pyranoses and 
furanoses participated efficiently in catalytic alkenylation to deliver 
E-6w−E-6ai in 41−81% yields with good control of diastereose-
lectivity. These include products derived from d-mannopyranose 
(6w−6y), d-galactopyranose (6z), l-rhamnopyranose (6aa 
and 6ab), d-arabinofuranose (6ac), d-ribofuranose (6ad−6af), 
d-lyxofuranose (6ag) and d-gulofuranose (6ah and 6ai).

Besides alkenyl and alkynyl halides, transformations with aro-
matic and heteroaromatic electrophiles (chlorides and triflates) were 
similarly efficient and diastereoselective (Table 2). With the excep-
tion of 6aj, which could be formed in 62% yield using a single Fe 
catalytic system, conditions B were found to be applicable for most 
cases. In the presence of 4a as the glycosyl donor, C-glycosides that 

a

b

+
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(2.0 equiv.)

5g
(1.0 equiv.)

O

O O

ClO

O

H

MeMe

Me

Me
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(precursor to (1→6)-linked
C-glycosidic disaccharide)

81% yield, α, >98:2 E:Z
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O
BnO

BnO

BnO

I

O

O O

O

O
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Me
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O
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O

OH O

O
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Br

1. BH3·THF (3.0 equiv.),
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(3.0 equiv.),

p-TsOH (0.1 equiv.),
acetone, r.t.

Me Me

3. DMP (1.5 equiv.), NaHCO3
(10 equiv.), DCM, 0 °C.

Me Me

O O

F

Me Me

F

12
77% overall yield

4. ClF2CO2Na (1.5 equiv.),
PPh3 (1.2 equiv.),

DMF, 100 °C

3. DMP (1.5 equiv.), NaHCO3
(10 equiv.), DCM, 0 °C.

4. [Ph3PCH2Br]Br
(1.5 equiv.),

tBuOK (1.5 equiv.),
THF, –78 °C

O
O

O

Me

Cl
Me

Me

O

HO OH

Me
OMe

OH

O

O O

Me

MeMe

O

OF

14

13
84% overall yield,

93:7 Z:E

15
82% overall yield

11
Commercially

avaliable

5.14
Fe-catalysed alkenylation

(conditions A)

6. 1M HCl, THF, r.t.
7. MeI (3.0 equiv.),
 K2CO3 (3.0 equiv.),

acetone, 60 °C
(+)-Varitriol (anti-cancer)

52% overall yield 
α, >98:2 E:Z

14
Fe-catalysed alkenylation

(conditions A)

16
Precursor to fluoro-(+)-varitriol 

(new analogue)
73% yield

10:1 α:β, >98:2 Z:E

HO

Me

Me

Fig. 5 | Access to biologically relevant carbohydrates and analogues. a, The reductive cross-coupling strategy is amenable to the synthesis of 
(1→6)-linked pseudodisaccharide building blocks. b, The anticancer agent (+)-varitriol and its fluorinated derivative can be readily obtained using 
Fe-catalysed reductive cross-coupling as the key step. The α:β anomeric ratios and E:Z ratios were determined by 1H NMR analysis. Yields are for isolated 
and purified products. p-TsOH; para-toluenesulfonic acid; DMF, N,N-dimethylformamide; DCM, dichloromethane.
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contained various monocyclic and bicyclic heteroarenes on the ano-
meric carbon were afforded in 44−70% yields solely as α-anomers. 
Examples of heteroaryl moieties that could be installed include thia-
zole (6aq), benzothiazoles (6am−6ap) and benzimidazoles (6ak and 
6al), as well as six-membered nitrogen-rich heterocycles, such as 
pyrimidines (6as−6au and 6ay), pyrazine (6av) and pyridines (6aw 
and 6ax). The reactions to generate 6aj, 6ao and 6aq proceeded che-
moselectively at the presumably more activated C(sp2)−Cl site adja-
cent to the electron-withdrawing heteroatom(s). Of particular note, 
the synthesis of 6aw highlighted that cross-coupling was more effi-
cient with an organochloride (64% yield compared with a yield of 
~15% for the corresponding bromide) and could occur at positions 
distant from the electrophilic nitrogen. This could be attributed to 
the greater reactivity51 of bromoheteroarenes which inadvertently 
leads to a shorter catalyst lifetime.

Organotriflates (obtained from phenols) were viable sub-
strates under the established conditions and furnished α-6ax−6ba  
in 64−91% yields. Both heteroaryl- (6ax and 6ay) and non- 
heteroaryl-substituted (6az and 6ba) products could be formed. 
Access to 6ba (derived from female sex hormone oestrone) shows 
that our system is compatible with complex bioactive compounds. 
It is worth noting that the preparation of 6ba by previous protocols 
using arylzinc compounds25 may pose complications in the reagent 
synthesis, given the susceptibility of electrophilic ketones towards 
organozinc nucleophiles75. Different classes of glycosyl chlorides 
prepared from d-mannopyranose (6bb), l-rhamnopyranose 
(6bc and 6bd), d-ribofuranose (6be and 6bf), d-lyxofuranose 
(6bg), d-gulofuranose (6bh and 6bi) and d-arabinofuranose 
(6bj) underwent catalytic heteroarylation to give the expected 
stereodefined C-glycosides in 39−81% yields. Although the reac-
tion that led to C-riboside 6bf was less stereoselective (1:2.6 
α:β ratio), the desired β-anomer was easily separated by con-
ventional silica gel purification and isolated in 51% yield. β-6bf 
could be elaborated to C-nucleoside 3, which exhibits potent anti- 
influenza activity76.

Synthetic applications. To showcase the utility of our devel-
oped catalytic regime, the formal synthesis of a (1→6)-linked 
C-glycosidic disaccharide, a stable mimic of the naturally occur-
ring O-disaccharide77, was achieved by reacting 1a with the 
glucose-derived alkenyl iodide 5g under the established Fe–Ni 
catalytic conditions (Fig. 5a). In the event, C-glycoside α-6bk was 
isolated in 81% yield as a single E isomer, which could then be 
hydrogenated to the saturated disaccharide product. Through this 
C−C bond-forming approach, other classes of C-oligosaccharides 
could be expeditiously obtained by merging different combinations 
of sugar substrates.

In another set of applications (Fig. 5b), commercially avail-
able 4-hydroxyisobenzofuran-1,3-dione 11 was first converted 
into benzyl alcohol 12 (77% overall yield from 11), which sub-
sequently underwent oxidation with Dess–Martin periodinane 
(DMP) and Wittig-type olefination to afford bromoalkene 13 (93:7 
Z:E) in 84% yield over two steps. This sets the stage for the ensuing 
Fe-catalysed reductive coupling reaction with glycosyl chloride 14 
to give the expected C-alkenyl glycoside (64% yield, 7.8:1 α:β ratio, 
>98% E selectivity). After acetal deprotection and methylation, the 
anticancer agent (+)-varitriol was isolated as a single α-anomer 
(52% yield over three steps from 13). Synthesis of the monofluoro 
variant of (+)-varitriol was accomplished by coupling 14 with 
1,1-difluoroalkene 15, which could be easily secured from the same 
alcohol intermediate 12 through a two-step oxidation–difluoro-
alkenylation sequence. The desired product Z-16, a precursor to 
fluoro-(+)-varitriol, was furnished in 73% yield and 10:1 α:β ratio. 
To summarize, the present catalytic regime provides a convenient 
avenue to access biologically active C-glycosides and related syn-
thetic analogues.

Conclusions
We have demonstrated that a simple iron-based catalyst is capable 
of activating glycosyl chlorides under mild reductive conditions to 
furnish reactive glycosyl radical species, which can be exploited for 
stereoselective C−C bond-forming transformations. By merging 
with stable halide or pseudohalide electrophiles through a single Fe 
or dual Fe–Ni catalytic manifold, a wide range of C-glycosides that 
bear a functionalized alkenyl, alkynyl or aromatic anomeric group 
can be accessed in a straightforward manner. The method is appli-
cable to complex bioactive molecule synthesis and offers a general 
platform to generate drug analogues for compound library screen-
ing. We expect the present protocol to find broad utility in carbo-
hydrate research and advance efforts towards the development of 
catalytic organoiron chemistry for sustainable organic synthesis78.

Methods
General procedure for cross-coupling with conditions A. In a N2-filled glove 
box, an oven-dried 4 ml vial equipped with a magnetic stir bar was charged 
with FeBr2 (10−20 mol%), Mn (3.0 equiv.), glycosyl chloride (2.0 equiv.) and the 
organohalide (0.1 mmol, 1.0 equiv.) in THF (0.4 ml). The 4 ml vial was sealed with a 
polytetrafluoroethylene cap and removed from the glove box. The reaction mixture 
was allowed to stir at r.t. for 24−48 h. The reaction mixture was concentrated in 
vacuo and the resulting residue was purified by silica gel flash chromatography to 
give the desired product.

General procedure for cross-coupling with conditions B. In a N2-filled glove box, 
an oven-dried 4 ml vial equipped with a magnetic stir bar was charged with FeBr2 
(10−20 mol%), Mn (3.0 equiv.), NiBr2·diglyme (10 mol%), L1 (15 mol%), glycosyl 
chloride (2.0 equiv.) and the organohalide (0.1 mmol, 1.0 equiv.) in THF (0.4 ml). 
The 4 ml vial was sealed with a polytetrafluoroethylene cap and removed from the 
glove box. The reaction mixture was allowed to stir at r.t. for 24 h. The reaction 
mixture was concentrated in vacuo and the resulting residue was purified by silica 
gel flash chromatography to give the desired product.

Data availability
All data supporting the findings of this study are available within the Article and its 
Supplementary Information. Crystallographic data for the structure (6f) reported 
in this Article have been deposited at the Cambridge Crystallographic Data Centre, 
under deposition number CCDC 2056391. Copies of the data can be obtained free 
of charge via https://www.ccdc.cam.ac.uk/structures/.
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