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Approaches to the synthesis of heterocyclic C-nucleosides
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This review is focused on the synthetic strategies to heterocyclic C-nucleosides and 
covers the literature from 2011 to 2021. The main attention is paid to the following three 
approaches: the direct C—C coupling of a carbohydrate moiety with a preformed aglycon 
unit, the construction of a (pseudo)sugar residue on a pre-formed aglycon, and the con-
struction of an aglycon on a pre-formed (pseudo)sugar. In each Section, the literature data 
are categorized in terms of the size of aglycon from simple to complex, the advantages and 
drawbacks of the reviewed approaches are discussed.
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Analogs of natural nucleosides and nucleotides 
constituting a large class of compounds found wide 
applications in medicinal chemistry due mainly to 
their ability to compete with natural nucleosides as 
the building blocks for the synthesis of DNA and 
RNA.1 To date, there are more than 30 such com-
pounds were approved for the treatment of viral, 
cancer, bacterial, fungal, and some other diseases.2—5

Among the structural analogs of natural nucleo-
sides that yet not entered clinical trials but exhibit 
in vitro biological activities, there are purine, pyrim-
idine, and pyrazine derivatives. It was shown6 that 
the minimum inhibitory concentrations of the com-
pounds of diazine family against diff erent mycobac-
terium strains are lower than those of the comparator 

drugs (pyrazinamide and isoniazid). Abnormal purine 
nucleosides also show tuberculostatic activity.7

Natural nucleosides consist of aglycon (a nucleo-
base of purine (adenosine, guanine) or pyrimidine 
(thymine, uracil, cytosine) families) and a pentose 
sugar residue (ribose or 2´-deoxyribose) bonded by 
the C—N covalent bond. Consequently, the replace-
ment or modifi cation of these structural units can 
lead to the analogs of natural nucleosides.8 To date, 
a wide variety of such modifi cations are in the arse-
nal of synthetic organic chemists. First, this is the 
replacement of the purine/pyrimidine unit by other 
(het)aryl residues. At the same time, it should be 
emphasized that formally the compounds obtained 
by such modifi cations are more correctly called 
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C-glycosyl compounds rather than C-nucleosides. 
Nevertheless, the term C-nucleosides is very popular 
in scientifi c literature. In this review, for the clarity 
the term C-nucleoside is referred to any compounds 
with C—C glycosidic bond, since from the viewpoint 
of biological activity in the cited publications they 
considered as the analogs of natural nucleosides. 
Second, the chemical modifi cations of natural nu-
cleoside analogs involve the replacement of the ribose 
residue with alternative sugar units, introduction of 
carbocyclic moieties in the nucleosides as pseudo-
ribose ring, replacement of endocyclic oxygen atom 
with other heteroatoms, etc.8,9 The possibility to 
modify the glycosidic bond between aglycon and 
sugar residue is considered less frequently. Until 
recently, only limited data on a "shift" of this bond 
to other carbon atom of pseudoribose unit were avail-
able.10,11

Since in some cases the C—N glycosidic bond, 
especially in purine deoxynucleosides, can be un-
stable to phosphorolysis with phosphorylases, the 
concept of C-nucleosides was introduced.12—14 In 
C-nucleosides, the aglycon and sugar units are linked 
by the C—C covalent bond, which signifi cantly in-
creases metabolic stability of these compounds.15 
Among the synthesized C-nucleosides, the derivatives 
with promising antitumor and antiviral activities, 
e.g., tiazofurin,16 showdomycin,17 formycin A and 
B analogs,18 and pirazofurin,19 were found. Recently, 
the interest in this class of the compounds signifi -

cantly increased since C-nucleoside analog Rem-
desivir was approved by U.S. Food and Drug Admin-
istration for the treatment of COVID-19 and dem-
onstrated direct antiviral eff ect by inhibiting RNA-
dependent PNA polymerase (RdRp).20,21

One of the key diff erences between the C-nucleo-
side synthesis and the N-nucleoside synthesis is the 
formation of the corresponding covalent bond be-
tween aglycon and carbohydrate residue. Thus, in 
the case of N-nucleoside the common approach to 
the C—N bond formation is the ribosylation of the 
nucleobase with sugars bearing the living group 
(halogen atom, OMe or OBn group).22 The drawback 
of this method is the lack of regiospecifi city because 
the prototropic tautomerism gave rise to side N(7)-ri-
bosylated product (Scheme 1), and, in some cases, 
even more complex N(1)- and N(3)-regioisomers.23

Scheme 1
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The C—C bond formation in C-nucleoside syn-
thesis occurred regiospecifi cally, at the same time 
preliminary functionalization of both aglycon and 
sugar is required. The present review provided the 
analysis of the approaches to the C-nucleoside syn-
thesis and strategies to the formation of the key C—C 
bond between aglycon and sugar. The main strategies 
towards C-nucleosides can be divided into three fol-
lowing groups: (1) the direct C—C coupling of the 
functionalized carbohydrate and aglycon, (2) the 
construction of a sugar residue on a pre-formed 
aglycon, and (3) the construction of an aglycon on 
a pre-formed sugar (Fig. 1). 

The majority of the publications devoted to the 
C-nucleoside synthesis deals with the direct C—C 
bond formation between functionalized aglycon and 
carbohydrate. The articles on the construction of an 
aglycon on a pre-formed carbohydrate unit are in 
the second place. This is followed by the rarely ap-
plied approach to C-nucleosides via the construction 
of a sugar residue on a pre-formed aglycon. 

The direct C—C coupling of the functionalized 
aglycon and carbohydrate can be achieved by the 
Pd-catalyzed reactions (the Suzuki, Sonogashira, 
and Heck reactions), by activation of the halogenated 
aglycon with the Grignard reagents followed by the 
reaction with (pseudo)ribonolactone, as well as using 
more exotic methods, e.g., the electrochemical 

activation. The construction of an aglycon on a pre-
formed (pseudo)riboside is often based on the cyclo-
condensation and cycloaddition reactions involving 
acetylene- and nitrile-substituted carbohydrate pre-
cursors that results in heterocyclic systems. The 
construction of a sugar residue on a pre-formed 
aglycon is the least common due approach apparently 
to it gives access to a limited scope of ribosides. 
Mainly, this approach is used to synthesize C-nucleo-
sides with acyclic sugar residues.

According to the above approaches, the present 
review is divided into three large Sections in each of 
which the data are presented in the following order: 
simple aromatic aglycons, heterocyclic derivatives, 
and fused heterocyclic systems. The bibliography 
includes 109 references 83% of which were published 
in the last 10 years and 35% were reported in the last 
5 years. 

1. C-Nucleoside synthesis by 
the direct C—C coupling 

1.1. Reactions involving 
organometallic reagents

The most common approach to the C-nucleoside 
synthesis is the direct coupling of the preliminary 
functionalized carbohydrate and aglycon (see Fig. 1). 
This strategy is mainly implemented using the halo-
genated aglycons, which are converted to active 
carbanions by treatment with magnesium metal, the 
Grignard reagents, and some other methods. In these 
reactions, (pseudo)ribonolactone serves generally as 
an electrophile. The addition reactions gave hemi-
ketals, which are further transformed to the target 
C-nucleosides.

Hocek and coworkers,24 considering the struc-
tures of such well-known prodrugs as Sofosbuvir and 
Valopicitabine bearing 2´-C-methyl group synthe-
sized their structural analogs, namely, benzene and 
pyridine 2´-C-methyl-C-ribonucleosides and -nu-
cleotides (Schemes 2 and 3). 

It is of note that in the inseparable mixtures of 
anomers 2a and 2b kept in DMSO-d6 at 4 C epimer-
ization occurred, and after 2 weeks the ratio of ano-
mers changed in favor of -anomer ( :  = 31 : 69 
for 2a and   :  = 8 : 92 for 2b). Reduction of the 
originally obtained mixtures of - and -anomers of 
compounds 2a ( :  = 51 : 49) and 2b ( :  = 44 : 56) 
using the Et3SiH/BF3•Et2O system in CH2Cl2 gave Fig. 1. Synthetic approaches to C-nucleosides.
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exclusively -isomers of the target C-nucleosides 
3a,b. Hocek and coworkers24 explained the observed 
stereoselectivity in terms of the formation of a planar 
oxocarbenium cation intermediate, which is then 
reduced by Et3SiH.

The C—C coupling reactions of 2,5-dibromo-
pyridine 4 and compound 1 to synthesize pyridine 
C-nucleosides (see Scheme 3) were carried out in 
the presence of BuLi in either toluene or diethyl 
ether. The reaction performed in toluene gave lower 
yield of the product than in Et2O but proceeded with 
good -stereoselectivity. In toluene, the C—C cou-
pling reaction proceeded at the position 2 of 2,5-di-
bromopyridine to give compound 5 and in coordinat-
ing solvent Et2O the reaction proceeded at the 

position 5 of 2,5-dibromopyridine to aff ord regio-
isomer 7. Hemiketals 5 and 7 were transformed in 
the target C-nucleosides 6 and 8 by treatment with 
lithium bis(trimethylsilyl)amide (LiHMDS) followed 
by the reduction of the obtained acetates with 
Et3SiH/BF3•Et2O.

Leumann and coworkers25 synthesized 2-pyrenyl-
C-nucleosides using 2-pyrenylmagnesium bromide 
(Scheme 4). The obtained mixture of - and -ano-
mers -10 and -10 was subjected to acid-cata-
lyzed epimerization to give the target -C-nucleoside 
-10. Further transformations aff orded phosphor-
amidite 11, which was incorporated into oligode-
oxynucleotides using standard automated DNA 
synthesis. 

Scheme 2

2, 3: R = H (a), Br (b)

Reagents and conditions: i. 1) RC6H4Br, BuLi (1.1 equiv.), THF, –78 C, 2) MeOH; ii. Et3SiH, BF3•Et2O, CH2Cl2, 0  20 C, 5 min. 

Scheme 3

Reagents and conditions: i. 1) BuLi (1.1 equiv.), toluene, –78 C, 10 min, 2) MeOH; ii. 4, BuLi (1.1 equiv.), diethyl ether, –78 C, 
10 min, 2) MeOH. 
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Hocek and coworkers,26 synthesized the 2-sub-
stituted benzyl C-ribonucleosides as the carba 
analogs of phosphoribosylanthranilate, a key inter-
mediate in tryptophan biosynthesis. The synthesis 
involved the reaction of ribonolactone 12 with the 
Grignard reagent 13 (Scheme 5)26. The C—C bond 
forming reaction proceeded smoothly and stereo-
selectively to give -hemiketal 14 in high yield 
(88%). It is of note that the reaction was carried 
out at room temperature under air and can be 

scaled up to 10-g load. The subsequent reduction 
of hemiketal 14 gave intermediate 16 in 36% yield 
in an inseparable mixture with two by-products 
15a,b. The mixture of partially silylated deriva-
tives 15a,b was converted into the fully silylated 
nucleoside 16 by silylation. Compound 16 was 
tested for the inhibition of PriA isomerase from 
Mycobacterium tuberculosis and showed no signifi -
cant enzyme inhibition up to concentrations of 
0.5 mmol L–1.

Scheme 4

Pyr =

 

, Tol is 4-methylbenzoyl, DMT is 4,4´-dimethoxytrityl

Reagents and conditions: i. 1) Mg, THF, 55 C, 2) CuI, 0  20 C, 3) 55 C; ii. CF3CO2H, PhSO3H, refl ux, 12 h.

Scheme 5

TBS is ButMe2Si
15: R1 = H (a), TBS (b); R2 = TBS (a), H (b)

Reagents and conditions: i. THF, 20 C, 1 h, ii. Et3SiH, BF3•Et2O, CH2Cl2, 0 C, 10 min; iii. TBSCl, imidazole, DMF, 24 h.



Mukhin et al.430 Russ. Chem. Bull., Vol. 72, No. 2, February, 2023

Hatano and coworkers27 reported the synthesis 
of mercapto C-nucleosides 20 and 21 (Scheme 6). 
The reaction of the protected 2-deoxyribonolactone 
17 with organolithium derivative generated in situ by 
treatment of precursor 18 with BuLi is accompanied 
with the lactone ring opening. The thus obtained 
hydroxy ketone 19 was selectively reduced with the 
ring closure to obtain product 20 as -anomer. The 
subsequent deprotection using tetrabutylammonium 
fl uoride (TBAF) (95%), treatment with NpsCl (74%, 
NpsCl is 2-O2NC6H4SCl), and reduction with EtSH/
NEt3 gave the target product 21. In the last reduction 

step, signifi cant amount (50%) of disulfi de dimer was 
also obtained. Disulfi de dimer was easily converted 
to the target compound 21 by treatment with mer-
captoethanol in MeOH.

Weinberger and Wagenknecht28 used 1,3-dioxol-
ane 22 derived from 4-bromobenzophenone to 
synthesize benzophenone C-nucleosides (Scheme 7). 
Treatment of compound 22 with magnesium gave 
the Grignard reagent, which reacted with the Hoff er´s 
chlorosugar 9 to give product 23 as a mixture of 
- and -anomers. Anomers -23 and -23 were 
separated by fl ash chromatography and deprotected. 

Scheme 6

Reagents and conditions: i. BuLi (1 equiv.); ii. Et3SiH, BF3•Et2O, CH2Cl2, –78 C. 

Scheme 7

Reagents and conditions: i. Mg, THF; ii. fl ash chromatography; iii. DMTCl (72%).



Approaches to C-nucleosides Russ. Chem. Bull., Vol. 72, No. 2, February, 2023 431

It was found that the selectivity was shifted to -23. 
Due to the better synthetic accessibility, -stereo-
isomer -24 was subjected to phosphorylation 
to prepare the target C-nucleoside phosphoram-
idite 25. The low yield of -anomer -23 on the 
C—C coupling step is the signifi cant disadvantage 
of this method because exactly this type of the 
bonding is characteristic of natural nucleosides. 
Phosphoramidite 25 was used to synthesize oligo-
nucleotides.

Synthesis of pseudouridine analogs was described 
(Schemes 8 and 9).29 It was found that the coupling 
of protected 5,5-bis(hydroxymethyl)-1-pyrroline 

1-oxide 28 as a sugar mimic with organolithium spe-
cies 27 generated by lithiation of bromo derivative 
26 gave unwanted dimer 29. The target product 31 
was obtained as a minor product using 2 equiv. of 
ButLi (see Scheme 8). The authors rationalized the 
choice of ButLi to mediate the C—C bond forming 
reaction instead of commonly used BunLi in terms 
of avoiding the addition reaction of BunLi to keto 
nitrones since ButLi did not undergo the addition 
under the reported conditions. 

In turn, organomagnesium intermediate 32 gen-
erated by treatment of aryl bromide 26 with magne-
sium in THF in the presence of (CH2)2Br2 reacted 

Scheme 8

Reagents and conditions: i. 1) ButLi (1.7 M in pentane), THF, –78 C, 30 min, 2) 27 (27 : ButLi = 1 : 1.2 or 1 : 2); ii. THF, –78  20 C, 
3 h; iii. Cu(OAc)2, NH3 (aqueous), 1,4-dioxane, CH2Cl2, ~20 C, 24 h.

Scheme 9

Reagents and conditions: i. Mg, (CH2)2Br2, THF, refl ux, 3 h; ii. 28, THF, –10 C, 2 h; iii. Cu(OAc)2, NH3 (aqueous), 1,4-dioxane, 
CH2Cl2, 20 C, 24 h; iv. NaI, AcOH, 70 C, 30 min; v. AcOH, 80 C, 30 min.
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with N-oxide 28 to aff ord compound 31 in 36% yield 
(see Scheme 9). 

Thus, the C—C coupling of compounds 26 and 
28 via the organomagnesium intermediate 32 is more 
promising, however even under these conditions 
by-product 30 is formed in high yield. Deprotection 
of compound 31 resulted in pseudouridine analogs 
33 and 34. 

Brown and coworkers30 synthesized phosphor-
amidite 39 (Scheme 10). The key lactone intermed-
iate 36 for the C—C coupling was obtained from 
compound 35 in 7 steps. The yields in each of the 
steps were 72—99%. The C—C coupling of lactone 
36 with bromopyridine 37 in the presence of BuLi 
produced hemiketal 38 in moderate yield (48%). The 
low yield of compound 38 was explained by the for-
mation of side hydrolysis products. The Fmoc and 
DMT protective groups were chosen because their 
permit to incorporate phosphoramidite 39 into tri-
plex-forming oligonucleotides (TFOs).

The C—C bond forming reaction to synthesize 
nucleosides 41a—f was carried out by reacting the 
corresponding (het)aryllithium derivatives with ribo-
nolactone 40 (Scheme 11).31 Deoxygenation of the 
product mixtures in the presence of BF3•Et2O and 
Et3Si gave the target C(1)-arylated riboses 41a—f 

Scheme 10

PMB is 4-MeOC6H4CH2; Fmoc is fluorenylmethoxycarbonyl

Reagents, conditions, and yields: i. BuLi (1 equiv.), THF, –78 C; ii. Et3SiH, BF3•Et2O, CH2Cl2, –78 C, 26 h, 57%; iii. CF3CO2H, 
~20 C, 5 h, 85%; iv. BCl3, CH2Cl2, –78 C, 7 h, 88%; v. Pd/C, MeOH, 50 C, 18 h; vi. 1) TMSCl, pyridine, ~20 C, 2 h; 2) FmocCl, 
MeCN (anhydrous), ~20 C, 4 h; 3) KF, H2O, ~20 C, 20 min; vii. DMTCl, 20 C, 2 h, 78%; viii. NC(CH2)2OP(Cl)NPri

2, NPr2
iEt, 

CH2Cl2, ~20 C, 2 h, 82%. 

Scheme 11

 Compo- Ar  :  ratio
 unds 41  Method i Method ii
 41a Ph 20 : 1 1 : >20
 41b 2-FC6H4 20 : 1 1 : >20
 41c 3-thienyl 20 : 1 1 : 10
 41d 6-methoxypyridin-3-yl 20 : 1 1 : 17
 41e quinolin-3-yl >20 : 1 1 : 15
 41f 5-bromopyridin-3-yl >20 : 1 1 : 2

TBS is ButMe2Si

Reagents and conditions: i. 1) ArLi, 2) BF3•Et2O, Et3SiH; 
ii. 1) ArLi, 2) BF3•Et2O, Hantzsch ester.
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as the -anomers exclusively. It is of note that 
MacMillan and coworkers31 were the fi rst to use the 
Hantzsch ester as the reductant to obtain the desired 
-anomers of C-nucleosides 41a—f.

Pyridine, pyridazine, and pyrimidine C-nucleo-
sides as Favipiravir analogs were synthesized by Wang 
et al. (Scheme 12).32 It is of note that C-nucleosides 
44 and 51a,b were synthesized using LDA for gen-

erating the lithium intermediates. This allowed the 
protonated derivatives 43 and 50a,b to react with the 
protected lactones. The reaction of lactone 42 with 
lithium intermediate derived from 43 gave product 
44 as a mixture of anomers the ratio of which was 
not given. The reaction of pyridines 50a,b with lac-
tone 49 carried out under similar conditions gave 
rise to derivatives 52a—f. C-Nucleosides 48a,b 

Scheme 12

TBDPS is ButPh2Si
45: R1 = H, R2 = H (a), OMe (b), OH (c); R1 = R2 = F (d) 
48: R = F (a), OH (b)
50, 51: R = Cl (a), Br (b)
52: R = H (a), Cl (c), Br (d), Me (b), vinyl (e), ethynyl (f)

Reagents and conditions: i. LDA (1 equiv.), THF, –78 C; ii. BuLi (1 equiv.), THF, –78 C, 2 h; iii. 3-fl uoropicolinonitrile, LDA 
(1.01 equiv.), THF, –78 C, 1 h; vi. lithium bis(trimethylsilyl)amide (LiHMDS), Ac2O. 
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were synthesized from lactone 42 and bromopyridine 
46 activated for the C—C coupling by treatment 
with BuLi.

The inhibitory activity of 5´-O-triphosphate de-
rived from compound 45a against RdRp of hepatitis 
C virus (HCV), rhinovirus, and norovirus was eval-
uated. The half-maximal inhibitory concentrations 
(IC50) of triphosphate of 45a against RdRp of HCV, 
rhinovirus, and norovirus equal respectively to 5.3, 
4.0, and 3.5 mol L–1 indicated that compound 45a 
may have the potential to be a broad-spectrum an-
tiviral agent if it can be phosphorylated in infected 
cells. The anti-infl uenza activity of the synthesized 
compounds was determined in Madin—Darby canine 
kidney (MDCK) epithelial cells infected with in-
fl uenza strain H1N1. Compound 45a has activity 
and cytotoxicity comparable to Favipiravir (EC50 
1.9 mol L–1 for 45a and 2.7 mol L–1 for Favipiravir). 
Compound 45c exhibits even better inhibitory activ-
ity (EC50 = 1.3 mol  L–1) but its cytotoxicity is 
several times higher (half-maximal cytotoxic con-
centration CC50 = 2.0 mol L–1) than that of com-
pound 45a and Favipiravir (CC50 > 400 mol L–1). 

Maier et al.33 described diastereoselective syn-
thesis of carbocyclic C-nucleosides based on lithium 
and magnesium salts derived from aglycons and 
cyclopentane 53 synthesized from norbornadiene in 
four steps (Scheme 13).

Metobo et al.34 developed a convenient synthetic 
procedure towards azoloazine C-nucleosides via 
direct C—C coupling of diff erent lactones and acti-
vated azolotriazines. C-Nucleosides modifi ed at the 
C(1´) atom of the carbohydrate unit are of special 
interest. Taking into account previously studied 
structurally related compounds with biological ac-
tivity, Metobo et al.34 synthesized 1´-substituted 
tubercidin C-nucleoside analogs (Scheme 14).34 
Lactone 49 reacted with lithium derivative generated 
by treatment of bromopyrrolotriazine 57 with BuLi 
to give hemiacetal 58 as a 3 : 1 anomeric mixture in 
38% yield (see Scheme 14, method A). The yield of 
compound 58 was increased to 60% when N-protected 
derivative of 57 was used (see Scheme 14, method B).

The stereochemical outcome of the addition of 
hemiketal 58 to nucleophiles in the presence of dif-
ferent Lewis acids at diff erent temperatures was 

Scheme 13

TIPS is Pri
3Si

 Compound R Yield (%) Compound R Yield (%)
 54, 56  54 56 54, 56  54 56

 54a, 56a Ph 55 92 54c, 56b Bu 38 92
 54b 2,4-bis(benzyloxy)- 45 — 54d, 56c Bn 79 93
  pyrimidin-5-yl   54e, 56d thiazol-4-yl 90 53

Reagents and conditions: i. 1) PhLi (1.5 equiv.), THF, 0 C (for 54a); 2,4-bis(benzyloxy)-5-bromopyrimidine, BuLi (1 equiv.), THF, 
–78 C, 2) 53, –78  20 C (for 54b); BuMgCl (1.5 equiv.), THF, 0  20 C (for 54c); BnMgCl (1.5 equiv.), THF, 0  20 C (for 
54d); 4-bromothiazole, PriMgCl•LiCl (1.07 equiv.) (for 54e); ii. H2, Pd/C, EtOH, 80 C; iii. TBAF, THF, ~20 C; iv. 1) TBAF, 
THF, ~20 C, 2) H2 (50 bar), Pd(OH)2/C, THF, 70 C. 
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studied (Table 1). It was found that the reaction 
temperature was the key parameter in the synthesis 
of nitrile 59a. Thus, at 0 C, the reaction proceeded 
with good yield but non-stereoselectively. Lowering 
the reaction temperature to –78 C and replacement 
of TMSOTf with BF3•Et2O increased the reaction 
selectivity though decreased the yield of product 59a. 
Lowering the reaction temperature also improved 
stereoselectivity of the formation of allyl derivative 
59b. In contrast, this approach was unsuccessful in 
the case of compound 59c. The reaction at 0 C af-
forded the 1  :  1 anomeric mixture of 59c and at 
–78  C the conversion was less than 5%. High 
-stereoselectivity was achieved only when Et3SiH 
in the presence of BF3•Et2O was used for the ano-
meric reduction of hemiketal 58.

Removal of benzyl protective groups in compound 59d 
using BCl3 at –78 C gave C-nucleoside in 78% yield.

Cho and coworkers35 synthesized 1´-vinyl and 
1´-ethynyl derivatives 59e,f. From compounds 59e,f, 
phosphorylated prodrugs 61 62 were prepared for 
biological evaluation (Scheme 15). The yields of 
compounds 60—62 are not given.35 

Nucleosides 60a,c,e,f were tested against several 
RNA viruses. The highest activity against HCV, yel-
low fever, Dengue virus type 2, parainfl uenza virus 
type 3, and coronavirus SARS-CoV was demon-
strated by compound 60a with EC50 = 4.1, 11, 9.46, 
1.71, and 2.24 mol L–1, respectively. Prodrug 62a 
exhibited the most potent inhibitory activity against 
RdRp of hepatitis C virus with the half-maximal ef-
fective concentration (EC50) and IC50 values of 0.085 
and 5.6 mol L–1, respectively. 

Cho and coworkers36 synthesized 2´-C-methyl-
C-nucleoside analogs of adenosine 65a,b, 68, uridine 
69, and cytidine 70 (Scheme 16). It is of note that 
the C—C coupling of ribonolactone 1 and bromo 
aglycons 57 and 63 in the presence of 3.3 equiv. 
of BuLi aff orded compounds 64a,b in the yields 
of 56 and 60%, respectively. The reaction with 
bis(methylthio) derivative 66 and equimolar amount 
of BuLi gave product 67 in 85% yield. It was found 
that coupling of lactone 1 with 5-bromo-2,4-di-tert-
butoxypyrimidine proceeded with the ribose ring 
opening that required two additional steps to syn-
thesize compound 69.

Scheme 14

59: R = CN (a), CH2CH=CH2 (b), Me (c), H (d)

Reagents and conditions: i. Method A: 1) 57, BuLi (3.3 equiv.), THF, –78 C; 2) 49, 3 h; Method B: 1) 57, (ClSiMe2CH2)2 (1.2 equiv.), 
NaH (2.2 equiv., 60% suspension in mineral oil), BuLi (3.3 equiv.), THF, –78 C, 2) 49, 1 h.

Table 1. Stereoselectivity of the synthesis of compounds 59

Compound Nucleophile Lewis acid T/C t/h Yield of 59 (%)  : 

59a TMSCN TMSOTf 0 2 76 43 : 57
59a TMSCN TMSOTf –78 3 65 15 : 85
59a TMSCN BF3•Et2O –78 3 58 11 : 89
59b AllylTMS BF3•Et2O –78 2 55 13 : 87
59b AllylTMS BF3•Et2O 0 2 75 26 : 74
59c AlMe3 BF3•Et2O 0 3 45 50 : 50
59d Et3Si BF3•Et2O 0 1 82 5 : 95
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Of the synthesized C-nucleosides, only adenosine 
analogs 65a,b showed activity against subgenomic 
GT1b HCV replicon with the EC50 20-fold higher 
than those of the corresponding N-nucleosides. The 
most potent activity was demonstrated by com-
pounds 65a and 68 (IC50 = 0.31 and 0.19 mol L–1 
vs IC50 = 0.30 and 0.25 mol L–1 for the correspond-
ing N-nucleosides). 

Reaction of lactone 1 and bromo heterocycle 57 
in the presence of 3.3 equiv. of BuLi and 1 equiv. of 
(ClSiMe2CH2)2 produced 1´-cyano-2´-C-methyl 
4-aza-7,9-dideazaadenosine 71 (Scheme 17).37 Com-
pound 71 effi  ciently inhibited replication of hepati-
tis C virus (IC50 = 0.29 mol  L–1). A phosphor-
amidate-type monophosphate prodrug derived 

from compound 71 was found to exhibit respectable 
replicon activity against GT1b HCV (EC50 = 
= 1.05 mol L–1). 

Kirschberg and coworkers38 synthesized 2´-fl uoro-
2´-C-methyl C-nucleoside 74 inhibiting HCV 
polymerase (Scheme 18). The IC50 value of 5´-O-tri-
phosphate derived from compound 74 against non-
structural protein 5B (NS5B, RNA polymerase) 
found in the wild-type genotype 1b (GT1b) replicon 
of the hepatitis C virus was equal to 0.42 mol L–1. 

At present, several methods to construct the 
nucleoside core of remdesivir are known. These 
methods gave the products of the C—C coupling of 
aglycon with riboside in the yields ranging from 25 
to 69%.20,34,35,39—42

Scheme 15

59: R = CH=CH2 (e), CCH (f)
60—62: R = CN (a), Me (c), CH=CH2 (e), CCH (f)

Reagents and conditions: i. CH2=CHMgBr (6 equiv.) (for 59e) or HCCMgCl (6 equiv.) (for 59f), THF, 0  20 C, 2 h, 2) MsOH (cat.), 
CH2Cl2, ~20 C, 3 h; ii. BCl3 or BBr3 (4—8 equiv.), CH2Cl2, –78 C, 1 h.
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Xue at al.43 suggested to add secondary amines in 
the reaction mixture to stabilize the lithium aglycon 
intermediate and improve the yield of the target 
product 58 (Scheme 19). Additives of sterically hin-
dered secondary amines (Table 2, entries 4—7) were 
benefi cial for improving the yield of the target prod-
uct 58 up to 74%. When the reaction was carried out 

in the presence of tertiary diisopropylethylamine, 
the yield of product 58 decreased to 49%. The eff ect 
of the solvent  :  reactant ratio on the yield of the 
target product was also evaluated. It was found that the 
optimal concentration of the reactants is 0.2 mol L–1.

Convergent synthesis of imidazo[2,1-f] [1,2,4]-
triazin-4-amine C-nucleoside by the direct C—C 

Scheme 16

X = CH (57, 64a, 65a), N (63, 64b, 65b)

Reagents and conditions: i. 1) 57 or 63, (ClSiMe2CH2)2 (1.2 equiv.), 2) BuLi (3.3 equiv.), THF, –78 C, 3) 1, 1 h; ii. 1) 66, BuLi, 
(1.0 equiv.), THF, –78  C, 2) 1, 1 h; iii. 1) 5-bromo-2,4-di-tert-butoxypyrimidine, BuLi (1.0 equiv.), THF, –78  C, 2) 1, 1 h; 
3) NaBH4 (4 equiv.), MeOH, 0  C, 1 h; iv. HCl—EtOH (1  :  10 v/v), ~20  C, 2 h; v. H2, 10% Pd/C, 54%; vi. Ph3PCHCO2Et 
(1.5—2.5 equiv.), MeCN, microwave irradiation, 180 C, 1 h; vii. Bredereck´s reagent Me3COCH(NMe2)2 (1.5 equiv.), toluene, 
120 C, 6 h; viii. guanidine (10 equiv.), MeOH, ~20 C, 24 h.
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coupling of bromo heterocycle 75 and ribono-
lactone 77 in the presence of BuLi was described 
(Scheme 20)44. 

Guanosine derivatives 68 and 80 were synthesized 
similarly (Scheme 21).44

Draff an and coworkers44 noted that the C—C 
coupling of ribonolactone 77 with less stable lithium 

intermediate generated from bromides 79 should be 
carried out at lower temperature (–100  C; see 
Scheme 22) than the reaction with more stable anion 
of compound 76 (–78 C; see Scheme 20). An alter-
native approach to C-nucleoside 80 is shown in 
Scheme 22. 

Liu at al.45 described an effi  cient synthesis of - 
and -C-nucleosides with high anomeric selectivity 

Scheme 17

Reagents, conditions, and yields: i. (ClSiMe2CH2)2 (1 equiv.), BuLi (3.3 equiv.), THF, –78 C, 1 h; ii. TMSCN (6 equiv.), TMSOTf 
(4 equiv.), CH2Cl2, –15  0 C, 2 h, 93%; iii. BCl3 (3 equiv.), CH2Cl2, 0 C, 1 h.

Scheme 18

73: X = CH (a), N (b)

Reagents, conditions, and yields: i. 1) 57 or 63 (1 equiv.), (ClSiMe2CH2)2 (1.02 equiv.), THF, –78 C, 1.6 M BuLi (1.1 equiv.), 
2) 72; ii. TMSCN, In(OTf)3, dichloroethane, 58% ( :  = ~95 : 5); iii. concentrated aqueous NH3, MeOH, 60%. 

Scheme 19

Reagents and conditions: i. (ClSiMe2CH2)2; ii. 1) R2NH, BuLi, 
THF, –78 C, 2 h, 2) 49.

Table 2. Eff ect of the amine additives on the yield of 
compounds 58

Entry Amine Yield of 58 (%)

1 Diethylamine 41
2 Dipropylamine 45
3 Dibutylamine 54
4 Diisopropylamine 74
5 Diisobutylamine 71
6 Dicyclohexylamine 70
7 2,2,6,6-Tetramethylpiperidine 74
8 Diisopropylethylamine 49
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Scheme 20

DCB is 2,4-Cl2C6H3CH2

Reagents and conditions: i NBS, DMF, 86 C, 1 h; ii. 1) BuLi (2 equiv.), –78 C, THF, 2) 77, –78 C; iii. NH3 in MeOH, 20 C  refl ux; 
iv. BF3•Et2O, Et2SiH, CH2Cl2, –78  20 C, 3 h; v. H2, 10% Pd/C, 60 C, 18 h, NaOAc, MeOH—CH2Cl2 (9 : 1), AcOH. 

Scheme 21

X = CH (78a, 79a, 80), N (68, 78b, 79b)

Reagents and conditions: i. Et3N, DMAP, Boc2O, MeCN, ~20 C, 46 h; ii. NBS, dichloroethane, –10  0 C, 1 h; iii. 1) BuLi 
(1.1 equiv.), THF, –100 C, 79a or 79b, 2) 77; iv. BF3•OEt2, Et3SiH, MeCN, –78  20 C, 3 h; v. H2 (4.3 bar), 10% Pd/C, 60 C, 
18 h, NH4OAc, MeOH—EtOAc (13 : 2) (for 80) or BBr3, –78  –30 C (for 68).

Scheme 22

Reagents and conditions: i. 1) BuLi (2 equiv.), –100 C, 2-methyltetrahydrofuran, 2) 1, –100 C. ii. BF3•Et2O, Et3SiH, CH2Cl2, 
–78 C, 15 min; iii. MeC(O)NH2, Pd2(dba)2, XantPHOS, Cs2CO3, 130 C, 1 h; iv. H2, 10% Pd/C, MeOH, 20  50 C, 70 h; 
v. NaOMe, 20  80 C. 
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from N(6)-Boc-protected purine analogs (Scheme 23). 
Lithiation of compound 81 and subsequent nucleo-
philic addition of the protected lactones 82 to lithium 
intermediates were studied under diff erent condi-
tions. The high yields of the target C-nucleosides 84 
were achieved only using 5´-O-Nap-protected ribo-
nolactone 82, LDA for generation of the lithium 
intermediate from bromide 81, and the Et3SiH/
TMSOTf system for the reduction of hemiketal 83. 
When other protective groups (PG = TBS, TBDPS) 
and other reagents for activation of bromide 81 
(NaH, BuLi, LiHMDS) were used, these transform-
ations were unsuccessful. High -selectivity was 
confi rmed by the ROESY analysis. 

The optimized conditions were applied to the 
reaction of bromo heterocycle 85 with lactones 82a,b 

(Scheme 24). This reaction smoothly gave interme-
diates 86a,b; however, reduction of hemiketals 86 
was not as good as the reduction of 83, and the target 
products 87a,b were obtained in moderate yields of 
54 and 55%, respectively. It should be noted that the 
N-Boc-protective group was unstable under condi-
tions used for hemiketal reduction. 

Reaction of O(5)-benzyl-protected lactones 88a,b 
with bromo heterocycle 81 carried out under similar 
conditions gave hemiketals 89a,b (Scheme 25).45 
Reduction of hemiketals 89a,b with Et3SiH in the 
presence of either BF3•Et2O at –10 C (see Scheme 25, 
conditions iii) or TMSOTf at –78 C (conditions ii) 
resulted in the target -anomers 90a,b in good yields. 
Treatment of hemiketals 89a,b with Et3SiH/BF3•Et2O 
at elevated temperatures (conditions iv) enabled not 

Scheme 23

PG is 2-naphthylmethyl (Nap)
82—84: R = Me (a), H (b)

Reagents, conditions, and yields: i. 1) 81, LDA, THF, –30 C, 50 min, 2) BuLi, –78 C, 5 min, 3) 82, –78 C, 2 h; ii for 83a. Et3SiH, 
BF3•Et2O, MeCN, –40 C, 2 h, 51%; iii. Et3SiH, TMSOTf, CH2Cl2, –78 C, 2 h, 84a — 75%, 84b — 82%.

Scheme 24

86, 87: R = Me (a), H (b)

Reagents and conditions: i.1) 85, LDA (1.3 equiv.), THF, –30 C, 2) 82, BuLi (2.5 equiv.), –78 C; ii. BF3•Et2O, Et3SiH, MeCN, 
–40  20 C.
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only the reduction of hemiketal but also the removal 
of the Boc-protective group to afford products 
91a,b.45

Possibility to synthesize -C-nucleosides under 
the above-described conditions was exemplifi ed by 
the reaction of per-O-benzylated lactones 1 and 49 
with bromo heterocycle 81 (Scheme 26).45 It was 
found that those reactions proceeded with high 

-stereoselectivity and gave either N-Boc-protected 
(93) or deprotected (59) -C-nucleosides depending 
of the conditions used for the reduction of the inter-
mediate hemiketals 92. 

De Jonghe and coworkers46 described the syn-
thesis of pyrrolo[2,1-f][1,2,4]triazine C-nucleosides. 
The authors initially attempted the direct C—C-
coupling of 9-bromo-4-aza-7,9-dicarbaadenine 57 

Scheme 25

88—91: R = Me (a), H (b)

Reagents, conditions, and yields: i. 1) 81, LDA (1.3 equiv.), THF, –30 C, 2) 88, BuLi (2.5 equiv.), –78 C; ii. TMSOTf, Et3SiH, 
CH2Cl2, –78 C; iii. BF3•Et2O, Et3SiH, CH2Cl2, –10 C; iv. BF3•Et2O, Et3SiH, CH2Cl2, 0  20 C.

Scheme 26

R = Me (92a, 93a, -59c), H (92b, 93b, -59d)

Reagents, conditions, and yields: i. 1) 1 or 49, LDA (1.3 equiv.), THF, –30 C, 2) BuLi (2.5 equiv.), –78 C, 3) 81, –78 C; ii for 93a. 
Et3SiH, TMSOTf, CH2Cl2, –78 C, 80%; iii. Et3SiH, BF3•Et2O, CH2Cl2 –10 C, 93a — 81%, 93b — 87%; iv. Et3SiH, BF3•Et2O, 
CH2Cl2, 0  20 C. 
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and per-benzylated ribonolactone 49 (see Scheme 14, 
method A). This reaction gave the anomeric mixture 
in a very low yield. The authors suggested that the 
low yield of the target product was due to the pres-
ence of the unprotected exocyclic amino group in 
57 and decided to switch to an alternative nucle o-
base, 4-(methylthio)pyrrolo[2,1-f][1,2,4]triazine 94, 
rather than to protect the exocyclic amino group 
(Scheme 27). Hemiketal 95 synthesized by the C—C 
bond forming reaction between aglycon and ribono-
lactone was subjected to anomeric reduction to 
prepare exclusively -anomer 96. Before the removal 
of the benzyl protective groups, the methylthio group 
was replaced with the NH2 group. Halogenation 
of C-nucleoside 97 with N-halosuccinimides gave 
chloro, bromo, and iodo derivatives 98a—c. The 
iodine atom in compound 98c was replaced with the 
CN group by the Pd(PBut

3)2-catalyzed cross-cou-
pling reaction with zinc cyanide. 

Compound 97 showed high in vitro cytotoxicity 
against human hematological and solid cancer cell 
lines. The exact molecular target of these compounds 
is currently unknown.

Underexplored xylo-C-nucleosides (3´-epimers 
of ribonucleosides) were studied by Herdewĳ n and 
coworkers.47 The C—C coupling of compounds 94 
and 99 gave a mixture of epimers 100 in 60% yield 

(Scheme 28). The stereoisomeric ratio was given only 
for a product of the reduction of 1´-hydroxy group 
in 100 (  :  = 2  :  3). The removal of the benzyl 
protective groups by the Pd(OH)2-catalyzed hydro-
genolysis in acetic acid gave rase to a mixture of 
xylo-C-nucleoside 101 and a ring opening product 
102. The yield of target xylo-C-nucleoside -101 
increased to 62% when compound 100 was deprot-
ected with Pd(OH)2/C in refl uxing EtOH. These 
conditions also gave -anomer -101 in 18% yield. 
Introduction of the CN group into the position 1´ 
of compound 100 and subsequent deprotection pro-
ceeded with good yields on each step to give products 
103 (see Scheme 28).

Activity of compounds 101 and 103 against a panel 
of tumor cell lines was studied. Compound 101 was 
found to possess a micromolar antiproliferative activ-
ity against the human leukemia HL-60 and lung 
cancer NCI-H460 cells. In contrast, no signifi cant 
cytotoxicity was observed for compound -103.

Herdewĳ n and coworkers48 synthesized threosyl 
C-nucleosides (Scheme 29). The C—C coupling of 
ribonolactone 104 with 4-(methylthio)pyrrolo [2,1-f]-
[1,2,4] triazine (94) as an aglycon activated with LDA 
gave hemiketal 105 as a mixture of anomers in 70% 
yield. Reduction of the hydroxy group, replacement 
of the SMe group with the amino group, and depro-

Scheme 27

98: Hal = Cl (a), Br (b), I (c) 

Reagents and conditions: i. LDA (1.5 equiv.), THF, –78 C; ii. BF3•Et2O, Et3SiH, CH2Cl2, 0 C; iii. 7 M NH3, MeOH, 100 C; 
iv. H2, Pd(OH)2/C, AcOH, ~20 C; v. N-halogenosuccinimide (NHalS), DMF, 0 C.
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tection of the benzyl groups aff orded compound 106 
as a mixture of - and -anomers in 72% yield. 
Anomers -106 and -106 were separated by column 
chromatography. The synthesized C-nucleosides 
were phosphorylated at the 3´-position with the yields 
of about 70% at each step.

Immucillins are an important group of C-nucleo-
sides showing antitumor and antimalarial activity. 
The most important immucilins are compounds 110 
(BCX-1777) and 111 (BCX-4430). Synthesis of 
compounds 109 and 110 via the multi-step construc-

tion of the aglycon on the pre-formed sugar unit was 
described by Herdewĳ n and coworkers.49

Zhang et al.50 developed improved procedure to 
synthesize compounds 110 and 111 via the C—C 
bond forming reaction between aglycon 107 and 
N-oxide 108, a synthetic equivalent of ribonolactone, 
under basic conditions (Scheme 30). No yield of 
compound 109 was given because it was subjected to 
reduction without purifi cation. Due to low stability, 
the obtained intermediate was immediately treated 
with Boc2O under basic conditions. The major isomer 

Scheme 28

Reagents, conditions, and yields: i. LDA, THF, –78 C, 3 h; ii. Et3SiH, BF3•OEt2, CH2Cl2, 0 C, 1 h, 85%; iii. NH3, MeOH, 100 C, 
12 h, 85%; iv. H2, Pd(OH)2/C, AcOH, ~20 C, 48 h; v. TMSOTf, TMSCN, CH2Cl2, 0 C, 2.5 h; vi. NH3/MeOH, 100 C, ~18 h, 
86%; vii. BCl3, CH2Cl2, 0  20 C, 2.5 h.

Scheme 29

Reagents, conditions, and yields: i. LDA (1.07 equiv.), THF, –78  C, 3 h; ii. Et3SiH, BF3•Et2O, CH2Cl2, 0  C, 40 min, 94%; 
iii. NH3, MeOH, 100 C, 12 h, 92%; iv. cyclohexene, Pd(OH)2/C, EtOH, refl ux, ~18 h. 
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of N-Boc-derivative was isolated by column chrom-
atography. Subsequent deprotection aff orded com-
pound 110 (70%) after recrystallization. Compound 
110 (BCX-1777) was transformed to derivative 111 
(BCX-4430) by the following reaction sequence that 
involved protection of the functional groups, replace-
ment of the carbonyl group with the chlorine atom, 
the CuBr-catalyzed Ullmann-type amination, and 
deprotection. Since this reaction sequence involved 

less steps than the procedure described by Herdewĳ n 
and coworkers49 and only 2—3 chromatographic 
steps for purifi cation, this approach is very attractive 
for the large-scale synthesis. 

C-Nucleoside 114 (Scheme 31) bearing 1´,2´--
lactam moiety was designed as the hybrid scaff old of 
MK-608 and GS-6620.51 Compound 114 is a poten-
tial hepatitis C virus NS5B polymerase inhibitor. The 
role of aglycon was played by compound 94, which 

Scheme 30

BOM is bemzyloxymethyl

Reagents, conditions, and yields: i. 1) 107, BuLi (2.16 equiv.), MeOBut, –20 C; 2) 108, –20 C; ii. Zn, MeOH—AcOH (1 : 5), refl ux; 
iii. Boc2O, NaOH, THF—H2O (2 : 1), ~20 C, 38% (over 3 steps); iv. HCl (conc.), refl ux. 

Scheme 31

TBS is ButMe2Si

Reagents and conditions: i. LDA (1.1 equiv.), THF, –78  –20 C, 40 min. 
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was lithiated using LDA and subjected to the coupling 
with ribonolactone 112a to give hemiketal 113 in 
82% yield (see Scheme 31).

Dang and coworkers52 used lactone 112b as the 
starting material to synthesize 1´,2´-cyclopenta-
fused C-ribonucleosides (Scheme 32). The charac-

Scheme 32

Reagents and conditions: i. LDA (1.1 equiv.), THF, –78  –20 C, 40 min.

Scheme 33

 Aglycon X Y R1 Lactone R2 R3 R4

 57 CH Br NH2 1 Me OBn Bn
 63 N Br NH2 49 H OBn Bn
 75 N H SMe 72 Me F Bz
 94 CH H SMe 112a Me N3 TBS
     112b Me CN TBS

Table 3. Conditions and outcome of the C—C-coupling of lactones 1, 49, 72, and 112a,b with aglycons 57, 63, 
75, and 94 

Aglycon Lactone Reaction conditions Yield of C-nucleoside (%) Ref.

57 1 1) (ClSiMe2CH2)2, 2) BuLi, –78 C 64a (60) 36
57 49 1) (ClSiMe2CH2)2, 2) NaH, BuLi, –78 C 58 (60) 35
57 72 1) (ClSiMe2CH2)2, 2) BuLi, –78 C 73a (40) 38
63 1 1) (ClSiMe2CH2)2, 2) BuLi, –78 C 64b (56) 36
63 72 1) (ClSiMe2CH2)2, 2) BuLi, –78 C 73b (59) 38
75 112a LDA, THF, –78 C (59)5 51
75 112b LDA, THF, –20 C  115 (47) 52
94 1 LDA, THF, –78 C (32) 53
94 49 LDA, THF, –78 C,  95 (60) 53
94 112a LDA, THF, –20 C  113 (82) 51
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teristic feature of this synthesis is protection of the 
hydroxy groups as TBS ether instead of more com-
mon benzyl protection.

We compared the yields of the target products of 
the C—C coupling achieved in the reactions of dif-
ferent azoloazine aglycons and functionalized ribo-
nolactones (Scheme 33, Table 3). 

For aglycon 57, the highest yield of the target 
C-nucleosides 58 and 64a was achieved in its reaction 
with lactones 49 and 1; in contrast, in the reaction 
of aglycon 57 with lactone 72 the yield of C-nucleoside 
73a was 40%. In the reactions with aglycon 63, the 
best results were demonstrated by lactones 1 and 72. 
The yields of C-nucleosides 64b and 73b in these 
reactions reached ~60%. In the reactions with agly-
con 94, the yields of the target products depended 
on the nature of the substituents at the position 2´ 
of lactone. Thus, the reaction of aglycon 94 with 
2´-azido-2´-methyl-substituted lactone 112a gave 
C-nucleoside 113 in 82% yield, whereas for 2´-benz-
yloxy-2´-methyl derivative 1 the yield dropped to 
32%. In the case of aglycon 75, the best results were 
obtained with 2´-azido-2´-methyl-substituted lac-
tone 112a. The replacement of the azide group with 
nitrile one (compound 112b) decreased the yield of 
the target product 115 to 47%. In all cases, the C—C 
coupling products were synthesized as the mixtures 
of anomers, the ratios of which were not given. 

Thus, the direct C—C coupling of aglycon and 
(pseudo)ribonolactone in the presence of organo-
metallic reagents or relatively strong bases is the 

reasonably common strategy to access C-nucleosides. 
Typical reaction conditions are as follows: THF, 
BuLi (1—3.5 equiv.), –78  C. In some cases, the 
halogenated aglycons were activated by refl uxing with 
magnesium turnings, using a mixture of NaH and 
either BuLi or ButLi. As the solvents, anhydrous 
toluene, methyl tert-butyl ether, and diethyl ether 
can be used. It is of note that such base as LDA can 
transform aglycons containing no halogen atoms into 
carbanions, wherein the lesser excess of the base 
should be used (from 1 to 1.5 equiv.).

1.2. Pd-Catalyzed C-glycosylation

Another strategy to direct formation of the gly-
cosidic bond between preliminary functionalized 
aglycon and (pseudo)riboside is the Pd-catalyzed 
reactions. To realize this strategy, the halogen-
containing aglycons and carbohydrates with unsatu-
rated units are mainly used.

This approach can be exemplifi ed by the synthe-
sis of C-nucleosides 118 by the reaction of iodo 
derivative 117 with glycal 116 catalyzed by the 
Pd(OAc)2/AsPh3 system (Scheme 34).54

Another example of the Pd-catalyzed syntheses 
of C-nucleosides is the Suzuki reaction of compounds 
120a,b with diff erent (het)arylboronic acids to give 
the target carbocyclic C-nucleosides 121a—g in high 
yields (75—99%) (Scheme 35).33

An effi  cient synthesis of alkynyl C-nucleosides by 
the Sonogashira coupling for the preparation of 

Scheme 34

NPE is 2-(4-nitrophenyl)ethyl
117, 118: R = H (a), Me (b)

Reagents and conditions: i. Pd(OAc)2, AsPh3, Ag2CO3, CHCl3, 70 C. ii. Et3N•3HF, THF, 0 C, 10 min; iii. NaBH(OAc)3, MeCN, 
0 C; iv. DMTCl, pyridine, ~20 C; v. NC(CH2)2OP(NPri

2)2, Pri
2NH, tetrazole, MeCN, ~20 C.



Approaches to C-nucleosides Russ. Chem. Bull., Vol. 72, No. 2, February, 2023 447

DNA-based polyfl uorophores was described by Kool 
and coworkers55 (Scheme 36). The authors revealed 
the excess of the starting compound 122 (1.5 equiv.) 
to compensate for the oxidative Glaser homocou-
pling.56,57

C-Nucleosides 123a—f were used to synthesize 
the DNA-based polyfl uorophores. These compounds 
could be used as fl uorescent labels or probes in mul-
tiple DNA applications. 

Modifi ed Sonogashira coupling was used to syn-
thesize derivatives 126a—f (Scheme 37).58 The 
strategy involved the coupling of alkynyl-substituted 
hydrocarbons 125a—f, aroyl chlorides, and 1,4-di-
thiane-2,5-diol. The reaction conditions were opti-
mized: the highest yields could be achieved in anhy-
drous HCl ethanol solution. However, prolongation 
of the reaction time caused the decrease in the yield 
due apparently to the decomposition of sugar in 

acidic solution. Under optimized conditions using 
the one-pot procedure, the target products were 
synthesized in 70—86% yields.

Sato and Matsuda59 reported the synthesis of 
C-nucleosides by the Heck reaction (Scheme 38). 
3´-Keto derivative 129 was prepared by the reaction 
of glycal 116 and 2-amino-4-fl uoro-3,5-diiodo-
pyridine 127 catalyzed by Pd(OAc)2 and Ph3As. The 
reaction regio- and stereoselectively gave the only 
product 128, which was further transformed to 
3´-hydroxy derivative 129 by stereoselective reduction. 
Phosphoramidite 130 was synthesized from (pseudo)-
nucleoside 129 in three steps in 12% overall yield. 

The Heck reaction of glycal 116 with phosphor-
diamidite 131 catalyzed by Pd(OAc)2 and Ph3As gave 
the mixture of the expected target product 132 (20%) 
and desilylated oxo nucleoside 133 (53%) (Scheme 39). 
Treatment of the mixture of compounds 132 and 133 

Scheme 35

119, 120: R1 = Pri, R2 = ButPh2Si (TBDPS) (a); R1 = Pri
3Si (TIPS), R2 = ButC(O) (Piv) (b)

 Com- Ar Yield (%) Com- Ar Yield (%)
 pound 121   pound 121

 a Ph 92 e  99

 b 2,4-F2C6H3 76 f  75

 c  87 g  87

 d  81   

Reagents and conditions: i. 1) LDA, THF, –78 C, 2) PhNTf2, –78  20 C; (Me3Si)2NK (KHMDS), N-(5-chloro-2-pyridyl)-
bis(trifl uoro methanesulfonamide) (the Comins´ reagent), THF, –78  20 C; ii. Pd(dppf)Cl2, K3PO4, MeO(CH2)2OMe (DME), 
H2O, 80 C; iii. TBAF, THF, ~20 C; iv. MeONa, MeOH, 65 C.
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with Et3N•3HF provided oxo derivative 133 in 79% 
yield (over 2 steps). Further, compound 133 was 
transformed to pyridon-3-yl C-2´-deoxy ribo nucleo-
sides 134a,b in several steps. It should be underlined 
that the synthesis of C-deoxynucleoside 134b by the 
Heck reaction of deoxyriboglycal 116 and 6-chloro-
3-iodopyridin-2(1H)-one failed.60

Hocek and coworkers61 described synthesis of 
2,6-disubstituted pyridin-3-yl C-2´-deoxyribo nucleo-
sides 138 and 140 (Scheme 40). The Heck reaction 
of bromo-chloro-iodo-pyridines and glycal 116 in 
the presence of Pd(OAc)2, P(C6F5)3, and Ag2CO3 

was accompanied by partial desilylation similarly to 
the reaction of glycal 116 with iodo pyridine 131 (see 
Scheme 39). The obtained mixtures were treated with 
Et3N•3HF to obtain fully deprotected ketones 137 
and 139 as pure -anomers. Subsequent stereoselec-
tive reduction gave compounds 138 and 140. The 
synthesized C-nucleosides did not exert antiviral or 
cytostatic eff ects. 

Hocek and coworkers62 synthesized pyrimidin-
5-yl C-2´-deoxyribonucleosides (Scheme 41). The 
Heck reaction was realized under the same condi-
tions61 using the Pd(OAc)2/P(C6F5)3 system. The 

Scheme 36

Reagents and conditions: i. RX (X = Br (123a,b), I (123c,e,f), OTf (123d)), Pd(PPh3)4, CuI, NEt3, DMF, 80  C, 2.5 h; 
ii. NC(CH2)2OP(Cl)NPri

2, EtNPri
2, CH2Cl2, ~20 C, 1.5 h.

Compounds R Yield (%) Compounds R Yield (%)
123, 124  123 124 123, 124  123 124

a  74 90 d  86 83

b  50 98 e  83 84

c  67 91 f  68 91
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Scheme 37

Reagents and conditions: i. Pd(PPh3)2Cl2 (1 mol.%), CuI (3 mol.%), Et3N, 2) HCl, EtOH, heating. 

Scheme 38

Reagents, conditions, and yields: i. NIS, AcOH; ii. 1) Pd(OAc)2, Ph3As, Et3N, DMF, 65 C, 2) Et3N•3HF; iii. NaBH(OAc)3, MeCN, 
AcOH (1 : 1); iv. H2, Pd/C, MeOH, 90%; v. DMTCl, Et3N, CH2Cl2, 92%; vi. NC(CH2)2OP(Cl)NPri

2, EtNPri
2, CH2Cl2, 61%.

reaction also proceeded with desilylation. Ketone 
141 was prepared in 42% yield (over 2 steps). 
Reduction of ketone 141 aff orded the target C-de-
oxyribonucleoside. Scaling up of the Heck reaction 
up to gram scale was emphasized. 

Reaction between glycal 115 and 2-bromo-5-
iodopyridine in the presence of Pd(OAc)2 and P(C6F5)3 
gave derivative 142 in 53% yield exclusively as 
-anomer (Scheme 42). Picolinamide C-nucleoside 
143 was synthesized in seven steps in 2% overall yield.63
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Scheme 39

134: R = H (a), Cl (b)

Reagents and conditions: i. Pd(OAc)2, AsPh3, Ag2CO3, CHCl3, 70 C, 12 h; ii. Et3N•3HF, THF, ~20 C, 12 h.

Scheme 40

Reagents and conditions: i. 1) Pd(OAc)2, P(C6F5)3, Ag2CO3, CHCl3, 70 C, 10 h; 2) Et3N•3HF, THF, ~20 C, 15 min; ii. NaBH(OAc)3, 
AcOH, MeCN, 0 C, 5 min.

Scheme 41

Reagents and conditions: i. Pd(OAc)2, P(C6F5)3, Ag2CO3, CHCl3, 70 C, 10 h; ii. Et3N•3HF, THF, 0 C, 5 min; iii. NaBH(OAc)3, 
MeCN, AcOH, 0 C, 5 min.
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Serpi and coworkers64 described the Heck reac-
tion of 5-iodo aglycon 145 with protected ribofuran-
osyl glycal 144 catalyzed by the Pd(OAc)2/AsPh3/
EtNPri

2 system. This reaction selectively af-
forded -anomer 146 (Scheme 43). Compound 146 
was transformed to 2´-deoxypseudoisocytidine 
147 in three steps (see Scheme 43) in ~30% overall 
yield. 

We like to give several additional examples of the 
Pd-catalyzed C—C bond formation between aglycon 
and riboside. Chiba and Inouye65 used the Sonoga-
shira reaction between 1-ethynyl-2-deoxyribose 
-122 and halogen-tethered pyrimidine and pyridine 
to synthesize alkynyl C-nucleosides 148a—f in good 
yields (67—92%) (Scheme 44). Protection of the 
amino group (yields 56—93%) and subsequent phos-
phoramidation (yields 41—98%) furnished unnatural 
alkynyl C-pseudonucleotides 149a—f.

Lefoix et al.66 were interested in the synthesis of 
pyrazolo[1,5-a][1,3,5]triazine C-nucleosides as de-
oxyadenosine analogs (Scheme 45). Diff erent condi-
tions for performing the Heck reactions between 
glycal 150 and iodopyrazolotriazine were tested. 
Thus, the solvent (MeCN, DMF, dioxane), the pal-
ladium source (Pd(dba)2, Pd2(dba)3, Pd(OAc)), and 
the base (Bu3N, Et3N) were varied. However, the 
highest yield of the target compound 151 did not 
exceed 34%. Phosphoramidite 152 was used to syn-
thesize 18-mer oligonucleotides, which incorporated 
one or two pyrazolotriazine C-nucleoside units. 

Phthalimide C-nucleoside 155b was synthesized 
by the Heck reaction of halogenated phthalimides 
153a,b and glycal 116 in the presence of the P(C6F5)3/
Pd(OAc)2/Et3N catalytic system followed by the 
nitro group reduction (Scheme 46).67 Nucleoside 
155b showed pronounced solvatochromic and sol-
vatofl uorochromic behavior. The absorption and 
fl uorescence emission bands are red-shifted in sol-
vents of high polarity; the largest bathochromic shift 
was observed in the solvents with hydrogen-bonding 
capabilities. Compound 155b was further transformed 
to the corresponding phosphoramidite and used as 
the DNA building block in the synthesis of oligo-
nucleotides.

The Heck coupling of glycal 150 and aglycon 156 
catalyzed by the Pd2(dba)3/AsPh3/NBu3 system 
regio- and stereoselectively gave product 157 in high 
yield (Scheme 47).46 Compound 157 was further 
converted to the corresponding 2´-deoxy- and 
2´,3´-di deoxynucleosides 158 and 159.

Thus, the Pd-catalyzed reactions are also reason-
ably common approach towards C-nucleosides. 
Realization of this approach requires halogenated 
aglycons, mainly, iodo derivatives. The most com-

Scheme 42

Reagents and conditions: i. Pd(OAc)2, P(C6F5)3, CHCl3, Ar.

Scheme 43

Reagents and conditions: i. N,O-bis(trimethylsilyl)acetamide, Pd(OAc)2, AsPh3, EtNPri
2, DMF, 80 C, 24 h; ii. C6H5N•HF, THF, 

~20 C, 12 h; iii. NaBH(OAc)3, AcOH, MeCN, –15  20 C, 2 h; iv. NH3, MeOH, 0  20 C, 6 h.
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Scheme 44

Compo- R1 R2 R3 R4 Yield Compo- R1 R2 R3 R4

unds 148     (%) unds 149

a OH Me H OH 80 a OH Me H OH
b OH Me — NH2 67 b  Me — NHC(O)Pri

c NH2 — — H 91 c NCHNMe2 — — H
d NH2 — H OH 85 d NCHNMe2 — H OH
e NH2 — — NH2 92 e NCHNMe2 — — NCHNMe2
f NH2 Me — OH 86 f NCHNMe2 Me — OH

Reagents and conditions: i. PdCl2(PPh)3, CuI, (Me3Si)2NH or Et3N (for 148c), DMF, N2; ii (for 148a). Pd2(dba)3, PPh3, CuI, 
NHPri

2, DMF, N2. 

Scheme 45

Reagents and conditions: i. Pd(dba)2, Et3N, AsPh3, MeCN. 
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mon source of Pd0 is Pd(OAc)2; less frequently 
Pd(dppf)Cl2, Pd(dba)2, and Pd(PPh3)4 are used. 
Other components of the catalytic system in these 
transformations are the ligand (e.g., AsPh3 and 
P(C6F5)3) and the base (e.g., Et3N, EtNPri

2, and 
silver carbonate). 

1.3. Non-standard approaches to 
the direct C—C coupling

In this Section, we exemplifi ed the non-standard 
approaches of the C—C bond forming reactions 
between aglycon and carbohydrate. All these ap-
proaches are diff ered from each other in synthetic 
methods used for construction of the glycosidic bond.

Ma et al.68 synthesized C-nucleosides via decarb-
oxylative cross-coupling reaction involving ribosyl/
deoxyribosyl acids with (het)aryl bromides in the pre-
sence of photoredox/nickel dual-catalyst (Scheme 48). 
Special experiments established the importance of 
visible light, photocatalyst, nickel catalyst, ligand, 
and base, since no formation of the desired cross-
coupled product was observed in the absence of at 
least one of these reaction promoters. Moreover, the 
inhibition of the reactivity was observed in the pres-
ence of air oxygen and TEMPO (23—25% yields) 
thus suggesting the radical nature of the reaction.

The substituents (Het)Ar could be diff erent sub-
stituted derivatives of benzene, naphthalene, benzo-
furan, indole, pyridine, benzomorpholine, thiazole, 

Scheme 46

153: Hal = Br (a), I (b)

Reagents and conditions: i. P(C6F5)3, Pd(OAc)2, Et3N, MeCN, 82 C; ii. NaBH(OAc)3, HOAc—MeCN (2 : 1), 0 C, 1 h; iii. NaSH, 
H2O, EtOH, 78 C, 1 h. 

Scheme 47

Reagents and conditions: i. Pd(dba)2, AsPh3, NBu3, DMF, 100 C, 7 h.
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and other mono- and bicyclic heteroaryl compounds. 
In addition to the mild reaction conditions, broad 
substrate scope, and good functional group compat-
ibility, the most signifi cant advantage of this trans-
formation is the use of safe, bench-stable, and easily 
handled starting materials.68 

Tachallait et al.69 suggested straightforward and 
versatile synthesis of C-(het)aryl nucleosides via the 
FeCl3-catalyzed Friedel—Crafts C-glycosylation 
(Scheme 49). It was found that no reaction occured 
in the presence of other iron salts and iron oxide 
(Fe2O, FeSO4) even with the increased catalyst load-
ing (up to 50 mol.%) and at higher reaction tem-
peratures as well as when CH2Cl2 was replaced with 
DMF. Nucleophiles ArH (see Scheme 49) were 
methoxybenzene and its 4-substituted derivatives, 
thiophene and furan derivatives, 2-methoxynaph-
thalene, and benzofuran. 2-Methoxynaphthalene 
and 3-(ethoxycarbonyl)furan C-glycosides were 
isolated exclusively as -anomers. In the case of 
benzofuran, the reaction proceeded with good selec-
tivity of   :  = 95  :  5. In other cases, -anomers 

predominated only slightly, the product yields were 
30—72%. The synthesized C-nucleosides showed 
interesting photophysical properties, including fl uo-
rescence. They can potentially can be used for RNA 
labeling to aff ord new biological probes and sensors. 

Chiba and coworkers70 described electrochemical 
synthesis of C-nucleosides based on unactivated 
prolinols. Firstly, the addition of thiophenol to pro-
linols 161a—c was studied (Scheme 50). Interestingly, 
the relationship between the coupling yield, electron 
density at the position 1´, and pKa of the carboxylic 
acid additives was observed. Additive of acetic acid 
caused a decrease in the yield with a decrease in the 
electron density at the position 1´ of the substrates; 

Scheme 48

160: X = OBn (a), H (b)

Reagents and conditions: LEDs (blue light, 34 W), 4CzIPN (5 mol.%), NiBr2 (10 mol.%), 2,2´-bipyridine (12 mol.%), K2CO3 
(2 equiv.), DMF, N2, 30 C, 24 h.

Scheme 49

Reagents and conditions: FeCl3 (10 mol.%), CH2Cl2, refl ux, 
10—30 min. 

Scheme 50

161, 162: 2´-deoxy (a), 3´-deoxy (b), 2´,3´-dideoxy (c)

 RCO2H  Yield of 162 (%)
  162a 162b 162c

 AcOH 94 64 24
 Cl2CHCO2H 72 81 56
 F3CCO2H 34 73 75

Reagents and conditions: i. 2.6 F mol–1, 0.25 mA cm–2, RCO2H 
(50 mmol L–1), 0 C; ii. PhSH (5 equiv.), ~20 C, glassy carbon 
anode, Pt cathode, MeNO2—LiClO4 (1.0 mol L–1).
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while in the case of TFA the reverse dependence was 
observed. 

The developed conditions were used to synthesize 
a series of C-azanucleosides (Scheme 51). Diff erent 
arenes, indoles, benzothiophene, benzofuran, and 
thiophene served as (het)aryls; the product yields 
varied from 45 to 84%. It was noted that in the case 
of 5-cyanoindole the yield of the target C-aza-
nucleoside decreased to 14%. In contrast, the pres-
ence of the nitro group or the chlorine atom at posi-
tion 7 of the starting indole has no eff ect on the yield 
and the corresponding products were obtained in the 
yields of 84 and 88%, respectively.

Comparatively rare sydnone C-nucleosides 164 
and 166 were synthesized by Van Calenbergh and 
coworkers.71 Two strategies, electrophilic and nu-
cleophilic, for the generation of the C—C bond were 
explored (Scheme 52). Electrophilic glycosylation 

off ered the advantage of operational simplicity and 
good yields; however, it is limited to benzyl protected 
ribofuranosides. Nucleophilic approach provided 
high stereoselectivity and compatible with diff erent 
glycolactones. 

Acyclo C-nucleosides were synthesized in high 
yields by the reaction of chlorophthalazine 167 with 
gluconic acid hydrazide and galactaric acid bishydr-
azide. Refl uxing the reactants in EtOH enabled the 
cascade process that involved substitution of the 
chlorine atom and the 1,2,4-triazole ring closure72 
(Scheme 53).

Simple acyclic phosphorylated aza-C-nucleotides 
171a—e and 172 were synthesized by coupling of 
aldehydes 168 and 169 with amino phosphonates 170 
(Scheme 54).73

Derivatives 171f—g were obtained by the reduc-
tive alkylation followed by deprotection. 

Anthra[1,2-d]imidazole-6,11-dione C-nucleo-
sides 174a—c were synthesized by imidazole cycliza-
tion reaction of 1,2-diaminoanthraquinone 173 with 
various sugar- and azasugar-derived aldehydes74 
(Scheme 55).

Similar strategy was used to synthesize compounds 
174d—h. Condensation of 1,2-diaminoanthraquin-
one 173 with monochloroacetic acid and subsequent 
nucleophilic substitution of the chlorine atom with 
N-alkylamino aza-sugar gave compounds 174d—h 
in the yields did not exceeding 48% (Scheme 56).

The approaches to the formation of the glycosidic 
bond between aglycon and carbohydrate unit de-

Scheme 51

Reagents and conditions: i.  1) 2.6 F mol–1, 0.5 mA cm–2, RCO2H 
(R = Me, Cl2CH, CF3) (50 mmol  L–1), 0  C; ii. (Het)ArH 
(5 equiv.), ~20 C, glassy carbon anode, Pt cathode, MeNO2—
LiClO4 (1.0 mol L–1).

Scheme 52

162—166: R = 4-MeOC6H4 (a), Bn (b)

Reagents and conditions: i. PriMgCl•LiCl, THF, 0 C; ii. BF3•Et2O, Et3SiH, CH2Cl2, 0 C; iii. BF3•Et2O, CHCl3, refl ux. 
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Scheme 53

Ar is 2,4,6-Me3C6H2 

Reagents and conditions: i. gluconic acid hydrazide, EtOH, refl ux, 4 h; ii. galactaric acid bishydrazide, EtOH (anhydrous), refl ux, 5 h.

Scheme 54

170, 171: n = 1 (a), 2 (b), 3 (c), 4 (d), 5 (e)

THP is 

Reagents and conditions: i. NaBH4, EtOH; ii. 35% HCl, 60 C; iii. 48% HBr, 90 C; iv. 2-picoline borane complex, MeOH.

171: X = H (f—n), NH2 (o, p), Cl (q)

R =  (f),  (g),  (h),  (i), 

 (j, p),  (k, q),  (l),  (m),  (n, o)



Approaches to C-nucleosides Russ. Chem. Bull., Vol. 72, No. 2, February, 2023 457

scribed in this Section are quite diverse and, in some 
cases, allow synthesis of the target C-nucleosides in 
good yield and high stereoselectivity. However, in 
terms of universality and applicability to a wide range 
of substrates these approaches are signifi cantly infe-
rior to more common methods that based on activ-
ation with the Grignard reagents and the Pd-catalyzed 
transformations.

2. Synthesis of C-nucleosides by construction 
of a sugar unit on a pre-formed aglycon 

The next strategy towards C-nucleosides involved 
the construction of the carbohydrate unit on a pre-
formed aglycon (see Fig. 1).

For instance, the iridium(I)-catalyzed allylation 
of enantiopure copper(I) alkoxide, generated from 
monoprotected diols (R)- and (S)-175, with enan-
tiopure allylic carbonates (R)- and (S)-176a—d was 
used to synthesize C-nucleoside precursors 177a—d75 
(Scheme 57). Confi guration of products 177a—d 
obtained by the stereocontrolled synthesis was pre-
determined by the absolute confi guration of the 
starting substrates 175 and 176. Compounds 177a—d 
were converted to pseudoribosides under conditions 
of the standard ring-closing metathesis. Undoubted 
advantages of this approach are stereoselectivity and 
high yields of the target products (56—97%). However, 
the use of unique and expensive reagents limited 
a wide application of this approach. In addition, it 

Scheme 55

R =  (a),  (b),  (c)

Reagents and conditions: i. H2SO4, DMF, ~20 C, 5 h; ii. HCl, 1,4-dioxane, 40 C, 5 h.

Scheme 56

 Compounds 174 n Yield (%) Compounds 174 n Yield (%)
 d 2 43 g 6 45
 e 3 40 h 8 48
 f 4 40   

Reagents and conditions: i. ClCH2CO2H, 90 C, 1 h; ii. DMF, EtNPri
2, NaI, 70 C, 3 h.
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remains unclear whether this approach is applicable 
to the synthesis of heterocyclic C-nucleosides.

Synthesis of 2´-deoxy-C-glycosides based on the 
construction of the riboside unit on a pre-formed 
aglycon described by Midtkandal et al.76 required 11 
steps (Scheme 58). The obtained mixture of cis and 

trans isomers of compound 178 was separated by 
column chromatography, however attempted epi-
merization of trans-isomer to cis-isomer failed. The 
fi nal cis-179 was obtained in 11.2% overall yield.

Compound cis-179 was evaluated against a wide 
panel of the tumor cell lines but was found inactive. 

Scheme 57

Reagents and conditions: i. BuLi; ii. 1) CuI, 2) 176a—d, [Ir(COD)Cl]2 (COD is 1,5-cyclooctadiene), chiral ligand, THF, –40  20 C, 
16—20 h; iii. (Cy3P)2Cl2Ru=CHPh (1 mol.%), CH2Cl2, refl ux, 3 h; iv. Et3N•3HF, THF, ~20 C, 16 h. 

Scheme 58

Reagents, conditions, and yields: i. TMSCH2Li, THF, –78 C; ii. TBDPSCl, Et3N, DMAP, CH2Cl2, ~20 C, 89% (over 2 steps); 
iii. Et3N, CH2Cl2, 0  20 C, 59%; iv. TMSNTf2, CH2Cl2, –78 C, 54% (cis : trans = 1.3 : 1); v. O3; vi. PPh3, CH2Cl2, 87% (reso-
lution of the isomers by column chromatography gave cis-isomer in 50% yield); vii. NaClO2, H2O2, 90%, NaH2PO4, MeCN, H2O, 
90%; viii. SOCl2, PhMe; ix. NH4OH, 95% (over 2 steps); x. TsOH, DMF, 60 C, 56%; xi. NaBH(OAc)3, AcOH, MeCN, 0 C, 95%.
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Stereoselective transformation of the sugar de-
rivatives to C-glycosides was reported by Boto and 
coworkers.77 The synthesized acyclic glycosides were 
modifi ed to "construct" the cyclic riboside unit in good 
yield and excellent diastereoselectivity (Scheme 59). 
It was noted that this method of construction of the 
riboside moiety can be applied to substrates with high 
functionalization and conformational constraints. 

1,3-Dipolar cycloaddition of C-vinyltriazoles 180 
to C-(tert-butyldiphenylsilyl)oxy-N-methylnitrone 
181 aff orded a mixture of cis and trans isomeric 
C-nucleosides 182 in almost quantitative yields. The 
ratio of cis and trans isomers of triazolyl nucleosides 
183 obtained by removal of the TBDPS protective 
varied from 1  : 1 to 1  : 1.3 depending on the sub-
stituent R1 (Scheme 60).78 Giofrè and coworkers78 

Scheme 59

R = Ph, OMe

Reagents, conditions, and yields: i. Et3N, TMSOTf, 0 C, 67% (R = Ph), 73% (R = OMe); ii. NaBH4, MeOH, 1 h, 81% (R = Ph); 
iii. 1) NaHCO3, MeOH, 94%, 2) NaBH4, MeOH, 1 h, 92%; iv. TMSOTf, MeCN, –20 C, 78% (R = Ph) or –40 C, 95% (R = OMe); 
v. BF3•Et2O, MeNO2, –10 C; vi. NaHCO3, MeOH.

Scheme 60

R1 = Ph, Bn, 3-F3C-4-ClC6H3, 4-MeOC6H4, 4-FC6H4, 2-pyridylmethyl, 2-naphthyl

Reagents and conditions: i. CuSO4•5H2O, sodium ascorbate, Et3N, 4 h, ~20 C; ii. TsCl, Et3N, CH2Cl2, ~20 C, 12 h; iii. ButOK, 
ButOH, 40 C, 12 h; iv. CHCl3, microwave irradiation (150 W), 80 C, 2 h; v. TBAF, THF, ~20 C, 4—5 h.
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rationalized the absence of diastereoselectivity in 
terms of the E-endo attack of the dipolarophile on 
the nitrone, which leads to cis adducts, competing 
with the E-exo attack leading to trans adducts because 
of secondary orbital interactions exerted by the tri-
azole ring.

Compounds cis-183 bearing the phenyl and ben-
zyl substituents R1 showed antiproliferative activity. 
The growth inhibitory eff ect exerted by these com-
pounds at a concentration of 100 mol L–1 reached 
50% in hepatocellular carcinoma (HepG2) and 
colorectal adenocarcinoma (HT-29) cells and in-
creased up to 56% in the neuroblastoma (SH-SY5Y) 
cell line after 72 h of incubation. 

1,3-Dipolar cycloaddition was also used to syn-
thesize pyrrolidine C-azanucleoside analogs related 
to pseudouridine.79 The main synthetic concept 
utilized for the synthesis of the target products is 

based on the construction of the pyrrolidine analogs 
of pseudocarbohydrate on an aglycon via nitrones 
184a,b (Scheme 61). The good yields of the majority 
of intermediates and target products are of note; 
however, the yields were reported for not all com-
pounds synthesized. In general, this approach is 
convenient for the construction of the pyrrolidine 
ring in the position 5 of uracil. Using the appropriately 
substituted nitrones and alkenes, it is possible to 
synthesize a wide variety of pyrrolidine analogs of 
pseudouridine with diff erent substituents and geometry.

Stereoselective synthesis of pyridazine C-nucleo-
sides that involved the construction of the riboside 
unit from acyclic moiety in compounds 185 and 186 
and subsequent one-pot transformation of the furan 
ring to the pyridazine scaff old was described by 
Cermola and coworkers80 (Scheme 62). It is of note the 
yields of furyl ribosides is relatively low (30—35%).

Scheme 61

184: R = Me (a), Bn (b)

Reagents and conditions: i. NH2OH•HCl or BnNHOH•HCl, Na2CO3, EtOH, H2O, ~20 C, 24 h; ii. CH2=CHCH2OH, refl ux, 48 h; 
iii. MsCl, pyridine, ~20 C, 12 h; iv. H2, Pd/C, MeOH, ~20 C, 48 h; v. CH2=CHCO2Me, toluene, 80 C, 48 h; vi. H2, Ranay Ni, 
MeOH, ~20 C, 24 h.
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Synthesis of thioglycoside and acyclic C-nucleoside 
of [1,2,4]triazines and [1,2,4]triazolo[4,3-b] [1,2,4]-
triazines was described81 (Scheme 63). Good overall 
yields of C-nucleosides 187 synthesized in four steps 
(40±5%) and thioglycosides 188 prepared in fi ve 
steps (32±5%) were achieved.

Sugar hydrazones 191 were synthesized by the 
reaction of compound 189 with equimolar amounts 

of aldoses 190 (Scheme 64).82 Oxidative cyclization 
of hydrazones 191 and subsequent acylation of the 
resulted triazoloquinazolines 192 gave rise to poly-
acetoxyalkyl C-nucleosides 193. This approach gave 
the target products in overall yields form 20 to 60%.

Chromeno[2,3-b]pyridine and [1,2,4]triazolo-
[1,5-a]quinoline C-nucleoside analogs were synthe-
sized either by the reaction of compound 194 with 

Scheme 62

Reagents and conditions: i. Et3SiH, MeCN, BF3•Et2O, –40  20 C, ~18 h; ii. 1) O2, CH2Cl2, –20 C, 90 min; 2) Et2S, –20 C, 2 h; 
3) NH2NH2, THF, ~20 C, 1 h.

Scheme 63

187: n = 4 (a), 3 (b)

Reagents, conditions, and yields: i. MeI, K2CO3, acetone, ~20 C; ii. N2H4, EtOH, refl ux; iii. HOCH2(CHOH)nCHO, AcOH, EtOH, 
refl ux, 85% (n = 4), 83% (n = 3); iv. Ac2O, 90 C; v. CS2, KOH, EtOH, refl ux; vi. KOH, acetone, ~20 C, 81% (R = CH2OAc), 79% 
(R = H); vii. NH3, MeOH, 0 C.
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aldoses in the presence of iodine or by three-step 
construction of the acyclic unit on heterocycle 195 
(Scheme 65).83 This strategy for the C-nucleoside 
synthesis is very promising due to good yields of the 
target products, short reaction sequences, and avail-
able reagents used. 

The strategy of the construction of the sugar 
unit on a pre-formed aglycon is generally applic-
able for the synthesis of C-nucleosides bearing the 
pseudoriboside (mainly acyclic) unit. The role 

of heterocyclic base is mainly played by simple 
aromatic derivatives and functionalization of 
the structure is impossible. Synthesis of com-
pounds bearing functionalized purines/pyrim id-
ines as aglycons and ribose/deoxyribose as the sugar 
units following this strategy is limited. These 
facts explained the smaller number of public-
ations focusing on this approach compared to other 
strategies for constructing the C-nucleoside back-
bone.

Scheme 64

190—193: R, R´ = , , , , 

X = OH (R), OAc (R´)

Reagents and conditions: i. 190, EtOH, AcOH; ii. FeCl3, EtOH; iii. Ac2O, pyridine.

Scheme 65

Ar = 4-MeOC6H4

Reagents and conditions: i. L-rhamnose, I2, AcOH; ii. D-glucose, I2, AcOH; iii. ClCH2CO2Et; iv. N2H4; v. D-glucose.
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3. Synthesis of C-nucleosides by 
construction aglycon on a pre-formed sugar unit

Another approach towards C-nucleosides is based 
on the reaction sequences that allow construction of 
an aglycon on a pre-formed carbohydrate unit bear-
ing the functional groups able to participate in cy-
clocondensation and cycloaddition reactions.

Thus, C-nucleosides 197a,b were synthesized in 
almost quantitative yields by cycloaddition of sodium 
azide to the nitrile group of protected ribosides 196a,b 
(Scheme 66). The introduction of acyloxymethyl 
group as N-protective groups in the tetrazole ring 
allowed subsequent phosphorylation of the 3´-OH 
group of the sugar residue to give the target com-
pounds 198a and 198b in the yields of 16 and 33.8%, 
respectively, over 6 steps.84

Ribosides 199a—d derived from D-glucose were 
used as the starting material for the construction of 
aglycon based on the nitrile group to prepare tiazo-
furin analogs 201a—d85 (Scheme 67). The key inter-
mediates 200a—d were synthesized by the one-pot 

reaction that involved the addition of hydrogen sul-
fi de to the nitrile group, the azide reduction, and 
spontaneous O,N-shift of the acyl group. It was 
shown that this one-pot sequence was a general ap-
proach to a variety of 2-amido-D-ribofuranosyl 
thiocarboxamides 200a—d. Compounds were the 
convenient intermediates for the thiazole synthesis 
via the reaction with ethyl bromopyruvate.

Compounds 201a—d demonstrated high in vitro 
cytotoxicity against chronic myelogenous leukemia 
K562 cell lines with IC50 = 0.15—2.69 mol  L–1. 
Among solid tumor cell lines, human colorectal 
adenocarcinoma cells (HT29) were sensitive only to 
compound 201d, while cervical cancer cell-derived 
HeLa cells were sensitive to compounds 201a,b,d. 
Only compound 201a was cytotoxic against human 
breast cancer cell line MCF-7. 

Similarly strategy for the construction of aglycon 
on a nitrile group of riboside was used by Popsavin 
and coworkers86 to synthesize 2-(-D-xylofuranosyl)-
thiazole-4-carboxamide 204 (Scheme 68) and two 
tiazofurin analogs 208a,b with 5-hydroxymethyl-2-

Scheme 66

POM is CH2OC(O)But

196—198: n = 0 (a), 2 (b)

Reagents and conditions: i. NaN3, Et3N, DMF, 130 C, 2 h (for 197a) or microwave irradiation, 130 C, 2 h (for 197b).

Scheme 67

Compounds R Yield (%)
199—201  200 201

a C5H11 99 66
b C7H15 92 49
c C8H19  87 81
d C11H23 92 80

Reagents and conditions: i. H2S, pyridine, ~20 C; ii. H2S, DMAP, EtOH, ~20 C; iii. BrCH2COCO2Et, EtOH, refl ux; iv. NH3, 
MeOH, ~20 C.
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methyltetrahydrofuro[2,3-d][1,3]dioxol-6-ol moiety 
(Scheme 69). It is of note that intermediate 202 was 
obtained as an inseparable mixture of C(4)-epimers 
and was immediately treated with bromotrichloro-
methane and DBU to give thiazole 203. The yields of 
intermediates 207a,b (see Scheme 69) were somewhat 
higher (50—54%) than those of compound 203 (36%).

Compounds 208a,b demonstrated submicromolar 
activities against four tumor cell lines (K562, HL-60, 
Jurkat, and HeLa).

The same strategy was successful in the synthesis 
of acyclic nucleosides 213 and 214, the tiazofurin 
analogs (Scheme 70). The key synthetic step was the 
condensation of compound 211 derived from D-ara-
binose with cysteine ethyl ester hydrochloride to 

aff ord C-epimeric thiazoline, which was treated 
with bromo trichloromethane and DBU to give thi-
azole 212.87

Pure - and -anomers of glycosylcyanide 216 
(the synthesis of which was established in hundred-
gram scale in 93% yield) were used to synthesize 
C-nucleosides 217—220 bearing tetrazole, 1,2,4-oxa-
diazole, and 1,3,4-oxadiazole as the aglycon mimics 
(Scheme 71).88 Most synthetic steps gave the yields 
of at least 70—80%.

Tetrahydrofuranyl alkynes 221, 223, 225, and 227 
were involved in Cu-catalyzed cycloaddition reac-
tion with diff erent furanyl azides and adamantyl 
azide.89 It should be noted that treatment of stereo-
isomeric alkynes 221, 223, and 225 with azides 

Scheme 68

Reagents and conditions: i. HSCH2CH(NH2)CO2Et, Et3N, MeOH, ~20 C, 2 h; ii. 1) BrCCl3, DBU, CH2Cl2, 0 C, 5 h; 2) 4 C, 
68 h; iii. NH3, MeOH, ~20 C, 6 days.

Scheme 69

R1 = Bz, R2 = OEt (207a,b); R1 = H, R2 = NH2 (208a,b)

Reagents and conditions: i. HSCH2CH(NH2)CO2Et, Et3N, MeOH, ~20 C, 2 h (for 206) or 3.5 h (for 210); ii. 1) BrCCl3, DBU, 
CH2Cl2, 0 C, 5 h, 2) 4 C, 4 days (for 207a) or 18 h (for 207b); iii. NH3, MeOH, ~20 C, 7 days (for 208a) or 6 days (for 208b).
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Scheme 70

214: R = OBz (a), H (b)

Reagents and conditions: i. HSCH2CH(NH2)CO2Et, Et3N, MeOH, ~20 C, 2 h; ii. 1) BrCCl3, DBU, CH2Cl2, 0 C, 5 h; 2) 4 C, 
17 days; iii. NH3, MeOH, ~20 C, 6 days (for 213) or 16 days (for 215); iv. H2, 10% Pd/C, EtOH, ~20 C, 72 h.

Scheme 71

R = p-Tol (216, 217a, 218a, 220a), H (217b, 218b, 220b)
217a,b: R´ = Me, Bui, But, CF3
218a,b: Ar = Ph, p-Tol
220a,b: R´´ = Me, Bui, But, CF3, Ph, p-Tol

Reagents and conditions: i. NH2OH•HCl, DIPEA, EtOH, refl ux, 1 h; ii. ArC(O)Cl, 1,4-dioxane, ~20 C, 16 h; iii. CH(OMe)3, 
BF3•Et2O 110 C, 3 h or (R´CO)2O, BF3•Et2O, 110 C or CF3CO2H, CH2Cl2, ~20 C, 5 h; iv. KOH, DMSO, ~20 C, 6 h; v. NaOMe, 
CH2Cl2—MeOH (3  : 2), ~20 C, 16 h; vi. NaN3, Cu, CuSO4, DMF, 120 C, 16 h; vii. (RʺCO)2O, hydroquinone, refl ux, 1 h or 
RʺC(O)Cl, pyridine, 90 C, 2 h. 

aff orded the corresponding 1,2,3-triazolyl C-nu cleo-
sides 222b, 224a—c, and 226b,c in 58—75% yields 
(Scheme 72). 

Sabat et al.90 synthesized alkynyl derivative 231 
by the similar Barbier reaction between the fully 
protected ribose 230 and ethyl iodopropiolate 229 
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coupling of sugar alkynes 234a—j, benzoyl chlorides, 
and hydrazine hydrate was described by Liu et al.92 
(Scheme 75). The reaction conditions were optimized 
by varying the catalyst, base, solvent, and the reac-
tion time. When the reaction was carried out under 
the optimal conditions, in the presence of the 
PdCl2(PPh3)2/CuI system as a catalyst, Et3N as 
a base, and THF as a solvent, the yield of the target 
products bearing the ribose unit reached 70—90%.

The developed procedure was further used to 
synthesize a series of thiophene C-nucleosides in 
65—80% yields (Scheme 76).93

Bicyclic lac tones (+)-235a and (±)-235b and their 
derivatives reacted with aminoguanidine bicarbonate 
under basic conditions to give rise to 3-aminotriazole 
C-nucleosides 237—23994,95 (Scheme 77). Com-
pounds 236a,b are the suitable precursors for the 
synthesis of such biologically active compounds as 
showdomycin and its carba analogs.

Solarte et al.96 involved alkyne 231 in the cyclo-
addition reaction with benzyl azide. Deprotection of 
C-nucleoside precursors 240a and 241b and conversion 
of the ethoxycarbonyl moiety to the amide group aff or-
ded the target products 240b and 241b (Scheme 78).

The tandem ene/intramolecular Sakurai cycliz-
ation was used to synthesize C-glycoside 243, a 
structural analog of tiazofurin97 (Scheme 79). Com-
pound 242 was also used as a starting material in the 
synthesis of other pyranosyl C-nucleosides. However, 
the yields on each synthetic step were low, therefore, 
this method is of low interest for the synthesis of 
a wide range of the C-nucleoside and C-glycoside 
derivatives.

Sequential construction of aglycon unit in six steps 
from compound 244 gave pyridazine C-nucleosides 
248a,b (Scheme 80).32 It is of note that the reaction 
of hydrazone 245 with N,N-dimethylformamide 
dimethyl acetal (DMF-DMA) resulted in a mixture 
of expected pyridazine 246 and its N-methyl deriv-
ative 247. Compounds 246 and 247 were separated 
by fl ash chromatography. Next, compounds 246 and 
247 were transformed to amides and then subjected 
to desilylation. The overall yields of compounds 248a 
and 248b were 5.7 and 5.3%, respectively (over 
6 steps). 

Wang et al.32 did not limit themselves to the use 
of pyridazine as the aglycon. Pyrimidine C-nucleoside 
249 was synthesized through the Weinreb amide 
(Scheme 81). The overall yield of the target com-
pound 250 was 3.5%. 

Scheme 72

R =

  

(222a, 224a, 226a),

 
 (222b, 224b, 226b), 

 1-adamantyl (222c, 224c, 226c, 228),

  

(226d)

Reagents and conditions: i. RN3, CuSO4•5H2O, (+)-L- ascorbic 
acid sodium salt, ButOH—H2O (1 : 1), ~2 0 C, 6—8 h. 

(Scheme 73). The subsequent Huisgen cycloaddition, 
aminolysis, and deprotection gave rise to ribavirin 
derivative SRO-91. 

The key intermediates 232 bearing the alkyne unit 
were synthesized in high yields by the intra mole-
cular Nicholas reaction catalyzed by Co2(CO)8 
(Scheme 74).91 Subsequent CuI-cycloaddition 
proceeded with high yields to give triazolyl C-nucleo-
sides 233a—g.91 

One-pot synthesis of aryl pyrazole C-nucleosides 
analogs of Pyrazofurin by the three-component 



Approaches to C-nucleosides Russ. Chem. Bull., Vol. 72, No. 2, February, 2023 467

Scheme 73

Reagents and conditions: i. In0, CH2Cl2, refl ux, 3 days; ii. PivOCH2N3, toluene, refl ux, 24 h; iii. aqueous NH3, 1,4-dioxane, refl ux, 
48 h; iv. Dowex 50WX8, MeOH, H2O, 50 C, ~18 h.

Scheme 74

233: Ar = 4-Me2NC6H4 (a), 3,5-(MeO)2C6H3 (b), 1-naphthyl (c), anthracen-2-yl (d), pyren-1-yl (e), 2-NCC6H4 (f), 4-O2NC6H4 (g)

Reagents and conditions: i. HC≡CMgCl, THF, ~20 C, 3 h; ii. Co2(CO)8, CH2Cl2, ~20 C; iii. 1) BF3•OEt2, –78 C, 1 h, 2) Et3N, 
~20 C; iv. column chromatography; v. I2, THF, 0 C; vi. THF, CuI, Et3N, ArN3, 60 C, 30 min; vii. MeONa, MeOH.

Scheme 75

Ar = XC6H4; X = H, Me, OMe, F, Cl, Br
Reagents and conditions: i. 1) ArC(O)Cl, PdCl2(PPh3)2, CuI, Et3N, THF, 2) N2H4, EtOH. 
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Scheme 76

Ar = 
 
(R1 = H, Me, F; R2 = H, F)

Reagents and conditions: i. 1) PdCl2(PPh3)2, CuI, Et3N, DMF, ~20 C, 2) Na2S•9H2O, KOH, 60 C.

Scheme 77

235—237, 239: X = O (a), CH2 (b)

Reagents and conditions: i. 4-methylmorpholine 4-oxide (NMO), 
OsO4, CH2Cl2, ButOH, ~20  C; ii. 2-methoxypropene or 
2,2-di methoxypropane, TsOH, acetone, ~20 C; iii. 1) NMO, 
OsO4, CH2Cl2, ButOH, ~20  C, 2) AlCl3, acetone, ~20  C; 
iv. aminoguanidine bicarbonate, pyridine, refl ux; v. H2, Pd/C, 
AcOEt, ~20 C.

Scheme 78

 

Rea gents and conditions: i. BnN3, toluene, refl ux, 24 h; ii. Dowex 
50 (H+), MeOH, H2O, 50  C, 6 h; iii. 1) NH3 (gas), 
MeOH, –10  C, 8 h (yield 83%), 2) Dowex (H+), MeOH, 
H2O. 
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Scheme 79

TMS is Me3Si

Reagents and conditions: i. Et2AlCl, CH2Cl2; ii. MeCH=CHCHO, BF3•Et2O, CH2Cl2; iii. NH3 (gaseous), MeOH; iv. 1) O3, MeOH, 
CH2Cl2, 2) Me2S; v. NaBH4, MeOH; vi. Ac2O, pyridine; vii. P2S5, toluene; viii. BrCH2C(O)CO2Et, 4 Å molecular sieves, EtOH 
(anhydrous); ix. TBAF, THF.

Scheme 80

248: R = H (a), Me (b)

Reagents, conditions, and yields: i. BuLi, MeCN; ii. TfN3, Et3N, MeCN; iii. PMe3, THF, H2O; iv. Boc2O, pyridine; v. Me2NCH(OMe)2, 
THF, 12 h; vi. Et3N, H2O2, MeOH, 83%; vii. 80% aqueous CF3CO2H.

Scheme 81

Reagents, conditions, and yields: i. 2-(7-aza-1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafl uorophosphate (HATU), 
EtNPri

2, MeON(H)Me, CH2Cl2, 8 h, 82%; ii. 1) Me3SiC≡CLi, THF, –78 C, 2) ~20 C, 3 h; iii. MeO2C(S)NH2•HCl, MeCN, 
80 C, 3 h, 32% (over 2 steps); iv. 1) MCPBA, CH2Cl2, 3 h, 92%; 2) KCN, DMSO, ~18 h, 63%; v. H2O2, NH4OH, MeOH, 1 h, 
57%; vi. BCl3, CH2Cl2, 0 C, 4 h, 41%. 
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Legrave et al.98 optimized the conditions of con-
densation of diff erent amidines and alkynyl ribose 
derivative 231 and synthesized C-nucleoside precur-
sors 251a—c. Subsequent deprotection gave the 
target derivatives 252a—c (Scheme 82).

Synthesis of C-nucleosides by the construction of 
the aglycon unit on the carbohydrate mimic 253 was 
studied.99—102 Synthesis of phosphorylated 9-de aza-
adenosine and 7-oxa-7,9-dideazaadenosine C-nu-
cleo sides 254 and 255 is shown in Scheme 83.102 The 

Scheme 82

253, 254: R = SMe (a), Me (b), Ph (c), O (d)

Reagents and co nditions: i. Na2CO3, MeCN, H2O (0.5 mol.%), 80 C, 4 h; ii. MeOH—H2O (8 : 2), Dowex H+, 16 h. 

Scheme 83

Reagents and conditions: i. ClCH2CN, Cs2CO3, DMF; ii. LDA, –70 C, THF; iii. CH(NH)NH2•AcOH, EtOH; iv. BzCl, pyridine; 
v. TBAF, THF; vi. (EtO)2POCH2OTf, ButOLi, THF; vii. NH3, MeOH, ~20 C; viii. TMSBr, 2,6-lutidine, MeCN; ix. H2NCH2CN•H2SO4, 
NaOAc, MeOH; x. 1) ClC(O)OEt, DBU, CH2Cl2; 2) DBU, CH2Cl2; 3) K2CO3, EtOH. 
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target products were obtained in low amounts due to 
multi-step synthesis and low yields. 

To widen a series of biologically active carbocyclic 
nucleosides, Kim and Hong101 synthesized 6´,6´-di-
fl uoro-5´-deoxycarbocyclic-9-deazaadenosine C-nu-
cleoside 257. Compound 257 was further converted 
to phosphonate 258 (Scheme 84). The starting com-
pound 256 was synthesized in ten steps in 15% 
overall yield. Despite the relatively high yields in 
each synthetic step (see Scheme 84), this synthetic 
approach is of low interest.

Nevertheless, this method was applied for the 
synthesis of other C-nucleoside derivatives100 
(Scheme 85). The starting lactone 259 was synthe-
sized from 1,4-dihydroxy-2-butene in four steps in 
49% overall yield. Lactone 259 was transformed in 
eight steps to carbocyclic 4-N-dibenzyl diaza adeno-
sine C-nucleoside 260 in 7.2% overall yield. Com-
pound 260 was further phosphorylated to give pro-
drugs 261—264.

4´-Trifl uoromethylated carbocyclic nucleoside 
266 was synthesized similarly via intermediate 265 

(Scheme 86).99 The yield of nucleoside 266 was 1.7% 
over seven steps. 

Vogel and coworkers103 synthesized C-nucleosides 
270 and 271 in high yields (76—90%) from fully 
protected C-ribosides 268a—c by the reaction of the 
aldehyde group with diff erent CH-acidic compounds 
followed by construction of the aglycon unit using 
two sequential cyclocondensations (Scheme 87).

Analogous approach was used to convert protected 
aldehyde 272 to thienopyrimidinone 273 in four steps 
in 20% overall yield (Scheme 88). Aldehyde 272 was 
also transformed to methylthiopyrimidine C-nucleo-
side 276 (see Scheme 88). First, aldehyde 272 was 
converted to 2-deoxy acetylenic ketones 274a,b, 
which were further transformed to pyrimidines 
275a,b. Deprotection of compound 275a aff orded 
C-nucleoside 276. No yields of compounds 274a,b 
are given.103

Reaction of compound 267 with alkynyl organo-
metallic compounds followed by the Dess—Martin 
oxidation gave intermediates 277a,b (Scheme 89). 
Compounds 277a,b were involved in the reactions 

Scheme 84

Reagents and conditions: i. NCCH2CO2Et, ButOK, EtOH; ii. H2, 10% Pd/C, MeOH; iii. DIBAL-H, Et2O; iv. H2NCH2CN, NaOAc, 
MeOH; v. 1) ClC(O)OEt, DBU, CH2Cl2, 2) DBU; vi. K2CO3, EtOH; vii. CH(NH)NH2•AcOH, EtOH; viii. BCl3, CH2Cl2; ix. TBSCl, 
imidazole, CH2Cl2; x. BzCl, pyridine; xi. TBAF, THF.



Mukhin et al.472 Russ. Chem. Bull., Vol. 72, No. 2, February, 2023

Scheme 85

X = ButMe2Si

Reagents and conditions: i. NCCH2CO2Et, ButOK, EtOH; ii. H2, 10% Pd/C, MeOH; iii. DIBAL-H, Et2O; iv. H2NCH2CN, NaOAc, 
MeOH; v. 1) ClC(O)OEt, DBU, CH2Cl2; 2) DBU; vi. K2CO3, EtOH; vii. CH(NH)NH2•AcOH, EtOH; viii. BzCl, pyridine; 
ix. TMSBr, 2,6-lutidine, MeCN; x. 10% Pd/C, cyclohexene, MeOH.

Scheme 86

Reagents and conditions: i. NCCH2CO2Et, ButOK, EtOH; ii. H2, 10% Pd/C, MeOH; iii. DIBAL-H, Et2O; iv. H2NCH2CN•H2SO4, 
NaOAc, MeOH; v. ClC(O)OEt, DBU, CH2Cl2. 
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Scheme 87

268: R = CN (a), CONH2 (b), 4-MeOC6H4NHC(O) (c)
269: R = H (a), 4-MeOC6H4 (b)

Reagents and conditions: i. CH acids, Al2O3, toluene (anhydrous), refl ux, 2—16 h; ii. S8, Et3N, DMF, ~20 C, 2 h; iii. 1) HC(OEt)3, 
refl ux, 2 h, 2) EtOH/NH3, refl ux, 2 h; iv. 90% aqueous CF3CO2H, CH2Cl2, ~20 C; v. HC(OEt)3, DMF (anhydrous), refl ux, 7—10 h.

Scheme 88

274: R1 = H (a), Ph (b)
275: R1 = H, R2 = SMe (a), R1 = Ph, R2 = Me (b)

Reagents and conditions: i. 1) CHCEtMgBr or PhCCLi, THF (anhydrous), ~20  C, 4 h, 2) the Dess—Martin oxidation; 
ii. MeSC(NH) NH2•H2SO4 (for 274a) or MeC(NH)NH2•HCl (for 274b), H2O (cat.), Na2CO3, AcOEt, refl ux, 3—24 h; iii. Bu4NF, 
1,4-dioxane, ~20 C, 24 h.
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with various diamines to afford C-nucleosides 
278—281 with the pyrimidine, triazolopyrimidine, 
and benzimidazopyrimidine scaff olds as the agly-
cons.103

Schneller and coworkers104 developed an effi  cient 
synthesis of a series of carbocyclic formycin deriv-
atives structurally related to 3-deazaaristeromycin. 
This approach is characterized by high yields on each 
step (Scheme 90).

Smellie and Paton105 synthesized nitrile oxide 
284 from D-ribose in four steps in 85% overall yield. 
Compound 284 was used as a starting material for 
constructing the aglycon unit by cycloaddition reac-

tions (Scheme 91). The developed procedure towards 
benzazole C-nucleosides is an eff ective alternative 
to current synthetic routes to furanosylbenzazoles 
owing to small number of steps and good yields.

Zhang and coworkers106 described effi  cient syn-
thesis of indolizine C-nucleoside analogs by one-pot 
three-component coupling of sugar alkynes 234a,c—i, 
pyridines, and -bromo carbonyl compounds. Optim-
ization of the reaction conditions revealed that re-
fl uxing in THF in the presence of cesium carbonate 
for 2 h is the most effi  cient. Under the optimal con-
ditions, a series of derivatives 285 were obtained in 
high yields of 76—95% (Scheme 92).

Scheme 89

277, 280: R1 = H (a), Ph (b); R2 = Me, Ph, SMe

Reagents and conditions: i. 1) HCCMgBr or PhCCLiMgBr, THF (anhydrous), ~20  C, 4 h, 2) the Dess—Martin oxidation; 
ii. acetamidinium chloride, benzamidinium chloride, or S-methylisothiouronium, H2O (cat.), Na2CO3, AcOEt, refl ux, 2—24 h; 
iii. Bu4NF, 1,4-dioxane, ~20 C, 4 h; iv. 1 M HCl, EtOH, ~20 C, 12 h. v. 4H-1,2,4-triazol-3-amine, EtOH (anhydrous), refl ux, 4 h; 
vi. 1 M NaOMe in MeOH, ~20 C, 1 h; vii. 1) 1H-benz[d]imidazol-2-amine, EtOH (anhydrous), refl ux, 2 h, 2) 1 M NaOMe in 
MeOH, ~20 C, 1 h.
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Scheme 90

R1 = H, Me, R2 = CH2OH, CH2CH2OH

Reagents, conditions, and yields: i. 1) 283, THF, –78 C, 2) BuLi, 3) 282, ~20 C; ii. CF3CO2H (20 equiv.), 0  20 C, 5 h; iii. phthalic 
ahydride, toluene, 50 C, 24 h, 80% (over 2 steps); iv. KOAc, Ac2O, isoamyl nitrite, benzene, refl ux; v. NH3, MeOH, ~20 C, ~18 h.

Scheme 91

Reagents and conditions: i. NCS, pyridine, CHCl3, 40 C; ii. 1,2-(H2N)2C6H4, EtOH, refl ux, 5 h; iii. 2-HOC6H4NH2, EtOH, refl ux, 5 h.

Scheme 92

R1 = H, CN, R2 = Ph, OEt, But; Ar = 4-ClC6H4, 2-MeC6H4

Reagents and conditions: i. Cs2CO 3, THF, refl ux; ii. ArC(O)Cl, Pd(PPh3)2Cl2, CuI, Et3N.

A simple two-step method for the selective synthe-
sis of anomerically pure - and -(indol-2-yl)deoxy-
ribo sides -286 and -286 involved the Sono gashira 

re ac tion of 1- and 1-ethynyl deoxyribose and 2-halo-
anilines followed by the Pd-catalyzed cyclization to the 
corresponding indolyldeoxyribosides (Scheme 93).107
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Scheme 93

R = 4-MeC6H4C(O), X = H, Cl, CO2Me, Y = H, Cl

Reagents and conditions: i. 2-haloanilines, Pd(PPh3)4, Et3N, MeCN, 70 C; ii. Pd2(dba)3, JohnPHOS, MeCN, 120 C.

Scheme 94

Reagents and conditions: i. CH2CHMgBr, CuBr•Me2S, TMSCl, HMPA, THF, –78 C; ii. LiAlH4, THF; iii. ClCH2CO2H, Ph3P, 
diisopropyl azodicarboxylate (DIAD), THF; iv. LiOH•H2O, THF, H2O, 0 C; v. BnBr, NaI, NaH, THF; vi. dimethyldioxirane 
(DMDO), acetone, 0 C; vii. NH4OH, 60 C; viii. 2,3-dichloropyrazine, Et3N, 1,4-dioxane; ix. DMSO, (CF3CO)2O, Et3N, CH2Cl2; 
x. CF3CO2H, (CF3CO)2O, pyridine, toluene; xi. NH3, MeOH, 130 C; xii. cyclohexene, Pd(OH)2/C, EtOH, refl ux; xiii. 2 M HCl, MeOH.
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Ye and Schneller108 synthesized 5´-noraristero-
mycin C-nucleoside bearing imidazo[1,2-a]pyrazine 
aglycon mimic via the construction of aglycon on 
the sugar unit (Scheme 94). The yields were above 
75% on almost all steps except for the key imidazole 
ring closure step that gave 42% product yield. 

Draff an and coworkers44 reported on the synthesis 
of compounds 289 (Scheme 95) and 290 (Scheme 96). 
Structural features of these compounds required the 
careful choice of synthetic approaches. Thus, com-
pound 289 was synthesized by a highly modifi ed 
approach developed by Patil et al.109 Slow addition 
of pyrrole to compound 287 at low temperature 
(–78 C) in the presence of BF3•Et2O aff orded a 1 : 1 
anomeric mixture of the pyrrole nucleosides -288 

and -288 in 80% yield (see Scheme 95). Modest 
improvement in β-selectivity was achieved at higher 
temperature (–50 C;  :  = 1 : 2) but at the cost of 
the yield (60%). The mixture of - and -isomers 
288 was separated by fl ash column chromatography 
and -isomer was transformed to -isomer by treat-
ment with BF3•Et2O. Subsequent construction of 
the triazine unit and deprotection of the hydroxy 
groups of the riboside moiety gave the target C-nucleo-
side 289.

Convergent approach (see Section 1) was unap-
plicable to the synthesis of pyrazolo[1,5-a] [1,3,5]-
triazine C-nucleoside 290, therefore this compound 
was synthesized by linear synthesis of aglycon on 
a sugar unit (Scheme 96).44

Scheme 95

Reagents, conditions, and yields: i. NaH, 2,4-dichlorobenzyl chloride; ii. CF3CO2H—H2O (9 : 1); iii. Cl3CCN, Cs2CO3; iv. 1) 4 Å 
molecular sieves, CH2Cl2, 2 h, ~20 C, 2) pyrrole, BF3•OEt2, –50 C or –78 C, 3) NH3, MeOH, –78 C; v. ClSO2NCO, MeCN, 
DMF, 0 C; vi. BF3•OEt2, CH2Cl2, refl ux; vii. 1) NaH, THF, 0 C, 2) Ph2P(O)ONH2, THF, 0 C; viii. CH(NH)NH2•AcOH, 
MeC(O)NMe2, 140 C, 1—2 h; ix. H2, Pd/C (10%), 45 C, 18 h, NaOAc, MeOH, AcOH.

Scheme 96

Reagents and conditions: i. NaH, DME, 0  20 C; ii. ButOCH(NMe2)2, DMF, 60 C, 15 h; iii. N2H4•HCl, EtOH, 105 C, 2 h; 
iv. EtOCH=NCN, 85 C, toluene; v. H2, 10% Pd/C, MeOH, 45 C, 17 h.
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It can be noted that the strategy of construction 
of aglycon on a pre-formed carbohydrate unit to 
synthesize C-nucleosides of various nature is com-
mon. The advantage of this approach is the possibil-
ity to synthesize the functionalized heterocyclic 
aglycons which is very important in the search for 
compounds with a given biological activity. However, 
the necessity to prepare preliminary (pseudo)ribo-
sides bearing the moieties suitable for the subsequent 
aglycon synthesis signifi cantly reduces the attractive-
ness of this strategy. The synthesis of these precursors 
often requires multi-step sequences thus negatively 
aff ecting the overall yields of the target C-nucleosides.

Conclusion

In the present review, three main strategies to the 
synthesis of C-nucleosides are described: the direct 
C—C coupling of the pre-formed aglycon and sugar, 
the construction of an aglycon unit on a pre-formed 
sugar, and the construction of a sugar unit on a pre-
formed aglycon. Each strategy can be used for syn-
thesizing the compounds, which are hardly acces-
sible by other methods. 

The direct C—C coupling under the Heck condi-
tions enables synthesis of both 2´-deoxyribonucleo-
sides57—65, and carbocyclic C-nucleosides.31 The 
undoubted advantage of this approach is no need to 
fully protect all hydroxy groups of (pseudo)sugar and 
amino and carbonyl groups of aglycon, which sig-
nifi cantly increases the overall yield of the target 
C-nucleoside since no protection and deprotection 
steps are required. 

Another C—C bond forming strategy involved the 
reactions either between ribonolactone and lithium 
intermediates or between the Grignard reagents and 
1´-halogenated carbohydrates or ribonolactones. In 
all cases, the reactions gave the mixtures of - and 
-isomers separable by column chromatography. 
Application of this strategy is complicated by the 
need to carry out the reactions at low temperatures 
(–78÷–100  C) in anhydrous solvents under an 
inert atmosphere to prevent hydrolysis of organome-
tallic reagents and intermediates. Protection of the 
carbonyl and amino groups to reduce the formation 
of the side products is required as it was clearly shown 
by Metobo and coworkers.34 Thus, Boc and TMS 
groups were found to be the suitable and convenient 
protective groups in the presence of which the yield 
could be increased from 10 to 82%.45 The use of the 

excess of the base (the Grignard reagents or its ana-
logs) for the aglycon activation is also important. In 
some cases, the yields of the target products equal to 
20—40% achieved in the presence of 1 equiv. of 
the base could be increased to 65—90% by using 
3.3 equiv. of the base. This strategy is the most prom-
ising in terms of small number of steps and good 
yields of the target products. 

More exotic variants of the direct C—C coupling 
of aglycon and sugar were reported. For instance, 
electrochemical activation of the starting com-
pounds,68 photocatalytic reactions,66 and Lewis-acid 
catalyzed glycosylation67 were described. However, 
in most cases these methods are limited to only 
a specifi c class of compounds, did not provide high 
yields and required stereoselectivity.

The construction of an aglycon unit on a (pseudo)-
sugar residue opens up the prospects to a wide range 
of various C-nucleosides. It is of note the method 
based on ribofuranyl alkynes87,88,90 that provided 
both mono- and bicyclic101,104,105 aglycon scaff olds 
in one-two synthetic steps in excellent yields. The 
drawback of this method is the use of expensive pal-
ladium catalysts. In other cases, the synthesis is 
multi-step, which inevitably leads to a decrease in the 
yield of the target compounds. Moreover, this strategy 
required the use of fully or partially protected start-
ing (pseudo)sugars, which adds the additional protec-
tion/deprotection steps in the reaction sequence. 

The construction of the sugar unit on an aglycon 
allows a selective synthesis of C-nucleosides, which 
are hardly accessible by a direct C—C coupling and 
other methods. It should be noted that the yields of 
C-nucleosides upon coupling of nitrones and vinyl 
azoles under electrochemical conditions increased 
up to 92—96%; while the reaction in refl uxing solvent 
gave the target products in 75—85% yields.76,77 This 
approach was used in the smallest number of works 
published over the past 10 years, which refl ected its 
least promise due to limitations on structural diver-
sity of the synthesized C-nucleosides, multi-step 
reaction sequences, the need in expensive catalysts, 
as well as due to availability of simpler approaches 
towards C-nucleosides. 
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