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1. INTRODUCTION

Carbohydrate analogs in which a carbon atom substitutes for the glycosidic oxygen are called C-
glycosides. During the last two decades, the synthesis of C-glycosides has become an area of intense study

among carbohydrate chemists and biochemists because: 1) The discovery of naturally occurring C-nucleosides
with imnartant nharmasnlnagicral nranarstiacl gave immnatiie tn qunthatin  affaete far nramaring  antivua
VYIM: HBMpAUR MGl pialiliiavuivgival | prupviuans gave  uupLius w S Y LI UA C1iUiwy  1ul pivpaliiig  avlly

carbohydrate analogs; 2) The requirement of C-glycoside chiral building blocks in the synthesis of biologically
important macromolecules, such as palytoxin,2 spongistatin®4 and halichondrin B> has stimulated the
development of the new synthetic methodologies; 3) C-glycosides are potential inhibitors of carbohydrate
processing enzymes and are stable analogs of glycans involved in important intra- and inter-cellular

processes.6-?
C-glycoside synthesis has been reviewed by Postema,!0 Levy,!! Sinay,!2 Beau!3 and Nicotra.® The aim
of the present survey is to provide a summary of the recent applications, published since 1994, of

v

stereoselective methods in the synthesis of C-glycosides.

shown on Scheme 1. The numbers in italics indicate specific sections in this article that describe each synthetic
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2. Electrophilic C-Glycoside Donors

Electrophilic reactions are probably the most widely used for the formation of C-glycosides due to
easy accessibility of the electrophilic sugar species, intermediate stability, and reaction simplicity. Methods
that involve the electrophilicity of the anomeric center can be applied to electrophilic C-glycosidation 10

Commeonly used C-glycoside electrophilic donors are shown in Fig. 1.

DO I5:Ya %Y o rat e Ty
Rn (RO) {(RO) (RO)
—0 n —0 n ——0 " ——0
\ N . P N ~ g N > N
DN N NP M
X = halide, imidate, sugar lactones glycals 1,2-anhydro
free OH, acetyl sugars
ie. 1. Electrophilic donors
5 riacviu pxuuu UvLIuUID
| Glycosyl halides

Glycosy! halides are commonly used as electrophilic donors. The addition of stabilized anions, such as
malonate anion [CH(CO,Et),], to a-glycosyl iodides proceeds with inversion of stereochemistry, by a
presumptive Sy2 mechanism, to give C-glycosides with good yield and stereoselectivity, even in the absence of
a C-2 participatory (ester) group.!4 The observed a-selectivity in the gluco series, is presumably due to the p-
iodide generated through in siru anomerization. The galactosyl iodide (2) is considerably more reactive than its

gluco counterpart, directly giving Sy2 product, C-galactopyranoside (6), with good yield and 8-
t "

R2 diethyl malonate R2
| ~OBn NaHMDS R™ OBn R® _oBn
rR! ] 5-crown-15 0] CO,E
e ——————————
BnO
Bno | BnO BnO CO,Et
EtO,C / CO,Et
1R'=0Bn, R*=H 3R!=0Bn,R>=H SR!=OBn,R*=H
2 R'=H, R?= OBn 4R!=H, R2= OBn 6 R!=H, R%= OBn
gluco 3:5=51 66%
galacto 4:6=1:10 58%
Scheme 2

The C-glycal with its versatile functional group is an attractive building block in natural product

synthesis.!5 C-glycals are conveniently prepared by treating ether-protected glycopyranosyl chlorides with
organolithium reagents!6 (Scheme 3).
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Scheme 4

e prepared by reaction of glycosyl bromide (14) and organotin
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The 2-azido C-gly0051des 16 and 17 wer

n the presence of catalytic amount of AgBF,. The lower a-sel
metalated phenyiacetyiene may arise from its higher nucleophilicity causing it to react direcily with the
oxonium species 18 (Scheme 5). Evidence in support of this mechanism can be taken from Posner’s recent
publication!® on the synthesis of antimalarial trioxane derivatives. The coupling of mixed o, p-fluoride sugar
derivatives with dimethylaluminum C-nucleophiles gave p-C-glycosides stereoselectively, implicating the

reaction was carried out through a compound 18-type carbocation intermediate.
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2.2 C-1 Lactones

Glyconic acid lactones, useful substrates for the formation of C-glycosides, are readily prepared
through the oxidation of lactols. A two-step process, nucleophilic addition and reductive removal of the
resulting lactol, provides C-glycoside in high yield with excellent stereocontrol.

Bromide-lithium exchange of 21 with #-Buli at -75°C forms 22 (Scheme 6). In situ phenylation of

itil DUl 4 Vi &8 (OGN ArL ML (=24},

lactone 23 furnishes a mixture of hemiacetals that can be subsequently reduced wnh excess Et;SiH/BF;+Et,0,

Br Li’

OBn  OBn
21 22aR=H 24aR=H
22b R =Me 24b R = Me

Scheme 6
O-Benzyl protected gluconolactone 25 (Scheme 7) reacts readily with stabilized anions of lithiated 2-
methyl quinaldine, quinoxaline, benzimidazole and imidazole at low temperatures to afford C-glycosides 26-28,
31, 34 in high yields.

BnO-\ BnO—\
Bno/‘V\,/O BnO*"F/O A
- i \ 4 T ® . ——— —_ g \ V4 T
BnO v A BnO—Xe"
B0 O BnO |
OH
25 26-28
—\ r=N N~
< >.__, _< >-—-\ _</ 2 =H (76%
26 Ar= N 7\ 27 Ar= \ 7\ 18 Ar = “ .,] -E?E_- (,..Mo,)\
N— N <7 AT NU 46 AT N—~2~  28bR=Bn(8%%)
_ = I'( 28c R=BOM (%1)
(89%) (32%)
BnO— NaOEt Hy, Pd/C AcO—\
HF,Py noo 0 EtOH BnO/ Acy0, "Y
26— Ar——™
67% BnO 92%
BnO | ) 5,
F BnO Y
29 30 H 31
NaH, BnO— Bnoj Hy, Pd/C AcO

AcBr 0 TMSOTT, o} Ac0, Py AcO
28 2ELBOTNA—Q B0 € /W \ —Ar

] quanti. Bnow B“OWAI - AO—RTTY
BnO I \ ‘-1 AcO

32 A 3, H 34

Scheme 7



The direct dehydroxylation of ketopyranose 26-28 with Lewis acid and triethylsilane failed. Schmidt
and coworkers?! designed three alternative routes to obtain the target C-glycoside (Scheme 7): 1) formation of
glycosyl fluoride, elimination and hydrogenation (26—31); 2) acid catalyzed dehydration and hydrogenation
(28-33-34); and 3) acetylation of the C-1 hydroxy group, TMSOTf-catalyzed elimination of AcOH and
hydrogenation (28—32-33-34), giving the best overall yield.
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Nucleophilic addition of organolithium reagents to protecied giycofuranoiaciones 35 and

glycofuranosides?®> (Scheme 8). Stereocontrol results from hydride delivery cis- to the adjacent oxygen

functional group.
OBn OBn , OBn
- U o & Et3SiH U o
o RU BFy Et,0 R R =Me
e oy — R = alkynyl
4 “, 4 “, 4 o,
BnO “OBn BnO ‘OBn BnO “0OBn
35 36 37
Scheme 8
2.3 Glycals
The direct synthesis of O-glycosides from glycals affords high yields and good stereoselectivity. The
el 1 a4

easy accessibility and versatile functionality of glycals also provides advantages in C-glycoside synthesis.2*
Csuk and co-workers reported the formation of 2,3-unsaturated C-glycosides from glycals and silyl ketene
acetals after allylic rearrangement (Scheme 9).25 While the benzoylated glucal 43 reacts with 39 to give C-
glycoside 44 in 98% yield, the 2,3,4,6-tetra-O-benzoyl-1,5-anhydro-D-arabino-hex-1-enitol (45) does not react

under the same coupling conditions (disfavored allylic rearrangement).

R’ OTMS 1
,qo/\A./O. + \—/ TMSOTf RO~ \~\—0, R TMSOTS
R _L /—X WCOZMe 45+ 39 NR

1 2 = 1: 2: < . =1
38R=A¢,X=H 39R =R“=Me 40 R=Ac, R] ,.Rz Me 68% Q,B 1:4
43R=Bz,X=H 41R'=R*=Et 42 R=Ac, R’'=R"=Et 25% onlyp
2 .
45R=X=0Bz 44 R =Bz, R'=R?’-Me 98% B =1:16
Scheme 9
An inexpensive and reusable acid clay, Montmorillonite K-10, serves as an efficient catalyst for C-
glycosylation of al with allylsilane (49), vinyloxysilane (50) and isopropeny! acetate (51)
|}

jith ally
mainly giving a-products (Scheme C-glycosidation of glycal 46 with allytributyltin 52 demonstrated
that it was much less reactive than allylsilane 49. In addition, 2-siloxypropene 53 afforded much lower yields
than isopropynyl acetate 51. The same clay has been applied to the aryl C-glycosidation of unprotected 2-
deoxy monosaccharides and their methyl glycosides with high B-selectivity.?” These reactions not only
employ an environmentally compatible catalyst, but the work-up involves only filtration and evaporation of

solvent resulting in easy recovery and re-use of catalyst and solvent .
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/ O\ ~ montmorillonite K-10 / \
k7 S VN
(AcO), CHCly, 1t (AcO), . X
38, 46-48 49-53 coupling with 49, X =CH,, Y=H

coupling wuth 50, X =0, Y =H
coupling with 51, X =0, Y = Me
AcO ~—O AcO

Me
We ) a0 )f—q a0 )—o N s I
N_7 V.. N Voa ) AT goooms |
[— \ OA // \ // = \OR

OAc
- 49 R - TMS 50 51 R = Ac
46 47 48 52 R = SnBus 53R =TMS
Scheme 10
Difluoroenoxysilanes, prepared f acylsilanes 54 and CF;TMS under fluoride activation, can be

glycosylated by glucal 38 to yield C-glyc051des 55 having a difluoromethylene in place of the anomeric

avvoan2B (Crhans

UAJlel_- \L)\all lle 11

\-/

: O TRACQ
i. CF31TMS,

OAc -

£ o BugNPh3;SnF /é/o ﬁ R =Ph, CHj, CgHy7 or

AcO O\ + I ii. BF3* Et;0 7 AcO \ § % OBS
———- —_—

Aco—k:::\ R SiMe 60-75% W R O

O
38 54 55 o:f=3:1t04:1 };

2.4 1,2-Anhydrosugars
1,2-Anhydro sugars are widely used as donors in O-glycosidation reactions resulting in 1,2-frans
stereoselectivity.29-30 These 1,2-anhydrosugars can be synthesized from glycals,3! C-1 halide,3? or C-2
tosylated sugars.33 The last two reactions are typical Sy2 processes with exclusive control of configuration.
Early work using 1,2-anhydrosugars for C-glycosidation focused on their reactions with dialkyl (aryl)

iprates in the presence of n-BuLi. Van Boom and co-workers34 extended this reaction to lithiated alkynyl

wia ol 111 4alid LUTWULALELS 1L = n alsll Al

€

derivatives, The desnred nng-opemng of 1,2- anhydro 3.4, 6 tri-O-benzyl-a-D-glucopyranose (56) in the
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< . ¢
58-60, n-BuL.i BnO Co4(CO)g BnO O
BnO gl BnO
ZnCl,, THF OH I CH;Cl, (95%) OH |
Il AR Coy(CO)g
12 62
5 R =Bn ® n-Pr
STR=Tr 61 R! = Bn, R2 = n-Pr (55%) _
1 2_ o 0.1 equiv,TfOH
p— 65R! =Bn, R? = TMS (51%) CH,Cly, 2 h. 1t
58 ) W 66R!= Tr, RZ= CH;OTHP (76%) +
OBn
=—TMs (OB“ <
59 o} n-Pr I, THF BnO' \l/ -1
Bno N0 = o \ — 3—.
: Bnow (73%’ 2 Stcps) OH COZ(CO)(’
"OTHP OR
60 64 63
Scheme 12
The high o selectivity can be rationalized by the mechanism shown in Scheme 13.
£ s ‘ T
g'/ \ g/o\ cl E/ + §
: < /ON/ ; \\\ cr g/ 0
§ o P S~
zn —_— 0 % OH
+ X zh I
R \\\ R
CiZn R - A S

©
n

Scheme 13

Epimerization of the a- to B-configuration was also investigated. Protection of the yne system in 61
with dicobaltoctacarbonyl resulted in the complex 62, which was epimerized with catalytic amounts of triflic
acid. Decomplexation of 63 with iodine led to the isolation of B-C-glycoside 64 (Scheme 12). Ring-opening of
1,2-anhydrosugar 56 with ZnCl, and excess sodium/di-tert-butyl malonate proceeds stereoselectively to give
the B-C-glucoside 68 (Scheme 14).

_-0Bn _-0Bn _-0OBn
o ZnCl O _ o
BnO 2 BnO *"CH B BnO
e \ _— . \ Na' CH(CO, “32 BnO \ CH(CO2Bu);
~~ rasdall OH
O G Ci
cizn
56 a ” - 68

2.5 C-1 Acetylated carbohydrates
Most of C-1 acetylated sugars react directly with allyl and acetylenic silanes in the presence of Lewis
acids (TMSOT{ or BF;°Et,0) to generate a-C-glycopyranosides in good yield (Scheme 15).33-3% Kishi and



Minehan#® used glycosyl-1-O-acetates and silyl ketene acetals to obtain C-glycosides. The stereochemical
outcome of these reactions can be controlled by exploiting the electronic and/or steric properties of the
nucleophiles (Table 1).

R\ . 1 R¢ R BnO—; AcO—

- _l»-_L
nucicopm

Lewis acid /—o  }—q

( Veonele ( >
OAc \_)— i Ny OBn
OAc
(PO)..,/\—)” CHyCly, 1t / ® 0)
69

(I)Bn OAc

Me Me 71 72
BnO /—q BnO }—0 OTMS Me omms  Me OTMS
™ 7——(__
> \ /\/ > J\ —
/] : a
, {0
5 OBn OAc 75 76

Scheme 15

Table 1. The Electronic Effect of the Silyl Ketene Nucleophiles.

Substrate Nucleophile B:®  Yield% Method” Substrate Nucleophile B:®  Yield% Method”

7 75 <1:10 55 A 73 75 <1:10 96 A
71 76 14:1 57 A 73 76 1.i:1 72 A
7 77 3:1 64 A 77 2:1 78 A
71 78 3:1 65 A 73 78 8:1 72 A
72 75 <i:10 50 B 74 75 <i:1¢ 50 A
72 76 >10:1 47 B 74 76 >10:1 52 A
72 77 >10:1 53 B 74 77 >10:1 71 A
72 78 NR -- B 74 78 >10:1 60 A

* Method A: 1 eq of TMOTS was used; Method B: 1 eq of TMSOTf and 9 eq of BF;*OFEt; were used.

These studies showed that silyl ketene acetals preferentially formed B-C-glycosides. Allylsilanes, having lower
relative nucleophilicity, gave o-C-glycosides. An increase in the steric hinderence at the nucleophile’s reaction
terminus results in enhanced B-selectivity. The presence of a neighboring participating group (such as OAc) on

S T

(-2 can aiso greatly increase the -selectivity.

and cnliant,

inding effective activators and solven
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in C-glycoside synthesis. In a case study, Mukaiyama and co-workers
influences of these factors (Scheme 16, Table 2 and Table 3).

BnO
Bro— O OTBS O i

OAc / Activator < ?““ CHyCOBn

! v \ solvent - (})
O\!r NEt, OBn -78 °C, 4h \2’ NEt,
79 80 81

Scheme 16



Table 2. Effect of Activator in C-Glycosylation Table 3. Effect of Solvent in C-Glycosylation
Performed in CH,Cl, Using SiCI(OTf); Activator(100 mol/100)
A ~tivatne mal/100 Vialdos /B Calyant Viald ~/R
Mwiivawu [SIAV VAR RVAVS i iwiNA /Y W’l SULIvVOlLIL 1 isau \H’.l
SnClOTf), 100 9 28/72 toluene 64 20/80
TiCiyOTf), 100 5 25/75 CH,Ch 89 4/96
SiCI(OTf), 100 86 3177 EINO, 54 33/67
SiCI(OTf), 200 82 10/90 EINO, 21 15/85
SiCI(OTf); 50 86 19/81 CH;CN 59 31/69
SiCi(OTH); 100 89 4/96
SiCKOTH); 200 81 2/98

A Y2

TrCl0, (0.1 eq) and TMSOTS (1 eq) are excellent co-promotors in the C-glycosidation of furanose
acetate (82) with [(trimethylsilyl)oxy]furan (83) (Scheme 17).42

r TBSQ

/
TBSQ CyoHy " \__/ \—/ “
TrCIO,, cat. 92%

A~ ONrone - < 60% 84 (erythro) o

CioH2t \ / (O\/—-’ OTMS ” (erythro) epimerization
\ / TBSQ

82 " s
83 /
“~ CjoH21 vg

40% 85 (threo)

Scheme 17

2.6 Anomeric trichloroacetimidates
Schmidt and co-workers#3:44 have demonstrated that anomeric trichloroacetimidates are useful glycosyl
donors in the synthesis of B-C-glycosides, particularly in aryl C-glycosidations. Glycosyl imidate 86 reacts

with electron-rich aromatic compounds such as 87 in the presence of BF;eEt;O or TMSOTS, to
stereoselectively afford p-C-aryl glycosides in good to excellent yields (Scheme 18).22 The N-tetrachloro-

72 rrrnn\ . UL TS PRS- g PRI E IS o SRR s SR RS gk PR SO U AUy, g
pntnaurmao (V=1L F) protecied g ucosamlnyx tricnioroacetlimiqate can reéact 10 1orm € -giycosiaes unaer Simiiar

conditions.43

86 87 88



3. C-glycosylation Through Anomeric Anionic Intermediates

The “umpolung” strategy is complementary to the electrophilic methods described in Section 2. Most
of the applications, based on the deprotonation of the anomeric center, rely on the use of lithiated glycosyl
nucleophiles to prepare C-glycosides.45

3.1 Reductive lithiation-dianion method

Paulean and co-warkarqdd
i AT, WS 0

iret renarted the carhan-_elanoation of onen-chain carhaohvdratee hy nalarity
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IIIVCIS10IT (UITIPOIUIIY ) di UIC dlUINCTIC COIICT USIITE UldiNOIIS O [1YAroxyidicd 1,5-Uillancs. 1mis I nor

Li X Li
89 90 91 92
p;ﬂ 0 A TINTMATI aninnie (:nl-‘r‘;rln ‘IGI‘A ;“ =ryl\rr\na; nf;nr\
Py ls- hawe L MAANTLILANCL AN GBIV ﬂ}l\.{\ll\lﬂ WUOWWL 11 W bl! WAZJDIMAGALIVRE

Kessier*7-5¢ generated the a-dianion 92a from the vicinal halohydrin 93 by treatment with #-BulLi and
lithium naphthalenide. The presence of C-2-lithium alkoxide effectively prevents 1,2-elimination thus blocking
the formation of the undesired glycal (Scheme 19). The lithiation of the corresponding B-glucosyl stannane 95
provides the B-dianion 92B. The same approach has also been applied to amino sugars to prepare C-

glycopeptides.51-53 (Scheme 20)

Biu0=— [ Bul— 1 BialC—
B“IO/‘\‘V/O l BLU;:'; | BnO/Nv/O I RCHO RnO —~\_-—-0
1. L1
BnOw —| BnO l - BnOA/ﬁ
o | MO | Lio ;| Ho |
| I 920 94 po' "r
l Bu;SnLi
BrO— Buili [ Bro— 1 BnO— -
BnO 0 SuB (0equiv)_| gno 0 .| _RcHO BnO 0
BnO } BnO \ " 7/ Bno y R
HO ] LiO ] LiO
95 L 92 - 96

Scheme 19



OB i. SOCl i 3
BnO \ ————————-—~——-—->l Bno/ﬁ./ A . | -
BnO OH jii. BuLi Bnow Li Bnow,cozu
NHAc THF, -78 -- -55°C

o
v/ o

. S e |
OHC COOMe KHN ~COOR™
TBU, HOBt, DIEA
< OBn NHCbz v
/A/‘O OH BnO
BnQ . ) S . o o )
BnoW/\/\/COOMe n o\ jﬁ . _COOR
N i BnO~—=s— \ \
AcNH NHCbz HNAc N l
NHR!
99 101
Scheme 20
3.2 Lithiated 1-alkoxyvinyl anions
3.2.1 Alkoxyvinyl deprotonation
The addition of a lithiated glycal derivative to a quinol ketal or guinone followed by aromatization and
hydroboration affords C-aryl arabinofuranosides (Scheme 21). The 34 frans-disubstituted dihydrofuran
derivative gave a-C-glycoside 105 while cis-isomer gave the corresponding B-C-xylofuranoside.?*36

TBSO T — i. BHs, THF, B30 A
0 TBSO . NaOH/H202 OAc
iii. Ac,0, DMAP, Py

102 103aX=H 104 105
103b X =Br

Scheme 21

Schmidt and co-workers57 have used C-2 sulfoxide-stabilized 1-C-lithiated glucal 108 as Cg nucleophile.

Its reaction with various C; aldelyde electrophiles provides high yields of hydroxy-methylene-bridged C-
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3.2.2 Tin-lithium transmetallation
Reaction of stannane 111 with electrophiles, such as aldehyde 112 or triflate 113, in the presence of n-
BuLi affords C-disaccharides 114 and 115 (Scheme 23). Tin-lithium exchange takes place during the reaction

and the lithiated sugar generated in situ is believed to act as the nucleophile in C-glycosidation3® (also see
Schemes 19 and 20).

RO OR "o
I “ 12 114 (31% R:S = 2.1:1)
RO
OR + RO/\I/OY\(O w0
111 R = TIPS or Bn ~ON 0, BuLi I ﬁ \/
O / \/-__________ R_O)\/I‘ )—J""O/\
BnGl_.""O/\ éR Bro
113 115 (41%)
Scheme 23

4. Intermoiecular Free Radicai Approaches

An anomeric free radical is a common a-alkoxyalkyl radical. Its elevated HOMO can interact with the
LUMO of an electron-poor alkene, such as acrylonitrile, acrolein, to form a C-C bond. The merits of
intermolecular free radical approaches are: 1) Their compatibility with a wide range of protecting groups, and

2) Undesired elimination and/or epimerization reactions are suppressed since no anion is generated in the



4.1. Radical C-glycosylation using glycosyl bromide

The most commonly used approach for radical C-glycosidation is the reaction of the radicals, generated
from glycosyl bromides, tributyltin hydride and AIBN, with conjugated electrodeficient alkenes.®® In a case
study, Schifer® showed that vitamin B,,, (in place of AIBN as radical reaction initiator) together with Zn and
NH,CI (as co-catalysts) improved the yield and stereoselectivity of radical C-glycosylation (Scheme 24).

AcO AcO A: BusSnH (1.8 equiv)
SN AorB N CH,=CHCN (85 equiv) 0:B=10:1
K OAc - OAc AIBN, Et,0, reflux, 55%
1 y | . . .
0 AC‘-—_.( Br o AH \ _CN  B:Vitamin By, (0.03 equiv)
OAc OAc CH,=CHCN (4 equiv) B =13:1
116 117 Zn, NH,Cl, DMF, 68%
Scheme 24
Similarly, allylic sulfides 119 or sulfones 120 in the presence of hexabutyldistannaneS! give the
corresponding o-C-allyl glycosides 121-123 in good yields (Scheme 25).
-OAC —~OAc
-~ < Ne) ” N AA\ _.O
AcO™ \T——"Y + )\/Y o A T~
Acow R . AcO
OAc 70-90% OAc N
. Br 121R-H
118 119 Y = SPh 122R=E00C ||
120 V = SO)-Ph 4RI D — A AT
120 Y =350;rh 125 R = AcUCH)
Scheme 25

Radical reaction of 2,3,4,6-tetra-O-acetyl-o-D-galactopyranosyl bromide (124) and Boc-
dehydroalanine-OBn (125) in the presence of tributyltin hydride and AIBN gives a mixture of the epimeric C-

galactosyl alanine derivatives 126 and 127 in a ratio of 3.8:1 with 61% yield.%2 (Scheme 26)

0OA
Bu3SnH OAQ/OAC Oac s A¢

OAc Toluene
OAc/ AIBN o N - —q
M/O\ + /lL ACOW COOBn ACOW COOBn

AcO-\/N' BocHN”  ~COOBn A0 |/ A0 |
AcO B
r

124 125 126 127

/ BU3SnH ?USGW H
174 £ PhSeq :l —_— OMe A ‘
F V2 ] o 4

Scheme 26
Radical glycosylation of (+)128 with 124 gives a diastereomeric mixture of (+)129 (Scheme 26).63
Apiosyl bromide 130, refluxed in benzene with a large excess of olefin derivatives 131a-g in the
presence of TMS;SiH and AIBN, gave a good yield of C-glycosides 132a-g (Scheme 27).64



BO— o B R' isiSiH, ABN B0~ { .. 131a,132a R'=COMe  R%=CO,Me
Df 3INIH, AIBN e 0. " 1 - 2:
<\ \ N ﬁ j/ \Y’ 131b,132b R'=CO,Me  R’=H
H | 131c,132¢ R'=CN I=H
benzene reflux 2

& o R? 131d,132d R'=COCH; R?=H
,>(< o ° 131¢,132¢ R!=CHO RI=CH;
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Scheme 27

Keck reaction of the 2,3,4,6-tetra-O-acetyl-1-bromide-B-D-glycopyranosyl chiorides {133a-¢) was
investigated by Praly and co-workers® under photolytic conditions (UV light irradiation). This reaction is
carried out under very mild conditions and gives good yield and stereoselectivity. (Scheme 28).

OAc OAc OAc

RY Bu3SnAli R ¢ BusSnH R
S CgHg, hV “3,4\\ -0 CeHs, hv 3/JN _|-0
P — PR U NN U A

—————-
AcO— ¢ AcO- ——NF AO—IT NN
2 R2 R2
Br Cl
134
RI' RZ R} RY 135a D-gluco
133a D-gluco {4 QOAc OAc H 135b D-galacto
133b D-galactoc 4 o0Ac H OAc 135¢ D-manno

133¢ D-manno 0Ac H OAc H
Scheme 28
Keck reaction of the glycosyl chloride derivative of N-acetylglucosamine 136 affords the a-C-glycoside
137. The same allylation of 138, directed by the sterically hindered 2-phthalimido protecting group, provides
the B-C-glycosides in good yield and high stereoselectivity (Scheme 29).66
__-0OAc ~—OAc < OAc — OAc

Aco/N/O\ AcO /\A/ Q AcO "\\\/0\

AcO O\ -
—_—
AcO o AcO ACOMemm B O 7 A0 M INANNF
AcHN 66% AcHN N o 64-77% N O
a O Ny O My
136 137 " — -
R— — —< >
reaction conditions: R R R R
Bu,SnAll, AIBN, heat
- 138aR=Cl i3%aR=Ci
138b R = 139bR=H
Scheme 29
4.2 Radical C-glycosylation with exomethylenic carbohydrates

Glyco-exoenitol 140, obtained by reaction of the corresponding lactone 25 with Tebbe’s reagent, reacts
with a malonyl radical to give the stable C-glycoside (141) with B-steroselectivity based on the preferred
configuration of the anomeric radical (Scheme 30). Reaction of the same malonyl radical with exo-methylenic
furanose gives the corresponding B-C-furanoside.¢’ Similarly, radical addition of thiol acetic acid to compound
140 or 142, with AIBN initiator, generate -C-glycosides 143a or 143b in good to excellent yields.68
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BnO—\ Tebhe's BnO— CICH(CO5Et), BnO—\
BnO""N/O\ reagent Bn N/ ) Bu3SnH Bnowo\ (|200Et

B e
A U A T S\ BrONeem 1 H
5 .

BnO BnO Y BnO COOFt
25 140 \smSH + AIBN 141
AcSH SAC \ BnO—
“3‘3/7Af7m AN HsC—7 07~/ o0

S~ OBn — OBn on =
‘ / ~ BnO s "h‘ \ _——SAc

Bno BN BnO " BnO
142 143b 143a
Scheme 30
5. Samarium Iodide Mediated C-Glycosylation

Sml; has played an increasing role in organic synthesis since its introduction in the late 1970s. Sml,
promotes a number of important reactions in organic synthesis viag one- and two- electron transfer processes
including: radical cyclizations, ketyl-olefin coupling reactions, pinacolic coupling reactions, Barbier-type
reactions, and aldol-type reactions.5? Sinay and Beau can be credited with the major contribution of introducing
Sml,-mediated reactions for C-glycoside synthesis.

3.1. Single electron transfer reactions

The stereospecific synthesis of 1,2-cis-C-glycosides was accomplished using a silicon-tethered
AT Aca manntimne memmaad  tlhan
unsaturated group at the C-2 hydroxyl group.707! These reactions proceed through an anomeric radical
omanatad faa oita s EAllac T Lo o o 1 .t __ sy 1 an
generated in situ followed by exo cyclization (Scheme 31)
\c': B \

144 SOzPy 145 146 (25-80%)
BnO— - BrO— .
Bpo/\A/O Bpg/v\\ —0 BnO—,

1 — 1
e .
— Si Py 3] HO k\j‘
14—7 n 148 ~ i‘ig (60'8’\3/0) R
Scheme 31

3.2. Sequential single electron transfer reactions

Glycosylsamarium (III) derivatives, generated from glycosyl chlorides or sulfones, undergo Barbier-

type condensation with carbonyl compounds to form C-glycosides. These reactions are believed to proceed
through two consecutive one-electron transfers to form a g!ycos"l anion intermediate
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Sinay and co-workers’? demonstrated that reductive samariation of 2-deoxy glvcopyranosy! chloride
(Scheme 32) and perbenzylated glucopyranosy! pheny! sulfone (Scheme 33) with Smly/THF/HMPA in the
nracanca af cnchanul camimatinde affasdad thha daciead 77 alirnmoidan fo e dicnd Lae D doc: ciaene N oot g
PIESCIILT U1 Lalvuilyl LUINIPUULIUS allvtucu Uic acsiica C-giyCosIacs {0-proauct 10r <-a€oxy sugar, p-proauct

for glycopyranoside). The presence of a protecting group at the C-2 hydroxyl group is a limitation of this
approach because the intermediate glycosyl samarium species can collapse into a glycal. The use of a C-2-
alkoxide, such as 157b, can overcome this potential problem (Scheme 33).

BnO J(i BnO )OL BnO
1
BnO O\ °H R R? Bno/g/‘o\ ‘ R! R2 Bno—’&_/o\ OH

/ _ o T /
BnO Rl Sml BnO S0 h BHOW R]
OH g2 2 RO Smiy/ THF/HMPA BnO R2
158 155 R=Bn 156
157aR=H
157b R=Na
Scheme 33

By using glycosyl aryl sulfones, Beau and co-workers? prepared the corresponding 1,2-trans-C-

glycosides under Barbier conditions. Ether protected manno-2-pyridyl sulfone 159 provides the o-C-
mannopyranosides 160 in good yields while the ether protected gluco-2-pyridyl sulfone 161 generates the p-C-
glucopyranosides 162 in moderate yields, together with glucal side-product (Scheme 34)

BnO\ OR BnO—\ OR BnO—\ BnO—\ HO
BrO—\~\_|-Q  43:57% Bro—\~\.|-0 Bro—\\—0,  77-86% Br0 A —C Rl

—_— ——
B:‘.OAA\ BnO— \ BDQA,/‘A] BnO L \
o Y RO ¢ by OR R
SO,Py HO«wr - SO2Py
159 R =TMS or Bn 160 R2 161 162

reaction condition: R'COR?, Sml,, THF; IfR = Ac, glucal is the major product
Scheme 34
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The same approach was exploited for the synthesis of Man a-(1-52)-Man C-disaccharide’ (Scheme
36). An unexpected outcome of Sml,-promoted C-glycosidation of the pyridylsulfone of N-acetyl

galactosamine 175 with aldehydes or ketones was the selective formation of the 1,2-cis-product’> (Scheme 37).

The observed a-selectivity can be explained by the chelate involvement of the N-acetyl group at C-2 as shown
in compound 177
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The use of a phosphate group as an acceptor in the initial electron transfer from Sml; had

described for a-cyanophosphates’6 and allylic phosphates.”7 Wong?® first applied this approach to the
coupling of pyranosyi and furanosyi phosphates with a carbon radical or anion acceptor in the presence of
Sml,. Generally, 1,2-trans-linked C-glycosides are the major products, similar to the results obtained with the

aryl sulfone substrates (Scheme 38).
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Perbenzylated a-D-mannopyranosyl chloride 188 can be coupled with sugar aldehyde 189 in the
presence of Sml; to furnish C-disaccharide 190 in 57% yield and with good a-selectivity (a: p=6: 1)79
(Scheme 39).

BnO
_——
BnO—  OBn OHC— “B:V\’ \
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i o | o
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188 190 BnO
189 .
° BnO CH;3
Scheme 39
We have reported a diastereocontrolled synthesis of a-linked C tylneuramin
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phenyl sulfone (191b) were coupled with carbonyl compounds under Barbier conditions to give NeuSAc a-C-
glycosides (193, 194) in excellent yields and « stereoselectivity. Compound 193 represents the first C-
disaccharide derivatives of an ulosonic acid. C-glycoside formation, in this case, resulted in a quaternary

anomeric center in the Neu5Ac-portion. Using this approach it was even possible to generate a new bond

between two quaternary centers in 194.

Aco OAS - AcO DA ¢ me
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6. Transition Metal Mediated C-Glycosylation
6.1. Palladium mediated C-glycosylation

6.1.1 Heck type couplings

The Heck reaction, the palladium—catalyzed arylation or alkenylation of alkenes, has been extensively
T

used in organic synthesis.?2 Daves83 has applied the Heck reaction on carbohydrate molecules.

LW P13 1 Loh )
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glycal derivatives and an arylpalladium complex provides C-glycosides under mild condition and with high
regioselectivity at the anomeric center. The proposed mechanism for the Heck type C-glycosidation is

illustrated in Scheme 41.
— OAc

AcO 2
-Pd(OAc), R—0,

_I OAc
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N7 Pd |~ -HPdOAc RY/—0O
H' / Al
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T~ F 1 syn-elimination
R Ar

/

Ac)
faatd g

The stereochemistry of this reaction is determined by the relative accessibility of the two faces of the
glycal double bond to the organopaliadium reagent forming the n-complex. The nature of the substituent at the
other hydroxyl groups dominates the C-1 stereochemistry, particularly in the case of furanoid glycals 195
(Scheme 42).84

R?0— O, Pd(OAc), RO— O R?O— o Py
K O + myHgoac ———~ \(_">| + =2
Riol g‘ 52 i%a  196b Py R'O
195 H TBDPS gz 35 196a 196b
MUOIM H 0 65
Scheme 42

The appropriate selection of an ancillary ligand is another critical factor for the Pd-mediated Heck-type
coupling. The Pd-mediated coupling of glycal 197 and 2-(benzyloxy)-3-methyl-5-iodopyridine (198) was
The use of tris-(pentafluorophenyl) phosphine (P(C¢Fs)s),
or 1,1°-bis (diphenylphosphin) ferrocene (dppf) resulted in only moderate yields of

_____ U Wi1pllvil 11U

studied using various ancillary ligands.®S
triphenylarsine (AsPh;

Rk st il Sl V4

C-glycoside product, while the use of bidentate ligand 1,3-bis(diphenylphosphino) propane (dba) resulted in

an estimated 90% yield of 8-C-nucleoside (Scheme 43).
o " pn
Pd(dba), HsC
0" N, nBusN, CH3CN | SN
HO— O HyC £ (Ph),P(CH,)3P(Ph), P
&, YN = Ho— o Y
N— L J 90% )

197

Scheme 43
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6.1.2 m-Allyl complexes

Dunkerton and coworkers8¢ pioneered the use of nt-allylpalladium complexes in synthetic carbohydrate
chemistry. More recently, the chemistry of the allylic system in the presence of Pd(0) has been extensively
applied to the synthesis of C-glycosides because of its very high stercoselectivity and very mild experimental

conditions.87

0 “9
A P — / ° CH(COM . o CH(CO;Me),
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Q OPh ONu BnO O  THF BnO -0
y NuH BnO N\ ——
. . | CH,(CO,Me), BnO ]
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204 205 206 207 (44%)
Scheme 44
Three different types of unsaturated sugars can be used as m-allyl palladium complexes precursors

o
R

(Scheme 44): 1) A glycal with C-3 bearing a strong electron withdrawing group (200); 2) 2,3-unsaturate
and B glycosyl carbonates or aryl glycosides (202, 204) (a-phenyliglycosides may generate a, B-mixtures of C-
glycoside due to a retro-Michael addition but this is highly dependent on the nature of the nucleophile); 3) A
C-2 carbomethoxymethyl glycal 206, an analogue of 200, generates C-glycoside having a C-2 exomethylene
structure .88

6.1.3 Palladium-catalyzed vinylic substitution

The Stille reaction (palladium-catalyzed vinylic substitution) is a cross-coupling between an organotin
compound (or another organometallic compound) and an aryl or vinyl halide. This reaction is used to make

10
1,2-unsaturated C-glycosides8? (
to give a 47% yield of dienone 210. Replacement of Ph;As with Ph3P failed to produce product® (Scheme 45).

{(also see Scheme 3). The tin giucal derivative 208 reacts with vinylbromide 269
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A complementary approach reverses the polarity by reacting metallated vinyl or aryl groups with the
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Nicolaou and co-workers!5 investigated the use of Stille cross-coupling in C-glycoside synthesis. Initial
attempts at cross-coupling of the appropriate glycal partners, following standard Stille reaction conditions,
failed due to low reaction rates and the formation of homodimers., The Pd(Ph;P),;-catalyzed cross-coupling of
enol triflate 218 and stanny! enol ether 219 was best carried out in the presence of CuCl and K,CO; giving the
desired bisglycal 220 in 80% yield (Scheme 47). CuCl may act as a scavenger of free Ph3P ligands or may be
involved in a transmetalation of tin to copper. Subsequently, the more stable enol phosphate®2 counterpart of
221 was used in place of triflate with vinyl tin reagent under standard Stille cross-coupling conditions to give

high yield of C-vinyl glycal derivative 223. This method is more general for the construction of medium to large
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Scheme 47
6.1.4 Palladium-catalyzed Suzuki coupling
]nonane (B- BBN), readily obtainable
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Thus, hydroboration of exomethyle anos
by Suzuki coupling of the products with vinyl bromide 225 (PdCl,(dppf)

glycoside 226 or 228, respectively, as a single diasteresomer (Scheme 49).94

and

~

3PO4, in aq. DMF), affords C-
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6.2 Other Transition Metal Complexes

An excellent example of transition metal mediated C-glycosidation was reported recently by Sinou and
co-workers.95 The palladium-catalyzed coupling of p-fert-butylphenyl-a-O-A-glycopyranoside 229 with
various substituted arylmagnesium bromides stereospecifically affords the corresponding a-C-aryl-A-glyco-
pyranosides 230a. In contrast, the nickel-mediated reaction affords the g-C-aryl anomers 230b (Scheme 50).

RO— PACly(dppf) RO NiCly(dppe) RO—
o ArMgBr }—o ArMgBr | —qar

230a 229 230b

R=Bn, TBDMS, Ar=Ph, 2-MeOPh, 4-MeQPh, 3,4-(CH,O;)Ph-, 2-MePh, 4-MePh, 4-C1Ph, Bn
Scheme 50

7. C-Glycosylation Through Intramolecular Aglycon Delivery

Tethering represents an elegant method of using a C-Si or a C-O bond as a temporary connection,

on sugar A through a tether T, affording A-T-B; 2) intramolecular transfer of subunit B to the anomeric center
of sugar A by cyclization cis to the controlling hydroxyl group; and 3) removal of the temporary tether T



without destroying the newly formed bond in the A-B portion of the molecule. To date, C-O and Si-O tethers
have given the most promising results and thus are widely used in synthetic carbohydrate chemistry.

7.1. Through a temporary C-O connection
7.1.1. Radical induced cyclization
Temporary C-O connections are a valuable tool for stereocontrolled radical reactions. This is

R u\
BnO o—/" BnO o Me
231 232
Scheme 51

7.1.2. Ionic cyclization

In addition to the radical reactions, intramolecular Wittig-like reactions have also been used in a C-O
tether strategy®’ (Scheme 52). Reaction of the O-tethered compound 233 with triphenylphosphine followed
by addition of DBU affords 234. Treatment with a catalytic amount of DBU gave the tetronate epimer.

< -~ - Y V4

Reduction to the hemiacetal followed by nucleophilic opening gave a-L-C-ribofuranoside 235 in 81% yield
with 3:1 ratio of isomers (S:R).

2 ; i. DBU
Bno~ . ~ON_0 LPPhy o s O i He B0~ O ~_ OH
\/ ii. DBY { =\ _ii.DIBAH Y
R 8 ~ Br i \—\ /g . - | - Me
BnO O"&O BnO" o~ O iv.MeMgCl BnO" “on
233 234 235 S:R=3:1

Scheme 52
Friedel-Crafts arylation is one of the approaches used for the synthesis of C-aryl glycosides. A variety
of Lewis acid promoters have been applied, based on the nature of the donor leaving group and the
nucleophilicity of the aromatic compound. As a rule. pyranoses are less reactive and usually give the

thermodynamically more stable 1,2-frans anomer.'® The more flexible furanoses often afford a mixture of
anomers. The most important breakthrough in the stereoselective preparation of 1,2-cis C-aryl glycosides
resulted from the use of a tethered 2-O-benzyl substituent in an intramolecular C-glycosylation by Friedel-

Crafts reaction. For example, the 6-O-acetyl-2,3,4-tri-O-benzyl-a-D-glucopyranosyl chioride (236) was
treated with silver tetrafluoroborate to give the intermediate 237. Regioselective oxidation of 237 followed by
hydrolysis of the resulted lactone generated C-glycoside 239 with complete a-stereoselecitivity?® (Scheme 53).



Scheme 53

Matheu and co-workers?? investigated the intramolecular Friedel-Crafts reaction in the synthesis of
naphtho-and benzo-dihydrofuran derivatives (Scheme 54).
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Scheme 54

When 2-fluoro-3,4-isopropylidene-2-O-methyl-D-ribo-pento-pyranosyl fluoride 240 was reacted with 6-
bromo-2-naphthol (241) in the presence of co-catalyst Cp,HfCl,/AgOTf, a mixture of C-glycoside derivative
244 and compound 245 were formed via intramolecular Friedel-Crafts reaction in the yield of 21% and 44%,
respectively. This four-step process involves Q-glycosidation, C-2-oxocarbenium ion generation, 1,2-migration

i nt and Friedel-Crafts arvlation
anom un and rniedel-Cral

J Bl N9 W QLY aduia.

7.2 Silicon tether method

The pioneering work of Stork!® on intramolecular aglycon delivery using silyl ethers suggested its
utility in free-radical processes. Sinay and co-workers!? also demonstrated general application of this
approach. The intermolecular regio- and stereocontrolled condensation of a nucleophilic anomeric radical donor

with an exomethylene containing sugar constitutes a potentially general and expeditious strategy for C-
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disaccharide synthesis. Temporary covalent connection between the donor and acceptor counterparts by
means of easily cleavable ketal or silylketal tethers strongly facilitates C-C bond formation between the
reacting vicinal centers. An application!?! exemplifying this methodology is shown in Scheme 55.

O
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Scheme 55
Tethering of selenoglucopyranoside 246 and exomethylene furanose 247 was achieved via the silylketal
248. Intramolecular 8-endo-trig radical cyclization of 248 with AIBN and Bu;SnH, followed by removal of the
silyl tether, yields a mixture of C-disaccharides 249 (43%), 250 (6%) and 251 (13%) (Scheme 55)
Two additional excellent applications!¢2.103 of this methodology are shown in Schemes 56 and 57
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7.3 O—C-glycoside rearrangements

An effective method for the synthesis of aryl C-glycosides was exploited by Suzuki and co-workers.104
This reaction is proposed to proceed through initial formation of an O-glycoside that rearranges, in the
presence of Lewis acids, to a C-glycoside (Scheme 58).
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Scheme 58

The stereochemical outcome of the initial O-glycosidation is of little importance since, the
stereochemistry at the anomeric center is rebuilt during the formation of the C-glycoside.105 The yield and

stereoselectivity of the O—C-glycosidation is strongly dependant on the reaction conditions (i.e., catalyst,

temperature, etc.).106.107 The co-catalyst, Cp,HfCl,-AgClQ,, proved to be the best promoter for the
YL o, S SRS S o (Y o [ ISP PPE. S « MU VLA RSN, ey § T30 1) ¢ B MPNEESRRIT, LN 7S NSRRI Mg [P PR
formation oi B isomer via (—{-giycosiaation. SUZuxi and Co-workers*~*">" nave appiiea tnis i ethodology t

the synthesis of variety of aryl C-glycosides.

Glycosyl acetate 261 was subjected to O—C-glycoside rearrangement to form the aryl C-glycoside.!10
On treatment of acetate 261 with 2-naphthol (262) in the presence of Cp,HfCl, and AgClO,, O-glycoside
preceedes formation of o-C-glycoside 263 in the 'C4 conformation in 91% yield. Interestingly, the 3,4-di-O-
TBDMS-subsituted acetate 267 reacted with naphthol derivative 266 to give p-C-glycoside 268 in the *C,
conformation in 69% yield. The 3.4-di-O-TBDPS-substituted sugar 261 gives a-C-glycoside 269 in the 'Cy
conformation in 91% yield under the same reaction conditions (Scheme 59). This a-configuration can not be

epimerized to B isomer by Cp,HfCl;-AgClO, while the corresponding diacetate 264 cleanly anomerized to give
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| recognized to proceed via a radical
dissociation-recombination mechanism. Nakai and co-workers!11-113 found that the [1,2]-Wittig rearrangement
of O-glycosides proceeds with efficient stereocontrol, at both the anomeric center and the newly formed chiral
center on the side chain, to give the stereo-defined C-glycosides in high yield. This high stereoselectivity was
mainly attributed to the relative stability of the o-oxa radical generated in the rearrangement (Scheme 61).
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When the furanoside acetals and ketals 274-278 were treated with n-BuLi, the reaction proceeded with
complete retention of the P-anomeric configuration to give the [1,2]-Wittig products (281-285). These
products are a mixture of the C1’-epimers, and both the yields and isomeric ratios are strongly dependent on
steric factors from the sugar protecting groups. The rearrangements of the acetal 276 and ketal 278 were found

to give C-glycoside 283 and 285 as the only stereoisomer. Interestingly, the configuration of these produc

at the C1’ is opposite to that in compounds 281

, 282 and 284. These results suggest that the choic
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same effect was shown for hexose ketals 279 and 280 (Scheme 62 and Tabie 4).
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Table 4. [1,2]-Wittig Rearrangements of B-O-Glycosides

Substrate Major product Yield% C1’-epimers Substrate Major product Yield% C1’-epimers

274a 281a 44 40 : 60 276 283 40 >98 : <2
274b 281b 71 89: 11 277 284 81 96:4
274¢ 281¢ 77 >08 : <2 278 285 90 90:10
275a 282a 35 >08 : <2 279 286 71 87:13

275b 282b 60 >98 : <2 280 287 71 87:13
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8. C-Glycoside Synthesis Through Intramolecular Cyclization

Wittig and Grignard reactions have been applied to the anomeric center of carbohydrates to give a ring
open sugar that can be cyclized under a judicious choice of conditions to generate C—;zlvcosidcs.”"-1 15

Schmidt and co-workers!16 reported a convenient approach for the synthesis of C-(2-deoxy-8-glycosyl

CIITERILIL dill U cliiclilt Lil 10 _. ntnesis o1 C-{ Z-aeox 2 Y

S

arenes based on electrophile-induced cyclization of carbohydrate-derived arylalkcnols (Scheme 63). First, D
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arabinose derivativ
deprotection of the 5,6-O-isopropylidene followed by silylation of primary alcohol afforded the separabie Z-
,E-isomers (291a-d). NIS-induced, stereoselective cyclization of compounds Z-291¢ and E-291a-¢, followed
by protecting group exchange, furnished the B-D-C-glucopyranosylarenes (293a-c). Electron donating aryl

derivatives and E-oriented olefins are preferred in this cyclization.
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Hart and ¢ llaborators‘ 17 have applied a similar approach to the synthesis of C-aryl glycosides related
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Ring closure of the o-triflates of y- and 8-glucoheptonolactones!18.119 (297, 298 in Scheme 65) leads to
the formation of C-glucofuranoses 300 through nucleophilic attack of the C-5 hydroxyl group.
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Scheme 65

A tosyl leaving group has also been applied to the cyclization shown in Scheme 66.120
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epoxy amide 305 with complete stereoselectivity (Scheme 67). Epoxide ring opening with concomitant
intramolecular cyclization of 305 leads to C—glycopyranosides, such as 306.122.123 This method provides an

easy and efficient stereoselective two-chiral carbon atoms elongation of pyrannose.

0 o Nl y CONE o > CONEY,
j >99% ~ 0 100%
OH
304 305 306
Scheme 67

Radical induced cyclization of bromides 307 generates C-furanosides 308 in approximately 80%
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A number of organometalic reagents have been used to synthesize C-glycosides.123.126 The
coupling of 2,3,5-tri-O-benzyl-D-ribofuranose (309) with less basic (compared to Li) Mg, Cd and Zn salts of
aromatic heterocycles affords diols, which under Mitsunobu conditiens cendense to the corresponding B-C-
nucleosides.!27 This stereoselectivity may be due to an easy attack of heterocycles on re-face of the carbonyl
group of the intermediate metal chelate (Scheme 69, A).
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When ribofuranose 310 was coupled with the magnesium salt of thiophene, only a-C-glycoside was obtained.
This can be rationalized by nucleophilic attack on the carbonyl group proceeding exclusively via the more
stable complex B (Scheme 69). Reaction of 2-deoxy ribofuranose 311 with the Cd and Zn salts showed
predominant S-stereoselectivity affording the p-C-glycosides (Li salts give o-selectivity).  This $-
stereoselectivity may be due to attack of the nucleophile on the re-face of carbonyl group in the more stable
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Reaction of ribofuranosyl chloride (314) with arylcadmium derivatives affords the o-C-glycoside 315

as the major product.!28 Interestingly, this product can be easily isomerized to p-C-glycoside 316 by acidic

epimerization at the C-1 position through a reversible ring-opening pathway (Scheme 70).
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9. C-Oligosaccharide Synthesis
9.1 C-Disaccharides

The first C-disaccharide was described by Sinay and Rouzad12? in 1983. Since then, the C-disaccharides
| VI SIS T, SUR R P AL bl el el T d s Sl el obe T Qandla o L~ O Ln grrmtlncio ~F
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many C-giycosides are discussed as various (-giycosidation methods are described. In this section, seiected
examples of C-disaccharide syntheses are presented illustrating a number of important and interesting targets.

Methylene-linked 3-a-D-galactopyranosyl-D-mannose (320) was prepared by radical coupling of 317
with the enone 318 followed by refunctionalization of intermediate 319130 (Scheme 71).
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Schmidt and co-workers!31.132 reported the preparation of C-lactose and C-cellobioside derivatives

s

methylene and carbonyl group linkages. The key step in the synthesis of C-lactose

analog 323 is the condensation of nucleophilic 1-C-lithiated 2-(phenylsulfinyl)-D-galactal 321 with 4-C-

yl-4-deoxy glucose compound 322 (Scheme 72)
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Scheme 72
The carbohydrate-derived a-bromo ketone 324 undergoes reductive cleavage using either Zn-Cu or
CeCl;-Nal co-catalyst!26 and the resulting enolate can be trapped by the aldehydes 325 and 327 to give C-
disaccharides 326 and 328, respectively (Scheme 73).



Scheme 73

Employing a conceptually related stratagem,!33 furyllithium 329 was condensed with the aldehyde 330
to give C,-Cs directly linked disaccharides 333 and 334 (Scheme 74).
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Carbohydrate-derived aldehydes are also useful synthons for the preparation of C-disaccharides.134
Aldehyde 335 was condensed with 6-nitroglucose derivative 336 using Martin’s procedure to afford the C-

disaccharide precursor 337 as a mixture of diastereomers.135 Radical-promoted elimination followed by diimide
reduction afforded 16 linked C-disaccharide 339 (Scheme 75).
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Dondoni and co-workers!

36,137 reported that Wittig olefination of carbohydrate C-1 aldehydes (Scheme

76, 340-343) with C-6 phosphoranes (344 and 345), followed by Pd/C hydrogenation, provides B-(1—-6)-
linked C-disaccharides 346 in very good total yields. The same procedure can not be used for the synthesis of

a-isomer due to the easy epimerization of anomeric formyl group under the reaction conditions.
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sugar 348 with sugar aldehyde 347 gives a mixture of a ketone and
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Aza-sugars'40 and carba-sugars!30.141.142 are growing into one of the most attractive classes of
carbohydrate mimetics due to their proposed glycosidase inhibitory activity. Several groups have reported the
synthesis of aza-sugar C-disaccharides.!43-145 The synthetic approaches, described by Martin,!45 for forming
(1-6) aza-sugar C-glycoside is shown in Scheme 78. Conversion of aza-C-glycosyl iodomethyl derivative 353

into an organosamarium species and reaction with C-6 sugar aldehyde 354 provides aza-C-disaccharide analog
355 in 36% yield.

353 354 355 (2:1 epimeric ratio) “'7\
Scheme 78
The kinetic controlled reaction of 1,5-glucuronolactone 25 with glucal 356 in the presence of n-Buli,
fcllewﬁng dihydroxylation, gives 1,1 -directly linked pseudo C-disaccharide 357. The diastereose}ectm‘y in the

a
ihydroxylation step can be explained by the presence of the 3-O-benzyl group in the glucal moiety.146
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Ring opening of 1,2-anhydro sugars 56, 358, 359 with the acetylenide anion, generated from
perbenzylated methyl 6,7-dideoxy-o-D-gluco-hept-6-ynopyranoside 360, led to precursors 361-363 in fair
yields.34 Hydrogenation of 361 gave a-(1—6)-C-disaccharide 364 (Scheme 80, see also Scheme 12).

R?  OR’ W\ R? ¢ OF
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Scheme 80
Glycals have been widely utilized as the electrophilic components in C-glycoside synthesis notably
via the * carbon Ferrier rearrangement”. Steel and co-workers!47 reexamined this process with a number of
cationic polymerization initiators and found that acetyl perchlorate, an effective initiator for the

polymerization of dihydrofuran, results in efficient coupling of 3-O-acyl glycals 366 with high

stereoselectivity representing an excellent route to 1-52 linked pseudo C-disaccharides 368 (Scheme 81)
OAc
| égiclg4 (0.02 eq) RO\/\ 0 Ao oR RO\<\ 0O Ao
2Ch
RO ) -78°C, 12h L\\ J\ '/\/ l\\ l | )\/OR

> AT ] = T A
\ 21-77% n [‘-J\ Et351H H l\

o AcO BF3*Et,0

366 367 368

Scheme 81

9.2 C-Oligosaccharides

An elegant example of C-oligosaccharide synthesis, the preparation of twelve stereochemically and
structurally diverse C-trisaccharides, was recently reported by Armstrong and co-workers.?-148 Their synthetic
strategy involved: 1) The synthesis of a trisaccharide precusor with fucose and N-acetylglucosamine at each
terminus; and 2) the central core hexose was synthesized de novo with complete regio- and stereo-control. The
synthesis of two (377 and 378) of a total of twelve target compounds is shown in Scheme 82.
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afforded aldehyde. Grignard allylation and desilylation gave olefin 372. Its oxidation and subsequent acid-

catalyzed cyclization furnished two separable C-trisaccharides 375 and 376 that after deprotection gave the
target C-trisaccharides 377 and 378, respectively.

Another interesting example of C-oligosaccharide synthesis, reported by Vasella and coworkers,!49:150
is the preparation of cyclic acetylenosaccharides. These C-oligosaccharides have a hydrophobic cavity making
them important mimics of cyclodextrins (Scheme 83). Mono-C-silylated dialkyne 379 can be converted to the



butadiyne 380 in excellent yield by homo-dimerization under Glaser conditions. Disilylation of 380 followed
by treatment with Cu(OAc), in pyridine gave cyclotetramer 381. Cyclohexamer 382 and cyclooctamer 383
were also obtained as by-products. Deprotection leads to the cyclodextrin mimics 384-386.
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10. Conclusions

Direct carbon-carbon bond formation reactions have always been among the most challenging and yet
most important tasks in synthetic organic chemistry. Their application to carbohydrate molecules poses
additional complications. The stereocontrol at the anomeric center, affording either o- or B-C-glycoside, is in
itself a daunting task. C-Glycoside synthesis is further complicated by the high degree of chiral functionality
in carbohydrates. The presence of multiple protective groups also results in severely steric congestion in
these molecules. Despite the complexity associated with their synthesis, the biological and pharmacological
significance of C-glycosides continues to promise a substantial growth in new methods in this area. Future

challenges in C-glycoside synthesis include: 1) applications on structurally complex targets; 2) a reduction in
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3
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>
]
3
4

eps is inevi
stereoselectivity and elimination of side-reactions to reduce the need for chromatographic
purification; and 4) the introduction of more environmentally friendly reagents and catalysts, particularly in

cases where the ultimate goal is commercialization.
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