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Today’s content

1. Introduction



C-Glycosides

- C-glycosides are important structures in various compounds:
natural products, bioactive compounds and marketed drugs.

- Substitution of C-O acetal with C-C bond increases stability in vivo.
— In demand as potential therapeutic agents and biological probes
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Hu, X.-G. et al. Org. Biomol. Chem. 2020, 18, 5095.; Nokami, T. et al. Carbohydr. Res. 2022, 522, 108677.



Synthesis of C-Glycosides via Glycosyl Radicals

Anomeric activation

@ . -
—0O —~O0 * Mild conditions
(FYFO A x@ (HFD N@  High functional group tolerance
Glycosyl cation Glycosyl anion * High anomeric StereoselectiVity
Reactive sugar - Compatible with water
species
0O O
PO R ) (H)PO—V,Ag
M/

Glycosyl radical
Glycosyl metal complex

Reviews on glycosyl radical-mediated C-glycosylation: Koh, M. J. Angew. Chem. Int. Ed. 2023, e202305138,;
Hu, X.-G. et al. Org. Biomol. Chem. 2020, 18, 5095.; Nokami, T. et al. Carbohydr. Res. 2022, 522, 108677.

Anomeric stereoselectivity

3 {-3) - Anomeric radical is likely to be axial position.
RO}}_,,O | o ROE‘__,O . 4 < Interaction with lone pair of adjacent O atom.
A b B c

Nokami, T. et al. Carbohydr. Res. 2022, 522, 108677.



Today’s content

2. Main
- Ti-catalyzed C-glycosylation of glycosyl chlorides



Background

Non-catalytic

Et,B/0, or AIBN,

R
( & i NG n-BusSnH or carbene-borane S - Stoichiometric or excess amount of reagent.
|)7 * : = ()J * Toxic or pyrophoric reagent.
|
OP

R 1. lauroyl peroxide o . . o
oP 2.V-70, n-BuySnH - Ti(lll) was used super-stoichiometrically.

(Cp,TiCl),, then H,0

0 o —
LG AIBN
C)i + \/\Sn(n-Buh - |

OoP oP

Metal- or photoredox-catalyzed

& [Ni] cat., R
Mn/PPh,H or Zn/alcohol o) —G
e - Y : - (O
| R hotocat., ho, e
oP St St T | - Limited scope.
amine, Hantzsch ester oP

- Use of air- and moisture-sensitive alkylmetal reagent.
(0 (o G - Addition of less electron-deficient acrylamide is inefficient.
| |

\

)»L G K & [Ni] cat. or [CO] cat. . . ) .
~ — Synthesis of glycopeptide is difficult.

+

oP oP
0 R
G [Fe] cat., silane, base o) —G
| R |
OoP
OoP

Yi Jiang. et al. Chem. 2021, 7, 3377. 7



Strategy

R\ G
G o) —G o)
< ol \/ ——G - )J < )_/)
or — > or
Mn, H* source | |
OP OP

Ti catalyst

* Nonprecious and non-toxic reagent.

* High affinity with halogen atoms.

— Radical generation from glycosyl halides.

Challenges
- Addition to acrylamides is low yield * Alkyltitanium formation followed by B-elimination.
and poor selectivity. RO HiG RO RO
Cp*TiCl; (cat.) \)oj\ o [cpeTici, (1) o) 1. ORO Vo2 - Cp,Ti'VCI(ORy) @
. .Ph o] —— " — | Gp2 P A g OR
R, OH TESCLZnsA N R, on RO\, -cooiVerel | RO\ PR - ’ / é, RO\ 7
r-T > N’ OR, OR,
2 R R> H
3 THF R;
ome 22% yield - Oxygen coordination to Ti, |nh|b|t|ng
Cp,TiCH, (cat) /\n/ catalytic reaction. O /
TMSCI, M
OINB\OH g I)«l,/\n/ ~ O 09 O
Bn '‘BuOH/THF
55% yield 9
SiO,
Xing-Zhong Shu. et al. . Am. Chem. Soc. 2020, 7142, 16787.; Xiao Zheng et al. Angew. Chem. 2013, 52, 3494 8

Jeffrey Schwartz. et al. . Am. Chem. Soc. 1999, 64, 3987.; Felix G. Requejo. et al. . Am. Chem. Soc. 2007, 129, 1122.



Optimization

BnO OBn Cp*TiCls (10 mol%) BnO OBn
Mn (2 equiv. BnO 0
Bnﬁ& + \/COﬂ'BU ookl - anO
Et;N-HCI (1.5 equiv.)
cl THF, RT, 16 h CO-Bu
3a 4a 5a
(1 equiv.) (1.5 equiv.) o only
AcO OAc AcO OAc BnO OBn
AcO /&Eﬁ ACO%% BnO &g
AcO AcO BnO
ap Cl 3c Br 3d Br

Entry Deviation from standard conditions Yield (%)®
1 none 93 (78)°
2 Zn instead of Mn 47
3 CpTiCl; instead of Cp*TiCls Trace
4 Cp2TiCl; instead of Cp*TiCl; 80
5 DCM instead of THF 52
6 Toluene, DME, DMSQ, or MeCN instead of <10

THF

2,4,6-Collidine-HCl instead of EtzsN-HCI 28
8 HCI (dioxane) instead of EtzN-HCI <10
9 i-PrOH, +-BuOH or Ph,CHOH instead of Trace

Et;N-HCI
10 H,O instead of EtzsN-HCI <2
11 3b instead of 3a <2
12°¢ 3cinstead of 3a 40
13 3d instead of 3a 48

* Mn or Zn to reduce Ti(IV) to Ti (llI).
(entry 2)

- Cp*TiCl; was the best catalyst. (entry 3,4)

Me Me

Me Me

- Appropriate acidity of proton source.
— Protonolysis of Ti-O bond in enolate intermediate.
(entry 7-10)

 30% of glucal by B-elimination was observed.
(entry 12)

Ming Joo Koh. et al. Chem. 2021, 7, 3377. 9



Reaction Mechanism

G Cp .
G | _Ti—cl

G 1
0 o | CP” yiii {zMnEl;
| |
oP oP

\ Radical alkenylation 1/2 Mn

v Cp,TiCl, :|Z-selective aIkenyIation]

(@] A vii

\)kG —G \74
4 6 7 + Et3N
EtzN-HCI
Cp*< O,

Cp* T|CI3 1/, Mn

Ti—Cl
oA \)k & >
1/2 MnCl2 iv G
1/2 MnCI2
Cp

1 Radical alkylation
/2 Mn

\
Cp*TiCI3 CI\ _,Cp* i CP\/
< > g

Appropriate acidity EtsN + 5 ’\ j/\)\ \/<
for protonolysis EtoN-HCI Q
(e
/.

oP 10
Ming Joo Koh. et al. Chem. 2021, 7, 3377.



Mechanistic Investigation

+ Glycosyl chlorides are efficient precursors of glycosyl radicals

Me Me Me Me

Cp*TiClz (10 mol%)

Mn (2 equiv.)
THF,RT, 16 h
90% conv.
Me Me
3e
16a 16b
46% yield 29% yield

+ H source originates from EtzN-HCI

Radical generation
- Homo-coupling is observed w/o radical acceptor.
— Generation of glycosyl radicals

“‘\\\/002t-BU

<5% D +

Cp*TiCls (10 mol%)

Mn (2 equiv.) R P0ABH

EtzN-HCI (1.5 equiv.) 4a
dg-THF, RT, 16 h Me  Me Me® Me
5ab 17

47% yield, o only <5% yield H source
* D was incorporated when using Et;N-DCl
17 — H source is Et;N<HCI, not solvent.

5% yield

50% conv.

Cp*TiCls (10 mol%)

Mn (2 equiv.) e #L021B0

3e

Et;N-DCI (1.5 equiv.) 4a
THF, RT, 16 h

90% conv.

d-5ab
85% yield, o only
Cp,TiCl, (10 mol%)
Mn (2 equiv.) ——PFh

64% D

Ph * 51%yield

EtzN-DCI (1.5 equiv.) 6a
EtOAc, RT, 16 h

75% conv.

Me Me
d-7a
24% yield, o. only, >98:2 Z:E

Ming Joo Koh. et al. Chem. 2021, 7,3377. 11



Substrate Scope (alkene)

EtzN-HCI (1.5 equiv.)
OP THF, RT, 16 h
3 4 6 5 7
(1 equiv.) (1.5 equiv.) (1.5 equiv.)

G
o Cp*TiCl3 (10 mol%) 1) G o
cl _ Mn (2 equiv.) /)
| i \/G or 0 | or
OP OP

Scope of alkenes and alkynes

Bno— OBn Me Bro—, QBn
BnO OBn BnO OBn BnO OBn BrnO o H BnO o
BnO o BnO 0 BnO o BnO o s o
BnO BnO o BnO o
o (o]
CO,B 4 o
,Bn o 0/\/
i-Pr
5b 5c 5d 5e
91% yield, o only 93% yield, o only 75% yield, o only 88% vyield, o only 54% yield, o only
(from stanolone, dihydrotestosterone)
OB OB OB
BnO n BnO n BnO n ACO OAc
BnO OBn BnO 0 BnO 0 BnO 0 OAc
BnO o) BnO o BnO o BnO o =
BnO Ph AcO
N~ N Bn N
H H H
5h 5i 5j
87% yield, o only 82% yield, a only 77% yield, a. only 60% yield, a. only
(from estrone, luteolytic estrogen)
BnO— OBn BnO—, OBn Bro OBOn BnO— OBn
o BnO
BnO o Eno BnO BnO 0
Bn% BnO o) o BnO
_Ph
NPh, N N SO,Ph
5k 5l 5m 5n 50°, R = H, 28% yield, o only
70% yield, o only 75% yield, o only 52% yield, o only 91% vyield, o only 5p, R = CF3, 46% yield, o only

- All products were a-selective.
- Applicable to acrylamides. (5h-5m)

- Non-activated alkene was not productive.
Ming Joo Koh. et al. Chem. 2021, 7, 3377. 12



Substrate Scope (alkyne)

G

0 Cp*TiCl; (10 mol%) fo) G o
cl - Mn (2 equiv.) /
I * \/G or =6 | or

Et;N-HCI (1.5 equiv.)
el THF, RT, 16 h oP oP
3 4 6 5 1
(1 equiv.) (1.5 equiv.) (1.5 equiv.)

Scope of alkenes and alkynes

0.0 o
Me :
Me Me
NHTs NHBoc MeA\/\N
7a° 7b° 7c° 0.8 \Qf o
37% yield, o only, 95:5 Z:E 42% yield, o only, 94:6 Z:E 44% vyield, a. only, 96:4 Z:E e s
H
7d° 7e°
47% yield, o only, 98:2 Z:E 36% yield, a. only, 97:3 Z:E
(from sulbactam, B-lactamase inhibitor) (from estrone, luteolytic estrogen)

* Aryl alkyne yielded Z olefin selectively.
* Cp,TiCl, was used instead of Cp*TiCl; for more Z selectivity.
— Anti-configuration of C-glycosyl bond and the adjacent C-Ti bond by steric repulsion.

Ming Joo Koh. et al. Chem. 2021, 7, 3377. 13



D-mannopyranose

D-galactopyranose D-glucopyranose
oM OBn
MeO OMe y BnO BnO no
iz o MeO O BnO O s .
MeO o o] BnO L o}
B0 BnO Bno) Ph
Ph n
CO,t-Bu - BnO CO,t-Bu -
2 N CO,t-Bu N
5q 5r 5t 5u
85% yield, o only 64% vyield, o only 94% yield, >95:5 w:fp 92% yield, >95:5 a:p 60% yield, >95:5 a:p
[y L-rhamnopyranose
ban B
BnO v BnO CO,t-Bu
) vy 2
BnO 0O o -9 BRO- 0
BnO - > \ n o Me [e]
v
AcO o ° AcO BnO
COt-Bu *-y ey © BnO
g Y N NPh, "° " oBn
@ ¢
Sv ~ Sw 5x
70% yield, 91:9 a:p X-ray structure of 53% yield, 91:9 a:p 95% yield, o only
5v (a-anomer)
Me & =%
' N
N_ CO,t-Bu e 8 ~
Ph X-ray structure of v Ph
Me o 5z (a-anomer) @ o
Me o o BnO ( ) 5 Bn(I\J/Ie O
BnO BnO 1. 4 BnO
BnO C 4 P-4
™ oen "“‘i A e
;e 2 |
Sy 5z é & ) ‘C‘ & 5aa
67% yield, o only 90% yield, o only 7 1“ 62% yield,  only
o
D-mannofuranose D-ribofuranose
o o o o
CO,t-Bu CO,t-Bu
TBDPSO/\O/\/ 2 BZOAQ/\/ 2 BZOWN _Ph
5 & 5 i 3 /
o__o o__o 0 o Me
Me” “Me Me" Me Me" Me Me><Me
5ab 5ac Sad Sae
89% yield, a only 76% yield, B only 77% yield, B only 72% yield, B only

Scope of glycosyl chlorides

Substrate Scope (saccharide)

o Cp*TiCly (10 mol%)
()— Cl %, \/G Mn (2 equiv.)
| Et;N-HCI (1.5 equiv.)
g THF, RT, 16 h
3 4
(1 equiv.) (1.5 equiv.)

GO

OoP

* Various saccharides.

(mannose, galactose, glucose, rhamnose, ribose)
* Pyranose was a-selective.

* Furanose was a- or B-selective (5ab-5ae)

Ming Joo Koh. et al. Chem. 2021, 7, 3377. 14



Reactivity of Glycosylchlorides

Cp*TiCly (10 mol%)

Me Me O Mn (2 equiv.) 9
+
B"\)<C| \)J\R Et;N-HCI (1.5 equiv.) B”WR
THF, RT, 16 h M Ms
18 4a, R = Ot-Bu 19a, R = Ot-Bu,
(1 equiv.) 4b, R = NHPh 95% conv., 92% yield
(1.5 equiv.) 19b, R = NHPh

20% conv., 18% yield

+ Glycosyl chlorides are unexpectedly more reactive than simple tertiary alkyl chlorides

B0 OBn Cp*TiClg (10 mol%) BnO OBn
BnO o Me Me (o] Mn (2 equiv.) BnBO0 0
BnO + B + n o) +
n\)<01 \)J\R Et;N-HCI (1.5 equiv.)
o] THF, RT, 16 h R
3a 18 4a,R = Ot-Bu 5a, R = Ot-Bu,
(1 equiv.) (1 equiv.) 4b, R = NHPh 75% conv., 72% yield, o only
(1 equiv.) 5h, R = NHPh
65% conv., 63% yield, o only
Spin density plots of the transition states for Ti-mediated
MeO OMe ; :
radical generation
MeO O
MeO
ap O 7 :
BDE (C-Cl) %"‘ I
= 80.4 kcal mol™! . : v
N e
M M 2.26 ¢ - (:
e Me ; 2.4
A -
Me Cl TS1'
20
BDE (C-Cl)
= 80.3 kcal mol-1

AG* = 9.2 kcal mol™ (from 20)

AG* = 6.5 kcal mol™ (from 3f)

* Reactivity :
tert-alkylchloride < glycosylchloride

19a, R = Ot-Bu,
<10% conv., <5% yield

19b, R = NHPh
<10% conv., <5% vyield

- Energy barrier for radical formation :
glycosylchloride < tert-alkylchloride
— Kinetically favorable by ~95 times.

- Delocalization of spin density stabilizes TS1.

* Glycosylchlorides well coordinate to Ti(lll) in the

presence of acrylamides.

Ming Joo Koh. et al. Chem. 2021, 7, 3377. 15



Today’s content

2. Main

- Two step functionalization of unprotected saccharides
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Two Step functionalization of Unprotected Saccharides

CsF4N-SH ‘B
HO CsF4N =
Ho R—LG HO Hyg-CsFaN HO 0 |
HO o) Base HO 0 HO N wan
HO HO _— > HO CsFsN F yZ F
HO ‘OH Site-selective HO “OR Transient donor |
Native sugar Isolated or Y F
Mimics enzymatic S-glycosylation generated in situ
HO
HO 0
Reductant, HO
Il base HO
Via glycosyl radical
Y
- o o o -
HO HO HO HO
HO o HO 0 HO 0 HO HO o]
HO HO HO HO 0] HO
HO, HO HO, HO HO
HO
Unprotected Unprotected Unprotected Unprotected Unprotected
C-glycosyl compound S-glycosyl compound Se-glycosyl compound O-glycosyl compound C-glycosylprotein

Radical generation from unprotected sugar.
C-, S-, Se-, O-glycosylation
Require thioglycoside for radical generation.

Non-catalytic reaction

Ming Joo Koh. et al. Nature. 2024, 631, 319.




Optimization

Thioglycosylation of unprotected sugar

a ©
CI
e CI cl c1® C| c©
(4 equiv.) R-LG Yield of 2 \
o CoFN-SH G equiv) Ml M O Q MezN Nvies
P 0, 0,
HO &i\\ EtsN (17 equiv.) y 0&&,3 DMC 85% (72%)
HO _ HO 3 10%
HO OH HoO:dioxane (1:1) HO \CSF4N
0°C,2h 4 5% \r A o]
! 2 5 2% N~ I ’
(o-Glucose) >95:5 B:o. <=7 PF | \I¢N
Bench-stable white solid CDMT + NMM <2% ¢ N Cl Me
: 5 CDMT NMM
DMC : highly electrophilic, soluble in aqueous solution, high leaving ability
b
DMC (4 equiv.) Ar Yield of 11
ArSH (5 equiv.) HO /\CoszU HO
. EtsN (17 equiv.) H Oﬁ, 10 (1.5 equiv.) HO o) CsFuN (2) 96% (82%)
> HO SAr > HO 4-Pyridyl (6) <10%
(o-Glucose) H,O:dioxane (1:1) HE (2 equiv.) HO 0
0°C,2h HO DABCO (2.5 equiv.) COtBu 2-Benzothiazolyl (7) <2%
2,6-9 1
’ DMSO, RT, 24 h CeF4(8) <2%
>95:5 Bra Blue LED >95:5 a:ff
4-tolyl (9) <2%

red Of 2 is comparable to that of redox-active glycosyl sulfone.

Ming Joo Koh. et al. Nature. 2024, 631, 319.



Reaction Mechanism

d Nucleophilic substitution (capping)

'/': NEt3
H_ _CsFsN
0
0 DMC, Et;N >0, J 0
HO—,‘\:AH T, MO ; HOEJ\\LL N M
o4  -EtsN-HCI (0 ~EtgN-HCI g~ CsFaN MeN” “NMe
Native sugar ® Thioglycosyl donor
MeN™ \
NMs DMI
Cl
Desulfurative cross-coupling — —
tg~CsFaN i ~[DABCOJH®
Thioglycosyl donor I
Proposed charge-transfer complex
Desulfurative
Me CO,Et © :
S fragmentation
— ho=—° o + 17 o i - |
Ny + < HO~= + N <
N Unprotected |
i ~
Me CO,Et glycoside Glycosyl radical F N F

Ming Joo Koh. et al. Nature. 2024, 631, 319.



Mechanistic Investigation

Stereoselectivity
NE
OH oH o OH
RO 0 DMC, EtsN - H\S/CSFAN = RO e}
HO CoF4N-SH RO R HO s
5F4N- HO \C FsN
aanomer  HO 5 o HO 574
OLG  anomer
R = H or glucosyl i OH NEt,
OH
RO O H.o~CsFsN
o HO OLG — o o) S — [ anomer
OH OH O~y HO
DMC, Et;N .
RO 0 s . RO 0 | L NEt, o
HO OH C4F4N-SH HO OLG
HO HO -
B anomer OH
20 a OH
HO OLG RO o]
— HO s —_— HO
H”"~CsFuN HO
“CyF4N
. o anomer
NEt;

- Both a- and B-anomer are possib_le for DMC adduct.
- Each adduct undergoes stereo inversion once or twice. (via 1,2-anhydrosugar)

a A coBu
HO 10 (1.5 equiv.) 11
1 HO e] 0, o,
I — HO s : > 96% (82%),
(o-Glucose) s \GsF4N Photomdu.ced >95:5 o:p
2 glycosylation
DMC, EtsN
CF.N-SH 85% (72%),
il >95:5 B:o
Nucleophilic
HO HO
substitution HO 1s) /\COQBn HO o}
i OH H
(capping) HO 14 (1.5 equiv.) HO 0
12 , HO § o > HO o o]
(p-Maltose) 13 HO Photoinduced 15 HO
44% (30%), HO glycosylation 80% (66%), HO
S CO,B
>95:5 o:fp SCsFsN >95:5 o:p 2N

- Both a- and B-thioglycosides (2,13) yields a-C-glycosides selectively (11,15).
— Stereochemistry of thioglycosides is insignificant for that of C-glycosides.

Ming Joo Koh. et al. Nature. 2024, 631, 319.
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Mechanistic Investigation

b TEMPO (5 equiv.) c
A Co,tBu .
HO—EE i 10 (1.5 equiv.) '
HO 0] . . . 11
"o 5\ <2% vyield
HO CsF4N Photoinduced 0y
2 glycosylation

5
i T
o\ 0
fo)
<
@
\
=
Absorption (a.u.)

16
HRMS (ESI) m/z

2
—HE
—— DABCO
2+HE
2 + DABCO
—— HE + DABCO
2 + HE + DABCO

Calculated for C15H2gNOg 0 -

' I

Found 320.6029 Wavelength (nm)

Radical generation
- TEMPO inhibited C-glycosylation.
— Evidence of sufficiently long-lived glycosyl radical generation.

Ternary complex
* Mixture of 2, Hantzsch ester, DABCO showed slight red shift.

— These three make putative complex in situ.

450

Ming Joo Koh. et al. Nature. 2024, 631, 319.
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Substrate Scope (saccharide)

HO—S ) = HO—}
s ~CsFaN - " ‘ﬁ\,
Isolated or Photoinduced Unprotected a

generated in situ glycosylation

C-alkyl glycosyl compound

HO -OH Ho—, OH COLtBuU HO OH
0 HO -0 HO 0 HO -0
HO 8 HO o Hg‘le 0 0 HO
HO HO Ho HO CO,Bn
NHPh NHPh OH NHPh
19 20 21 22 23

(from p-galactose)
55% (39%),
>95:5 a:p

HO
HO 0
HO o o COzBn Ho'%ﬁ OH - D CO2Bn
HO HO %;O HO

(from p-mannose)
62% (46%),
>95:5 o:f

(from L-rhamnose)
93% (75%), >95:5 o.:p
82%, >95:5 o (in situ)

(from p-allose)
64% (50%),
>95:5 o:f

(from p-lyxose)
58% (40%),
>95:5 o:f

0 ) (0] HO
HO CO,tBu HO G ot HO HO ?—IO o
HO
HO CO,Bn
24 25 15 26
(from p-xylose) (from L-glucose) (from p-maltose) (from p-cellobiose)
88% (73%), 91:9 a:pp 82% (65%), 80% (66%), 82% (71%), >95:5 a:3
75%,91:9 o (in situ) >95:5 o:fp >95:5 o 68%, >95:5 c:p (in situ)
HO
H OH
? HO O
NMePh 0 HO .
HO _OH HO HO HO 4 0
o] HO 0 HO 5 HO OH
HO o o) HO 0, HO 4 o
HO HO HO HO
ol 28 HE CO.Bn 29 HO

(from p-lactose) CO,Bn

65% (45%),
>95:5 o3

(from p-maltotriose)
74% (65%), >95:5 a:p
58%, >95:5 oi:p (in situ)

(from p-melibiose)
83% (70%), >95:5 :pp
64%, >95:5 c:f (in situ)

- Biomass-derived monosaccharides
(19-21,24)

- Rare sugar (22,23)

- Non-natural sugar (25)

- Oligosaccharides (15,26-29)

Ming Joo Koh. et al. Nature. 2024, 631,319. 27



Substrate Scope (radical acceptor)

C(sp®)-glycosylation

[~ Coupling partners:

HO R
HO 0 HO i

HO EN ° HO 0 a X g b

HO CsF4N > HO 1 ] 1}
2 Photoinduced HO
Isolated or glycosylation Unprotected R ~g ~Se AV\S/S R
L =
generated in situ glycosyl compound v v

a
HO
HO Q
HO 1) HO
HO Hao C
o 0
HO
0 O
30 (from stanolone) 31 (from estrone)
81% (72%), T7% (68%), 73% (63%),
>05:5 a:fy >95:5 a:f >95:5 a:p
HO
HO 0 MeO,C
HO 0 Me Bu HO NHBoc
HO : H HO Q
N COo,Me
O/\:/ \ﬂ)\NHBOC HO 'e) /HT \/ 2
= 0 HO
34 MeO,C 36 Bu
68% (60%), >95:5 a.:p 66% (61% 73% (62%),
449, >95:5 a:p (in situ) >95:5 a:p >95:5 a:p
HO
HO HO HO HO 0
HO 0 HO 0 HO 0 HO
HO 0 HO HO OAc HO
1l
HO P(OEt), HO SiMe,Ph B'\ HO
38 39 41 42 Ph
92% (71%), >95:5 a:p 61% (48%), >95:5 a:p 78% (51% 56% (45%), 42% (30%),
75%, >95:5 a:f (in situ) 36%, >95:5 a:f (in situ) >95:5 aiff >95:5 a:f >95:5 a:fp

COEt HO
HO

33
64% (50%),
>95:5 a:p

HO
HO 0
HO

HG S0,Ph

37
94% (73%), >95:5 a:p
67%, >95:5 a:p (in situ)

HO 0 Me
N RS
e
HO o
HO |, o]
.. H

7<Me

55% 36%
>95:5 dr

Bioactive molecules (30-31), peptides (34-36)
« Other Michael acceptors (37-38,40)
Less electrophilic or less activated alkene (39,41-42)

Ming Joo Koh. et al. Nature. 2024, 631, 319.
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Substrate Scope (radical acceptor)

Coupling partners:

S Bn

~ S

50 51
70% (59%), 90% (82%), >95:5a:p
>95:5 a:fp 60%, >95:5 a:f (in situ)

HO HO HO
HO 0 HO 0
H&Q‘ H&ﬁ Obde
HO HO

o HO HO
HO 0 HO o]
HO HO AcO
HO AcO

O

52

46% (34%),
>95:5 a:fpf

S Me
\Hg OAc
53 54
88% (65%), 34% (17%),
>95:5 a:fp >95:5 a:fp

HO
HO (0] HO : X
o, O TRn e o e
HO CsF4N HO ] m
2 Photoinduced HO
Isolated or glycosylation Unprotected R g Se\R Ar\S/S\R
generated in situ glycosyl compound i v
C(sp?)-glycosylation Se-glycosylation
b HO OH c
HO 0 HO HO HO
HO HO 0 HO 0 o) HO HO _-OH
HO - HO HO HO HO (0] o
HO HO HO HO HO
N ~ __‘N N ~ /N N - /N HO Se HO
K/N\/) /I\~/N\/) )\/N\} “Bn Se\B
S cl al 48 49 4
a4 OMe 45 46 a7 40% (36%), 34% (31%)1,
55% (40%)*, OBn 31% (22%), 44% (36%), 36% (3491, >95:5 wip >95:5 a:p
>95:5 a:pp >95:5 a:p >95:5 a:p >95:5 a:pp
S-glycosylation
d

- C(sp?)-glycosides, Se-glycosides, S-glycosides are accessible.
* Accessible to a-S-glycosides (— DMC mediated thioglycosylation)

Ming Joo Koh. et al. Nature. 2024, 631, 319.
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HO

O-glycosylation

Condition and Scope Proposed mechanism (other substrate)
0 ArOH (1 equiv.) = -
r equiv.
HO%H - 0 -
= HO 2 SPyf
o-CsFaN e N\ OAr 455nm B 7@/ _ \
(3 equiv.) TMEDA (3 equiv.) unprotected O-glycoside
MeCN, RT, 16 h I~
370 nm LED R—SPyf (1) : R/I i A R—I (2)
& f >
+ — Rf,b y i |g o M — +
HO OH i N Gl
Hgo o i ) SPyf
HO O OMe
HO O
Q HO ﬁ 400 nm
57 R, ‘SPyf
(from mequmol (from mequmol (from guaiacol) |~
43%, >95:5 B:a 41%, >95:5 B:a 41%, >95:5 B.a

HO HO &
HO @) HO
H(?&N/O H&o
HO Q/ Me HO \Q

58 Me 59 (arbutin) OH
(from 3,4-xylenol) (from hydroquinone)
34%, >95:5 B:a 17%, >95:5 B:a

- O-glycosides are obtained by different reaction condition.
- B-selective glycosylation.
«— Stereo inversion of a-glycosyl iodide.

Ming Joo Koh. et al. Nature. 2024, 631, 319.; Alexander D. Dilman. et al. Angew. Chem. 2021, 5, 565
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PanC-Man-Alad44 81%
PanC-GlcNAc-Alad44 78%

Glycoprotein

X
(0]
\*\__—-O HOL\/
HO—‘A\_‘ Dha-protein
S,CsF4N P .
Isolated or BoCatp (500 equiv.)
generated in situ Tris 20 mM, NaCl 150 mM
pH =8.0,4°C,1h Unprotected

C-glycosylprotein

blue LED
e HO OH HO _OH HO
2% HO -0 0 HO 0
‘—';] ¢ HO HO HO
lj A i ne HOY AcHN""™
) O :
% Man Gal GIcNAc
o~
54\/ 1 ) s
* \‘%/ eH3-Dha9 H3-Dhal0 TEV-H3-Dha2
Histone \—} - <— Dhao eH3-Man-Ala9 83% (82%) H3-Man-Ala10  80% TEV-H3-Man-Ala2
L\\_Z ) eH3-Gal-Ala9 88% (90%) H3-Gal-Ala10 83% TEV-H3-Gal-Ala2
Dhag —» Yg=d) eH3-CloNAC-Ala9  70% H3-GlcNAC-Alal0 7% TEV-H3-GlcNAc-Ala2 64%
Le— Dha2
«— Dhab7

PstS-Man—Ala57 66% (779%)
PstS-Gal-Ala57 80% (75%)
PstS-CGlcNAc-Ala57 78%

SsbG-GlcNAc-Ala7? 72%

B,Cat,

* Modified coupling condition

 Conjugate with Dha-tagged protein
(Dha: dehydroalanine)

- a-selective

Ming Joo Koh. et al. Nature. 2024, 637,319. 26



Short Summary

Ti-catalyzed C-glycosylation of glycosyl chlorides

( cl \/G

R G
o) —G o)
——G > < )J - < )_/)
Mn, H* source | |
OP OoP

« Use of nonprecious and non-toxic Ti catalyst

« Wide range of scope

X Require protected glycosyl chlorides

Two step functionalization of unprotected saccharides

CsF4N-SH
HO R—LG
HO (o] Base
HO
Site-selective

HO OH
Native sugar

HO

HO

HO 0 L[ Reductant, HO o
HO S T base HO

X HO

« Unprotected saccharides

« Wide range of scope
X Multi steps
X Non-catalytic

HO CsFsN -
Transient donor HO
Isolated or HO O Unprotected

Via glycosyl radical

Ming Joo Koh. et al. Chem. 2021, 7, 3377.; Ming Joo Koh. et al. Nature. 2024, 631,319. 27



Today’s content

2. Main

- Ti-catalyzed direct anomeric activation of unprotected saccharides

28



Ti-Catalyzed Direct Anomeric Activation of Unprotected Sugar

OH @ e s
HO%OH = % [

OH Z>COo,R

OR

- High oxophilicity and one-electron reductive capability of low-valent Ti catalyst.
— Direct activation of anomeric —-OH by Ti cat.

- High stereoselectivity.

- Applicable to various mono- and oligosaccharides.

Xing-Zhong Shu. et al. J. Am. Chem. Soc. ASAP
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HG&RA.. \)L

Optimization

Cp*TiCl; (20 mol%)

OH

Zn (3.0 equiv) HO

- O

Ph{Me),Si-Cl ( 7.0 equiv)
5A{1D mg), THF, 80°C, 8 h

L-Arabinose
(1a, 0.1 mmol) {D.‘IE rnmol‘,i
entry change of conditions 3a (%)

1 none 62

2 Cp*,TiCl, 33

3 CpTiCl, 12

+ at 30 °C 28

5 Mn instead of Zn 0

6 no 5 A molecular sieves 50

7 no R;Si—Cl trace
8 Et,Si—Cl instead of Ph(Me),Si—Cl 30

9 TBSCI instead of Ph(Me),Si—Cl 0

10 Et,N-HCl instead of Ph(Me),Si—Cl 0

11 Coll-HCI instead of Ph(Me),Si—Cl 0

12 no Ti or Zn 0

“1a (0.1 mmol) and 2a (1.8 equiv) were used; the reaction at 80 °C

for 8 h and isolated yield is given.

HO
OR
3a (fia > 20:1)
R = 2-(naphthalen-1-yl)ethyl

« Zn to reduce Ti(1V) to Ti(lll).
- MS 5A to remove H,0, HCI
- Suitable Cl source. (entry 7-11)

Xing-Zhong Shu. et al. J. Am. Chem. Soc. ASAP
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Reaction Mechanism

[ Proposed mechanism

9 g
HO); ~ (HO nﬁ&é
%ﬂ’* (Ho)nm ( ( ) B
o \/

/\
Cp*TlCI2 R l
pr-r'cl2 Cp*TICl2 0
C CO.R
1/2 ZnCl RaSI-Cl @ ‘ ior
Zn Cp*TiCl
R,Si-OH Product 3

« Activation of Ti(IV) to Ti(lll) by Zn.
- Anomeric C-O bond cleavage by Cp*TiCl,.

* OH-Cl exchange with chlorosilane.

Xing-Zhong Shu. et al. J. Am. Chem. Soc. ASAP 31



Mechanistic Investigation

Homolysis of anomeric C-O bond

El Experiments agree with a radical process?

OH OH g 9 ok OH
HO Q HO Q OR HO Q
HO or OH » HO 0
OH H Standard conditions OH
OH OH OR

3f (/B > 20:1)
46% from 1f; 50% from 1g
* Both a- and B- glucose reacted to same product with high stereoselectivity.
— Suggesting radical pathway.

a-D-Glucose (19) SD-Glucose (1f)

I3 Experiments agree with C-O homolysis

(1) Inconsistent with the intermediacy of glycosyl chlorides?

OMe - OMe
o standard condition . o
MeomwOH without Zn, 8 h MeOmC'
OMe OMe
1j 4, 0%
(2) Stoichiometric reaction in the absence of chlorosilanes®
OMe
OMe Cp'TiCl3 (2.0 equiv) 0

0 Zn ( 3.0 equiv MeO
MeO o * %7 COOE 2o, We© COE
OMe THF, tt, 24 h 25t

1j 5 6, 18% (B/a. > 20:1)

* Mixture of chlorosilane and Cp*TiCl; doesn’t generate glycosyl chlorides.
- Reaction proceeds without chlorosilane.

— Denying halogen exchange between chlorosilane and saccharides. 32
Xing-Zhong Shu. et al J. Am. Chem. Soc. ASAP



Mechanistic Investigation

Homolysis of anomeric C-O bond

OH pathway cl AG (kcal/mol)
. not found
Cp*TiCl; + d‘ Mo %> Cp*Ti(OH)Cl, + d‘Me i
OH pathway Cl
M not found
Cp*TiCl, + d’ @ X » Cp*Ti(OH)CI + d‘ Me 6.5
OH pathway cl

Y

not found
Et;SiCl + d‘ Mg X Et;SiOH - d’ Me 0.2

* Chlorination of alcohol with Cp*TiCl;, Cp*TiCl,, R;SiCl is thermodynamically and kinetically

unfavorable.
— Saccharides may directly generate glycosyl radical.

Xing-Zhong Shu. et al. J. Am. Chem. Soc. ASAP 33



Mechanistic Investigation

Halogen exchange

Tizor oM
AGgg / (E)T‘y) \C|~:‘\.2.°
kcal/mol 015 Cl 235 SIEt3

Et,SiOH

on . 28.1
(j Me IM1 @ ---------------- R
-10.1

‘@: Cp*TiCl;
‘% | zl -16.4
H
Ti1'1 /H O
e Cl
Cl/(=;| 79 %9/@ Cl
Me

- Halogen exchange with chlorosilane could occur.
* This process was rate determining in the past reaction.

Xing-Zhong Shu. et al. J. Am. Chem. Soc. ASAP 34



Substrate Scope (saccharide)

Cp*TiCls (20 mol%)

m 0 Zn (3.0 equiv) 0
oH + A > (HO)
(HO), OR Ph(Me),Si-Cl, THF "
1b-1 2a 5A (10 mg), 80 °C, 8 h 3b—k
(0.1 mmol) {0.18 mmol)
d entry saccharide product . .
e saceharide product o - Various saccharides (except entry 7
18] 0 o °
1 0 o7 OR 6 Hgo"ﬁ\.g HOo 5 * Protecting groups lower yields.
OH OH OH OH .
o §ig o _ o=« Stereoselective
D-Arabinose (1b) 3b, 60% (fe > 20:1) a-D-Glucose (19) 3f, 50%,” (o:p > 20:1)
" el o OH OHO
2 HO Ho 0 7 0o _0
HSBHOA"OH OHL M g A "B )
D-Xylose (1c) 3c, 46%, (c:p > 20:1 OH OR
- ol )0 D-Mannose (1h) 3g,N.D.°
HO OH
Ho\ijH H 0 OR HOLOH o) o
0 OH
’ HO HO o 4 H0J<|—|7M HOM)LOR
L-Xylose (1d) 3d, 55%, (o:p > 20:1) L-Ribose (1i) 3h, 43%, (B:a > 20:1)
HOOH MeQ MeO
" 0 R oy M om.u(m 2
) Ho&oﬁ“m PR R >0 MeORTo L §
OR (Me)-L-Arabinose (1j) OR
D-Galactose (1e) 3e, 61%.,? (a:p > 20:1) 3i, 50%, (B0 > 20:1)
AcO AcO
" OH o a 10 0 o}
HO A omﬂ.oH AcO
HHMOH HOR=TH @ A A 't
OH OR (Ac)-L-Arabinose (1k) 3, N.D. OR
-D-Glucose (1f) 3f, 46%,° (a:p > 20:1)

Xing-Zhong Shu. et al. J. Am. Chem. Soc. ASAP
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Substrate Scope (alkene)

N
HO =~ "EWG HO
0 (0.18 mmol) 0
OH EWG
HY Table 1, entry 1 HO
OH see Table 1, entry OH
1a (0.1 mmol) 3k-ae

B Bn Protection 1m for Easy Detection and Isolation”

BnO-_  BnO OH BnO 5980 BAO 598N
1joﬁ - -
CO,Et S0,Ph
n 11 OBn OBn

OB e
3v, 49%°

3u, 72% (1:1 dr)
BnO
04
CN
OBn CO;Me
3w, 44%, (o:p = 16:1)°

BnO. OBn
Q4]
o]
\BE}%O

3y, 47%C (1:1 dr)

Bno Me
3x, 66% (1:1 dr)

BnO OBn
O-|
BnO 0OBn
O~
BnO
(o]
(o]

3z, 54% (1.5:1 dr)

/0 OMe
o] ome B"© OBn Me
BnO 0Bn R 0 :
O [o] OMe
BnO o
BnO o,
H 3ac, 71% Me
3ab, 39% o Me

(from (-)-menthol)
Me
Me
H
o Me

3ae, 49% (from L(-)-borneol)

(from podophyllotoxin)

BnO

3ad, 68%
(from cholesterol)

HO HO

0 Q
HO 0 HO! o
BA__0) o

H
)
o O O 3q, 55%
2 4
HO
L0 C
R N
H

3k, R=H, 71% (1.9:1 dr) 3r, 43% CO,;Me
3l, R=0Me, 67% (1.8:1 dr) Me
3m, R =CF3, 73% (1.6:1 dr) HO
3n, R = Br, 80% (1.8:1 dr) 0
30, R=1,85% (1.7:1dr) HO OH
3p, R = OTf, 63% (1.6:1 dr)
HO s 3s, 59% (from dehydroabietinol)
Q Me
HO e OMe 0 Me
M M M
o e e e
Me

3t, 66% (from a-tocopherol-derived alkene 2k)

- Acrylates, acrylamides, vinyl sulfone, acrylonitrile
* Cyclic acceptor
- Acrylates derived from natural products

Xing-Zhong Shu. et al. J. Am. Chem. Soc. ASAP 36



Synthetic Application

Bl Radical C-glycosilation of disaccharides OH B Modification of amino acid and peptide®

CH,OH
o/%/ 20H o
HQ o
¢ CH,OH
¥ COzMe -

3aj, 65% ‘
3ai, 59% N(B")z (Bl > 20:1) Me/'\[fo
(Blox > 20:1) i O

HO O HO HO
0 ®,
" " NOH © HO
"o ) 3ak, 52% NH Bn,__co
ak, 52% ,Me
(B/a > 10:1) )\/@ 3al, 50% NH Y
MeO,C (Bla > 20:1) )\IrNH
3ag, 38% (/B> 20:1, from D-(+)-Melibiose)
I3 Derivatization of pharmaceuticals ] Concise synthesis of anti-inflammatory agent"' 0
o
OH HetL O OH OH HOOH \)LN
H
HOw awuN HO OH 0 HO O
/ H HO 'y Ho” OH OH see Table 1, entry 1 3am, 48% COOH
HO OH 1e (a/p>20:1)
Me Me Me 9) ¢
Me
MeO e
Me
3ah, 32% (a/B > 20:1, from acarbose, an anti-diabetic drug)
* Applicable to disaccharides * Glycopeptide

- Late-stage modification of bioactive molecules * Reduce synthetic steps (five step to single step)

Xing-Zhong Shu. et al. J. Am. Chem. Soc. ASAP 37



3. Summary

Today’s content
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Summary

OH @ D o
HO%OH = =D %

OH ZCOo,R

OR

« Direct —-OH activation of native saccharides.
« Applicable to various saccharides.

« Highly stereoselective.

X Generally moderate yield.

Perspective

+ Other metal or metal-free method.
- Catalytic anomeric activation and C-X cleavage. (e.g. catalyst with thioglycosyldonor)

Xing-Zhong Shu. et al. J. Am. Chem. Soc. ASAP 39
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