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Heparan Sulfate (HS)

structural characteristics

. — GIcNAC(6S) — GIcA — GIcNS(6S) — IdoA(2S)

- linear polysaccharides existing in various animals
- typically composed of bD-glucosamine (GlcN), b-glucuronic acid (GlcA) and L-iduronic acid (IdoA)

- partially acetylated at NH, and sulfated at NH, and OHs

biosynthesis of HS

deacetylation '

N-sulfation HO . o)
epimerization
O-sulfation

Various saccharide backbone and
sulfation patterns are generated.



Various Sulfation Pattern of HS

HSs interact with various proteins depending on their sulfation patterns, mainly by their negative charge."
fibroblast growth factor 2 (FGF-2)
(0]
; 0]

1

HO
HN
(o)
H HO
HO .
secreted in response to

immobilized as bound hydrolysis of saccharide for

form with HS FGF-2 angiogenesis and other functions
antithrombin Il ... applied for approved pentasaccharide drug fondaparinux (shown below)
x1000 increased inhibition activity
o I Xa I:> anti-coagulation
HO A ©o,c

S0 LA
HN
OHo

8 %@%

antithrombin Il

Elucidation of the relationships between sulfation pattern and protein binding is important for more
use of HSs as bioactive molecules.

1) Costa, D. S.; Reis, R. L.; Pashkuleva, I. Annu. Rev. Biomed. Eng. 2017, 19, 1.



Previous Synthetic Approach

Efficient and comprehensive chemical synthesis is crucial for evaluation of activity of extremely
diversely sulfated HSs, which cannot be fully accessed by isolation from nature/enzymatic synthesis.

Wangq: 48 HS disaccharides"

OTBDPS  GIcN-GlcA o o
0 (C58) 0 - Hor S0
BNnO0 %) c - HOO %) c =H or Ac or SO;
a
P Nl s > HN L\ o
BnO OMe HO OMe
OBz o
and GIcN-ldoA (C5a) diastereomer 23 x 3 x 2 (diastereomer) = 48 patterns

Remaining problems:

Boons: 47 HS tetrasaccharides?
- laborious column purification after each step (for both)

MeO,C - comprehensive library was not realized due to non-
orthogonal protecting group strategy (for tetrasaccharide)
BnO Me02C o
/m/o °
OBnB nO N,

O(CH,)sN(Bn)Cbz
=H or SO?
AN = (SO, 383 or (so? H) or (H, H)
% R* = Ac or SO;
&Q‘ 22 x 3 = 12 patterns

O(CH,)sNH,» and other 3 diastereomers

1) Hu. Y.-P.; Zhong, Y.-Q.; Chen, Z.- G.; Chen, C.-Y.; Shi, Z.; Zulueta, M. M. L,; Ku, C.-C.; Lee, P.-Y,; Wang, C.-C.; Hung, S.-C. J. Am.
Chem. Soc. 2012, 134, 20722. 2) Zong, C.; Venot, A,; Li, X,; Lu, W.; Xiao, W.; Wilkes, J.-S. L. Salanga, C. L.; Handel, T. M.; Wang,
L.; Wolfert, M. A.; Boons, G.-J. J. Am. Chem. Soc. 2017, 139, 9534.
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Solid-Phase Synthesis

solid-phase synthesis of yaku’amide B

N @PFG ~ | \\N

: Wang-ChemMatrix resin N S N
(polymer bead, ~0.1 mm) FmocHN o @ N N \
SPZ HOAt OH

C’ Q i-Pr,NEt

O dipeptide unit PyBOP NMP

HZN/\[]/ Ji( ji'( ;i‘\ 40 °C, 2 cycles; filteration

high-throughput reaction cycles FmocHN\/K( /\n/ ji'( O
(Excess reagents or reaction wastes can

be removed just by washing the beads.)

solid support SynPhase Lantern used in this research?

equipped with chemical
scaffolds (e.g. amine)
for substrate loading

ace polymer
— - polystyrene (for hydrophobic substrate)
@ 5 mm - polyamide (for hydrophilic substrate)

lantern SynPhase Lantern

1) ltoh, H.; Miura, K.; Kamiya, K.; Yamashita, T.; Inoue, M. Angew. Chem. Int. Ed. 2020, 59, 4564.
2) For details, also see MIMOTOPE’s homepage; http://www.mimotopes.com/knowledgeBaselListing.asp?cid=26,34,57



Synthetic Target And Strategy

R= O
©o,c O 7‘93J\N/\(~)4/\NH
@0 c H
2
=H or SOe =

23 =8
= Ac or 303?9 } sulfation patterns for each

site selective deprotection/sulfation; = 0
cleavage from lantern \'\n/\)l\
OFmoc

Alloc-like HYCRON linker



Introduction on Lantern/ O-Sulfation

j.]\ o ) OFmoc  A: C5B (GIcN-GIcA)

— B: C5a (GIcN-IldoA)
AN )’\)l\ — °
HZN'H(?N 0" \FA o g N= B30

H H 1 [MieO2C o)
3 °_0
= L gnO o OH
OR! 5 3

A or B, HATU TB$05 °

HOAL, i-Pr,NEt piperidine/DMF

T
heated by microwave from A: 94%, from B: 86%*
60 °C for A, 50 °C for B (from UV of cleaved Fmoc)

R3 R* (o) (o)
o)
gm"%uﬁﬂ J\o/\/\ L
o

*calculated from the amount R'=H, R?= Lev, R® = N3, R* = CO,Me
of A or B used for loading
R! R3 R*
b c d e
b o © S @ 5 © o
c d e
© o @ o © ’ v o®
a b c d e 2 2
@, ® _ © @ "
d e
(d) - (e) - H H
(a) Ac,O/pyridine, 60 °C .. Ac protection at R’ /
—N @
(b) NoH4°H,0 removal =N ©
pyridine/AcOH, 40 °C \ PFs 2 Ne
(c) SO5°Et;N, DMF/Et;N, 60 °C ... O-sulfation (R', R?) ~ N\ | ,N
(d) MesP, THF/H,0, 45 °C .. N3 reduction | ,,N \N N
(e) LiOH, THF/H,0, 30 °C .. ester hydrolysis (Me, \N N\@ \OH
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N-Sulfation/Completion of Library Synthesis

OR' R', R?=H or SO;, R®* =H, R°=TBS
R°0 K o 0
R0 RS = /‘JL , R7 = Bn
ROHN | 9% o o ) T 0NN L
o A, R
Rm *%JLN A N~
o 3 H H
R R3 R5 RS, R”  yield*
60%/48%
(f) - (9) - (i); - () - H Ac 33%/38%
size exclusion H 39%/49%
chromatography H H H 58%/39%
42%140%
(f) (h) - (i); - )] - H 509 41%142%
size exclusion H ° 37%124%
chromatography H H 57%/39%
*calculated based on the resin-loaded disaccharides
Eg'XE:SN;’eLHHFZE?IfJCso o Ll_aas; :;T;‘.’:rl\ ) shown as C58 (GIcN-GIcA)/C5a (GIcN-IdoA)
(h) SO3*pyridine, NaOH (pH = 8.5) )
MeOH/Et;N/H,0, 60 °C ... N-sulfation (R?) Automa@non of
(i) Pd(PPh3),, Me,NH*BH; synthesis was
CH,Cl,/DMF, 35 °C ... cleavage from L also realized.
(j) Pd/C, H,, t-BuOH/H,0 ... Bn removal (a)-(i): 90 hours

Disaccharides with all the possible sulfation patterns were synthesized in 1-3 mg scale.
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Evaluation of Binding Affinity to FGF-2
?N{/\Zj\ synthesized Hg‘%ﬁ&/o ﬁsj\nﬁu j\

disaccharide o

q ' HoS @ozc
~o (at 3 different RHN % HJL HN

o .
concentrations)

Ho/gﬁ ©o,c

glass slide \S* ROHN % ﬁj\ HN
Alexa Fluor 488- washout Hg&ﬁ S0
labled FGF-2 . unbound proteln> “HN °/$$/ ‘HJL '(’H

Fluorescence intensity reflects
the disaccharide-FGF-2 affinity.

10,000
§ = 1mM 0
< 0.5 mM o

8,000 HO
g = 0.25 mM Ho eOZC 5 °
£ 6,000 R*HN g o o ,H\
= HO N\ /S NH,
8 - o) 3 H
c 4,000
()
2 R®
< 2,000 !
g 3 ] ! 412  H sof  sof

0 Lo Rl el e b b lefi B b JMIE| L Ll g16 sof sof  sof

1 2 3,45 6 78,9 10 11 12 13 14 15 16

Compound number 4, 8: C5B (GIcN-GIcA), 12, 16: C5a (GIcN-IdoA)

Importance of 2-O- and N-sulfation on the FGF-2 interaction was shown by the comprehensive assay.
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Fluorine Tag Method

fluorous chemistry: use of strong affinity between fluorinated compounds

Established in 1990’s and used for isolation of compounds by liquid (aqueous) — liquid (organic) —
liquid (fluorous) three phase separation?).

application of “fluorous solid-phase extraction’?

¢ 2. “fluorophilic” solvent (e.g. MeOH, acetone):

©
0,C, o OH
HO o) for eluting fluorine-tagged product
HO (o)
HO C)
HO 0,C, OH 1. H,O (very low affinity with fluorine):
HO

for washing out reagent, salts, waste
0 OMe
FBoc = /J]\
A 0 C3F7

1. Et;N, MeOH/H,0

fluorous silica gel

F FF FF FF F

NMF
Si
F

R= CO%F3 2. SOzMe;N, Na,CO3, H,0;
R =S80; solid-phase extraction F FF FF F F
MeO ) affinity
: NHFBoc
Fluorine tag method can... OH.
- simplify the purification of charged compounds o o~
- take advantage of liquid-phase reactions '
e . . ' OH

(easy monitoring by TLC, heterogeneous reactions) v

1) Studer, A.; Hadida, S.; Ferritto, R.; Kim, S.-Y.; Jeger, P.; Wipf, P.; Curran, D. P. Science. 1997, 275, 823. 2) Cai, C.; Dickinson, D.
M.; Li, L.; Masuko, S.; Suflita, M.; Schultz, V.; Nelson, S. D.; Bhaskar, U.; Liu, J.; Linhardt, R. J. Org. Lett. 2014, 16, 2240.



Synthetic Target and Strategy

GIcN2 IdoA2 GlcN1 IdoA1

OrR' © OR” ©
0 0.C—, OH o 0.C
H @) OH
g&ﬁ /%'0/ HO /%0>/0(CH2)5NH2 o
= 6=
HNo HNO H or SO; } 2=64
(o) (o)

= Ac or SO; sulfation patterns
site selective
deprotection/sulfation
common tetrasaccharide intermediate

OTBDPS ONap - CeF13
0'1¢02C—, 0Bn 0V1e02C i
(o) . O OBn 0 N 0
Bno 0—/BnO o “ \ﬂ/
N3 F3COCHN >
o o)

(o) =
< FmocO Ftag

! ! glycosilation
OTBDPS ONap
0,C B
Bno o BnO 0 \9; Ftag
N3 F3COCHN
(0

o) (o) EmocO glycosilation

delivered from naturally-derived disaccharide
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Overview of Site-Selective Sulfation

OTBDPS ONap B : protected
5.0 oMe0,C OBn o oMe0,C 0Bn En [ ] :free
Bno 0—/Bno o /") " ~Ftag : modified
N3 F3;COCHN 5 5

o) : sulfated

LevO FmocO - lacetylated
OFmoc N3 ONap OLev OTBDPS HNCOCF; esters BnlFtag
1. piperidine
2. BzCl
3. AcSH
4. DDQ
5/6. NH,NH,

5/6. HFepyridine
7. SO3°Et;N*

8. aq.LiOH
0. AC20
10. MesP

11. SOjepyridine
12. Pd(OH),/C, H,

Y conditions in gray: optional (for site-selective sulfation)
*omitted for the compounds without any O-sulfation

OrR' © OR® ©
O 02C— OH o 020
HO 0 OH
HO ‘0 / HO ‘0. O(CH2)sNH;
R°HN o R°HN R'“=Hor so?
R*0

(o)
R%f = Ac or SO?



Introduction of Fluorous Tag

Bn
HO N
Naph/voo OMeO,C oBn \9; ~Ftag MeOZC OBn \ ®
BnO o. ,SPh  NIS, TfOH, CH,Cl, 72% S‘Ph
x1 >
o)
° o
(delivered from natural polysaccharide heparin') \F
- Ph
A: X'=Nj, 1. CH,(CH,SH),, Et3N, pyridine, H,0
X' = NHCOCF; 4_—‘ 2. (CF3C0),0, pyridine, 81% (2 steps)

MGOzc

OB Naph/VO OMe0,C
A BnO OBn R"
F3COCHN \"); Ftag

B-anomer only

|\ O o

FTag = }Jj\o CeF13
(o)
NIS

1) Pawar, N. J.; Wang, L.; Higo, T.; Bhattacharya, C.; Kancharla, P. K.; Zhang, F.; Baryal, K.; Huo, C.-X; Liu, J.; Linhardt, R. J.; Huang,
X.; Hsieh-Wilson, L. C. Angew. Chem. Int. Ed. 2019, 58, 18577.



Glycosylation toward Common Intermediate

Naph—\~0 o
o) MeO,C
BnO LOBn vz A X' = N3, X? = SPh
X1 Y 0 B: X' = NHCOCF;, X? = O(CH,)sN(Bn)Ftag
BzO
1. NaOMe, MeOH OTBDPS

0
2. LevOH, EtN=C=N(CH,);NMe, g 01120.C ‘
DMAP, CH,Cl,, 91% B0 2 an SPh Lev -
A > N
3. TsOH, MeOH (o) o (@)

4. TBDPSCI, imidazole, CH,CI,
5. BzCl, pyridine, 79% (3 steps) glycoside donor Nap

.

1. NaOMe, MeOH ONap ]
2. FmocCl, pyridine HO 0Ve02C—, g, Bn glycoside donor
81% (2 steps) BnO o O‘@'N\Ftag NIS, AgOTf, MS4A, CH,Cl,, 80%
B > F,COCHN 5 >

3. CF;CO,H, (CF5CO0),0 o)
Et,SiH, CH,Cl,, 80% FmocO

glycoside acceptor

0,C— OBn f\ . OTBDPS ONap
Lo <05 HO™ B70 0/1€026=> 0Bn g o2 >voBn ( \ Bn
' % BnO o nO (o) \9' \Ftag
N3 F3COCHN 5 5
(o)

2 FmocO

tetrasaccharide intermediate



Site-Selective Deprotection/Sulfation (1)

tetrasaccharide
intermediate

OTBDPS

R4 = Fmoc () piperidine, CHyCl,

=N3

(0
2 X
o (0
5

ONap

e 0
O OR*
NHCOCF;

(c) AcSH, pyridine

96%

'

(d) DDQ, 1,2-dichloroethane/MeOH/PBS
(e) NH2NH2'ACOH, CH2C|2/MeOH

(f) HFepyridine, pyridine
(g) SO5°Et;N, DMF, 50 °C

OR'" ©
/%7/ R6HN

83%

purified by fluorous solid-phase
extraction except for (c) and (l)

R4=H
R5=NH

@@ﬁu

(9), 92%
(d), 89% (9), 93%
(e), quant. (9), 88%
(f), 96% - (9), 93%>
(d), 89%_ (e), 96% (9), 90%
(d), 89% (f), 94% _ (9), 91%>
(f), 96%  (e), 96%_ (9), 91%>
(d), 89%» (e), 96%» (f), 93%): (9), 89%>

G)

16 compounds

NHCOCF3
TBDPS Nap SO;z;Na
TBDPS SO3;Na SO;Na
TBDPS  SO3Na Nap SO;Na
SO;Na Nap SO;Na
TBDPS SO3;Na SO;Na SO;3;Na
SO;Na SO3;Na SO;Na
SO;Na SO;Na Nap SO;Na
SO3;Na SO3;Na  SO;Na SO;Na
o1 O(CHsNH, %

RS = 55-78%

NHAC or NH (avg. 69%
o 3 steps)

(h) LiOH
H,0/MeOH/THF
rt to 40 °C
(TBDPS, — H)

(i)* Ac,0, Et;N
MeOH

(k)* SO3epyridine
Et;N, NaOH
MGOH/CF3CH3/H20

() Pd(OH),/C, H,
t-BuOH/H,0
(Nap — H)

*optional



Site-Selective Deprotection/Sulfation (2)

OTBDPS ONap

tetrasaccharide _ o) 0. -° o) 0O~ F

intermediate - J/\I J/\I purified by fluorous solid-phase

o o 0] OR* extraction except for (b) and (l)
N, NHCOCF;
(a) piperidine, CH,Cl, (b) BzCl, pyridine
R*=Fmoc > : R*=Bz
96% 95%

(d) DDQ, 1,2-dichloroethane/MeOH/PBS OR' 0. o OR® 0. o
(e) NH,NH,°AcOH, CH,Cl,/MeOH 0] (0] ~ F
(f) HF+pyridine, pyridine
N O o o ORrR*
3
R1

(9) SO3°Et3N, DMF, 50 °C (h) LiOH
N';'COCF‘* . H,O/MeOH/THF
(f), 95% R R rt to 40 °C
’ TBDPS, H
(d), 89% (), 99% " o ( -
(€), 95% (9), 99% TEDPS 3ha Bz (i) Ac,0, Et;N
—_— . —o> TBDPS SO;Na Nap Bz MeOH
(1), 95% , 19), 92% SO;Na Na Bz
(d), 89%_ (e), 95% (g), 90% 3 P () MesP, THF/H,0
> = TBDPS SO3;Na SO;3;Na Bz
(d), 89% (f), quant.  (g), 97% -
' SO;Na SO;Na Bz (k) SOjepyridine
(e), 95%_ (f), 98% _ (9), 92°0> Et-N. NaOH
> > SO;Na  SO;Na Nap Bz 3
(d), 89%_ (e), 95%_ (f), 93%_ (9), 92% MeOH/CF3;CH3/H,0
> > > > SO;Na SO;Na  SO;Na Bz
; ; () Pd(OH),/C, H,
OR" © OR’q t-BuOH/H,0
HO O 9C=>0oH o 0, 926> on OCHANH, € (Nap — H)
05 0/ HO~— o ée 2)sNH; 22-77% *optional
0O5;SHN RSHN = (avg. 47%
© (o) o (o) NHAc or NH 4 or 5 steps)

16 compounds
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Evaluation of Binding Affinity to FGF-2

S QU

H?l/éé 0,C /éé‘ 0,C w\
RSHN /%7/ RSHN /%/0\9»‘

-streptavidin H &&'% ’\%% S
T ~ HN REHN 7&

\A Saccharide-protein affinity is
evaluated by fluorescence intensity.

structures with the best 5 affinity and almost no affinity:

orR' © oR® ©
HO (o) HO (o) ~
5 6
R HN0 R HNO
(o) (o)

R® RS #S

FGF-2;
wash out viotinylated Alexa Fluor 647
tetrasaccharide unbound protein antibody
on glass plate > >
FGF2 N-sulfation
NAc-NAc NAc-NS NS-NAc NS-NS
BH-2H-6H2H |1 01%01 |2 04:03 |3 05:01 |4 0.9x0.1
BH-2H-6H-25 |5 01£0.1 |6 21+1 7 06+02 |8 32%2
6H-2H-652H |® 02+03 [1© 03+01 |M 07+01 |12 2#1
6H-25-6H-2H |18 0.0+0.7 |1 0401 |15 181 16 2141
6S-2H-6H-2H |7 0.0+0.1 |18 0.4:01 |1 0.4:02 |20 1#1
BH-2H-65-25 |21 01+0.0 |22 29+2 28 241 24 38:2
o | 6H-2s-6H-2s |? 02:00 |26 3122 |27 30#1
:% 6S-2H-6H-25 |22 0.0£0.0 (30 261 31 14 32 22:3
7| 6H2s6524 [ 02:02 (38 241 =3 gEal (Y e
© 6S-2H-6S-2H |37 0.0+0.1 (38 2:4 39 241 40 331
65-25-6H2H |41 01+0.0 |42 0.6+02 |43 2641 44 24 +1
6H-25-65-2S |45 0.9:0.1 |46 3741
6S-2H-65-2S |4 1x1 50 3641 51 341 52 4541
65-25-6H-25 |33 0.6+0.4 |54 38+2 55 3621
65-25-65-2H |57 31 58 5:+3 60 39+2
65-25-65-25 |81 2x1 62 28:+3
J . 100

6a s0P sof sof sof sof sof
48 H sof sof sof sof sof
63 sof sof sof sof aAc sof
28 H soP H soP sof sof
50 sof sof sof soP Ac H

a0 sof sof H sof sof H
58 soP Ac soP soP sof H

b H 00 a0 6 O

Comprehensive investigations for the structural determinants for protein recognition of HSs was realized.
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Summary

OFmoc

TBSO= 0 site-selective
n Me0,C modifications

o o] .
N, 8 sulfation patterns
0 —
(o) x 2 diastereomers
gm QQLH,@EHJLO A~
o

/

PP solid-phase strategy
distinguished OH and NH, groups

by different protecting groups fluorine tag strategy \

OTBDPS \. ONap Bn CeF13
MeO,C MeO,C
Bz0 S0 e, O 20BN o N o
Bno 0—/Bno ° \9/ \"/
N3 F3COCHN 5
o) o o

0 FmocO

site-selective
modifications

:: 64 sulfation patterns

Diversely sulfated HS libraries were constructed systematically and efficiently, enabling
comprehensive investigation into sulfation requirements for binding to various proteins.
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Synthesis of GIcN-GIcA Building Block

p-TolSCI, AgOTf 1= 1. DDQ, CH,Cl,/H,0, 80%
OAc MS4A, CH,Cl,, -78 °C: O R 2. TBDPSCI, imidazole
TBSO 0 STol » TBSO 0 ) CH,Cl,, 84%
BnO o OPMB BnO OR
N3 N3 (o)
HO & D STol
BnO STol, TTBP BnO o
OBz a-glycosilation OBz
— 1. HFepyridine, pyridine, 88%
HO” "7, p-TolsCI OAc R2 = CH,OTBDPS 2. TEMPO, Phl(OAc),, CH,CI,/H,0
AgOTf, MS4A, CH,Cl, o R2=CO,Me -e«——— 3. Mel, K;,CO3;, DMF, 74% (2 steps)
—78 °C to 0 °C, 82% TBSO 4. TBSOTY, 2,6-lutidine, CH,Cl,
» BnO N, R2 B-glycosilation —40 °C to 0 °C, 80%
(o) 0O o
BnO \9/\
1. NaOMe, MeOH/CH,Cl,, 93% OBz 3 .
2. FmocCl, pyridine OFmoc 32 SN 1. O3, CH,Cl,, -78 °C;
CH,Cl,, 80% o RO=AA T | MesS, 82%
3. LevOH, i-PrN=C=NiPr 1230 A: RS = 3-COH <— 2. NaClO;, NaH,PO,, H;0,
DMAP, CH,Cl,, 84% N MeO,C, . MeCN/H,0, 84%

(o)
> gmoﬁ R®
5 3

t-Bu
NC (0]
| NN U Lev = )l\/\n/
A .
t-Bu N t-Bu O

TTBP TEMPO



Stereoselectivity of Glycosilation

Ag('D
_ClI AcO Q ® _sTol
OAc TolS OAc TolS
OBn
TBSO 0 3?4 — 5 TBSO o el — -0 3
BnO o BnO \;STOI >
Ns NsHN_opwme 850 [ Ny
) O .
Sn2 HO STol '
OAc BnO 1 .
TBSO 0 0
BnO OPMB BnO ® 2
N3 o) AcO ~
Bao STol
OBz TBSO N
\-  CO:Me \c CO:Me HO™ . CO,Me
’ O _~Tol ‘ o) ‘ o)
o [©) o) o o
Bnms‘STol 5> BnO 4 > BnO ‘93/\
o{ O“ o@o0 OBz

neighboring )
y participation v



Synthesis of GIcN-ldoA Building Block

HOW, p-TolSCI W
STol o'\ /3
OBn AgOTf, MS4A, CH,ClI, OBn
-0 —78 °C to 0 °C, 82% -0
y
O O
|LO OBz |LO OBz
PMP PMP
1. p-toluenesulfonic acid o
CH,Cl,/MeOH, 90% oen 1M
2. TEMPO, Phl(OAc),, CH,CI,/H,0 MeO,C 0
3. Mel, K,CO3, DMF, 86% (2 steps)
o
OH OBz

OAc
BnO Sl B: R' = Fmoc, R? = Lev, R3 = »C02H
p-TolSCI, AgOTf
MS4A, CH,Cl,, 78 °C

N3 OR1
e0,C
TBSO q!e0z OB“ o\(\%m
BnO

1. NaOMe, MeOH/CH,Cl,, 79%
2. FmocCl, pyridine, CH,Cl,, 71%
3. OH, i-PrN=C=Ni-Pr
DMAP, CH,Cl,, 75%
4. O3, CH,Cl,, =78 °C; Me,S, 70%
5. NaC|02, NaH2P04, H202
MeCN/H,0, 80%



28

organic-aqueous-fluorous separation?

%\/OSi(CH2CH2C6F13)3

__©
Ph—N=C-—O
/\/\NOZ benzene/H,0 layers:
EtsN, PhCF3; remaining reagents
three-phase extraction

> FC-72 (fluoroalkene):

N—O

/
H7c3/u\/osm3

(R = CH20H2C6F13)

sat. aq. NH,CI
CH2C|2:

N-o
HFe-pyridine, Et,0;

/
three-phase extraction H7C3/§)\/OH

> 73% yield, 94% purity

FC-72:
fluorinated silyl
compounds

Pure [3 + 2] cycloadduct was obtained without column chromatography.

1) Studer, A.; Hadida, S.; Ferritto, R.; Kim, S.-Y.; Jeger, P.; Wipf, P.; Curran, D. P. Science. 1997, 275, 823.



Modifications of Naturally Derived Disaccharide’

GIcN o IdoA GIcN IdoA
2 M aq. TfOH
100 °C RC 0 '0,€ 0R3
] i . AcCl, MeOH, reflux
natural heparin polysaccharide R'=H = NH.. R®=H 2_ TN, K,CO3, ZnCl,
_H.SO H,0 L ¥ | CH,Cl,/MeOH
2o%4 R'=Me, R“=N3, R"=Ac 3. Ac,0, HCIO,
[ =] _EO 0
OH H 5°C to rt, 20% (4 steps)
-0 HO,C—\ oH @\0){
/?I o~/
| 1\‘3

Hég“ g o* of IdoA glycoside C1-O bond interacts well
poor HOL/ q with the o of neighboring C2-O bond, making
goo

overlap overlap the GIcN-IdoA glycoside more labile.

A

1. TMSSPh, Znl,
CH,CI Na h/vo OMeO,C 1. Bu,SnO, (n-Bu),l
OMe R5 BzCl, MS4A
2. NaOMe, MeOH zLl,
toluene, 70 °C
R45—H

3. NaphCH(OMe)z 2. BnBr, Ag,0, MS4A
p-TsOH, CH;CN R4 = Bz, R5 = Bn = CH,CI,/DMF
72% (3 steps) 63% (2 steps)

1) Pawar, N. J.; Wang, L.; Higo, T.; Bhattacharya, C.; Kancharla, P. K.; Zhang, F.; Baryal, K.; Huo, C.-X; Liu, J.; Linhardt, R. J.; Huang,
X.; Hsieh-Wilson, L. C. Angew. Chem. Int. Ed. 2019, 58, 18577.



