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Abstract 

Seasonal influenza epidemic is a serious health problem to humans. Local and global 

influenza infections usually claim a vast number of lives and cause huge economic losses. 

Neuraminidase is an essential glycoprotein on influenza virus membrane responsible for 

cleaving the binding between newly formed virus particles and the host cells. 

Neuraminidase inhibitors, such as zanamivir, oseltamivir and peramivir, are widely 

applied to clinical treatment of influenza patients. Owing to the emergence of oseltamivir-

resistant viruses, zanamivir would be indispensable to fight against influenza epidemics. 

Over two decades, zanamivir has been prepared from sialic acid in manufacturing 

process. However, using sialic acid as the starting material also limits the variability of 

synthetic strategy to construct the densely substituted dihydropyran core structure of 

zanamivir with five consecutive stereogenic centers. Furthermore, the 4-amino group of 

zanamivir is only derived by reduction of azide group. Precaution must be taken when 

using explosive azide reagents. 

Recently, some new synthetic methods without using the relatively expensive sialic 

acid as the starting material have been developed, but the employment of azide reagents 

still cannot be completely avoided. Therefore, we intended to develop a new azide-free 
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process for the synthesis of zanamivir. Moreover, this process should be applicable to 

synthesize zanaphosphor, which has been shown to possess higher anti-influenza activity 

than zanamivir. 

In our work, a cost-effective starting material of D-glucono-δ-lactone is employed, 

and the nitrogen-containing groups at the C4- and C5-positions are installed by 

asymmetric aza-Henry reaction of a chiral imine. Instead of using azide reagent, the key 

tactic is to utilize a nitro group as the latent amino group at C4-position. Finally, we 

successfully developed an efficient way to construct the densely substituted dihydropyran 

core, and achieved the syntheses of zanamivir and zanaphosphor. 
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 (in vitro in vivo) A B

(GlaxoSmithKline)

1999 (FDA)

(RelenzaTM) 19, 20 

 

1-5-4 CS-8958 

 zanamivir

(bioavailability) (5%)

(4–17%)

zanamivir

 

Andrew 1999 zanamivir

carbamate 3a 3b zanamivir

21 (Sankyo Co. Ltd) Honda

4a–4g

12 zanamivier 22, 23 

 2009 4a 4a

zanamivir

 CS-8958

O CO2HHO

AcHN H2N

OH
OHO CO2HHO

AcHN
HO

OH
OH O CO2HHO

AcHN HN

OH
OH

NH
H2N

4-amino-4-dexoy-Neu5Ac2en
 (Ki ~ 4 × 10−8 M)

Zanamivir (1)
 (Ki ~ 3 × 10−11 M)

DANA
 (Ki ~ 4 × 10−6 M)
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long-acting NA inhibitor) 24, 25 
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NA DANA DANA
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OO
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(IC50 ~ 200 µM) NA

5b  

 

 5b Kim

DANA S5 Glu276

S4

(lipophilicity) 6a–6d

(6c) (6a) 20

( )

3- (GS4071 6h) zanamivir
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6 26 

 

Compound R IC50 (nM)a 

1 zanamivir 1 
5a H 6300 
6a CH3 3700 

6b CH3CH2 2000 

6c CH3CH2CH2 180 

6d CH3CH2CH2CH2 300 
6e (CH3)2CHCH2 200 

6f (R)-CH3CH2(CH3)CH 10 

6g (S)-CH3CH2(CH3)CH 9 
6h (CH3CH2)2CH 1 

6i (CH3CH2CH2)2CH 16 
a Influenza A (H1N1) strain. 
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6
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O
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O

O
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NH
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O ONH

H2N NH3

Arg152

NH
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GS4071 3-

C1 GS4071

GS4104 in vitro

GS4071

zanamivir

GS4071 7 1999 (Roche)

GS4104 oseltamivir

(TamifluTM)  

 

 

1-5-6 Peramivir  

 zanamivir oseltamivir peramivir

1990

(7) 28

7

3- (peramivir)

(IC50 = 1.1 nM) 29 

 peramivir (9)

CO2HO

NH2

AcHN

GS4071 (6h)

CO2EtO

NH2

AcHN

GS4104 
Oseltamivir

CO2EtO

NH2⋅H3PO4

AcHN

TamifluTM

Oseltamivir phosphate
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RapiactaTM 2009 H1N1

FDA (Emergency Use Authorization EUA)

2010 6

 

 

 

  

 

H1N1 30 2005 H5N1

31

2008 Collins

oseltamivir zanamivir 32 

 oseltamivir zanamivir (Ki)

His274Tyr Asn294Ser Tyr252His

His274Tyr Asn294Ser

oseltamivir

265 81 zanamivir  

 

 

 

O

OH

HO

NH

OH

HO

HO2C OH

O

7

HN
NH

HO2C OH

O

8

NH2

NH

HO

HN
HN

CO2H

BCX-1812
Peramivir (9)

NH2

NH

HO

O
H
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Oseltamivir zanamivir 32 

NA type Oseltamivir relative Ki
a Zanamivir relative Ki

b 

Wild type 1.0 1.0 
His274Tyr 265 1.9 
Asn294Ser 81 7.2 

Tyr252His 0.1 1.2 
a Oseltamivir relative Ki is Ki(mutant)/ Ki(wild type), where Ki of wild type = 0.32 nM. 
b Zanamivir relative Ki is Ki(mutant)/ Ki(wild type), where Ki of wild type = 0.1 nM. 

 

 GS4071 GS4071 Glu276

His274Tyr Tyr274

Glu276 2.0 Å GS4071

2.5 Å Glu276

zanamivir Glu276

Asn294Ser Ser294 Glu276

Glu276 GS4071

Ser294 Tyr374 Tyr374

GS4071 zanamivir
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(a) Oseltamivir His274Tyr (b) Zanamivir His274Tyr

(c) Oseltamivir Asn294Ser 32 

 

  

 

(Arg118 292 371)

(guanidinium ion)

 

(bioisostere)

phosphate phosphonate pKa1(1.52 2.38)

(pKa = 4.74)

33 

 



doi:10.6342/NTU201700686

 22 

(pKa1)33 

Structure pKa1 (calc.) pKa2 (calc.) pKa1 (exp.) pKa2 (exp.) 

 
4.79 – 4.79 – 

 
1.81 6.22 1.52 6.31 

 
2.41 8.07 2.38 7.74 

 

1999 Gilson

34, 35

2007

 

 

34, 35 

Ion pair ΔGo
calcd (KJ/mol) ΔGo

expt (KJ/mol) 

Guanidinium-phosphatea –4.10 –2.38 

Butylamine-phosphatea –4.01 –1.76 

Guanidinium-acetate –3.26  2.51 
a Phosphate is dianionic here. 

 

 

 

 

 

 

H3C OH

O

O P OH
O

OHH3C

H3C P OH
OH

O
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1-7-1  

GS4071 NA

S1

36 

 

 

(a) GS4071 (b) 

 

 

 2007 (tamiphosphor 10)

NA 36

H1N1 H5N1 NA GS4071

(H274Y)

50

H1N1
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GS4071 H1N1/H5N1 36 

 
 Neuraminidase inhibition, IC50 (nM) 

Compd Wt(WSN)a Mut(WSN)b Wt(Hanoi)c Mut(Hanoi)b 

6h 5.90 (± 0.62) 295 (± 31) 62.9 (± 5.7) 971 (± 54) 

10e 0.30 (± 0.05) 526 (± 44) 13.3 (± 1.0) 1210 (± 490) 

11 4.10 (± 0.51) 252 (± 31) 160 (± 32) 1150 (± 380) 

12e 0.12 (± 0.02) 7.39 (± 0.67) 1.82 (± 0.11) 19.5 (± 1.4) 
a NA from influenza virus A/WSN/1933 (H1N1). b NA (H274Y) from influenza virus 

A/WSN/1933 (H1N1). c NA from influenza virus A/Hanoi/30408/2005 (H5N1). d NA 

(H274Y) from influenza virus A/Hanoi/30408/2005 (H5N1). as the ammonium salt. 

 

1-7-2 Zanaphosphor  

 NA

zanamivir

zanamivir NA

zanamivir ( ) 37 

 

CO2HO

NH2

AcHN

GS4071 (6h)

PO(OH)2O

NH2

AcHN

Tamiphosphor (10)

CO2HO

HN
AcHN

Guanidino-GS4071 (11)

NH2

NH

PO(OH)2O

HN
AcHN

Guanidino-Tamiphosphor (12)

NH2

NH
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Amino-danaphosphor

Zanaphosphor Zanamivir

Oseltamivir  

 

 Zanaphosphor(2) (13) 2009

NA (2)

(13) zanamivir oseltamivir

37 
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Zanaphosphor H1N1 37 

 
 Neuraminidase inhibition, IC50 (nM) 

Compd WSN(H1N1)a WSN 274Y(H1N1)b pandemicc 

2 1.0 (± 0.6) 0.3 (± 0.2) 0.7 (± 0.1) 

13 0.6 (± 0.1) 0.5 (± 0.0) 0.8 (± 0.2) 

1 5.3 (± 2.9) 2.0 (± 0.9) 3.7 (± 0.9) 

7 3.1 (± 1.6) 559 (± 90) 1.5 (± 0.4) 
a Influenza virus A/WSN/1933 (H1N1). b H274Y neuraminidase mutant from 

A/WSN/1933 (H1N1). c A/California/2009 (pandemic H1N1). 

 

 Zanamivir  

 

zanamivir H1N1

H5N1

zanamivir

zanamivir

 

 Zanamivir

(pyran ring)

1990 zanamivir

 

O
OH

HO

OH

HN

NH2

NH
AcHN

Zanamivir (1)

H
OH

O
O

OH
P

HO

OH

HN

NH2

NH
AcHN

Zanaphosphor (2)

H OH
O

OH
O

OH
P

HO

OH

NH2

AcHN

Amino-danaphosphor (13)

H OH
O

OH
CO2EtO

NH2

AcHN

Oseltamivir (7)
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1-8-1  

 1994 Monash zanamivir

zanamivir

38 (elimination)

(acetyl 

chloride) acetate

(anomeric carbon) acetate DBU

β 16 39 

 DANA BF3 16

acetate oxazoline (17)

(TMSN3) (azido group)

18

(hydrogenation)

zanamivir von Itzstein

zanamivir  

O
OH

HO

OH

HN

NH2

NH
AcHN

Zanamivir (RelenzaTM), 1

H
OH

O



doi:10.6342/NTU201700686

 28 

 

von Itsztein zanamivir 38 

 

 Merck Frosst Centre 40

TMSN3

(DPPA diphenylphosphoryl azide) 41 

 

 

 

 

O
OH

CO2H

AcHN
OH

H
OH

HO

OH

Sialic acid (Neu5Ac)

H+ resin
MeOH

O
OH

CO2Me

AcHN
OH

H
OH

HO

OH

14

O
OAc

CO2Me

AcHN
OAc

H
OAc

AcO

Cl

15

AcCl

O
OAc

CO2Me

AcHN
OAc

H
OAc

AcODBU
toluene

Neu4,5,7,8,9Ac52en1Me (16)

BF3⋅Et2O
MeOH/CH2Cl2

O
OAc

CO2Me
H

OAc

AcO

17

Me3SiN3
tert-BuOHN

O

O
OAc

CO2Me
H

OAc

AcO

18

AcHN
N3

H2 (1 atm), Pd/C
AcOH/MeOH/toluene

O
OAc

CO2Me
H

OAc

AcO

19

AcHN
NH2

O
OH

CO2H
H

OH

HO
AcHN

NH2

i) Amberlite IRA-400 (OH−),
   MeOH
ii) Dowex 50W X 8 (H+)

O
OH

CO2H
H

OH

HO

1

AcHN
HN

H2O, K2CO3

NH2

SO3HHN
21 NH2

NH

20

HCl gas

P
O

O O
N3

diphenylphosphoryl azide, DPPA
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oxazoline(17) von 

Itsztein oxazoline

22 DPPA TMSN3

18

19 24

zanamivir

 

 

Merck Frosst Centre zanamivir 40 

 

 zanamivir

1995 ” ”

42

methyl ester

O
OAc

CO2Me
H

OAc

AcO

17

N
O

HOAc/H2O
EtOAc

O
OAc

CO2Me
H

OAc

AcO

22

AcHN
OH

DPPA, DBU
toluene

O
OAc

CO2Me
H

OAc

AcO

23

AcHN
OPO(OPh)2

+  DBU-H+ + N3−

O
OAc

CO2Me
H

OAc

AcO

18

AcHN
N3

O
OAc

CO2Me
H

OAc

AcO

19

AcHN
NH2

H2S
py

O
OAc

CO2Me
H

OAc

AcO

25

AcHN
HNN

NHH2N

N
•HCl

DIPEA, DMF

24 NH2

NH

O
OH

CO2H
H

OH

HO

1

AcHN
HN

NH2

NH

i) NaOH, H2O/MeOH
ii) AcOH
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DMAP TMSOTf

oxazoline 17  

 17 TMSN3

acetyl group methyl ester

28 Lindlar catalyst

zanamivir

8.3%

 

 

zanamivir 42 

 

O
OH

CO2H

AcHN
OH

H
OH

HO

OH

Sialic acid (Neu5Ac)

HCl gas
MeOH

O
OH

CO2Me

AcHN
OH

H
OH

HO

OH

14

O
OAc

CO2Me

AcHN
OAc

H
OAc

AcO

OAc

26

Ac2O, DMAP

TMSOTf
O

OAc
CO2Me

H
OAc

AcO

17

Me3SiN3
tert-BuOHN

O

O
OAc

CO2Me
H

OAc

AcO
AcHN

N3

NaOMe

O
OH

CO2Me
H

OH

HO

27

AcHN
N3

TEA

O
OH

CO2H
H

OH

HO

1

AcHN
HN

H2O, K2CO3, NaOH
NH2

SO3HHN
21 NH2

NH

pyridine

EtOAc

18

MeOH

H2O

O
OH

CO2−
H

OH

HO

28

AcHN
N3

H2, Lindlar catalyst
H2O

Et3NH O
OH

CO2−
H

OH

HO

29

AcHN
NH2

Et3NH

O
OH

CO2H
H

OH

HO

30

AcHN
NH2

Dowex 2 x 8 (Cl) resin
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1-8-2 D-Glucono-δ-lactone  

 zanamivir 21

2002 Yao zanamivir

D-Glucono-δ-lactone(31)

 

 2012 Yao 1,3-dipolar cycloaddition

43 D-Glucono-δ-lactone (31)

α acetamide 32

hydroxylamine (33) nitrone (34) 35 1,3-dipolar 

cycloaddition isoxazolidine (36) (R*)

(regioselectivity) (diastereoselectivity)

R* Dess-Martin α-keto ester 

(38)

zanamivir zanamivir
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Yao zanamivir 43 

 

1-8-3  

 zanamivir

D-glucono-δ-lactone

 

 2012 Shibasaki nitroaldol reaction

zanamivir

OO

OH
HO OH

OH
O

O

O
O

H

O
AcHN

9 steps

D-Glucono-δ-lactone (31)

O
O

O
O

H

N
AcHN

(R*NHOH)

OR*

CO2Me

toluene

O
O

O
O

AcHN

36
N O

CO2Me

R*

H2NOH⋅HCl
NaOAc O

O

O
O

AcHN
HN O

CO2Me

i) H2, Pd(OH)2,
   Boc2O
ii) Dess-Martin 
periodinane

O
O

O
O

AcHN
NHBoc

O
CO2Me i) 1 M HCl in MeOH

ii) Ac2O, H2SO4

ii) NaOH, H2O, MeOH
iii) AcOH
iv) H+ resin

32

MgSO4

O
O

O
O

O

H

H
H

NHOH
H

H

i) Me2CO
ii) H2NOH⋅HCl

D-Mannose

34

35
H2O, MeOH

37

O
OAc

CO2Me
H

OAc

AcO

39

AcHN
NH238

N

NHH2N

N
•HCl
24

i)
O

OH
CO2H

H
OH

HO

1

AcHN
HN

NH2

NH

33
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44 40

41 nitroaldol reaction 42

Sharpless epoxidation (epoxide)

44

45 (OsO4)

46 Horner-Wadsworth-Emmons

47  

47 α-

keto ester

acetyl group

48 tert-butyl benzoate

benzoate

49 acetamide benzoate

oxazoline 17

zanamivir Shibasaki
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Shibasaki zanamivir 44 

 

 2014 Ma zanamivir 45

52 54

Henry reaction

 

 

PMBO
O

H

NO2

40

PMBO

NO2

OH

PMBO

NHBoc

OH

43

i) Zn, HCl
ii) Boc2O,Et3N

HO

i) (MeO)2CMe, Me2CO,
   BF3⋅OEt
ii) DDQ
iii) tBuOOH, Ti(OiPr)4,
    (+)-DET

O
NBoc

O

BnO

45

i) Bu4NF aq., MeCN
ii) BnBr, NaH, DMF
iii) HCl; iv) Ac2O
v) TBSOTf, 2,6-lutidine

OBn

OTBSOBn

NHAc

i) OsO4, NMO,
   then NaIO4
ii) 46, LiHMDS

O
P

OTBS

CO2MeMeO
MeO

BnO

OBn

OTBSOBn

NHAc

i) Bu4NF, AcOH,
   then BF3⋅OEt2
ii) H2, Pd/C
iii) Ac2O, py, DMAP
iv) Ph3P, HBr

OTBS

CO2Me

94% ee, anti/syn = 10:1

d.r. = 3.7:1

3 mol% Catalyst*

46

41

THF

42

44

47

O
OAc

CO2Me
H

OAc

AcO

48

AcHN

BzO2tBu, CuBr O
OAc

CO2Me
H

OAc

AcO

49

AcHN

Ac2O, AcOH, H2SO4

O O
Ph

O
OAc

CO2Me
H

OAc

AcO

17

N
O

O
OH

CO2H
H

OH

HO
AcHN

HN

NH2

NH

1

O
N
H

HO
H
N

O

OH

FF
Nd5O(OiPr)13
NaHMDS Catalyst*
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 56

acetamide 

(57) Selenium allylic oxidation

Pinnick oxidation 58

zanamivir

zanamivir laninamivir CS-8958

 

 

Ma Zanamivir laninamivir CS-8958 45 

 

 

 

 

O2N
NHBoc

50

acetone, PhCO2H
catalyst (51) O2N

NHBoc

52

O

ligand (55),
Cs2CO3, CuBr2

i)

ii) SOCl2, py, CH2Cl2

OO

O

NHBoc
O2N

OMOMH

56

CHO

OMOM

O
O

i) MOMCl, DIPEA
ii) DIBAL-H, CH2Cl2

CO2Me

OH

O
O

53 54

i) Zn, HOAc

ii) AcCl, Et3N

OO

O

NHBoc
AcHN

OMOMH

57

i) SeO2, py, dioxane/THF

ii) NaClO2, NaHPO4, 2-methylbutene,
    tBuOH,/THF/H2O

O CO2HO

O

NHBoc
AcHN

OMOMH

58

i) HCl, THF

ii) 24, DIPEA, DMF

O
OH

CO2H
H

OH

HO
AcHN

HN

NH2

NH

1

S
N
H

N
H

tBu

O
N
Me

Bn
NH2

catalyst (51)

OH

CF3

N
Ph

Ph
OH

ligand (55)
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 Zanaphosphor  

 NA

zanaphosphor 2009

zanaphosphor 37

acetyl group

59 acetate

60  

 

α

61

oxazoline

62 63

zanaphosphor (2) amino-danaphosphor (13)

zanaphosphor
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Fang zanaphosphor 37 

 

 

 

  

O
OH

CO2H

AcHN
OH

H
OH

HO

OH

Sialic acid (Neu5Ac)

i) Ac2O, py
O

OAc

AcHN
OAc

H
OAc

AcO

60

ii) heat

O
OAc

AcHN
OAc

H
OAc

AcO

OAc

59

TMSOTf
P(OEt)2OTMS

P
O

OEt
OEt

O
OAc

AcHN
OAc

H
OAc

AcO

61

i) NBS, CH2Cl2
P
O

OEt
OEt

ii) py

O
OAc

H
OAc

AcO

62

H2SO4/Ac2O/AcOH
P
O

OEt
OEt

N
O

TMSN3, t-BuOH

O
OAc

H
OAc

AcO

63

P
O

OEt
OEt

AcHN
N3

O
OH

H
OH

HO

amino-Danaphosphor (13)

P
O

OH
OH

AcHN
NH2

O
OH

H
OH

HO

Zanaphosphor (2)

P
O

OH
OH

AcHN
HN

NH2

NH

i) TMSBr, CH2Cl2
ii) MeONa, MeOH
iii) H2, Lindlar catalyst

i) H2, Lindlar catalyst
ii) MeS-C(=NBoc)NHBoc
    HgCl2, Et3N, CH2Cl2
iii) TMSBr, CH2Cl2
iv) MeONa, MeOH
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(Neu5Ac sialic aicd) (dihydropyran)

zanamivir

zanamivir

zanamivir

( )  

 
Zanamivir  

 

 

43–45

43, 45 

 zanaphosphor

( )

O
OH

HO

OH

HN

NH2

NH
AcHN

Zanamivir (RelenzaTM) (1)

H
OH

O

O
OAc

CO2Me
H

OAc

AcO

Azide reagent

AcHN
OAc

O
OAc

CO2Me
H

OAc

AcO
AcHN

N3

OAc OAc

Azide substitution reaction

4

Sialic acid
derivative
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zanamivir

zanaphosphor

4-amino sialic acid ester (4-amino phosphono-sialic acid ester)

sialic acid ester

46 4-amino sialic acid ester 47–49 4-amino 

phosphono-sialic acid ester zanamivir zanaphosphor

 

 

 

 

 

 

 

 

O
OAc

AcHN
OAc

H
OAc

AcO

61

P
O

OEt
OEtii) py

O
OAc

AcHN
OAc

H
OAc

AcO

P
O

OEt
OEt

O
OAc

AcHN
OAc

H
OAc

AcO
i) NBS, CH2Cl2

P
O

OEt
OEt

Br

H

60
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ManNAc pyruvate Neu5Ac 

aldolase (N-acetylneuraminate pyruvate lyase (E.C. 4.1.3.3))

pyruvate 50 1980

Wong

Neu5Ac aldolase

51–53 pyruvate

pyruvate 3-fluoropyruvate 54

acetylphosphonate 51, 55 

 
 

 

Neu5Ac aldolase 1993 Whitesides

allylic bromide (62a) ManNAc Barbier

homoallylic alcohol (63a) (4S:4R = 5:1)

(ozonolysis) sialic acid ester (64a) 56

phosphono-sialic acid ester (64b)( ) 57 

  

O
NHAc

HO
HO

HO

OH

N-Acetyl-D-mannosamine 
(ManNAc)

Neu5Ac
aldolase

OH
HO

OH O
AcHN OH

H
CO2H

N
H

BN

NH
His

H
O

HO
HO OH

AcHN
HO

CO2H
OH

Neu5Ac

CO2H

O
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Whitesides Barbier  

 

Barbier allylic bromide (62a)

(SET) 58 ManNAc

(hemiacetal) acetamide

chelation si-face

S 63 56 

 

 64b

(anomeric site)

(dimethyl phosphite) 66 (lactone) 

65 (TMSI) 63b

67

57 

O
NHAc

HO
HO

HO

OH

ManNAc

W
Br+ OH

HO
HO OH

AcHN
HO

W
Indium powder

water/ethanol

62a, W = CO2Et
62b, W = PO(OMe)2

OH
HO

HO OH

AcHN
HO

W
OOzonolysis

water
O

HO
HO OH

AcHN
HO

W
OH

4S:4R = 5:1
4

63a, W = CO2Et (90%, two C-4 epimers)
63b, W = PO(OMe)2 (48%, two C-4 epimers)

64a, W = CO2Et
64b, W = PO(OMe)2

O
In

AcHN
HO

OH

HO

OH

Br

H W
BrIn

OH
HO

HO OH

AcHN
HO

W
4

4 si-face addition
OH

OH

OH

OH

NHAc

OH W

4

63a, W = CO2Et
63b, W = PO(OMe)2
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 Chan Barbier sialic 

acid ester (64a)59, 60 64b 61 64b

69b 69a ( )  

 

 

Chan Barbier  

 

O
HO

HO OH

AcHN
HO

P
O O

OMeOMe

64

H

O
HO

HO OH

AcHN
HO

O
HP

O
OMe

OMe
+

Acidic

or
basic conditions

Lactone (65) Dimethyl phosphite (66)

O
HO

HO OH

AcHN
HO

P(O-NH4+)2

HO Oi) TMSI, CH2Cl2, MeOH

ii) Ozonolysis

67

OH
HO

HO OH

AcHN
HO

P
O

OMe
OMe

63b

O
NHAc

HO
HO

HO

OH

ManNAc

PO(OMe)2
Br+ OH

HO
HO OH

AcHN
HO

PO(OMe)2
Indium powder

water

62b

OH
HO

HO OH

AcHN
HO

W'
1N NaOH, MeOH for 68a

4S:4R = 5:1
4

63b, 32%

68a, W' = PO(OMe)(OH), 100%
68b, W' = PO(OH)2, 64%

Ac2O, DMAP, Py. then 
TMSBr, CH2Cl2 for 68b

Ozonolysis

OH
HO

HO OH

AcHN
HO

W'
O

O
HO

HO OH

AcHN
HO

W'
OH

69a, W' = PO(OMe)(OH), 87%
69b, W' = PO(OH)2, 84%
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 Barbier ozonolysis Neu5Ac aldolase

sialic acid ester (64a) (64b 69a 69b)

zanamivir zanaphosphor

Barbier

(imine group) 4-amino sialic acid ester 4-amino 

phosphono sialic acid ester zanamivir zanaphosphor ( ) 

 

Zanamivir zanaphosphor  

 

 

 

 

 

 

 

 

 

 

O
NHAc

HO
HO

HO

OH

ManNAc

W
Br

62a, W = CO2Et
62b, W = PO(OMe)2

In, H2O

Zanamivir 
&

Zanaphosphor

H
OH

OH

NHAc

O
HO

OH

H
OH

OH

NHAc

NR
HO

OH

HN

OH
OH

HO

HO

O

W

NHR

54 4
5 54

O
OH

W

AcHN
NHR

H
OH

HO

OH

5 4

R = Boc, OH, OAc, S(O)tBu, etc.
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 Barbier  

2-3-1 (imine) (oxime)  

(C=N) Barbier

ManNAc

(electron-withdrawing group)

(electrophilicity) (carbamate) sulfinamide

 

 N-Boc imine N-Boc imine

N-Boc imine Maruoka

2013 N-Boc aminal

N-Boc aminal N-Boc imine N-Boc aminal

N-Boc imine Mannich 62 

 

aminal N-Boc imine Mannich  

 

(D-mannose) Barbier

70 entry 1

BocNH2 (D-mannose)

 (entry 2)

O

R

cat. TFA
BocNH2

Ac2O

NHBoc

R NHBoc

cat. Cu(OTf)2
diethyl malonate

CH2Cl2, 24 h

NHBoc

R CO2Et

CO2Et
R = Aryl, Alkyl, Alkenyl, Alkynyl
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50oC (HRMS)

70 70  

aminal (70)  

 
Entry Additive Solvent Temp. (oC) Results 

1 TFA Ac2Oa rt NRb 

2 TFA MeOH rt NRb 

3 TFA MeOH 50 Tracec 

4 – MeOH 50 NRb 

Conditions: D-Mannose (1.0 mmol), BocNH2 (1.67 mmol) and TFA (0.1 mmol) in the 

indicated solvent (2.0 mL). a Ac2O (0.5 mL) was used. b No reaction. c The [M + H]+ 

signal of aminal 70 appeared at m/z 397.2186 in ESI–HRMS. 

  

70 Maruoka

benzyl aminal (71) Barbier

72 TFA

Barbier 71

71 (entry 1)

73 aminal

Barbier (entry 2) aminal Barbier

72 (entries 3–5) entries 6

7 (0.1 mmol) TFA DMF

72  

 

O
OH

HO
HO

HO

OH
BocNH2

solvent, additive, 12 h

70

NHBoc
OH

OH

OH

NHBoc
HO

OH

D-Mannose
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aminal (71) Barbier  

 

Entry Metal Solvent Additive Results 

1 In H2O – 74 
2 Sn H2O – 73 

3 In DMF – NRa 

4 Sn DMF – NRa 

5 Sn EtOH – 71/73 = 1b 

6 In DMF TFAc 71, 73, 74 

7 Sn DMF TFAc 71, 73, 74 

Conditions: Aminal 71 (0.16 mmol), metal powder (0.16 mmol) and allyl bromide (0.32 

mmol) in the indicated solvent (1.0 mL) at room temperature. a No reaction. b The ratio 

was determined by 1H NMR analysis. c TFA (0.1 mmol). 

 

 Barbier aminal

sulfinamide sulfinylimine Barbier 63–65

sulfinylimine 66

ManNAc (CuSO4

Ti(OEt)4) (TsOH) (0.1 M)

 

 

 

 

NHBoc

NHBoc

metal, solvent, 20 h

NHBocBr

71 72

O

benzaldehyde (74)

OH

73

or or
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sulfinyl imine (75)  

 

Entry Additive Solvent Temp. (oC) Results 

1 CuSO4 (2.0 equiv) MeOH 50 NRa 

2 CuSO4 (2.0 equiv) CH2Cl2 RT NRa 

3 0.1 M HCl(aq) MeOH 50 NRa 

4 TsOH·H2O (0.1 equiv) DMF 70 NRa 

5 TsOH·H2O (0.1 equiv) EtOH 70 NRa 

6 Ti(OEt)4 (1.0 equiv) THF 50 NRa 

Conditions: ManNAc (0.44 mmol), additive and racemic tert-butyl sulfinamide (0.49 

mmol) in the indicated solvent (2.0 mL). a No reaction. 

 

ManNAc

(oxime) Barbier

67

ManNAc (D-mannose) model test

76 allyl bromide Barbier

77 77

76 acetyl group 

78  

 

O
NHAc

HO
HO

HO

OH

ManNAc

solvent, additive, 12 h

O
S

tBuH2N

OH

OH

NHAc

HO
OH

75

N S
O
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Barbier  

 

 acetyl group 78 allyl bromide Barbier

entry 2

79 51% 96% (dr ) dr

H-3 1H NMR

(40 oC) entry 3

dr (49%) model test

 

 

 

 

 

 

 

 

 

O
OH

HO
HO

HO

OH

D-Mannose

NH2OH⋅HCl

NaOEt, EtOH, 70 οC

TFA, DMF/THF, 60 οC

HO
OH

OHOH

OH HN OH

77

Ac2O, DMAP
DIPEA, CH2Cl2In, allyl bromide

OH

OH

OH

HO
OH

76

N OH

OAc

OAc

OAc

AcO
OAc

78

N OAc

87%

97%
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78 Barbier  

 

Eentry Additive Solvent Temp. (oC) Yield (%) de (%) 

1a TFA DMF/THF RT NRb – 
2c - 0.1 M HCl/EtOH RT 51 96d 

3c - 0.1 M HCl/EtOH 40 NDe 49d 
a Oxime 78 (0.11 mmol), In powder (0.12 mmol), allyl bromide (0.34 mmol) and TFA 

(0.12 mmol) in DMF (1.0 mL)/THF (5.0 mL). b No reaction. c Oxime 78 (0.11 mmol), In 

powder (0.45 mmol) and allyl bromide (0.67 mmol) in 0.1 M HCl(aq) (1.0 mL)/EtOH (3.0 

mL). d The ratio was determined by 1H NMR analysis. e Not detected. 

 

2-3-2 (oxime) Barbier  

Barbier ManNAc

81 ( entry 2) 81 allylic 

bromide (62a) 81

acetate 82  

 

 

 81 62a Barbier entries 1 5

solvent, additive, 18 h

Br
AcO

AcO

OAcOAc

AcO HN OAc

79

In powder

78

3
OAc

OAc

OAc

AcO
OAc

N OAc

O
NHAc

HO
HO

HO

OH

ManNAc 80 (91%)

NH2OH⋅HCl

NaOEt, EtOH, 70 οC

Ac2O, DMAP

DIPEA, CH2Cl2

81 (65%) 82 (25%)

OH

OH

NHAc

HO
OH

N OH

OAc

OAc

NHAc

AcO
OAc

N OAc +

OAc

OAc

NHAc

AcO
OAc N
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entries 3 5 83

entry 6 AlCl3

81 allylic bromide (62a)

62a ethyl ester Entries 7 8

(SnCl2) (KI)

(allylation) 68 81

84  

 

81 62a Barbier  

 
Entry Metal Solvent Temp. (oC) Time (h) Results 

1  In 0.1 M HCl/EtOH a RT 18 Messy 

2  In 0.1 M HCl/EtOH a 40 18 Messy 

3  In 0.1 M HCl b RT 46 Tracec 

4 In 0.1 M HCl/THFd RT 46 Messy 

5 In 0.1 M HCl/DMFe 40 24 Tracec 

6f In/AlCl3 THF/pyridine RT 24 NRg 

7h SnCl2/KI H2O RT 24 84 
8h SnCl2/KI H2O/EtOH RT 24 84 

Conditions: 81 (0.11 mmol), 62a (0.66 mmol) and metal powder (0.44 mmol) in the 

indicated solvent (4.0 mL). a 0.1 M HCl(aq) (1.0 mL) and EtOH (3.0 mL) were used as the 

cosolvent. b 0.1 M HCl(aq) (4.0 mL) was used as the solvent. c Product 83 was detected by 

ESI-HRMS, showing the [M + H]+ signal at m/z 489.2079. d 0.1 M HCl(aq) (1.0 mL) and 

THF (3.0 mL) were used as the cosolvent. e 0.1 M HCl(aq) (1.0 mL) and DMF (3.0 mL) 

were used as the cosolvent. f AlCl3 (0.11 mmol) and pyridine (0.22 mmol) were used in 

THF (2.0 mL) under Ar. g No reaction. h SnCl2 (0.22 mmol) and KI (0.22 mmol) in the 

indicated solvent (2.0 mL). 

Br

AcO
AcO

NHAcOAc

AcO HN
OAc

81

CO2Et

62a
CO2Et

OAc

OAc

NHAc

AcO
OAc

N OAc
conditions

OAc

OAc

NHAc

AcO
OAc

O
or

83 84
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 allyl bromide

entries 1 3 1 H NMR

85 (H-3 δ 3.05 & 2.35)

entry 4

 

81 Barbier  

 

Entry Metal Solvent Temp (oC) Time (h) Results 

1a In 0.1 M HCl/EtOH 40 42 Trace 

2b In 0.1 M HCl/DMF 40 24 Trace 

3c In/AlCl3 THF/pyridine RT 24 Trace 

4d Zn THF/NH4Cl(aq) 40 24 Messy 

Conditions: Oxime 81 (0.11 mmol), metal powder (0.22 mmol) and allyl bromide (0.22 

mmol) in the indicated solvent. a Allyl bromide (0.33 mmol) was used in 0.1 M HCl(aq) 

(1.0 mL)/EtOH (3.0 mL). b 0.1 M HCl(aq) (1.0 mL) and DMF (1.0 mL) were used as the 

cosolvent. c AlCl3 (0.11 mmol) and pyridine (0.22 mmol) were used in THF (2.0 mL) 

under Ar. d THF (0.4 mL) and NH4Cl(aq) (2.0 mL) were used as the cosolvent. 

  

81

81

Barbier allyl bromide allylating

81 acetate benzoate

 

Br
AcO

AcO

NHAcOAc

AcO HN OAc

3

81

OAc

OAc

NHAc

AcO
OAc

N OAc

85

conditions
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benzyl group (Bn) 87 allyl 

bromide Barbier acetate

benzyl group allyl bromide

 

 

87 Barbier  

 

Entry Solvent Temp. (oC) Time (h) Yield (%) 

1 0.1 M HCl(aq)
a RT 42 NRb 

2 0.1 M HCl(aq)/EtOH 40 24 NRb 

3 0.1 M HCl(aq)/THF 40 24 NRb 

4 0.1 M HCl(aq)/DMF 40 24 NRb 

Condition: 87 (0.10 mmol), In powder (0.40 mmol), allyl bromide (0.60 mmol) and 0.1 

M HCl(aq) (1.0 mL) in solvent (3.0 mL). a 4.0 mL of HCl(aq) was used. b No reaction. 

 

 

 

 

 

O
NHAc

HO
HO

HO

OH

ManNAc
86

NH2OBn⋅HCl

NaOEt, EtOH, 70 οC

Ac2O, DMAP

DIPEA, CH2Cl2

OH

OH

NHAc

HO
OH

N OBn

87

OAc

OAc

NHAc

AcO
OAc

N OBn

Br
AcO

AcO

NHAcOAc

AcO HN OBn

8887

OAc

OAc

NHAc

AcO
OAc

N OBn
conditions
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2-3-3 Barbier  

 Barbier allylic 

bromide (62a) ManNAc

(electrophilicity)

82 Barbier

82 Barbier

91

DIBAL-H Barbier homoallylic amine 

(92)  

 

 

 82 entry 1

82 acetate

entry 2 5 DIBAL-

H

93 entry 3

BH3

 

 

 

CN

Br Br

NH2DIBAL (1.2 equiv);
Indium powder (2.0 equiv)
allyl bromide (2.0 equiv)

pyridine (2.0 equiv)
THF, –78 °C to RT, 12 h

91 92
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82 Barbier  

 

Entry Reducing agent Temp. (oC) Time (h) Results 

1 DIBAL-H (1.5 equiv) –78  2 Tracea 

2 DIBAL-H (7.5 equiv) –78 12 Messy 

3 BH3·THF (0.35 equiv)  60 12 NRb 

Conditions: Nitrile 82 (0.13 mmol), allyl bromide (0.26 mmol), reducing agent, indium 

powder (0.26 mmol) and pyridine (0.26 mmol) in THF (2.0 mL). a Product 93 was 

detected by ESI–HRMS, showing the [M + H]+ at m/z 431.2017. b No reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AcO
OAc

NHAcOAc

OAc NH2

93

reducing agent, In
allyl bromide

py, THF

82

OAc

OAc

NHAc

AcO
OAc N
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 Aza-Henry  

2-4-1 (oxime) aza-Henry  

 Whitesides Chan ManNAc Barbier

( ) ManNAc

( )

allylic bromide (62a) allyl 

bromide 51%

Barbier ManNAc

acetamide  

 

 

 (D-

arabinose) aza-Henry

acrylate (94)

95 aza-Henry

96 95 acrylate (94)

(decomposed)  

Br
AcO

OAc

NHAcOAc

OAcHN
OR

In powder

CO2Et
CO2Et

R = -OAc, -OBn

Br

HO
OH

NHAcOH

OH OHIn powder

CO2Et

CO2Et
(1)

(2)

ref 56 – 61

0.1 M HCl(aq), EtOH, 18 h

Br
AcO

OAc

OAcOAc

OAcHN OAc
In powder

(3)

OAc

OAc

NHAc

AcO
OAc

O

OAc

OAc

NHAc

AcO
OAc

N OR

OAc

OAc

OAc

AcO
OAc

N OAc

62a

62a

51%
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 95 (ketal)

aza-Henry PTSA

2,2-dimethoxypropane 95

97 acrylate (94)

98 97 acrylate (94)

 

98  

 

Entry Base Solvent Yield (%) 

1 NaOEt (1.1 equiv) EtOH NRa 

2 NaOH (1.1 equiv) THF/H2O NRa 

3 NaH (1.1 equiv) THF NRa 

4 TBAF (0.5 equiv) THF NRa 

Conditions: Oxime 97 (0.14 mmol), acrylate 94 (0.16 mmol) and base in the indicated 

solvent (1.0 mL) at room temperature. a No addition reaction but acrylate 94 decomposed. 

  

O
OH

OH

HO OH

D-Arabinose

NH2OBn⋅HCl

NaOEt, EtOH, 70 οC

CO2Et
Br

62a

K2CO3, acetone,
24 h, RT

NaOH, THF, 
0 °C, 1.5 h

or
CH3NO2+

CO2Et

94 (50%)
NO2

NaOEt (1.0 equiv)
EtOH, 12 h

96

N

OH
OH

H
OBn

HO

HO

95 (96%)

NO2

HN
OBn

CO2EtOH
OH

HO

HO

HO
OH

OH

OH

95

H

N OBn

N

O
O

H
OBn

O

O

MeO OMe

PTSA, RT, 12 h

97 98

CO2Et

94
NO2

base, RT, 24 h

NO2

HN
OBn

CO2EtO
O

O

O
90%
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acrylate (94)

(nitromethane) aza-Henry SN2

acrylate (62a) 97 aza-Henry

97 95 entries 

3 4 Henry 69, 70 (Amberlyst A21)

alumina

 

 

98  

 

Entry Acid or Base Solvent Result 

1 Et3N (1.0 equiv) CH2Cl2 NRa 

2 0.1 M HCl(aq) (1 mL) EtOH 95 

3 Amberlyst A21 (~50 mg) –b NRa 

4 Alumina (~50 mg) –b NRa 

Conditions: Oxime 97 (0.14 mmol), nitromethane (0.17 mmol) and acid or base in the 

indicated solvent (1.0 mL) at room temperature. a No reaction. b Solvent-free reaction. 

 

 aza-Henry

71, 72

β acrylate (100) 97 101

barbier  

N

O
O

H
OBn

O

O

97

base or acid

CH3NO2

HN

O
O

OBn

O

O

99

NO2
24 h
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2-4-2 sulfinylimine aza-Henry  

 

sulfinylimine aza-Henry

sulfinylimine (107) D-arabinose

(dithioacetal)103 104

105 Ti(OEt)4

tert-butylsulfinamide (106) sulfinylimine (107)

103 107 49% 

N

O
O

H
OBn

O

O

97

0.1 M HCl(aq), EtOH

CO2Et

BrO2N

+

100

In (1.2 equiv)

N

OAc
OAc

H
OAc

AcO

AcO

101

0.1 M HCl(aq), EtOH

CO2Et

BrO2N

+

100

In (1.2 equiv)

98

NO2

HN
OBn

CO2EtO
O

O

O

102

NO2

HN
OAc

CO2EtOAc
OAc

AcO

AcO
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Sulfinylimine (107)  

 

 107 nitroacrylate (94) aza-Henry

(1 M HCl(aq) in EtOH or THF) 107

1 M NaOH(aq) K2CO3 in CH3CN or 

THF NaH in THF  tetrabutylammonium fluoride (TBAF) in THF

acrylate (94)

107 acrylate (62a)

 

O
OH

OH

HO OH

D-Arabinose

12 M HCl, EtSH
OH

OH
HO

HO

103

SEtEtS

104

SEtEtS

MeO OMe

CH3CN, PTSA

O
O

O

O

105

OCH3CN, H2O, 50 °C

O
O

O

O

CaCO3, MeI

H

107

NTi(OEt)4, THF, 65 °C

O
O

O

O H
S

tBuO

H2N S
O

tBu
rac-106

49% (3 steps)
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 Ruano sulfinylimine aza-Henry

73

108 51% C-5 S R

(diastereomers) (dr) 0.33:1

TBAF 30 74% dr

1:0.35  

 

 108 dr 1H-NMR H-

5 A

(chemical shift) δ 3.82–3.65 0.33:1 B

TBAF 1:0.35

(5R)  

107

N

O
O

O

O H
S

tBuO

+

CO2Et

94

NO2

acidic condition
or

Et3N, THF

CH3CO2H, THF

or
CH3NO2

basic condition

102

NO2

HN
OAc

CO2EtOAc
OAc

AcO

AcO

108

HN

O
O

O

O
S

tBuO

NO2
5

4

107

N

O
O

O

O H
S

tBuO

4Å MS, NaOH, 40 °C, 24 h

CH3NO2

108

HN

O
O

O

O
S

tBuO

NO2

51%
dr = 0.33:1

+

TBAF, 0.5 h, RT
or

74%
dr = 1:0.35

5 5
4(excess)
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1H NMR 108 dr  

 

 aza-Henry sulfinylimine (107)

(chiral auxiliary)

sulfinamide sulfinylimine aza-Henry

(R)-tert-butylsulfinamide

109 103

38%  

 

Sulfinylimine (109)  

 

108

HN

O
O

O

O
S

tBuO

NO2
H5

OH
OH

HO

HO

103

SEtEtS

104

SEtEtS

MeO OMe

CH3CN, PTSA

O
O

O

O CH3CN, H2O, 50 °C

CaCO3, MeI

109

NTi(OEt)4, THF, 65 °C

O
O

O

O H
S

tBuO

H2N S
O

tBu
(R)-106

38% (3 steps)

O
O

O

O O

105

H
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 109 TBAF aza-Henry

1H-NMR

108 H-5 δ 3.70

110 99%

110 C-5 R ( )  

 

 

110 X-ray  

 

 aza-Henry

sulfinylimine

109 ( ) Yadav

105 74 D-glucono-δ-lactone

D-glucono-δ-lactone

109

N

O
O

O

O H
S

tBuO

CH3NO2

110

HN

O
O

O

O
S

tBuO

NO2
+

TBAF, RT, 0.5 h

99%
5 5
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111 92%

LiAlH4 112 NaIO4

105

(R)-tert-butylsulfinamide sulfinylimine (109)

80%  

 

109  

 

 

 

 

 

 

 

 

 

 

O
O

O

O

OHO

OH
HO OH

O

D-Glucono-δ-lactone

OMe

O
HO

MeO OMe

Me2CO, PTSA, MeOH,
RT, 9 h

92%
111

O
O

O

O HO

LiAlH4, THF, 
RT, 4 h

O
O

O

O O

NaIO4, NaHCO3(aq), 
CH2Cl2, RT, 5 h

H

OH

109

NTi(OEt)4, THF, 65 °C

O
O

O

O H
S

tBuO

H2N S
O

tBu
(R)-106

80% (3 stpes)

112

105
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 113a  

 aza-Henry (-CH2NO2) 110 C-5

H-4

acrylate (62a) SN2 C-1 C-3

110

1H-NMR (epimers)113a

113b C-4 R S 61% H-

4 40:60 ( entry 1) 113a

113b 113a

113b 113b

C-4 R ( ) 113a

C-4 S  

 113a 113b

ethyl ester

113a 113b 30% 50:50

(entry 2) entries 3–5 (NaH)

(K2CO3) 113a 113b

110 acrylate 

(62a) entries 6–8

113a 113b 50:50

110
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40 oC

96% 50:50  

 

113a 113b  

 

Entry Condition Solvent Temp. (oC) Yield (%) Ratio of a/ba 

1b NaOH(aq) THF RT 61 40:60 

2c NaOEt EtOH RT 30 50:50 

3c NaH THF RT Messy – 

4d K2CO3 CH3CN 65 Messy – 

5d K2CO3 Me2CO 55 Messy – 

6d K2CO3 CH3CN RT 76 50:50 

7e K2CO3 CH3CN RT 62 50:50 

8f K2CO3 CH3CN RT NDg – 

9h Et3N THF 40 96 50:50 
a The ratio of 113a and 113b was determined by 1H NMR analysis at δ 5.12 & 5.06. b 

Compound 110 (0.63 mmol) and 62a (1.27 mmol) in 0.5 M NaOH(aq) (0.64 mL) and THF 

(4.0 mL). c Compound 110 (0.13 mmol), 62a (0.26 mmol) and base (0.26 mmol) in the 

indicated solvent (1.0 mL). d Compound 110 (0.25 mmol), 62a (0.38 mmol) and K2CO3 

(1.25 mmol) in the indicated solvent (1.0 mL). e K2CO3 (0.75 mmol) was used. f K2CO3 

(0.50 mmol) was used. g The yield was not determined; some starting material remained. 
h Compound 110 (2.6 mmol), 62a (5.2 mmol) and Et3N (14.3 mmol, 2.0 mL) in THF (18 

mL). 

 

 

110

HN

O
O

O

O
S

tBuO

basic conditions

113a

HN

O
O

O

O
S

tBuO

CO2Et

NO2

113b

HN

O
O

O

O
S

tBuO

CO2Et

NO2

+

CO2Et
Br

62a

24 h

NO2
5 54 3

2 1
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113b X-ray  

 

 96%

75

acrylate (62a) 1,4- acrylate

 

 

 

 113a 113b

110

activated acrylate

(–)-sparteine

24 48 110 50% ( entries 2 & 

3) (–)-sparteine (entries 

4 & 5) (48 ) 113a

(entry 5)  

Br

N

O O

Br

O O

N

O O

Et3N
Br

activated electrophile
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113a 113b  

 

Entry Amine (equiv) Time (h) Ratio of 110:113a:113ba 

1 Et3N (5.5) 24      0:50:50 

2 (–)-sparteine (1.0) 24     50:20:30 

3 (–)-sparteine (1.0) 48     50:20:30 

4 (–)-sparteine (2.0) 24      0:37:63 

5 (–)-sparteine (2.0) 48      0:45:55 
a The ratio of 110/113a/113b was determined by 1H NMR analysis. 

 

(α-position)

pKa 8 113a 113b

113b THF 40 oC

113a 113b

epimerization 72 63:37  

 113a 113a(

) 113b( )

113a 113b

epimerization 113b 113a

113a

 

 

amine, THF, 40 °C

113a

HN

O
O

O

O
S

tBuO

CO2Et

NO2

113b

HN

O
O

O

O
S

tBuO

CO2Et

NO2

+

CO2Et
Br

62a

110

HN

O
O

O

O
S

tBuO

NO2
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113a 113b  

 

Entry Et3N (equiv) Temp. (oC) Time (h) Ratio of 113a/113ba 

1b 7 RT 48 14:86 

2 14 40 24 40:60 

3 14 40 48 57:43 

4 14 40 72 63:37 

5 14 40 96 60:40 

Conditions: Compound 113b (0.1 mmol) and Et3N (0.2 mL, 1.4 mmol) in THF (0.8 mL). 
a The ratio of 113a/113b was determined by 1H NMR analysis. b Compound 113b (0.1 

mmol) and Et3N (0.1 mL, 0.7 mmol) in THF (0.9 mL). 

 

 

 

 

 

 

 

 

 

 

 

 

113a

HN

O
O

O

O
S

tBuO

CO2Et

NO2

113b

HN

O
O

O

O
S

tBuO

CO2Et

NO2

Et3N, THF
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 4-  

Whitesids Chan

ozonolysis acrylate α-keto ester

C-6

C-4 ( 113a)

 

 
4-  

 

 113a 1.25M

(C-8 & 9)

115

114 (entry 4) entry 4

(0.5–6.0 h) 114 115

114 115

114 115

O
OR

CO2H

AcHN
NO2

H
OR

RO

OH

HN

OH
OR

RO

RO

O

O CO2Et

NO2

4-Nitro-sialic acid

HN

OR
OR

RO

RO

O

CO2Et

NO2

113a

HN

O
O

O

O
S

tBuO

CO2Et

NO2

6
4 4 4

4

6 6

6
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113a

12 M (4:1) (50 oC, 100 mbar)

113a 115

113a 12 M

50 oC

114  

 

113a  

 

Entry Concn. (M) Temp. (oC) Time (h) Results 

1 1.25 0 2 114 
2 1.25 25 2 114 

3 1.25 50 2 114 

4 12.0 50 0.5–6 114+115 

Conditions: Compound 113a (0.10 mmol) and HCl(aq) in MeOH. 

 

 115 (1 M)

C-5 116

ozonolysis acrylate C-6

C-4 117 117

77%  

113a

HN

O
O

O

O
S

tBuO

CO2Et

NO2

HCl(aq), MeOH

114

H2N

O
O

HO

HO

CO2Et

NO2

115

H2N

OH
OH

HO

HO

CO2Et

NO2

+

8

9
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4-  

 

 

C-2 Entries 

1 2

6.8

(entries 3 & 4) NaBH4

hydride

Entries 6 7

117

118  

 

 

 

113a

HN

O
O

O

O
S

tBuO

CO2Et

NO2

12 M HCl(aq)

115

H2N

OH
OH

HO

HO

CO2Et

NO2

MeOH, 50 °C
on rotavapor

116

HN

OH
OH

HO

HO

CO2Et

NO2

(work-up)
1 M NaOEt in MeOH;

then Ac2O, RT, 10 min

O

O3, CH2Cl2, MeOH, −78 °C, 
15 min; then Me2S, RT, 2 h.

O
OH

CO2Et

AcHN
NO2

H
OH

HO

OH
O

OAc

CO2Et

AcHN
R

H
OAc

AcO

OAc

117
R = NO2 or NH2

5

5 4
6 6

77% for 2 steps
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4- 118  

 

Entry Additive H2 (atm) Temp. (oC) Time (h) Results 

1a Pd/C (10 mol%) 1.0 RT 12 NRb 

2a Pd/C (10 mol%) 6.8 RT 12 Messy 

3a Pd/C (15 mol%), HCl(aq)
c 6.8 RT 12 NRb 

4a PtO2 (15 mol%), HCl(aq)
c 6.8 RT 12 NRb 

5 NaBH4, NiCl2
d – RT 12 Messy 

6e Zn powder, HOAc – 80 0.5 Messy 

7f Zn dust, HCl(aq) – 0 2 Messy 
a Hydrogenation conditions: Compound 117 (0.06 mmol), H2 gas and the indicated 

catalyst in MeOH (1.0 mL). b No Reaction. c 12 M HCl(aq) (4 µL) was added. d NaBH4 

(0.30 mmol) and NiCl2 (0.06 mmol) were used. e Compound 117 (0.08 mmol), activated 

Zn powder (2.05 mmol) and HOAc (1.0 mL) in EtOH (1.0 mL). f Compound 117 (0.08 

mmol) and Zn dust (2.05 mmol) in MeOH (1.0 mL) containing 1.25 M HCl. 

 

 117

117

117 acetyl group

acetylation

entries 1 2  HClO4 H2SO4 acetylation

117 1H-NMR

119 Nef

entry 3 (AcCl) acetyl group

24 119 38% Entries 4 6

O
OH

CO2Et

AcHN
NO2

H
OH

HO

OH

117

Hydrogenation

O
OH

CO2Et

AcHN
NH2

H
OH

HO

OH

118

H2, MeOH
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DMAP acetylation DMAP

(entry 4)

DMAP

119 68%

epimerization

C-4

113a 119

55%  

 

117 acetylation  

 
Entry Conditions Temp. (oC) Time (h) Yield (%) 

1a Ac2O, HClO4 (cat.) 45 3 Messy 

2b Ac2O, H2SO4 RT 12 Messy 

3c AcCl RT 24 38 

4d Ac2O, Et3N RT 24 Messy 

5d Ac2O, Et3N, DMAPe RT 24 Trace 

6d Ac2O, Et3N, DMAPf RT 24 68 
a Compound 117 (0.03 mmol) and HClO4 (0.1 µL) in Ac2O (1.0 mL). b Compound 117 
(0.03 mmol) and H2SO4 (0.1 mL) in Ac2O (1.0 mL). c Compound 117 (0.08 mmol) in 

AcCl (1.0 mL). d Compound 117 (0.08 mmol), Ac2O (0.40 mmol) and Et3N (0.36 mmol) 

in CH2Cl2 (1.0 mL). e DMAP (0.03 mmol) was added. f DMAP (0.12 mmol) was added. 

O
OH

CO2Et

AcHN
NO2

H
OH

HO

OH

117

O
OAc

CO2Et

AcHN
NO2

H
OAc

AcO

OAc

119

acetylation
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119  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

113a

HN

O
O

O

O
S

tBuO

CO2Et

NO2

12 M HCl(aq), MeOH, 50 °C, 30 min; 
then NaOEt, Ac2O, pH ≈ 7, RT, 10 min.

116

HN

OH
OH

HO

HO

CO2Et

NO2O

O3, CH2Cl2, MeOH, −78 °C, 
15 min; then Me2S, RT, 2 h.

O
OH

CO2Et

AcHN
NO2

H
OH

HO

OH
O

OAc

CO2Et

AcHN
NO2

H
OAc

AcO

OAc

117

5

4

6

6
Ac2O, Et3N, DMAP, 
CH2Cl2, RT, 24 h

119

55% for 3 steps
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 Zanamivir  

 acetate 119 C-

4

(entries 1 & 2)

50 oC 6.8

(entry 4)

120 87%  

 

119  

 
Entry Additive H2 (atm) Temp. (oC) Time (h) Yield 

1a Pd/C (50 mol%) 6.8 RT 16 NRb 

2a PtO2 (50 mol%), HCl(aq)
c 1.0 RT 16 NRb 

3a PtO2 (50 mol%), HCl(aq)
c 6.8 RT 16 Messy 

4a PtO2 (50 mol%), HCl(aq)
c 1.0 50 16 Messy 

5d Zn powder, HOAc – 80 0.5 87 

6e Zn dust, HCl(aq) – 0 1.5 Messy 
aHydrogenation conditions: Compound 117 (0.02 mmol), H2 gas and the indicated 

catalyst in MeOH (1.0 mL). b No Reaction. c 12 N HCl(aq) (4 µL) was added. d Compound 

117 (0.53 mmol), activated Zn powder (13.3 mmol) and HOAc (4.0 mL) in EtOH (4.0 

mL). e Compound 117 (0.02 mmol) and Zn dust (0.40 mmol) in MeOH (1.0 mL) 

containing 1.25 M HCl. 

 

 

 

O
OAc

CO2Et

AcHN
NO2

H
OAc

AcO

OAc

119

O
OAc

CO2Et

AcHN
NH2

H
OAc

AcO

OAc

120

reduction
H2, MeOH
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 (TBSOTf) 120

DANA 121

122 67%

122 zanamivir

Boc 2011

acetyl group ethyl ester TFA Boc

zanamivir( )  

 

 

Zanamivir  

 

 

 

 

 

O
OAc

CO2Et

AcHN
NO2

H
OAc

AcO

OAc

119

O
OAc

CO2Et

AcHN
NH2

H
OAc

AcO

OAc

120

HOAc, EtOH, 80 °C, 0.5 h
activated Zn powder

RT, 16 h
TMSOTf, CH3CN

O
OAc

CO2Et

AcHN
NH2

H
OAc

AcO

121

HgCl2, Et3N, CH2Cl2, RT, 2 h
MeS-C(=NBoc)NHBoc

O
OAc

CO2Et

AcHN
HN

H
OAc

AcO

122

NBoc

NHBoc

67% for 3 steps

i) NaOH(aq), MeOH, RT, 0.5 h

90% for 2 steps

ii) TFA, CH2Cl2, RT, 1 h

O
OH

CO2H

AcHN
HN

H
OH

HO

Zanamivir trifluoroacetate salt

NH2

NH2

F3C O

O
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 4-  

 zanamivir

zanaphosphor 62b

(triethylphosphite)123

124

SOCl2

125

66% 125 AIBN NBS allylic bromide 

(62b) 71% 110 62b SN2 4-

126a  

 

allylic bromide (62b)  

 

 126a 126b

113a/113b

entries 1 2 DABCO i-Pr2NEt

126a 126b

(entries 3–8) entries 3 4 

Br
PO(OEt)2

OEt
PEtO OEt

1 M HCl in Et2O
acetone, CH2Cl2

−30 to −10 °C, 12 h

HO
PO(OEt)2

SOCl2, py
30 °C, 20 h

NBS, AIBN
CCl4, 80 °C, 4 h

110, basic condtion

PO(OEt)2

126a

HN

O
O

O

O
S

tBuO

PO(OEt)2

NO2

123 124 125

62b
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62b 79% (entries 4–6)

(DMF) (CH3CN) 126a

(entries 7 & 8)

126a 126b

126a

126b ( ) 126a

C-4 S  

 

126a 126b  

 

Entry Base (equiv) 62b (equiv) Solvent Yield (%) Ratio of a/ba 

1b DBACO (2.0) 2.0 THF 26 45:55 

2c i-Pr2NEt (4.4) 2.0 THF  0 – 

3c Et3N (5.5) 2.0 THF 48 30:70 

4d Et3N (11) 2.0 THF 57 29:71 

5d Et3N (11) 3.0 THF 72 33:67 

6d Et3N (11) 4.0 THF 79 35:65 

7d Et3N (11) 4.0 DMF 43 40:60 

8d Et3N (11) 4.0 CH3CN 60 44:56 
a The ratio of 126a/126b was determined by 31P NMR analysis. b Compound 110 (0.13 

mmol), phosphonate 62b and DABCO in THF (1.0 mL). c Compound 110 (0.13 mmol), 

phosphonate 62b and the indicated base (0.1 mL) in THF (0.9 mL). d Compound 110 

(0.13 mmol), phosphonate 62b and Et3N (0.2 mL) in the indicated solvent (0.8 mL). 

110

HN

O
O

O

O
S

tBuO

126a

HN

O
O

O

O
S

tBuO

PO(OEt)2

NO2

NO2

Br
PO(OEt)2

62b

base, 40 °C, 48 h
+

126b

HN

O
O

O

O
S

tBuO

PO(OEt)2

NO2
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126b X-ray  

 

 126b THF

epimerization 40 oC 24

126a 126b 41:59 (entry 1) 50 oC

(entries 2 3) epimerization

126b 126a  

 

126a 126b  

 
Entry Et3N (equiv) Temp. (oC) Time (h) Ratio of 126a/126ba 

1 16 40 24 41:59 

2 16 50 24 50:50 

3 16 50 48 50:50 

Conditions: Compound 126b (0.09 mmol) and Et3N (0.2 mL, 1.4 mmol) in THF (0.8 mL). 
a The ratio of 126a/126b was determined by 1H NMR analysis. 

 

126a

HN

O
O

O

O
S

tBuO

PO(OEt)2

NO2

126b

HN

O
O

O

O
S

tBuO

PO(OEt)2

NO2

Et3N, THF
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 126a sulfinamide

(1M) pH 7

C-5 acetamide 127

C-6

128

zanamivir 128

acetate 129 ( )  

 

129  

 Whiteside Chan

(diethyl phosphite) lactone

128

31P NMR 31P NMR

δ 7.33 ppm

1H NMR lactone H-3

(δ 3.41–3.29)  

126a

HN

O
O

O

O
S

tBuO

PO(OEt)2

NO2

12 M HCl(aq), MeOH, 50 °C, 30 min, 
then NaOEt, Ac2O, pH ≈ 7, RT, 10 min

127

HN

OH
OH

HO

HO

O

PO(OEt)2

NO2

O3, CH2Cl2, MeOH, −78 °C, 
30 min, then Me2S, RT, 2 h

O
OH

PO(OEt)2

AcHN
NO2

H
OH

HO

OH

128

Ac2O, Et3N, 
DMAP, CH2Cl2

AcCl
or

O
OAc

PO(OEt)2

AcHN
NO2

H
OAc

AcO

OAc

129

5 5

1
2

1
2 66

6 5
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 128

74 acetyl group

4 128 C-7,8,9

acetate C-2 131 19

acetate 129

130

129 130 129

130 (45:55)

129

132 130

 

 

acetylation  

O
OH

PO(OEt)2

AcHN
NO2

H
OH

HO

O

128

O
OAc

AcHN
NO2

H
OAc

AcO

lactone product

OAc2O, Et3N, 
DMAP, CH2Cl2

H
H

3 +
O

HP OEt
OEt

diethyl phosphite

H

O
OH

PO(OEt)2

AcHN
NO2

H
OH

HO

OH

128

O
OAc

PO(OEt)2

AcHN
NO2

H
OAc

AcO

OAc

129

I2 (50 wt%), Ac2O

40 °C, 19 h

I2 (50 wt%), Ac2O
40 °C, 4 h

O
OAc

PO(OEt)2

AcHN
NO2

H
OAc

AcO

OH

131

O
OAc

PO(OEt)2

AcHN
NO2

H
OAc

AcO

130

+

(45 : 55)

activated Zn powder
HOAc, EtOH, 80 °C, 0.5 h

O
OAc

PO(OEt)2

AcHN
NH2

H
OAc

AcO

OAc

132

2

2
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 4-  

 

C-4

126a

133 134

(FmocCl) C-4

135 136 135 77%( )

135 135 136

acetamide 138

( ) 

 

4-  

 

 

O
OH

PO(OEt)2

AcHN
NHFmoc

H
OH

HO

OH

138

126a

HN

O
O

O

O
S

tBuO

PO(OEt)2

NO2

activated Zn powder
HOAc, EtOH

133

HN

O
O

O

O
S

tBuO

PO(OEt)2

NH2

134

HN

O
O

HO

HO
S

tBuO

PO(OEt)2

NH2

+
80 °C, 0.5 h

FmocCl, NaHCO3(aq)

CH2Cl2, RT, 9 h

77% for 2 steps (135)

137

HN

OH
OH

HO

HO

O

PO(OEt)2

NHFmoc

135

HN

O
O

O

O
S

tBuO

PO(OEt)2

NHFmoc

136

HN

O
O

HO

HO
S

tBuO

PO(OEt)2

NHFmoc

+

O3, CH2Cl2, MeOH, −78 °C, 
30 min, then Me2S, RT, 2 h

12 M HCl(aq), MeOH
 50 °C, 30 min; then
NaOEt, Ac2O, pH ≈ 7, 
RT, 10 min.
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 138 acetyltion

entries 1 2 HClO4 H2SO4

acetyltion

TMSOTf

(entries 3–6) (entry 3)

22 140

37% 139 ( 3 139

140 ) 1H NMR

(diethyl phosphite) lactone [δ 3.08 (dd, J = 17.8, 6.6 Hz) & 2.55 (dd, J 

= 17.6, 9.9 Hz)]  

138 acetyltion  

 
Entry Additive Solvent Temp. (oC) Time (h) Yield of 140 

1 HClO4 (cat.)a Ac2O 45 3 Messy 

2 H2SO4, HOAcb Ac2O RT 12 Messy 

3 TMSOTf, Ac2Oc CH3CN RT 18 NRd 

4 TMSOTf, Ac2Oe CH3CN RT 3 Tracef 

5 TMSOTf, Ac2Oe CH3CN RT 22 37% 

6 TMSOTf, Ac2Oe CH3CN RT 40 Trace 

Conditions: Compound 138 (0.03 mmol) and additive in the indicated solvent. a HClO4 

(0.1 µL) in Ac2O (1.0 mL). b H2SO4 (0.05 mL) and HOAc (0.50 mL) in Ac2O (0.5 mL). 
c TMSOTf (0.003 mmol) and Ac2O (0.13 mmol) in CH3CN (1.0 mL). d No reaction. e 

TMSOTf (0.03 mmol) and Ac2O (0.24 mmol) in CH3CN (1.0 mL). f Phosphonate ester 

139 was also obtained; the ratio of 139 and 140 (50:50) was determined by 31P NMR 

analysis. 

O
OH

PO(OEt)2

AcHN
NHFmoc

H
OH

HO

OH

138

acetylation
Ac2O

O
OAc

PO(OEt)2

AcHN
NHFmoc

H
OAc

AcO

OAc

139

O
OAc

PO(OEt)2

AcHN
NHFmoc

H
OAc

AcO

140

+
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 TMSOTf lactone

 (entry 1)

1 18 48

139 140 (entries 2 & 3) 2

140 entry 4 55% 140

139

entry 5

acetylation

 

 

138 acetylation  

 
Entry I2 (equiv) Temp. (oC) Time (h) Yield of 140 

1 0.1 RT 48 NRa 

2 1.0 40 18 Traceb 

3 1.0 40 48 Traceb 

4 2.0 40 48 55 

5 2.0 RT 48 Messy 

Conditions: Compound 138 (0.03 mmol) and iodine in Ac2O (1.0 mL). a No reaction. b 

Phosphonate ester 139 was obtained. 

  

I2, Ac2OO
OH

PO(OEt)2

AcHN
NHFmoc

H
OH

HO

OH

138

O
OAc

PO(OEt)2

AcHN
NHFmoc

H
OAc

AcO

OAc

139

O
OAc

PO(OEt)2

AcHN
NHFmoc

H
OAc

AcO

140

+
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 Zanapohsphor  

 140 135

( ) 137 138

140 53%

 

 

140  

 

 140 C-4

(piperidine) 141

140

[MeS-C(=NBoc)NHBoc, HgCl2, Et3N] 24

C-4 142

86%  

12 M HCl(aq), MeOH
 50 °C, 30 min, then
NaOEt, Ac2O, pH ≈ 7, 
RT, 10 min

HN

O
O

O

O
S

tBuO

PO(OEt)2

NHFmoc

O
OH

PO(OEt)2

AcHN
NHFmoc

H
OH

HO

OH

138

137

HN

OH
OH

HO

HO

O

PO(OEt)2

NHFmoc

O3, CH2Cl2, MeOH, 
−78 °C, 30 min, then 
Me2S, RT, 2 h I2, Ac2O, 40 °C, 48 h

O
OAc

PO(OEt)2

AcHN
NHFmoc

H
OAc

OAc

140

53% for 3 steps

135
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142  

 

142 2011

zanaphosphor TMSBr

carbamate

zanaphosphor 76% 37 

 

 

 

 

 

 

 

O
OAc

PO(OEt)2

AcHN
NHFmoc

H
OAc

OAc

140

piperidine, CH2Cl2
RT, 2 h

O
OAc

PO(OEt)2

AcHN
NH2

H
OAc

OAc

141

O
OAc

PO(OEt)2

AcHN
HN

H
OAc

OAc

142 NBoc

NHBoc

MeS-C(=NBoc)NHBoc
HgCl2, Et3N

MeS-C(=NBoc)NHBoc
HgCl2, Et3N, RT, 24 h

86%

O
OAc

PO(OEt)2

AcHN
HN

H
OAc

OAc

NBoc

NHBoc

O
OH

PO(OH)2

AcHN
HN

H
OH

OH

Zanaphosphor (2)

NH

NH2

i) TMSBr, CH2Cl2, 
   0 °C, 24 h

ii) MeONa, MeOH, 
    RT, 1 h

76% for 2 steps

142
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 Zanaphosphor  

 zanaphosphor Whitesides Chan

(128 138)

lactone

 

 

 

 Whitesides Chan

ozonolysis

(67 69b) (69a)

57, 61

zanaphosphor  

 

 

126a

C-4 (LiBr)

NMR 126a

 

O
OH

PO(OEt)2

AcHN
R

H
OH

HO

OH

128, R = NO2
138, R = NHFmoc

acidic / basic conditions O
OH

AcHN
R

H
OH

HO

O
HP

O
OEt

OEt
+

diethyl phosphitelactone product

O
HO

HO OH

AcHN
HO

P(O-NH4+)2

HO O

67

O
HO

HO OH

AcHN
HO

W'
OH

69a, W' = PO(OMe)(OH)
69b, W' = PO(OH)2
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(NaOH(aq)) 61 127

1.25 M -

Chan 143

(1 M)

 

 

 

 

127 TMSBr

127

Whitesides (CH2Cl2/CH3OH = 

150/1) 57 

126a

HN

O
O

O

O
S

tBuO

PO(OEt)2

NO2

LiBr (10 equiv)

CH3CN, reflux, 6 h
Messy

127

HN

OH
OH

HO

HO

PO(OEt)2

NO2O

activated Zn powder (25 equiv)

1.25 M HCl in MeOH, 1.5 h
0 °C to RT

143

HN

OH
OH

HO

HO

PO(OEt)2

NH2O

1.0 M NaOH(aq)/MeOH
RT, 24 h

No Reaction
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126a 135 TMSBr

sulfinamide

144 145 acetamide

(146 147)

66%

 

 

 

 acetylation (127 137)

acetylation

127

HN

OH
OH

HO

HO

PO(OEt)2

NO2O

TMSBr (30 equiv)

CH2Cl2 (3.0 mL), MeOH (20 µL)
RT, 24 h

Messy

126a, R = NO2
135, R = NHFmoc

HN

O
O

O

O
S

tBuO

PO(OEt)2

R

TMSBr (30 equiv)

CH2Cl2 (3.0 mL), RT, 24 h

144, R = NO2
145, R = NHFmoc

H2N

OH
OH

HO

HO

PO(OH)2

R

NaOEt, Ac2O, pH ≈ 7, 
RT, 15 min.

HN

OH
OH

HO

HO

PO(OH)2

R
+ Unknown products

O

146, R = NO2
147, R = NHFmoc

~ 100% conversion
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acetylation

147 ozonolysis

[I2/Ac2O/40 oC]

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HN

OH
OH

HO

HO

PO(OH)2

NHFmocO

147

i) Ozonolysis
ii) I2, Ac2O, 40 °C, 48 h

O
OAc

PO(OH)2

AcHN
NHFmoc

H
OAc

AcO

148
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 zanamivir zanaphosphor

zanaphoshor  

 Barbier

sulfinylimine Aza-

Henry

allylic bromide (62a 62b) allylation

C-4 (113a/b 126a/b)

ozonolysis

zanamivir zanaphosphor  

14

zanamivir 25% zanaphosphor

15%

zanaphosphor

(128 138)  

zanaphosphor

C-4
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Zanamivir  

 
Zanaphosphor  

O
O

O

O

OHO

OH
HO OH

O

D-Glucono-δ-lactone

OMe

O
HO

MeO OMe

Me2O, PTSA, MeOH

92%
111

i) LiAlH4, THF

109

N

O
O

O

O H
S

tBuO

ii) NaIO4, NaHCO3

iii) (R)-106, Ti(OEt)4,
THF, 65 °C

80% (3 stpes)

110

HN

O
O

O

O
S

tBuO

NO2

TBAF, CH3NO2

99%
113a (4S,5R)

HN

O
O

O

O
S

tBuO

CO2Et

NO2

62a, Et3N, THF

96%
5 4

113b (4R,5R)
Et3N,
THF

i) 12 M HCl(aq), MeOH, 50 °C;
then Ac2O, NaOEt, pH ≈ 7 O

OAc

CO2Et

AcHN
NO2

H
OAc

AcOii) O3, MeOH, CH2Cl2, –78 °C
iii) Ac2O, Et3N, DMAP, CH2Cl2

OAc

119

i) Zn, HOAc, EtOH, 80 °C
O

OAc
CO2Et

AcHN
HN

H
OAc

AcO
ii) TMSOTf, CH3CN
iii) MeS-C(=NBoc)NHBoc, HgCl2, 
Et3N, CH2Cl2

122

55% (3 stpes)
NHBoc

NBoc
67% (3 stpes)

113a/113b = 1:1

i) NaOH(aq), MeOH

ii) TFA, CH2Cl2

ref 80
90% (2 steps)

O
OH

CO2H

AcHN
HN

H
OH

OH

Zanamivir (1) NH2

NH

110

HN

O
O

O

O
S

tBuO

NO2

126a (4S, 5R)

HN

O
O

O

O
S

tBuO

PO(OEt)2

NO2

62b, Et3N, THF

72%
5 4

126b (4R, 5R)
Et3N, THF

HN

O
O

O

O
S

tBuO

PO(OEt)2

NHFmoc

i) Zn, HOAc, EtOH, 80 °C
ii) 9-fluorenylmethyl chloroformate, 
NaHCO3, CH2Cl2126a/126b = 1:2

135
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All the reagents were commercially available and used without further purification unless 

indicated otherwise. All solvents were anhydrous grade unless indicated otherwise. All 

nonaqueous reactions were carried out in oven-dried glassware under a slight positive 

pressure of argon unless noted otherwise. Reactions were magnetically stirred and 

monitored by thin-layer chromatography on silica gel. Flash chromatography was 

performed on silica gel of 60–200 µm particle size. Yields are reported for 

spectroscopically pure compounds. Melting points were recorded on a Yanaco melting 

point apparatus and are not corrected. 1H, 13C and 31P NMR spectra were recorded on 

Bruker AVIII 500 (500 MHz), Bruker AVIII 400 (400 MHz) and DPX 400 (400 MHz) 

spectrometers. Chemical shifts are given in δ values relative to tetramethylsilane (TMS, 

δH = 0); coupling constants J are given in Hz. Internal standards were CDCl3 (δH = 7.24), 

MeOH-d4 (δH = 3.31), or D2O (δH = 4.79) for 1H NMR spectra, CDCl3 (δC = 77.0, central 

line of triplet) or CD3OD (δC = 49.15) for 13C NMR spectra. The splitting patterns are 

reported as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad), and 

dd (double of doublets). IR spectra were recorded on a Thermo Nicolet iS5 FT-IR 

spectrometer. Optical rotations were recorded on a digital polarimeter of Japan JASCO 
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Co. DIP-1000. [α]D values are given in units of 10–1 deg cm2 g–1. High-resolution 

electrospray ionization (ESI) mass spectra were recorded on a Bruker Daltonics BioTOF 

III high-resolution mass spectrometer. 

 

  

Diethyl (3-bromoprop-1-en-2-yl)phosphonate (62b)77–79 

 

 To a solution of triethyl phosphite (6.6 g, 40 mmol) in CH2Cl2 (50 mL) were injected 

acetone (4.4 mL), and then a solution of 2 M HCl in Et2O dropwise at –30 oC. The mixture 

was warmed to –10 oC and stirred for 12 h, and then concentrated under reduced pressure 

to give a pure addition product of hydroxyl phosphonate 124.  

The phosphonate 124 was treated with thionyl chloride (50 mL) in pyridine (100 mL) 

at room temperature for 24 h, and then the resulting suspension was poured into ice water 

(200 mL) and extracted with EtOAc (3 × 50 mL). The combined organic layers were 

washed with saturated aqueous NaHCO3 (10 mL) and brine (10 mL), dried over MgSO4, 

filtered, and concentrated by rotary evaporation under reduced pressure. The residue was 

purified by flash column chromatography (Et2O–hexane, 2:1) on silica gel to give the 

PBr

O
OEt
OEt
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product of 2-propenyl phosphonate 125 (4.7 g, 66%). 

 The above-prepared vinyl phosphonate was dissolved in CCl4 (100 mL), treated with 

NBS (6.1 g, 34.3 mmol) and AIBN (867 mg, 5.28 mmol) under reflux for 4 h, and then 

cooled to room temperature. The mixture was filtered, and concentrated by rotary 

evaporation under reduced pressure. The residue was purified by flash column 

chromatography (EtOAc–hexane, 1:2) on silica gel to give the bromination product 62b 

(4.79 g, 71% yield from triethyl phosphite 123). C7H14BrO3P; colorless liquid; TLC 

(EtOAc–hexane, 1:3) Rf = 0.3; 1H NMR (400 MHz, CDCl3) δ 6.23 (1 H, d, J = 21.0 Hz), 

6.15 (1 H, ddt, J = 44.4, 1.2, 1.2 Hz), 4.14–4.01 (6 H, m), 1.29 (6 H, t, J = 7.1 Hz); 13C 

NMR (100 MHz, CDCl3) δ 135.7 (d, 1Jc-p = 177.2 Hz), 134.4 (d, 2Jc-p = 8.8 Hz), 62.3 (2×), 

29.6 (d, 2Jc-p = 16.9 Hz), 16.2 (d, 3Jc-p = 6.5 Hz, 2×); 31P NMR (162 MHz, CDCl3) δ 15.1; 

ESI–HRMS calcd for C7H15BrO3P: 256.9942, found: m/z 256.9933 [M + H]+. 
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Ethyl 2-methylene-4-nitrobutanoate (94) 

 

 To a solution of ethyl 2-bromomethyl acrylate 62a (500 mg, 2.51 mmol) in THF (1.0 

mL) was added nitromethane (184 mg, 3.01 mmol). The mixture was stirred at 0 oC, and 

a solution of NaOH in H2O (0.5 M, 5.5 mL) was added dropwise. The mixture was 

warmed to room temperature and stirred for 9 h. The mixture was extracted with Et2O (3 

× 15 mL). The combined organic layers were washed with saturated aqueous NaHCO3 

(10 mL) and brine (10 mL), dried over MgSO4, filtered, and concentrated by rotary 

evaporation under reduced pressure. The residue was purified by flash column 

chromatography (Et2O–hexane, 2:1) on silica gel to give the product of ethyl 2-

methylene-4-nitrobutanoate 94 (260 mg, 60%). C7H11BrO2; colorless liquid; TLC (Et2O–

hexane, 1:2) Rf = 0.5; 1H NMR (400 MHz, CDCl3) δ 6.28 (1 H, s), 5.70 (1 H, s), 4.56 (2 

H, t, J = 6.8 Hz), 4.22 (2 H, q, J = 7.1), 2.98 (2 H, t, J = 6.8 Hz), 1.30 (3 H, J = 7.1 Hz); 

13C NMR (100 MHz, CDCl3) δ 165.8, 134.9, 128.8, 74.2, 61.2, 30.3, 14.1. 

 

 

CO2Et

NO2
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(RS)-N-((2R,3S,4R)-2,3:4,5-(di-O-isopropylidene)pentylidene)-2-methylpropane- 

2-sulfinamide (109) 

 

Under an atmosphere of argon, a gray suspension of LiAlH4 (1.0 g, 26.4 mmol) in 

anhydrous THF (50 mL) was stirred in an ice bath. A solution of ester 111 (5.1 g, 17.6 

mmol) in anhydrous THF (10 mL) was added dropwise into the above-prepared 

suspension. The mixture was stirred for 4 h at room temperature, quenched with MgSO4 

(1.0 g), and H2O was added dropwise to give white suspension. The suspension was 

filtered through a pad of Celite, and concentrated by rotary evaporation under reduced 

pressure to give a colorless diol product 112, which was used in the next step without 

further purification. 

 The above-prepared diol compound 112 was dissolved in CH2Cl2 (40 mL), and 

treated with saturated aqueous NaHCO3 (2.8 mL) and NaIO4 (7.52 g, 35.2 mmol). The 

mixture was stirred for 5 h at room temperature, filtered and concentrated under reduced 

pressure to give colorless syrup of an aldehyde product 105, which was used in the next 

step without further purification. 

N

O
O

O

O H
SO
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 To a solution of the above-prepared aldehyde compound 105 in anhydrous THF (60 

mL) were added Ti(OEt)4 (12.3 g, 35.2 mmol) and (R)-tert-butylsulfinamide (2.13 g, 17.6 

mmol). The mixture was stirred for 9 h at 65 oC, cooled to room temperature, and 

quenched by adding brine (30 mL). The resulting suspension was filtered and extracted 

with EtOAc (20 mL, 2 ×). The combined extracts were washed with saturated aqueous 

NaHCO3 (20 mL) and brine (20 mL), dried over MgSO4, filtered and concentrated under 

reduced pressure. The residue was purified by flash column chromatography (EtOAc–

hexane, 1:4) on silica gel to afford the sulfinamide 109 (5.54 g, 80% yield from 111). 

C15H27NO5S; colorless liquid; TLC (EtOAc–hexane, 1:4) Rf = 0.60; [α]D
23 = –146.9 (c = 

1.0, CH2Cl2); IR νmax (neat) 2987, 2896, 1556, 1373, 1215, 1071 cm–1; 1H NMR (400 

MHz, CDCl3) δ 8.07 (1 H, d, J = 4.5 Hz), 4.70 (1 H, dd, 6.1, 4.5 Hz), 4.15–4.11 (2 H, m), 

4.07–4.04 (1 H, m), 3.95–3.90 (1 H, m), 1.44 (3 H, s), 1.38 (3 H, s), 1.35 (3 H, s), 1.31 (3 

H, s), 1.20 (9 H, s); 13C NMR (100 MHz, CDCl3) δ 166.9, 111.4, 110.0, 80.5, 80.2, 76.4, 

67.2, 57.4, 27.1, 26.7, 26.6, 25.2, 22.5 (3 ×); ESI–HRMS calcd for C15H28NO5S: 334.1688, 

found: m/z 334.1680 [M + H]+. 
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(RS)-N-[(2R,3R,4S,5R)-3,4:5,6-(di-O-isopropylidene)-1-nitrohex-2-yl]-2-

methylpropane-2-sulfinamide (110) 

 

A solution of sulfinamide 109 (3.26 g, 9.79 mmol) and tetrabutylammonium fluoride 

(0.98 mL, 0.98 mmol) in nitromethane (50 mL) was stirred for 1 h at room temperature, 

and then concentrated by rotary evaporation under reduced pressure. The residue was 

purified by flash column chromatography (EtOAc–hexane, 1:2) on silica gel to afford the 

desired nitro product 110 (3.81 g, 99%). A sample of 110 was recrystallized from Et2O 

for the X-ray diffraction analysis. C16H30N2O7S; white solid, mp 108.7–111.2 oC; TLC 

(EtOAc–hexane, 1:4) Rf = 0.40; [α]D
20 = –15.6 (c = 1.0, CH2Cl2); IR νmax (neat) 3278, 

2986, 1714, 1634, 1557, 1372, 1212, 1155, 1072 cm–1; 1H NMR (400 MHz, CDCl3) δ 

4.64–4.55 (2 H, m, H-1), 4.28–4.21 (2 H, m), 4.14 (1 H, dd, J = 8.6, 6.1 Hz, H-3), 4.05–

3.99 (2 H, m), 3.91 (1 H, dd, J = 8.7, 5.5 Hz), 3.70 (1 H, dt, J = 8.6, 3.4 Hz, H-2), 1.44 (3 

H, s), 1.36 (3 H, s), 1.35 (3 H, s), 1.34 (3 H, s), 1.16 (9 H, s); 13C NMR (100 MHz, CDCl3) 

δ 110.4 (2 ×), 81.3, 79.4, 76.7, 76.1, 67.8, 56.5, 56.5, 26.9, 26.6 (2 ×), 25.2, 22.5 (3 ×); 

ESI–HRMS calcd for C16H31N2O7S: 395.1852, found: m/z 395.1844 [M + H]+. 
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Methyl 3,4:5,6-di-O-isopropylidene-D-gluconate (111)74 

 

Compound 111 was prepared according to the previously reported method[ref] with 

slight modification. To a solution of D-glucono-δ-lactone (4.0 g, 22.5 mmol) in 2,2-

dimethoxypropane (30 mL) were added p-TsOH (21.9 mg, 0.22 mmol), acetone (10 mL) 

and MeOH (3 mL). The mixture was stirred for 9 h at room temperature, and then 

concentrated by rotary evaporation under reduced pressure. The residue was purified by 

flash column chromatography (EtOAc–hexane, 1:4) on silica gel to afford the desired 

product 111 (6.0 g, 92%). C13H22O7; colorless liquid; TLC (EtOAc–hexane, 1:4) Rf = 0.33; 

[α]D
23 = +17.4 (c = 1.0, CH2Cl2) [lit. [ref] [α]D

25 = +10.2 (c = 1.0, CHCl3)]; 1H NMR (400 

MHz, CDCl3) δ 4.31 (1 H, dd, J = 9.0, 1.0 Hz), 4.19 (1 H, dd, J = 7.5, 1.0 Hz), 4.13–3.99 

(3 H, m), 3.95 (1 H, dd, J = 8.0, 3.6 Hz), 3.80 (3 H, s), 3.01 (1 H, d, J = 9.0 Hz, OH), 1.39 

(3 H, s), 1.35 (3 H, s), 1.33 (3 H, s), 1.31 (3 H, s); 13C NMR (100 MHz, CDCl3) δ 173.0, 

110.0, 109.8, 80.9, 77.2, 76.4, 69.4, 67.8, 52.6, 27.1, 26.6, 26.5, 25.2; ESI–HRMS calcd 

for C13H23O7: 291.1444, found: m/z 291.1451 [M + H]+. 
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3,4:5,6-di-O-isopropylidene-hexan-1,2-diol (112)74 

 

The synthetic procedure of compound 112 is described in the experimental section 

for compound 109. C12H22O6; colorless liquid; TLC (EtOAc–hexane, 1:1) Rf = 0.2; 1H 

NMR (400 MHz, CDCl3) δ 4.12 (1 H, dd, J = 8.6, 6.0 Hz), 4.04–3.91 (4 H, m), 3.79–3.67 

(3 H, m), 2.43 (2 H, br s), 1.39 (3 H, s), 1.37 (3 H, s), 1.34 (3 H, s), 1.30 (3 H, s); 13C 

NMR (100 MHz, CDCl3) δ 109.9, 109.8, 81.6, 77.4, 77.3, 70.4, 67.9, 64.8, 27.1, 26.8, 

26.5, 25.2; ESI–HRMS calcd for C12H23O6: 263.1495, found: m/z 263.1501 [M + H]+. 

 

 

 

 

 

 

O
O

O

O HO OH
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Ethyl (4S,5R,6R,7S,8R)-6,7:8,9-(di-O-isopropylidene)-2-methylene-5-[(RS)-1,1-

dimethylethylsulfinamido]-4-nitro-nonanoate (113a) and the (4R)-epimer (113b) 

 

To a solution of nitro compound 110 (1.0 g, 2.6 mmol) in THF (18 mL) were added 

ethyl 2-(bromomethyl)acrylate (1.0 g, 5.2 mmol) and Et3N (2 mL, 14.3 mmol). The 

mixture was stirred for 24 h at 40 oC, and then extracted with 1 M HCl (10 mL) and 

CH2Cl2 (20 mL, 2 ×). The combined extracts were washed with saturated aqueous 

NaHCO3 (20 mL) and brine (20 mL), dried over MgSO4, filtered and concentrated under 

reduced pressure. The residue was purified by flash column chromatography (EtOAc–

hexane, 1:4) on silica gel to afford the desired product 113a and its epimer 113b as a 1:1 

mixture (1.26 g, 96%). The mixture was extracted with n-hexane twice, and the extracts 

were concentrated under reduced pressure to give 113a (620 mg) as colorless oil. 

For epimerization of 113b, the residual white solid 113b (640 mg, 1.26 mmol) was 

dissolved in THF (10 mL) and stirred with Et3N (2.5 mL, 17.5 mmol) for 24 h at 40 oC. 

A mixture of epimers 113a and 113b was obtained, and 113a was simply separated by 
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extraction with n-hexane. A sample of 113b was recrystallized from Et2O for the X-ray 

diffraction analysis. 

(4S)-Epimer 113a: C22H38N2O9S; colorless oil; TLC (EtOAc–hexane, 1:4) Rf = 0.50; 

[α]D
23 = –43.8 (c = 1.0, CH2Cl2); IR νmax (neat) 3327, 2986, 2360, 2338, 1714, 1556, 1372, 

1212, 1155 cm–1; 1H NMR (400 MHz, CDCl3) δ 6.28 (1 H, s), 5.68 (1 H, s), 5.12 (1 H, 

dt, J = 9.0, 4.4 Hz), 4.25–4.17 (3 H, m), 4.15–4.09 (2 H, m), 4.04–3.99 (2 H, m), 3.87 (1 

H, dd, J = 8.4, 6.4 Hz), 3.80 (1 H, ddd, J = 8.2, 6.4, 4.4 Hz), 3.05–2.88 (2 H, m), 1.42 (3 

H, s), 1.35 (6 H, s), 1.33 (3 H, s), 1.28 (3 H, t, J = 7.2 Hz), 1.23 (9 H, s); 13C NMR (100 

MHz, CDCl3) δ 165.7, 134.5, 129.5, 110.7, 110.2, 86.2, 81.0, 79.1, 76.9, 68.0, 61.2, 59.6, 

57.1, 34.2, 27.3, 26.8, 26.6, 25.3, 22.8 (3 ×), 14.1; ESI–HRMS calcd for C22H39N2O9S: 

507.2376, found: m/z 507.2380 [M + H]+. 

 (4R)-Epimer 113b: C22H38N2O9S; white solid, mp 150.4–151.2 oC; TLC (EtOAc–

hexane, 1:4) Rf = 0.45; [α]D
23 = –3.6 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) δ 

6.27 (1 H, s), 5.69 (1 H, s), 5.06 (1 H, dt, J = 10.2, 3.2 Hz), 4.24–4.09 (6 H, m), 4.02–

3.97 (1 H, m), 3.89 (1 H, dd, J = 8.4, 6.8 Hz), 3.84 (1 H, d, J = 6.8 Hz), 3.06–2.94 (2 H, 

m), 1.45 (3 H, s), 1.43 (3 H, s), 1.36 (3 H, s), 1.34 (3 H, s), 1.29 (3 H, t, J = 7.16 Hz), 1.23 
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(9 H, s); 13C NMR (100 MHz, CDCl3) δ 166.1, 134.9, 129.0, 111.0, 110.4, 87.3, 81.1, 

79.4, 76.8, 68.0, 61.2, 60.6, 56.8, 30.4, 27.4, 27.2, 26.4, 25.4, 22.8 (3 ×), 14.1. 

 

Ethyl (4S,5R,6R,7S,8R)-5-acetamido-2-methylene-4-nitro-6,7,8,9-tetrahydroxyl-

nonanoate (116) 

 

The synthetic procedure of compound 116 is described in the experimental section 

for compound 119. C14H24N2O9; white foam; TLC (MeOH–CH2Cl2, 1:4) Rf = 0.4; IR νmax 

(neat) 3359, 2987, 2937, 1712, 1663, 1552, 1377, 1307, 1213, 1160, 1029 cm–1; 1H NMR 

(400 MHz, CD3OD) δ 6.25 (1 H, d, J = 0.6 Hz), 5.73 (1 H, d, J = 0.6 Hz), 5.36 (1 H, ddd, 

J = 9.4, 6.3, 3.2 Hz), 4.54 (1 H, dd, J = 10.2, 3.2 Hz), 4.23 (2 H, q, J = 7.1 Hz), 3.84–3.75 

(2 H, m), 3.66–3.59 (2 H, m), 3.41 (1 H, d, J = 8.0 Hz), 2.97–2.89 (2 H, m), 2.05 (3 H, s), 

1.31 (3 H, t, J = 7.12 Hz); 13C NMR (100 MHz, CD3OD) δ 174.2, 167.5, 136.9, 129.8, 

87.5, 72.6, 71.0, 70.1, 65.1, 62.4, 53.0, 35.2, 22.8, 14.6; ESI–HRMS calcd for 

C14H25N2O9: 365.1560, found: m/z 365.1573 [M + H]+. 
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Ethyl 4-acetamido-1-acetoxy-3-nitro-5-(1,2,3-triacetoxy)propyl- 

(6-oxacyclohexane)carboxylate (119) 

 

A solution of ester 113a (1.0 g, 1.98 mmol) in MeOH (5 mL) was treated with 12 M 

HCl(aq) (1 mL) and concentrated at 50 oC by rotary evaporation for 30 min under reduced 

pressure. The syrup was dissolved in MeOH (10 mL) and neutralized (pH ≈ 7) with a 

solution of EtONa (1 M) in MeOH (10 mL). Acetic anhydride (0.25 mL, 2.6 mmol) was 

added, and the mixture was stirred for 10 min at room temperature. The mixture was 

filtered through a Dowex 50W×8 (H+) column, and the filtrate was concentrated under 

reduced pressure. The residue 116 was dissolved in CH2Cl2 (8 mL) and MeOH (4 mL). 

Ozone was bubbled through the solution for 15 min at –78 oC until the solution turned to 

pale blue. Dimethylsulfide (3 mL) was added. The mixture was warmed to room 

temperature, stirred for 2 h, and then concentrated by rotary evaporation under reduced 

pressure to afford a white solid sample, which was used in the next step without further 

purification. 

 To a suspension of the above-prepared solid sample in CH2Cl2 (10 mL) were added 

acetic anhydride (0.9 mL, 9.5 mmol), Et3N (1.2 mL, 8.7 mmol) and DMAP (98 mg, 0.8 
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mmol). The mixture was stirred for 24 h at room temperature and then extracted with 

CH2Cl2 (10 mL, 2 ×). The combined extracts were washed with saturated aqueous 

NaHCO3 (20 mL) and brine (20 mL), dried over MgSO4, filtered and concentrated under 

reduced pressure. The residue was purified by flash column chromatography (EtOAc–

hexane, 1:5) on silica gel to afford the peracetylated product 119 (581 mg, 55% from 

113a), which contained an inseparable mixture of the α- and β-isomers (23:77) as shown 

by the 1H and 13C NMR spectra. C21H30N2O14; white foam; TLC (EtOAc–hexane, 1:3) Rf 

= 0.33; [α]D
23 = –17.2 (c = 1, CH2Cl2); IR νmax (neat) 3270, 2984, 1750, 1561, 1371, 1220, 

1125, 1105 cm–1; 1H NMR (500 MHz, CDCl3, a mixture of α- and β-isomers (23:77)) δ 

6.18 (0.23 H, d, J = 9.9 Hz)/ 5.78 (0.77 H, d, J = 7.5 Hz, NHAc), 5.70 (1 H, td, J = 11.7, 

4.6 Hz, H-4), 5.50 (0.23 H, dd, J = 6.2, 2.4 Hz)/ 5.30 (0.77 H, dd, J = 6.8, 1.6 Hz, H-2′), 

5.15 (1 H, ddd, J = 6.8, 5.6, 2.1 Hz, H-1′), 4.72 (0.23 H, dd, J = 11.0, 2.4 Hz)/ 4.66 (0.77 

H, dd, J = 11.7, 2.1 Hz, H-5), 4.38 (0.77 H, dd, J = 12.6, 2.1 Hz, H-3′), 4.26–4.19 (3 H, 

m), 4.09 (0.23 H, dd, J = 12.5, 6.2 Hz, H-3′), 3.63 (1 H, td, J = 11.1, 7.5 Hz, H-4), 3.22 

(0.23 H, dd, J = 15.9, 1.3 Hz)/ 2.83 (0.77 H, dd, J = 11.1, 4.6 Hz, H-2), 2.70 (0.23 H, dd, 

J = 15.9, 5.2 Hz)/ 2.42 (0.77 H, t, J = 11.1 Hz, H-2), 2.18 (2.3 H, s), 2.16 (2.3 H, s), 2.09 

(0.7 H, s), 2.05 (0.7 H, s), 2.04 (2.3 H, s), 2.02 (2.3 H, s), 1.98 (0.7 H, s), 1.97 (2.3 H, s), 
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1.94 (0.7 H, s), 1.274 (2.3 H, t, J = 7.2 Hz)/ 1.270 (0.7 H, t, J = 7.2 Hz); 13C NMR (100 

MHz, CDCl3, a mixture of α- and β-isomers (23:77)) δ 171.0 (2 ×), 170.5, 170.1 (minor), 

169.7, 168.1, 165.8 (minor), 165.2, 164.9 (minor), 96.3, 96.2 (minor), 80.0, 79.9 (minor), 

70.1, 70.0 (minor), 69.9 (minor), 69.5, 69.4 (minor), 68.0, 67.3 (minor), 62.7, 61.8, 60.4 

(minor), 53.4 (minor), 50.4, 43.7 (minor), 35.3 (minor), 35.1, 33.7 (minor), 23.4, 23.1 

(minor), 20.8, 20.74, 20.67, 20.6, 20.1 (minor), 14.2 (minor), 13.8; ESI–HRMS calcd for 

C21H30N2NaO14: 557.1595, found: m/z 557.1612 [M + Na]+. 

 

Ethyl 4-acetamido-3-[2,3-bis(tert-butoxycarbonyl)guanidino]-5-(1,2,3-

triacetoxy)propyl-(6-oxacyclohex-1-ene)carboxylate (122)80 

 

 To a solution of nitro compound 119 (145 mg, 0.27 mmol) in EtOH (3 mL) was 

added activated Zn powder (441 mg, 6.75 mmol). The suspension was heated to 80 oC 

before injection of AcOH (3.0 mL). The mixture was heated at 80 oC under reflux for 30 

min, cooled to room temperature, and adjusted to weakly basic (pH = 8) with 28% 

aqueous NH3. The mixture was extracted with MeOH/CH2Cl2 (1:9, 5 mL, 3 ×). The 
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combined extracts were washed with brine (15 mL), dried over MgSO4, filtered and 

concentrated to afford the white foam of crude amino product (114 mg), which was used 

in the next step without further purification. 

 The above-prepared amino compound (114 mg) was dissolved in anhydrous CH3CN 

(2 mL) and treated with TMSOTf (0.29 mL, 1.62 mmol). The mixture was stirred for 16 

h at room temperature, and then poured into ice-cold saturated aqueous NaHCO3 (5 mL). 

The mixture was stirred for 10 min, and extracted with MeOH/CH2Cl2 (1:9, 5 mL, 3 ×). 

The combined extracts were washed with brine (15 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure to afford the crude dihydropyran product (85 mg), 

which was used in the next step without further purification. 

 To a solution of the above-prepared dihydropyran compound (85 mg, 0.19 mmol) in 

CH2Cl2 (2.0 mL) were added 1,3-bis(tert-butoxycarbonyl)-2-methylthiopseudourea (78.4 

mg, 0.27 mmol), HgCl2 (73.3 mg, 0.27 mmol) and Et3N (60 µL, 0.43 mmol). The mixture 

was stirred for 2 h at room temperature, and filtered through a pad of Celite. The filtrate 

was extracted with 1 M HCl (2 mL) and CH2Cl2 (5 mL, 3 ×). The combined extracts were 

washed with saturated aqueous NaHCO3 (10 mL) and brine (10 mL), dried over MgSO4, 

filtered and concentrated by rotary evaporation under reduced pressure. The residue was 
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purified by flash column chromatography (EtOAc–hexane, 1:5) on silica gel to afford the 

guanidination product 122 (124 mg, 67% yield from 119). C30H46N4O14; white foam; 

TLC (EtOAc–hexane, 1:3) Rf = 0.5; [α]D
23 = +24.4 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, 

CDCl3) δ 11.32 (1 H, br s); 8.45 (1 H, d, J = 8.5 Hz), 6.12 (1 H, br d, J = 8.1 Hz, NHAc), 

5.85 (1 H, d, J = 2.2 Hz, H-2), 5.41 (1 H, dd, J = 4.8, 1.2 Hz), 5.28 (1 H, ddd, J = 7.3, 4.8, 

2.6 Hz), 5.12 (1 H, tt, J = 8.5, 2.2 Hz), 4.62 (1 H, dd, J = 12.4, 2.6 Hz), 4.28–4.15 (5 H, 

m), 2.10 (3 H, s), 2.05 (3 H, s), 2.02 (3 H, s), 1.84 (3 H, s), 1.47 (9 H, s), 1.46 (9 H, s), 

1.29 (3 H, t, J = 7.1 Hz); 13C NMR (125 MHz, CDCl3) δ 171.0, 170.6, 170.3, 170.2, 162.6, 

161.2, 157.0, 152.6, 145.6, 109.0, 84.1, 78.0, 71.5, 67.9, 62.3, 61.7, 52.5, 49.2, 48.1, 28.2 

(3 ×), 28.0 (3 ×), 23.0, 20.92, 20.86, 20.8, 14.0; ESI–HRMS calcd for C30H47N4O14: 

687.3089, found: m/z 687.3079 [M + H]+. 

 

 

 

 

 

 



doi:10.6342/NTU201700686

 110 

Diethyl 1-hydroxy-1-methylethylphosphonate (124)77 

 

The synthetic procedure of compound 124 is described in the experimental section 

for compound 62b. C7H17O4P; colorless liquid; TLC (EtOAc) Rf = 0.3; 1H NMR (400 

MHz, CDCl3) δ 4.15–4.06 (4 H, m), 3.73 (1 H, brs), 1.36 (6 H, d, J = 15.3 Hz), 1.26 (6 

H, t, J = 7.1 Hz); 13C NMR (100 MHz, CDCl3) δ 69.1 (d, 1Jc-p = 162.0 Hz), 62.7 (d, 2Jc-p 

= 7.6 Hz, 2×), 24.9 (d, 2Jc-p = 5.2 Hz, 2×), 16.4 (d, 3Jc-p = 5.3 Hz, 2×); 31P NMR (162 

MHz, CDCl3) δ 19.4. 

 

Diethyl 1-methylvinylphosphonate (125)78 

 

The synthetic procedure of compound 125 is described in the experimental section 

for compound 62b. C7H17O4P; colorless liquid; TLC (EtOAc) Rf = 0.5; 1H NMR (400 

MHz, CDCl3) δ 5.93 (1 H, dq, J = 22.2, 1.2 Hz), 5.71 (1 H, dq, J = 48.2, 1.72 Hz), 4.09–

4.00 (4 H, m), 1.90 (3 H, ddd, J = 14.0, 1.4, 1.4 Hz), 1.29 (6 H, t, J = 7.1 Hz); 13C NMR 
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(100 MHz, CDCl3) δ 134.9 (d, 1Jc-p = 172.9 Hz), 130.0 (d, 2Jc-p = 10.0 Hz), 61.7 (d, 2Jc-p 

= 5.8 Hz, 2×), 18.8 (d, 2Jc-p = 11.6 Hz), 16.3 (d, 3Jc-p = 6.2 Hz, 2×); 31P NMR (162 MHz, 

CDCl3) δ 19.4. 

 

Diethyl (4S,5R,6R,7S,8R)-[6,7:8,9-(di-O-isopropylidene)-2-methylene- 

5-((RS)-1,1-dimethylethylsulfinamido)-4-nitro-non-1-en-2-yl]phosphonate 

(126a) and the (4R)-epimer (126b) 

 

 Diethyl (3-bromoprop-1-en-2-yl)phosphonate (62b) was prepared according to the 

previously reported procedure.77 In brief, the addition reaction of acetone (4.4 mL) with 

triethyl phosphite (6.6 g, 40 mmol) was performed at –10 oC for 12 h in the presence of 

HCl (2 M in Et2O, 30 mL) to give a product of diethyl (2-hydroxyprop-2-yl)phosphonate 

(124), which was treated with thionyl chloride (50 mL) in pyridine (100 mL) at room 

temperature for 24 h to afford diethyl 2-propenyl phosphonate (125, 4.7 g). The 

bromination with N-bromosuccinimide (6.1g, 34.3 mmol) in CCl4 (100 mL) was 

performed by heating at 80 oC under reflux for 4 h in the presence of AIBN (867 mg, 5.28 
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mmol) to give compound 62b (4.79 g, 47% overall yield from triethyl phosphite). 

 A solution of nitro sulfinamide 110 (1.0 g, 2.54 mmol) and compound 62b (1.95 g, 

7.59 mmol) in THF (36 mL) was treated with Et3N (4.0 mL) and stirred for 48 h at 40 oC. 

The mixture was extracted with 1 M HCl (20 mL) and CH2Cl2 (20 mL, 3 ×). The 

combined extracts were washed with saturated aqueous NaHCO3 (20 mL) and brine (20 

mL), dried over MgSO4, filtered and concentrated under reduced pressure. The residue 

was purified by flash column chromatography (EtOAc–hexane, 2:1) on silica gel to afford 

the alkylation product (1.04 g, 72%) as a mixture of epimers of 126a and 126b (1:2). The 

mixture was extracted with n-hexane twice, and the extracts were concentrated under 

reduced pressure to give (4S)-epimer 126a (340 mg) as colorless oil. 

For epimerization of 126b, the residual white solid 126b (700 mg, 1.23 mmol) was 

dissolved in THF (8 mL) and stirred with Et3N (2.0 mL, 14.3 mmol) for 24 h at 40 oC to 

give a mixture of epimers 126a and 126b (2:3). A sample of 126b was recrystallized from 

Et2O for the X-ray diffraction analysis. 

(4S)-Epimer 126a: C23H43N2O10PS; colorless oil; TLC (EtOAc–hexane, 4:1) Rf = 

0.33; [α]D
22 = –37.0 (c = 1.0, CH2Cl2); IR νmax (neat) 3472, 3228, 2986, 2936, 2906, 1644, 

1556, 1373, 1237 cm–1; 1H NMR (400 MHz, CDCl3) δ 6.08 (1 H, d, J = 22.1 Hz), 5.81 (1 



doi:10.6342/NTU201700686

 113 

H, d, J = 46.6 Hz), 5.21 (1 H, dt, J = 10.2, 3.9 Hz), 4.19 (1 H, t, J = 6.2 Hz), 4.14–3.96 (8 

H, m), 3.84 (1 H, dd, J = 8.5, 6.5 Hz), 3.77 (1 H, ddd, J = 7.7, 6.5, 3.9 Hz), 3.05 (1 H, 

ddd, J = 20.6, 15.0, 10.2 Hz), 2.75 (1 H, ddd, J = 15.0, 10.6, 3.9 Hz), 1.40 (3 H, s), 1.35 

(3 H, s), 1.33 (3 H, s), 1.32–1.29 (9 H, m), 1.22 (9 H, s); 13C NMR (100 MHz, CDCl3) δ 

133.6 (d, 1JC-P = 175.6 Hz), 133.1 (d, 2JC-P = 8.6 Hz), 110.7, 110.2, 85.7 (d, JC-P = 2.1 Hz), 

80.9, 79.1, 76.9, 68.0, 62.3 (d, 2JC-P = 5.7 Hz), 62.2 (d, 2JC-P = 5.7 Hz), 59.8, 57.0, 34.3 

(d, 2JC-P = 11.4 Hz), 27.3, 26.8, 26.5, 25.3, 22.8 (3 ×), 16.3, 16.2; 31P NMR (162 MHz, 

CDCl3) δ 17.2; ESI–HRMS calcd for C23H44N2O10PS: 571.2454, found: m/z 571.2446 [M 

+ H]+. 

 (4R)-Epimer 126b: C23H43N2O10PS; white solid, mp 143.9–144.9 oC; TLC (EtOAc–

hexane, 4:1) Rf = 0.33; [α]D
22 = –22.0 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) δ 

6.07 (1 H, d, J = 22.2 Hz), 5.82 (1 H, d, J = 46.8 Hz), 5.15 (1 H, dt, J = 11.5, 2.4 Hz), 

4.16 (1 H, td, J = 6.9, 2.6 Hz), 4.13–3.94 (8 H, m), 3.85 (1 H, dd, J = 8.6, 6.5 Hz), 3.77 

(1 H, d, J = 6.5 Hz), 3.05 (1 H, ddd, J = 21.9, 15.7, 11.5 Hz), 2.80 (1 H, dd, J = 15.7, 7.8 

Hz), 1.43 (3 H, s), 1.41 (3 H, s), 1.32 (3 H, s), 1.31–1.26 (9 H, m), 1.19 (9 H, s); 13C NMR 

(100 MHz, CDCl3) δ 133.7 (d, 1JC-P = 169.0 Hz), 132.8 (d, 2JC-P = 2.4 Hz), 111.0, 110.4, 

86.4 (d, JC-P = 3.4 Hz), 80.9, 79.5, 76.8, 67.8, 62.3 (d, 2JC-P = 5.9 Hz), 62.1 (d, 2JC-P = 5.7 
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Hz), 60.6, 56.8, 30.5 (d, 2JC-P = 11.6 Hz), 27.4, 27.3, 26.5, 25.4, 22.8 (3 ×), 16.3, 16.2; 

31P NMR (162 MHz, CDCl3) δ 17.4. 

 

Diethyl (4S,5R,6R,7S,8R)-[6,7:8,9-(di-O-isopropylidene)-2-methylene- 

4-(9H-fluoren-9-yl)methoxy)carbonyl)amino-5-((RS)-1,1-

dimethylethylsulfinamido)-non-1-en-2-yl]phosphonate (135) 

 

 To a solution of nitro phosphonate 126a (250 mg, 0.44 mmol) in EtOH (4 mL) was 

added activated Zn powder (719 mg, 11.0 mmol). The suspension was heated to 80 oC 

and HOAc (4 mL) was injected. The mixture was heated at 80 oC under reflux for 

additional 30 min, cooled to room temperature and adjusted to weakly basic (pH = 8) with 

28% ammonia. The mixture was extracted with MeOH/CH2Cl2 (1:9, 5 mL) for three times. 

The combined extracts were washed with brine (15 mL), dried over MgSO4, filtered and 

concentrated to afford white foam of crude amino product, which was used in the next 

step without further purification. 

 The above-prepared amino compound was dissolved in CH2Cl2 (4.0 mL) and 
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saturated aqueous NaHCO3 (1.0 mL), and 9-fluorenylmethyl chloroformate (145 mg, 

0.56 mmol) was added. The mixture was stirred for 9 h at room temperature, and then 

extracted with CH2Cl2 (5 mL, 3 ×). The combined extracts were washed with brine (15 

mL), dried over MgSO4, filtered, and concentrated under reduced pressure. The residue 

was purified by flash column chromatography (EtOAc–hexane, 1:2) on silica gel to give 

the Fmoc-protected amino compound 135 (258 mg, 77% yield from 126a). 

C38H55N2O10PS; white foam; TLC (EtOAc–hexane, 1:4) Rf = 0.4; [α]D
22 = –25.6 (c = 1.0, 

CH2Cl2); IR νmax (neat) 3439, 3234, 2984, 2934, 1722 ,1511, 1451, 1372, 1240, 1053 cm–

1; 1H NMR (400 MHz, CDCl3) δ 7.73 (2 H, d, J = 7.5 Hz), 7.56 (2 H, d, J = 7.4 Hz), 7.37 

(2 H, dd, J = 7.5, 7.0 Hz), 7.28 (2 H, dd, J = 7.4, 7.0 Hz), 6.06 (1 H, d, J = 23.3 Hz), 5.92 

(1 H, d, J = 48.6), 5.62 (1 H, d, J = 10.1 Hz), 4.46 (1 H, d, J = 1.6 Hz), 4.41–4.36 (2 H, 

m), 4.34–4.25 (1 H, m), 4.20–4.13 (2 H, m), 4.11–4.01 (6 H, m), 3.99–3.97 (1 H, m), 

3.87–3.83 (1 H, m), 3.51 (1 H, dt, J = 2.2 Hz), 2.63–2.38 (2 H, m), 1.44 (3 H, s), 1.34 (6 

H, s), 1.34–1.28 (9 H, m), 1.24 (9 H, s); 13C NMR (100 MHz, CDCl3) δ 155.7, 143.9, 

143.8, 141.2 (2 ×), 135.2 (d, 1JC-P = 174.4 Hz), 130.7 (d, 2JC-P = 7.5 Hz), 127.5 (2 ×), 

126.94, 126.88, 124.9 (2 ×), 119.8 (2 ×), 110.6, 110.3, 81.3, 80.2, 68.0, 66.4, 62.1 (d, 2JC-

P = 5.3 Hz), 61.9, 61.8 (d, 2JC-P = 5.7 Hz), 59.3, 56.1, 51.8, 47.2, 31.5, 27.4, 27.1, 26.3, 
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25.7, 22.8 (3 ×), 16.3 (d, 3JC-P = 6.1 Hz), 16.2 (d, 3JC-P = 6.4 Hz); 31P NMR (162 MHz, 

CDCl3) δ 19.2; ESI–HRMS calcd for C38H56N2O10PS: 763.3393, found: m/z 763.3411 [M 

+ H]+. 

 

Diethyl 4-acetamido-3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)- 

5-(1,2,3-triacetoxy)propyl-(6-oxacyclohex-1-ene)phosphonate (140) 

 

 Phosphonate 135 (133 mg, 0.17 mmol) was dissolved in MeOH (2 mL), 12 M HCl 

(0.5 mL) was added, and the mixture was directly concentrated at 50 oC by rotary 

evaporation under reduced pressure for 30 min. The residual syrup was dissolved in 

MeOH (10 mL) and neutralized by a solution of NaOEt (1 M) in MeOH. Acetic anhydride 

(0.25 mL) was added to the neutralized solution and stirred for 10 min at room 

temperature. The mixture was filtered through a pad of Dowex 50W×8 (H+) and 

concentrated under reduced pressure. The crude product was dissolved in CH2Cl2 (8 mL) 

and MeOH (4 mL), and ozone was bubbled through the solution for 30 min at –78 oC. 

The pale blue solution was treated with dimethylsulfide (1 mL), warmed to room 

temperature and stirred for 2 h. The mixture was concentrated under reduced pressure to 
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afford an Neu5Ac phosphonate derivative (138) as colorless syrup, which was used in the 

next step without further purification. 

 To a suspension of the above-prepared syrup of intermediate compound 138 in Ac2O 

(5.0 mL) was added iodine (86.3 mg, 0.34 mmol). The mixture was heated at 40 oC for 

48 h, and then concentrated under reduced pressure. The residue of dark syrup was 

dissolved in CH2Cl2 (5 mL), washed with 10% aqueous Na2S2O3 (5 mL) and brine (10 

mL), and concentrated under reduced pressure. The residue of yellow syrup was purified 

by flash column chromatography (EtOAc–hexane, 1:1) on silica gel to give the 

peracetylated dihydropyran 140 (68 mg, 55% yield from 135). 

 In another procedure, the intermediate compound 138 (16 mg, 0.03 mmol) in 

anhydrous CH3CN (1 mL) was stirred with Ac2O (22.6 µL, 0.24 mmol) and TMSOTf 

(5.48 µL, 0.03 mmol) at room temperature for 22 h. The mixture was quenched by 

addition of MeOH (1.0 mL), and then extracted with with CH2Cl2 (5 mL, 3 ×). The 

combined extracts were washed with brine (15 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure. The residue was separated on a silica gel column 

by elution with EtOAc–hexane (1:1) to give compound 140 (8 mg, 37%). 

 C35H43N2O13P; white foam; TLC (EtOAc) Rf = 0.5; [α]D
24 = +40.8 (c = 0.2, CH2Cl2); 
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IR νmax (neat) 3306, 3068, 2983, 1746, 1531, 1450, 1371, 1224, 1032 cm–1; 1H NMR (500 

MHz, CDCl3) δ 7.73 (2 H, d, J = 7.5 Hz), 7.53 (1 H, d, J = 7.5 Hz), 7.52 (1 H, dd, J = 7.4 

Hz), 7.37 (2 H, t, J = 7.5 Hz), 7.29 (2 H, t, J = 7.5 Hz), 5.74 (1 H, d, J = 10.3 Hz, NHAc), 

5.73 (1 H, d, J = 9.1 Hz), 5.43 (1 H, d, J = 6.4 Hz), 5.23 (1 H, td, J = 6.4, 2.7 Hz), 5.14 

(1 H, d, J = 9.1 Hz), 4.50 (1 H, td, J = 9.3, 2.5 Hz), 4.39 (1 H, dd, J = 12.5, 2.7 Hz), 4.34–

4.23 (3 H, m), 4.21–4.08 (7 H, m), 2.09 (3 H, s), 2.06 (3 H, s), 2.02 (3 H, s), 1.87 (3 H, 

s), 1.38 (3 H, t, J = 7.1 Hz), 1.32 (3 H, t, J = 7.1 Hz); 13C NMR (125 MHz, CDCl3) δ 

171.1, 170.6, 170.0, 169.9, 156.7, 147.0 (d, 1JC-P = 225 Hz), 143.6, 143.5, 141.3, 141.2, 

127.8 (2 ×), 127.1 (2 ×), 125.1, 125.0, 120.0 (2 ×), 115.1 (d, 2JC-P = 22.5 Hz), 77.4 (d, 3JC-

P = 9.9 Hz), 70.2, 67.4, 67.3, 63.3 (d, 2JC-P = 5.7 Hz), 63.0 (d, 2Jc-p = 5.9 Hz), 61.9, 50.6 

(d, 3JC-P = 15.0 Hz), 47.5, 47.0 (d, 4JC-P = 5.2 Hz), 23.2, 20.9, 20.72, 20.68, 16.3, 16.2; 

31P NMR (162 MHz, CDCl3) δ 6.1; ESI–HRMS calcd for C35H44N2O13P: 731.2581, found: 

m/z 731.2559 [M + H]+. 
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Diethyl [4-acetamido-3-[2,3-bis(tert-butoxycarbonyl)guanidino]- 

5-(1,2,3-triacetoxy)propyl-(6-oxacyclohex-1-ene)] phosphonate (142)37 

 

 To a solution of amine–Fmoc derivative 140 (28 mg, 0.04 mmol) in CH2Cl2 (3 mL) 

were added Et3N (0.5 mL, 3.58 mmol), 1,3-bis(tert-butoxycarbonyl)-2-

methylthiopseudourea (14.5 mg, 0.05 mmol) and HgCl2 (13.6 mg, 0.05 mmol). The 

mixture was stirred for 24 h at room temperature, and filtered through a pad of Celite. 

The filtrate was extracted with 1 M HCl (2 mL) and CH2Cl2 (5 mL) for three times. The 

combined extracts were washed with saturated aqueous NaHCO3 (10 mL) and brine (10 

mL), dried over MgSO4, filtered and concentrated by rotary evaporation under reduced 

pressure. The residue was purified by flash column chromatography (EtOAc–hexane, 1:1) 

on silica gel to afford the guanidination product 142 (13.6 mg, 86%). C31H51N4O15P; 

white foam; TLC (EtOAc) Rf = 0.6; [α]D
22 = +20.7 (c = 1.0, CH2Cl2) [lit.[ref] [α]D

20 = 

+18.5 (c = 0.88, CH2Cl2)]; 1H NMR (500 MHz, CDCl3) δ 11.32 (1 H, s), 8.50 (1 H, s), 

6.25 (1 H, s), 5.71 (1 H, dd, J = 10.4, 2.1 Hz), 5.36 (1 H, d, J = 6.6 Hz), 5.23 (1 H, td, J 

= 6.6, 2.7 Hz), 5.12 (1 H, s), 4.37 (1 H, dd, J = 12.5, 2.7 Hz), 4.25–4.22 (2 H, m), 4.20–
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4.13 (2 H, m), 4.12–4.05 (3 H, m), 2.09 (3 H, s), 2.06 (3 H, s), 2.02 (3 H, s), 1.85 (3 H, 

s), 1.47 (9 H, s), 1.46 (9 H, s), 1.37 (3 H, t, J = 7.1 Hz), 1.32 (3 H, t, J = 7.1 Hz); 13C 

NMR (100 MHz, CDCl3) δ 171.0, 170.5, 170.0, 169.8, 162.6, 157.1, 152.6, 147.4 (d, 1JC-

P = 224 Hz), 114.3 (d, 2JC-P = 23.1 Hz), 84.0, 79.8, 78.0 (d, 3JC-P = 9.5 Hz), 70.2, 67.5, 

63.3 (d, 2JC-P = 5.5 Hz), 62.9 (d, 2JC-P = 5.5 Hz), 62.1, 49.1 (d, 3JC-P = 14.9 Hz), 48.0, 28.2 

(3 ×), 28.0 (3 ×), 23.0, 20.84, 20.79, 20.7, 16.3, 16.2; 31P NMR (162 MHz, CDCl3) δ 6.1; 

ESI–HRMS calcd for C31H52N4O15P: 751.3167, found: m/z 751.3162 [M + H]+. 
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1H NMR spectrum of compound 62b (400 MHz, in CDCl3) 

 

 
13C NMR spectrum of compound 62b (100 MHz, in CDCl3) 
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31P NMR spectrum of compound 62b (162 MHz, in CDCl3) 

 

 
1H NMR spectrum of compound 94 (400 MHz, in CDCl3) 
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13C NMR spectrum of compound 94 (100 MHz, in CDCl3) 

 

 
1H NMR spectrum of compound 109 (400 MHz, in CDCl3)	 	
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13C NMR spectrum of compound 109 (100 MHz, in CDCl3) 

	

	
1H NMR spectrum of compound 110 (400 MHz, in CDCl3) 
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13C NMR spectrum of compound 110 (100 MHz, in CDCl3) 

 

 
1H NMR spectrum of compound 111 (400 MHz, in CDCl3)  
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13C NMR spectrum of compound 111 (100 MHz, in CDCl3) 

	

 
1H NMR spectrum of compound 112 (400 MHz, in CDCl3) 
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13C NMR spectrum of compound 112 (100 MHz, in CDCl3) 

 

 
1H NMR spectrum of compound 113a (400 MHz, in CDCl3)  
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13C NMR spectrum of compound 113a (100 MHz, in CDCl3) 

 

 
1H NMR spectrum of compound 113b (400 MHz, in CDCl3)  
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13C NMR spectrum of compound 113b (100 MHz, in CDCl3) 

 

 
1H NMR spectrum of compound 116 (400 MHz, in CD3OD) 
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13C NMR spectrum of compound 116 (100 MHz, in CD3OD) 

 

 
1H NMR spectrum of compound 119 (500 MHz, in CDCl3)  
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13C NMR spectrum of compound 119 (100 MHz, in CDCl3) 

 

 
1H NMR spectrum of compound 122 (400 MHz, in CDCl3) 
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13C NMR spectrum of compound 122 (125 MHz, in CDCl3) 

 

 
1H NMR spectrum of compound 124 (400 MHz, in CDCl3) 

 

 

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

1
4
.
0
0
6
3

2
0
.
7
7
6
1

2
0
.
8
6
0
4

2
0
.
9
2
5
6

2
3
.
0
3
0
5

2
8
.
0
3
4
8

2
8
.
2
1
8
8

4
8
.
1
0
6
1

4
9
.
1
6
2
0

5
2
.
4
9
4
0

6
1
.
7
2
2
5

6
2
.
2
9
4
0

6
7
.
9
1
1
2

7
1
.
5
1
8
0

7
8
.
0
4
7
1

8
4
.
0
8
2
3

1
0
8
.
9
8
4
9

1
4
5
.
6
2
2
3

1
5
2
.
6
1
1
1

1
5
7
.
0
4
7
4

1
6
1
.
1
7
1
7

1
6
2
.
6
0
8
5

1
7
0
.
2
1
8
0

1
7
0
.
2
9
5
2

1
7
0
.
5
9
6
8

1
7
1
.
0
0
9
1

lzl−V034−031step3−ftotal 500MHz�

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

1.
24

25
1.

26
02

1.
27

79
1.

34
38

1.
38

20

3.
73

24
4.

05
67

4.
06

45
4.

06
66

4.
07

48
4.

08
23

4.
08

44
4.

09
26

4.
10

03
4.

10
19

4.
10

39
4.

10
99

4.
11

81
4.

12
18

4.
12

76
4.

12
95

4.
13

58
4.

13
96

4.
14

73

7.
23

99

6.
03
3

3.
06
7

3.
06
1

1.
06
7

4.
00
0

lzl−IV116−112ftotal�

O
OAc

CO2Et

AcHN
HN

H
OAc

AcO

NBoc

NHBoc

PHO
O

OEt
OEt



doi:10.6342/NTU201700686

	 147	

 
13C NMR spectrum of compound 124 (100 MHz, in CDCl3) 

 

 
31P NMR spectrum of compound 124 (162 MHz, in CDCl3) 
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1H NMR spectrum of compound 125 (400 MHz, in CDCl3)  

 

 
13C NMR spectrum of compound 125 (100 MHz, in CDCl3)  
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31P NMR spectrum of compound 125 (162 MHz, in CDCl3) 

 

 
1H NMR spectrum of compound 126a (400 MHz, in CDCl3) 
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13C NMR spectrum of compound 126a (100 MHz, in CDCl3) 

 

 
31P NMR spectrum of compound 126a (162 MHz, in CDCl3) 
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1H NMR spectrum of compound 126b (400 MHz, in CDCl3)  

 

 
13C NMR spectrum of compound 126b (100 MHz, in CDCl3)  
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31P NMR spectrum of compound 126b (162 MHz, in CDCl3) 

 

 
1H NMR spectrum of compound 135 (400 MHz, in CDCl3)  

 

 

−50−40−30−20−1050 40 30 20 10 0 ppm

17
.7

43
0

lzl−v017−014isomer

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

1
.
2
4
0
8

1
.
2
8
0
5

1
.
2
8
6
0

1
.
2
9
8
4

1
.
3
1
4
7

1
.
3
4
2
6

1
.
4
3
9
8

2
.
3
8
2
8

2
.
4
0
9
0

2
.
6
0
6
2

2
.
6
3
2
6

3
.
4
9
4
6

3
.
5
0
0
0

3
.
5
0
5
5

3
.
5
1
7
5

3
.
5
2
3
0

3
.
8
2
8
0

3
.
8
3
4
7

3
.
8
3
9
7

3
.
8
4
8
7

3
.
8
6
5
6

3
.
9
6
5
3

3
.
9
7
7
9

3
.
9
8
6
1

4
.
0
0
9
4

4
.
0
2
1
8

4
.
0
2
7
7

4
.
0
3
9
8

4
.
0
5
7
9

4
.
0
7
0
5

4
.
0
7
6
1

4
.
0
8
8
5

4
.
0
9
3
9

4
.
1
0
6
3

4
.
1
3
4
3

4
.
1
3
9
7

4
.
1
4
8
4

4
.
1
5
5
8

4
.
1
6
9
7

4
.
1
8
7
6

4
.
2
0
4
2

4
.
2
5
3
9

4
.
2
6
5
5

4
.
2
8
4
3

4
.
3
4
1
2

4
.
3
5
8
1

4
.
3
6
8
0

4
.
3
8
4
1

4
.
4
0
0
6

4
.
4
1
0
1

4
.
4
5
5
4

4
.
4
5
9
5

5
.
6
1
0
2

5
.
6
3
5
5

5
.
8
5
6
1

5
.
9
7
7
7

6
.
0
3
1
1

6
.
0
8
9
4

7
.
2
4
0
1

7
.
2
6
5
0

7
.
2
8
1
3

7
.
2
8
3
2

7
.
2
9
9
7

7
.
3
4
9
4

7
.
3
6
8
1

7
.
3
8
6
8

7
.
5
5
1
1

7
.
5
6
9
7

7
.
7
2
1
6

7
.
7
4
0
3

9.
19

3
9.

40
7

6.
14

1
3.

06
8

2.
32

6

1.
08

0
1.

07
3

2.
06

6
6.

11
0

2.
46

0
1.

27
4

2.
01

6
0.

98
9

1.
00

0

1.
05

9
1.

07
9

2.
18

2
2.

26
7

2.
01

7
2.

15
8

lzl−IV144−140step2−ftotal�

HN

O
O

O

O
S

P

NO2O

O
OEt
OEt

HN

O
O

O

O
S

P

NHFmocO

O
OEt
OEt



doi:10.6342/NTU201700686

	 153	

 
13C NMR spectrum of compound 135 (100 MHz, in CDCl3)  

 

 
31P NMR spectrum of compound 135 (162 MHz, in CDCl3) 

 

 

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

1
6
.
1
7
0
2

1
6
.
2
3
4
1

1
6
.
2
9
5
1

2
2
.
8
1
5
7

2
5
.
6
9
1
0

2
6
.
3
1
2
0

2
7
.
0
7
3
1

2
7
.
3
9
8
5

3
1
.
4
6
2
2

4
7
.
2
1
8
6

5
1
.
8
4
8
4

5
6
.
0
8
1
7

5
9
.
2
9
9
0

6
1
.
8
1
1
8

6
1
.
8
6
8
9

6
2
.
0
9
2
9

6
2
.
1
4
5
4

6
6
.
3
8
4
5

6
7
.
9
7
7
5

7
6
.
5
8
9
1

7
6
.
9
0
6
3

7
7
.
2
2
4
1

8
0
.
2
1
6
2

8
1
.
3
4
6
9

1
1
0
.
2
5
0
0

1
1
0
.
6
0
9
5

1
1
9
.
8
1
5
9

1
2
4
.
9
3
3
8

1
2
6
.
8
8
4
4

1
2
6
.
9
4
4
0

1
2
7
.
5
2
6
9

1
3
0
.
6
9
5
7

1
3
0
.
7
7
0
9

1
3
4
.
3
3
4
4

1
3
6
.
0
7
7
9

1
4
1
.
2
2
3
4

1
4
3
.
8
3
0
5

1
4
3
.
9
2
1
9

1
5
5
.
6
5
5
0

�
�
lzl−IV144−140step2−ftotal�

−50−45−40−35−30−25−20−15−10−555 50 45 40 35 30 25 20 15 10 5 0 ppm

19
.2

19
1

lzl−IV144−140step2−ftotal

HN

O
O

O

O
S

P

NHFmocO

O
OEt
OEt

HN

O
O

O

O
S

P

NHFmocO

O
OEt
OEt



doi:10.6342/NTU201700686

	 154	

 
1H NMR spectrum of compound 140 (500 MHz, in CDCl3) 

 

 
13C NMR spectrum of compound 140 (125 MHz, in CDCl3)  
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31P NMR spectrum of compound 140 (162 MHz, in CDCl3) 

 

 
1H NMR spectrum of compound 142 (500 MHz, in CDCl3) 
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13C NMR spectrum of compound 142 (100 MHz, in CDCl3) 

 

 
31P NMR spectrum of compound 142 (162 MHz, in CDCl3)	  
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ORTEP drawing of compound 6 (ic16817, deposit CCDC 1489375); thermal ellipsoids drawn 

at the 50% probability level.  
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Table S1a. Crystal data and structure refinement for compound 6 (ic16817). 
__________________________________________________________________________________________ 

Identification code  ic16817 

Empirical formula  C16 H30 N2 O7 S 

Formula weight  394.48 

Temperature  295(2) K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  P2(1)2(1)2(1) 

Unit cell dimensions a = 10.1789(3) Å a= 90°. 

 b = 11.9132(4) Å b= 90°. 

 c = 18.0755(7) Å g = 90°. 

Volume 2191.89(13) Å3 

Z 4 

Density (calculated) 1.195 Mg/m3 

Absorption coefficient 1.625 mm-1 

F(000) 848 

Crystal size 0.20 x 0.15 x 0.10 mm3 

Theta range for data collection 4.44 to 67.96°. 

Index ranges -12<=h<=7, -14<=k<=14, -19<=l<=21 

Reflections collected 7403 

Independent reflections 3984 [R(int) = 0.0367] 

Completeness to theta = 67.96° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.92074 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3984 / 0 / 239 

Goodness-of-fit on F2 1.021 

Final R indices [I>2sigma(I)] R1 = 0.0497, wR2 = 0.1257 

R indices (all data) R1 = 0.0605, wR2 = 0.1360 

Absolute structure parameter -0.05(3) 

Largest diff. peak and hole 0.282 and -0.274 e.Å-3 
__________________________________________________________________________________________ 
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Table S1b. Atomic coordinates (×104) and equivalent isotropic displacement parameters (Å2× 

103) of compound 6 (ic16817). U (eq) is defined as one third of the trace of the 

orthogonalized Uij tensor. 
__________________________________________________________________________________________ 
 x y z U(eq) 
__________________________________________________________________________________________ 
S(1) 273(1) 2174(1) 9424(1) 49(1) 

O(1) 1466(3) 3500(2) 12754(1) 68(1) 

O(2) 2289(3) 3392(2) 11582(1) 67(1) 

O(3) -2(2) 5543(2) 10947(2) 65(1) 

O(4) 1748(3) 5975(2) 10201(2) 75(1) 

O(5) 754(7) 4422(6) 7992(3) 188(4) 

O(6) 2650(9) 3638(4) 7876(3) 188(3) 

O(7) -544(2) 1943(2) 10088(2) 67(1) 

N(1) 1503(3) 3027(2) 9611(2) 54(1) 

N(2) 1807(8) 4218(4) 8210(2) 128(2) 

C(1) 647(4) 4157(4) 12298(2) 66(1) 

C(2) 1514(3) 4385(3) 11636(2) 52(1) 

C(3) 804(3) 4565(3) 10908(2) 50(1) 

C(4) 1728(3) 4804(3) 10266(2) 52(1) 

C(5) 1349(3) 4229(3) 9541(2) 51(1) 

C(6) 2237(5) 4678(3) 8932(2) 75(1) 

C(7) 2213(4) 2795(3) 12267(2) 68(1) 

C(8) 1522(8) 1703(4) 12148(3) 120(2) 

C(9) 3567(5) 2693(5) 12590(3) 102(2) 

C(10) 627(4) 6456(3) 10568(2) 69(1) 

C(11) 1142(5) 7306(4) 11113(3) 96(2) 

C(12) -312(7) 6905(5) 10002(4) 133(2) 

C(13) 1265(3) 890(3) 9266(2) 60(1) 

C(14) 2144(5) 1090(4) 8604(3) 90(1) 

C(15) 252(4) -21(3) 9088(3) 85(1) 

C(16) 2029(5) 592(4) 9961(3) 86(1) 

__________________________________________________________________________________________ 
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Table S1c. Bond lengths [Å] and angles [°] for compound 6 (ic16817). 
___________________________________________  

S(1)-O(7)  1.487(2) 

S(1)-N(1)  1.648(3) 

S(1)-C(13)  1.855(3) 

O(1)-C(1)  1.410(4) 

O(1)-C(7)  1.435(5) 

O(2)-C(2)  1.425(4) 

O(2)-C(7)  1.429(4) 

O(3)-C(3)  1.427(4) 

O(3)-C(10)  1.436(4) 

O(4)-C(4)  1.399(4) 

O(4)-C(10)  1.439(5) 

O(5)-N(2)  1.168(10) 

O(6)-N(2)  1.255(10) 

N(1)-C(5)  1.446(4) 

N(2)-C(6)  1.482(6) 

C(1)-C(2)  1.512(4) 

C(2)-C(3)  1.516(4) 

C(3)-C(4)  1.521(4) 

C(4)-C(5)  1.528(4) 

C(5)-C(6)  1.521(5) 

C(7)-C(8)  1.495(7) 

C(7)-C(9)  1.502(6) 

C(10)-C(12)  1.499(7) 

C(10)-C(11)  1.507(6) 

C(13)-C(14)  1.513(6) 

C(13)-C(16)  1.519(6) 

C(13)-C(15)  1.531(5) 

 
O(7)-S(1)-N(1) 111.95(15) 

O(7)-S(1)-C(13) 106.03(15) 

N(1)-S(1)-C(13) 97.25(15) 

C(1)-O(1)-C(7) 106.2(3) 

C(2)-O(2)-C(7) 108.9(2) 

___________________________________________  

C(3)-O(3)-C(10) 109.8(2) 

C(4)-O(4)-C(10) 110.3(3) 

C(5)-N(1)-S(1) 120.7(2) 

O(5)-N(2)-O(6) 125.4(6) 

O(5)-N(2)-C(6) 119.5(8) 

O(6)-N(2)-C(6) 115.1(8) 

O(1)-C(1)-C(2) 102.6(3) 

O(2)-C(2)-C(1) 103.2(3) 

O(2)-C(2)-C(3) 108.9(3) 

C(1)-C(2)-C(3) 115.7(3) 

O(3)-C(3)-C(2) 110.4(3) 

O(3)-C(3)-C(4) 103.9(2) 

C(2)-C(3)-C(4) 113.2(3) 

O(4)-C(4)-C(3) 105.0(3) 

O(4)-C(4)-C(5) 112.3(3) 

C(3)-C(4)-C(5) 114.5(2) 

N(1)-C(5)-C(6) 110.3(3) 

N(1)-C(5)-C(4) 110.0(2) 

C(6)-C(5)-C(4) 108.2(3) 

N(2)-C(6)-C(5) 109.3(3) 

O(2)-C(7)-O(1) 105.6(3) 

O(2)-C(7)-C(8) 109.6(4) 

O(1)-C(7)-C(8) 110.4(4) 

O(2)-C(7)-C(9) 109.1(4) 

O(1)-C(7)-C(9) 107.2(3) 

C(8)-C(7)-C(9) 114.6(5) 

O(3)-C(10)-O(4) 105.7(3) 

O(3)-C(10)-C(12) 108.1(3) 

O(4)-C(10)-C(12) 109.5(4) 

O(3)-C(10)-C(11) 110.6(3) 

O(4)-C(10)-C(11) 107.0(3) 

C(12)-C(10)-C(11) 115.4(4) 

C(14)-C(13)-C(16) 112.9(3) 
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C(14)-C(13)-C(15) 110.1(3) 

C(16)-C(13)-C(15) 110.6(4) 

C(14)-C(13)-S(1) 108.3(3) 

C(16)-C(13)-S(1) 110.1(3) 

C(15)-C(13)-S(1) 104.5(2) 

___________________________________________  

Symmetry transformations used to generate 

equivalent atoms:  

 

  



doi:10.6342/NTU201700686

	 162	

Table S1d. Anisotropic displacement parameters (Å2 × 103) for compound 6 (ic16817). The 

anisotropic displacement factor exponent takes the form: -2π2[ (h a*)2 U11 + .... + 2 h k a* b* 
U12 ] 
__________________________________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
__________________________________________________________________________________________ 
S(1) 39(1)  47(1) 60(1)  -3(1) 1(1)  0(1) 

O(1) 73(2)  83(2) 47(1)  11(1) 4(1)  4(1) 

O(2) 74(2)  74(1) 53(1)  14(1) 11(1)  23(1) 

O(3) 54(1)  56(1) 84(2)  20(1) 8(1)  4(1) 

O(4) 98(2)  54(1) 74(2)  -4(1) 29(1)  -22(1) 

O(5) 264(7)  203(6) 97(3)  50(4) -89(5)  -141(6) 

O(6) 370(11)  117(3) 77(2)  -16(2) 76(4)  -50(5) 

O(7) 58(1)  61(1) 83(2)  -5(1) 19(1)  -1(1) 

N(1) 42(1)  57(2) 64(2)  4(1) -7(1)  -2(1) 

N(2) 238(7)  100(3) 46(2)  3(2) 23(3)  -80(4) 

C(1) 64(2)  81(2) 53(2)  9(2) 6(2)  5(2) 

C(2) 53(2)  54(2) 48(2)  3(1) 4(1)  -1(1) 

C(3) 51(2)  47(2) 51(2)  5(1) 2(1)  -4(1) 

C(4) 49(2)  58(2) 49(2)  2(1) 0(1)  -12(1) 

C(5) 53(2)  51(2) 49(2)  8(1) -4(1)  -6(1) 

C(6) 101(3)  75(2) 49(2)  0(2) 7(2)  -31(2) 

C(7) 87(2)  61(2) 55(2)  10(2) 2(2)  4(2) 

C(8) 179(6)  77(3) 104(4)  1(3) -1(4)  -24(4) 

C(9) 106(3)  121(4) 79(3)  17(3) -5(2)  48(3) 

C(10) 74(2)  53(2) 81(2)  20(2) 1(2)  -6(2) 

C(11) 121(4)  61(2) 104(3)  -15(2) 36(3)  -6(2) 

C(12) 123(4)  107(4) 168(6)  78(4) -35(4)  -9(4) 

C(13) 46(1)  52(2) 82(2)  -7(2) 7(2)  12(1) 

C(14) 74(3)  88(3) 109(3)  -21(3) 31(3)  11(2) 

C(15) 66(2)  54(2) 135(4)  -21(2) 8(3)  4(2) 

C(16) 75(2)  69(2) 113(3)  17(2) -9(2)  18(2) 
__________________________________________________________________________________________ 
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ORTEP drawing of compound 7b (ic16846, deposit CCDC 1489376); thermal ellipsoids 

drawn at the 50% probability level. 
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Table S2a. Crystal data and structure refinement for compound 7b (ic16846). 
__________________________________________________________________________________________ 

Identification code  ic16846 

Empirical formula  C22 H38 N2 O9 S 

Formula weight  506.60 

Temperature  200(2) K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  P2(1)2(1)2(1) 

Unit cell dimensions a = 10.2553(4) Å a= 90°. 

 b = 11.3826(4) Å b= 90°. 

 c = 23.6017(9) Å g = 90°. 

Volume 2755.07(18) Å3 

Z 4 

Density (calculated) 1.221 Mg/m3 

Absorption coefficient 1.460 mm-1 

F(000) 1088 

Crystal size 0.20 x 0.15 x 0.10 mm3 

Theta range for data collection 3.75 to 67.99°. 

Index ranges -9<=h<=12, -10<=k<=13, -28<=l<=27 

Reflections collected 9400 

Independent reflections 5020 [R(int) = 0.0421] 

Completeness to theta = 67.99° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.68852 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5020 / 2 / 310 

Goodness-of-fit on F2 1.009 

Final R indices [I>2sigma(I)] R1 = 0.0476, wR2 = 0.1150 

R indices (all data) R1 = 0.0630, wR2 = 0.1286 

Absolute structure parameter 0.01(2) 

Largest diff. peak and hole 0.245 and -0.221 e.Å-3 
__________________________________________________________________________________________ 
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Table S2b. Atomic coordinates (×104) and equivalent isotropic displacement parameters (Å2× 

103) of compound 7b (ic16846). U (eq) is defined as one third of the trace of the 

orthogonalized Uij tensor. 
__________________________________________________________________________________________ 
 x y z U(eq) 
__________________________________________________________________________________________ 
S(1) 4295(1) 6300(1) 123(1) 31(1) 

O(1) 3560(2) 7379(2) 286(1) 41(1) 

O(2) 5558(4) 3967(2) -811(2) 82(1) 

O(3) 4149(3) 4682(3) -1391(1) 74(1) 

O(4) 5818(3) 8134(2) -1664(1) 46(1) 

O(5) 4005(2) 9085(2) -1338(1) 44(1) 

O(6) 6455(2) 9953(2) -297(1) 55(1) 

O(7) 4808(3) 11061(2) 41(1) 67(1) 

O(8) 8984(4) 4717(3) -2456(1) 88(1) 

O(9) 8358(4) 6426(3) -2086(2) 89(1) 

N(1) 5587(3) 6623(2) -275(1) 32(1) 

N(2) 5178(3) 4713(3) -1145(1) 51(1) 

C(1) 8518(4) 5270(4) -2072(2) 59(1) 

C(2) 8075(3) 4765(3) -1525(2) 45(1) 

C(3) 7422(3) 5559(3) -1093(2) 42(1) 

C(4) 6009(3) 5807(3) -1234(1) 36(1) 

C(5) 5349(3) 6785(3) -879(1) 32(1) 

C(6) 5811(3) 8011(3) -1065(1) 35(1) 

C(7) 4889(3) 8981(2) -872(1) 36(1) 

C(8) 5595(3) 10135(3) -759(2) 46(1) 

C(9) 4692(4) 11111(3) -548(2) 60(1) 

C(10) 6115(4) 10705(3) 161(2) 55(1) 

C(11) 6098(5) 9974(5) 692(2) 87(2) 

C(12) 7051(5) 11725(4) 178(3) 87(2) 

C(13) 4627(4) 8685(4) -1843(2) 52(1) 

C(14) 3741(5) 7813(5) -2138(2) 72(1) 

C(15) 4983(6) 9723(4) -2228(2) 79(2) 

C(16) 8295(5) 3651(4) -1437(2) 71(1) 

C(17) 8808(9) 7054(7) -2578(3) 146(4) 

C(18) 7825(11) 7478(10) -2906(4) 206(6) 
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C(19) 5181(3) 5813(3) 770(1) 44(1) 

C(20) 5978(5) 6809(4) 1005(2) 65(1) 

C(21) 4116(4) 5467(4) 1184(2) 61(1) 

C(22) 5998(5) 4752(4) 606(2) 66(1) 
__________________________________________________________________________________________ 

  



doi:10.6342/NTU201700686

	 167	

Table S2c. Bond lengths [Å] and angles [°] for compound 7b (ic16846). 
___________________________________________  

S(1)-O(1)  1.491(2) 

S(1)-N(1)  1.665(3) 

S(1)-C(19)  1.862(3) 

O(2)-N(2)  1.222(4) 

O(3)-N(2)  1.206(5) 

O(4)-C(6)  1.420(4) 

O(4)-C(13)  1.437(4) 

O(5)-C(13)  1.427(4) 

O(5)-C(7)  1.432(4) 

O(6)-C(8)  1.419(4) 

O(6)-C(10)  1.423(5) 

O(7)-C(9)  1.397(5) 

O(7)-C(10)  1.429(5) 

O(8)-C(1)  1.201(5) 

O(9)-C(1)  1.326(5) 

O(9)-C(17)  1.441(6) 

N(1)-C(5)  1.457(4) 

N(2)-C(4)  1.523(4) 

C(1)-C(2)  1.484(6) 

C(2)-C(16)  1.305(6) 

C(2)-C(3)  1.518(5) 

C(3)-C(4)  1.514(5) 

C(4)-C(5)  1.549(4) 

C(5)-C(6)  1.537(4) 

C(6)-C(7)  1.524(4) 

C(7)-C(8)  1.523(4) 

C(8)-C(9)  1.530(5) 

C(10)-C(11)  1.504(7) 

C(10)-C(12)  1.507(6) 

C(13)-C(14)  1.515(6) 

C(13)-C(15)  1.533(6) 

C(17)-C(18)  1.358(11) 

C(19)-C(20)  1.503(6) 

___________________________________________ 

C(19)-C(21)  1.516(5) 

C(19)-C(22)  1.521(5) 

 
O(1)-S(1)-N(1) 111.45(13) 

O(1)-S(1)-C(19) 106.22(15) 

N(1)-S(1)-C(19) 98.05(15) 

C(6)-O(4)-C(13) 109.4(3) 

C(13)-O(5)-C(7) 109.4(2) 

C(8)-O(6)-C(10) 110.2(3) 

C(9)-O(7)-C(10) 106.8(3) 

C(1)-O(9)-C(17) 118.2(5) 

C(5)-N(1)-S(1) 116.5(2) 

O(3)-N(2)-O(2) 124.7(4) 

O(3)-N(2)-C(4) 116.6(3) 

O(2)-N(2)-C(4) 118.6(3) 

O(8)-C(1)-O(9) 123.4(4) 

O(8)-C(1)-C(2) 125.0(4) 

O(9)-C(1)-C(2) 111.6(3) 

C(16)-C(2)-C(1) 117.5(4) 

C(16)-C(2)-C(3) 123.2(4) 

C(1)-C(2)-C(3) 119.3(3) 

C(4)-C(3)-C(2) 112.7(3) 

C(3)-C(4)-N(2) 110.7(3) 

C(3)-C(4)-C(5) 115.7(3) 

N(2)-C(4)-C(5) 105.6(2) 

N(1)-C(5)-C(6) 110.1(2) 

N(1)-C(5)-C(4) 111.4(2) 

C(6)-C(5)-C(4) 111.3(2) 

O(4)-C(6)-C(7) 103.3(2) 

O(4)-C(6)-C(5) 112.1(3) 

C(7)-C(6)-C(5) 112.4(3) 

O(5)-C(7)-C(8) 111.3(2) 

O(5)-C(7)-C(6) 102.9(2) 
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C(8)-C(7)-C(6) 112.5(3) 

O(6)-C(8)-C(7) 107.7(3) 

O(6)-C(8)-C(9) 103.4(3) 

C(7)-C(8)-C(9) 113.3(3) 

O(7)-C(9)-C(8) 104.0(3) 

O(6)-C(10)-O(7) 104.4(3) 

O(6)-C(10)-C(11) 107.7(3) 

O(7)-C(10)-C(11) 108.2(4) 

O(6)-C(10)-C(12) 109.1(4) 

O(7)-C(10)-C(12) 112.6(3) 

C(11)-C(10)-C(12) 114.3(4) 

O(5)-C(13)-O(4) 105.8(3) 

O(5)-C(13)-C(14) 109.0(3) 

O(4)-C(13)-C(14) 111.1(3) 

O(5)-C(13)-C(15) 110.8(3) 

O(4)-C(13)-C(15) 107.9(3) 

C(14)-C(13)-C(15) 112.1(4) 

C(18)-C(17)-O(9) 113.4(7) 

C(20)-C(19)-C(21) 110.5(3) 

C(20)-C(19)-C(22) 113.2(3) 

C(21)-C(19)-C(22) 110.8(3) 

C(20)-C(19)-S(1) 110.0(3) 

C(21)-C(19)-S(1) 104.7(2) 

C(22)-C(19)-S(1) 107.2(2) 

___________________________________________ 

Symmetry transformations used to generate 

equivalent atoms:  
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Table S2d. Anisotropic displacement parameters (Å2 × 103) for compound 7b (ic16846). The 

anisotropic displacement factor exponent takes the form: -2π2[ (h a*)2 U11 + .... + 2 h k a* b* 
U12 ] 
__________________________________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
__________________________________________________________________________________________ 
S(1) 30(1)  33(1) 29(1)  2(1) 1(1)  2(1) 

O(1) 43(1)  44(1) 35(1)  3(1) 5(1)  7(1) 

O(2) 95(3)  44(2) 107(3)  20(2) 12(2)  -8(2) 

O(3) 62(2)  91(2) 70(2)  -24(2) 2(2)  -40(2) 

O(4) 43(1)  56(1) 38(1)  13(1) 9(1)  8(1) 

O(5) 35(1)  53(1) 44(1)  1(1) -3(1)  7(1) 

O(6) 41(1)  45(1) 78(2)  -18(1) -15(1)  9(1) 

O(7) 50(2)  63(2) 89(2)  -11(2) 1(2)  17(1) 

O(8) 96(3)  96(2) 71(2)  -27(2) 40(2)  0(2) 

O(9) 112(3)  72(2) 82(2)  7(2) 53(2)  8(2) 

N(1) 28(1)  36(1) 31(1)  -4(1) -2(1)  -3(1) 

N(2) 58(2)  45(2) 51(2)  -19(2) 16(2)  -14(2) 

C(1) 42(2)  70(3) 65(3)  -15(2) 12(2)  0(2) 

C(2) 41(2)  46(2) 49(2)  -15(2) 1(2)  2(2) 

C(3) 41(2)  44(2) 41(2)  -9(2) -1(2)  4(2) 

C(4) 43(2)  35(2) 30(2)  -4(1) 6(1)  -7(1) 

C(5) 31(2)  30(1) 34(2)  0(1) 2(1)  -3(1) 

C(6) 32(2)  37(2) 34(2)  4(1) 3(1)  -3(1) 

C(7) 35(2)  32(2) 41(2)  5(1) 2(1)  -2(1) 

C(8) 35(2)  35(2) 68(2)  7(2) -2(2)  1(2) 

C(9) 50(2)  33(2) 97(3)  -3(2) -13(2)  5(2) 

C(10) 46(2)  43(2) 75(3)  -15(2) 0(2)  8(2) 

C(11) 70(3)  111(4) 80(3)  9(3) 11(3)  18(3) 

C(12) 76(3)  53(2) 133(5)  -21(3) -32(4)  -5(2) 

C(13) 51(2)  65(2) 41(2)  6(2) 1(2)  12(2) 

C(14) 71(3)  95(3) 51(2)  -14(2) -13(2)  20(3) 

C(15) 94(4)  86(3) 58(3)  31(2) 10(3)  27(3) 

C(16) 86(3)  53(2) 73(3)  -13(2) 13(2)  20(2) 

C(17) 187(9)  115(6) 136(6)  46(5) 97(7)  13(6) 

C(18) 195(11)  281(13) 143(7)  137(8) 92(7)  97(10) 
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C(19) 38(2)  59(2) 34(2)  10(2) -3(1)  15(2) 

C(20) 65(3)  89(3) 41(2)  -3(2) -22(2)  -5(2) 

C(21) 48(2)  95(3) 41(2)  24(2) -1(2)  12(2) 

C(22) 72(3)  69(3) 56(2)  17(2) -3(2)  33(2) 
__________________________________________________________________________________________ 
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ORTEP drawing of compound 10b (ic17207, deposit CCDC 1489377); thermal ellipsoids 

drawn at the 50% probability level. 
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Table S3a. Crystal data and structure refinement for compound 10b (ic17207). 
__________________________________________________________________________________________ 
Identification code  ic17207 

Empirical formula  C23 H43 N2 O10 P S 

Formula weight  570.62 

Temperature  200(2) K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  P2(1)2(1)2(1) 

Unit cell dimensions a = 10.3757(2) Å a= 90°. 

 b = 11.5557(2) Å b= 90°. 

 c = 24.7257(4) Å g = 90°. 

Volume 2964.57(9) Å3 

Z 4 

Density (calculated) 1.278 Mg/m3 

Absorption coefficient 1.934 mm-1 

F(000) 1224 

Crystal size 0.20 x 0.15 x 0.10 mm3 

Theta range for data collection 3.58 to 67.99°. 

Index ranges -7<=h<=12, -13<=k<=9, -29<=l<=19 

Reflections collected 7466 

Independent reflections 4656 [R(int) = 0.0276] 

Completeness to theta = 67.99° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.89654 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4656 / 0 / 337 

Goodness-of-fit on F2 1.027 

Final R indices [I>2sigma(I)] R1 = 0.0525, wR2 = 0.1386 

R indices (all data) R1 = 0.0620, wR2 = 0.1507 

Absolute structure parameter -0.03(3) 

Largest diff. peak and hole 0.817 and -0.339 e.Å-3 
__________________________________________________________________________________________ 
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Table S3b. Atomic coordinates (×104) and equivalent isotropic displacement parameters (Å2× 

103) of compound 10b (ic17207). U (eq) is defined as one third of the trace of the 

orthogonalized Uij tensor. 
__________________________________________________________________________________________ 
 x y z U(eq) 
__________________________________________________________________________________________ 
S(1) 9389(1) 3558(1) 9902(1) 30(1) 

P(1) 13604(1) 4654(1) 12095(1) 40(1) 

O(1) 10935(2) 1685(2) 11615(1) 33(1) 

O(2) 9150(2) 721(2) 11313(1) 36(1) 

O(3) 11541(3) -103(2) 10300(1) 46(1) 

O(4) 9919(4) -1258(4) 10034(2) 77(1) 

O(5) 8652(3) 2525(3) 9732(1) 41(1) 

O(6) 9030(3) 5008(3) 11441(2) 61(1) 

O(7) 10271(4) 5770(3) 10841(2) 62(1) 

O(8) 13914(3) 5528(3) 12501(1) 64(1) 

O(9) 14809(3) 3945(3) 11891(1) 49(1) 

O(10) 12636(3) 3677(3) 12265(1) 60(1) 

N(1) 10606(3) 3200(3) 10303(1) 28(1) 

N(2) 10018(4) 5018(3) 11169(2) 43(1) 

C(1) 12905(6) 6321(4) 11403(2) 69(2) 

C(2) 12859(4) 5200(4) 11494(2) 39(1) 

C(3) 12302(4) 4344(3) 11094(2) 34(1) 

C(4) 10913(3) 4001(3) 11233(2) 29(1) 

C(5) 10351(3) 3024(3) 10873(1) 26(1) 

C(6) 10884(3) 1832(3) 11042(1) 26(1) 

C(7) 10005(4) 849(3) 10866(2) 30(1) 

C(8) 10739(4) -271(3) 10761(2) 35(1) 

C(9) 9886(4) -1286(4) 10605(2) 46(1) 

C(10) 11192(5) -896(4) 9894(2) 51(1) 

C(11) 11034(7) -227(8) 9367(3) 96(2) 

C(12) 12192(7) -1826(5) 9853(3) 92(2) 

C(13) 9767(4) 1139(4) 11796(2) 35(1) 

C(14) 8885(4) 1995(4) 12065(2) 45(1) 

C(15) 10118(5) 146(4) 12169(2) 52(1) 

C(16) 10364(4) 4006(4) 9306(2) 39(1) 
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C(17) 11140(6) 5053(5) 9472(2) 67(2) 

C(18) 9367(5) 4307(6) 8872(2) 67(2) 

C(19) 11207(4) 3031(5) 9117(2) 53(1) 

C(20) 16112(4) 4290(5) 12019(2) 58(1) 

C(21) 16500(5) 3784(6) 12542(2) 78(2) 

C(22) 12979(7) 2653(6) 12599(2) 80(2) 

C(23) 12558(13) 2826(9) 13134(3) 169(6) 
__________________________________________________________________________________________ 
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Table S3c. Bond lengths [Å] and angles [°] for compound 10b (ic17207). 
___________________________________________  

S(1)-O(5)  1.478(3) 

S(1)-N(1)  1.658(3) 

S(1)-C(16)  1.863(4) 

P(1)-O(8)  1.460(3) 

P(1)-O(10)  1.568(4) 

P(1)-O(9)  1.577(3) 

P(1)-C(2)  1.790(4) 

O(1)-C(6)  1.428(4) 

O(1)-C(13)  1.438(5) 

O(2)-C(7)  1.426(4) 

O(2)-C(13)  1.437(5) 

O(3)-C(10)  1.408(5) 

O(3)-C(8)  1.425(5) 

O(4)-C(9)  1.412(6) 

O(4)-C(10)  1.428(6) 

O(6)-N(2)  1.227(5) 

O(7)-N(2)  1.217(5) 

O(9)-C(20)  1.445(5) 

O(10)-C(22)  1.487(7) 

N(1)-C(5)  1.449(4) 

N(2)-C(4)  1.506(5) 

C(1)-C(2)  1.316(7) 

C(2)-C(3)  1.513(5) 

C(3)-C(4)  1.533(5) 

C(4)-C(5)  1.551(5) 

C(5)-C(6)  1.543(5) 

C(6)-C(7)  1.521(5) 

C(7)-C(8)  1.524(5) 

C(8)-C(9)  1.519(6) 

C(10)-C(12)  1.497(7) 

C(10)-C(11)  1.525(8) 

C(13)-C(14)  1.503(6) 

C(13)-C(15)  1.517(6) 

___________________________________________

C(16)-C(19)  1.501(7) 

C(16)-C(17)  1.511(7) 

C(16)-C(18)  1.529(6) 

C(20)-C(21)  1.475(7) 

C(22)-C(23)  1.409(9) 

 
O(5)-S(1)-N(1) 111.26(16) 

O(5)-S(1)-C(16) 106.21(17) 

N(1)-S(1)-C(16) 97.39(17) 

O(8)-P(1)-O(10) 117.1(2) 

O(8)-P(1)-O(9) 113.85(18) 

O(10)-P(1)-O(9) 102.7(2) 

O(8)-P(1)-C(2) 114.9(2) 

O(10)-P(1)-C(2) 101.47(18) 

O(9)-P(1)-C(2) 105.06(18) 

C(6)-O(1)-C(13) 109.2(3) 

C(7)-O(2)-C(13) 109.4(3) 

C(10)-O(3)-C(8) 109.3(3) 

C(9)-O(4)-C(10) 105.8(4) 

C(20)-O(9)-P(1) 121.9(3) 

C(22)-O(10)-P(1) 124.6(3) 

C(5)-N(1)-S(1) 118.5(2) 

O(7)-N(2)-O(6) 123.5(4) 

O(7)-N(2)-C(4) 119.6(4) 

O(6)-N(2)-C(4) 116.8(4) 

C(1)-C(2)-C(3) 123.1(4) 

C(1)-C(2)-P(1) 118.2(4) 

C(3)-C(2)-P(1) 118.5(3) 

C(2)-C(3)-C(4) 112.5(3) 

N(2)-C(4)-C(3) 110.8(3) 

N(2)-C(4)-C(5) 106.1(3) 

C(3)-C(4)-C(5) 114.4(3) 

N(1)-C(5)-C(6) 108.8(3) 
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N(1)-C(5)-C(4) 112.8(3) 

C(6)-C(5)-C(4) 111.1(3) 

O(1)-C(6)-C(7) 102.6(3) 

O(1)-C(6)-C(5) 112.8(3) 

C(7)-C(6)-C(5) 112.0(3) 

O(2)-C(7)-C(6) 103.2(3) 

O(2)-C(7)-C(8) 110.8(3) 

C(6)-C(7)-C(8) 112.5(3) 

O(3)-C(8)-C(9) 104.0(3) 

O(3)-C(8)-C(7) 108.2(3) 

C(9)-C(8)-C(7) 114.0(3) 

O(4)-C(9)-C(8) 102.9(3) 

O(3)-C(10)-O(4) 104.8(4) 

O(3)-C(10)-C(12) 109.7(5) 

O(4)-C(10)-C(12) 116.6(5) 

O(3)-C(10)-C(11) 107.9(5) 

O(4)-C(10)-C(11) 104.9(5) 

C(12)-C(10)-C(11) 112.3(5) 

O(2)-C(13)-O(1) 105.4(3) 

O(2)-C(13)-C(14) 108.5(3) 

O(1)-C(13)-C(14) 111.2(3) 

O(2)-C(13)-C(15) 111.0(3) 

O(1)-C(13)-C(15) 108.6(3) 

C(14)-C(13)-C(15) 112.0(4) 

C(19)-C(16)-C(17) 112.0(4) 

C(19)-C(16)-C(18) 110.3(4) 

C(17)-C(16)-C(18) 111.6(4) 

C(19)-C(16)-S(1) 110.8(3) 

C(17)-C(16)-S(1) 107.2(3) 

C(18)-C(16)-S(1) 104.5(3) 

O(9)-C(20)-C(21) 109.8(5) 

C(23)-C(22)-O(10) 109.5(7) 

___________________________________________  

Symmetry transformations used to generate 

equivalent atoms:  
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Table S3d. Anisotropic displacement parameters (Å2 × 103) for compound 10b (ic17207). 

The anisotropic displacement factor exponent takes the form: -2π2[ (h a*)2 U11 + .... + 2 h k 
a* b* U12 ] 
__________________________________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
__________________________________________________________________________________________ 
S(1) 26(1)  36(1) 26(1)  4(1) -2(1)  -2(1) 

P(1) 34(1)  53(1) 33(1)  -9(1) -6(1)  7(1) 

O(1) 32(1)  39(1) 27(1)  6(1) -4(1)  -1(1) 

O(2) 30(1)  42(2) 35(1)  -1(1) 3(1)  -5(1) 

O(3) 45(2)  41(2) 52(2)  -14(1) 18(1)  -7(1) 

O(4) 74(2)  81(3) 75(3)  -22(2) 13(2)  -31(2) 

O(5) 33(1)  56(2) 34(1)  3(1) -7(1)  -10(1) 

O(6) 45(2)  67(2) 71(2)  -12(2) 5(2)  22(2) 

O(7) 73(2)  41(2) 73(2)  12(2) -14(2)  9(2) 

O(8) 60(2)  82(2) 48(2)  -30(2) -22(2)  27(2) 

O(9) 36(2)  60(2) 50(2)  -20(2) -9(1)  5(1) 

O(10) 44(2)  83(2) 53(2)  24(2) -11(2)  1(2) 

N(1) 24(1)  35(2) 25(2)  -2(1) -2(1)  5(1) 

N(2) 46(2)  37(2) 45(2)  -14(2) -14(2)  7(2) 

C(1) 101(4)  46(3) 60(3)  1(3) -29(3)  -19(3) 

C(2) 40(2)  44(2) 32(2)  -5(2) -4(2)  -4(2) 

C(3) 37(2)  36(2) 29(2)  -4(2) 1(2)  -7(2) 

C(4) 30(2)  32(2) 26(2)  -1(2) -2(2)  -1(2) 

C(5) 22(2)  35(2) 20(2)  -3(2) -2(1)  3(2) 

C(6) 25(2)  30(2) 22(2)  -2(1) 4(1)  4(1) 

C(7) 29(2)  33(2) 29(2)  2(2) 3(2)  -1(2) 

C(8) 35(2)  33(2) 38(2)  3(2) 6(2)  2(2) 

C(9) 51(2)  35(2) 52(3)  -6(2) 18(2)  -4(2) 

C(10) 50(2)  53(2) 50(2)  -12(2) 10(2)  -12(2) 

C(11) 97(5)  130(6) 61(3)  9(4) -7(4)  -10(5) 

C(12) 119(5)  50(3) 106(5)  -25(4) 14(5)  20(4) 

C(13) 33(2)  42(2) 31(2)  2(2) 1(2)  -3(2) 

C(14) 42(2)  56(3) 35(2)  -5(2) 8(2)  -1(2) 

C(15) 57(3)  55(3) 44(2)  21(2) 1(2)  -1(2) 

C(16) 35(2)  54(2) 28(2)  12(2) -1(2)  -7(2) 
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C(17) 80(4)  65(3) 57(3)  20(3) 10(3)  -32(3) 

C(18) 46(2)  116(5) 40(2)  40(3) 3(2)  2(3) 

C(19) 46(2)  79(3) 34(2)  -3(2) 14(2)  1(2) 

C(20) 34(2)  69(3) 70(3)  -3(3) -2(2)  1(2) 

C(21) 51(3)  117(5) 66(3)  -28(4) -20(3)  29(3) 

C(22) 80(4)  74(4) 87(5)  19(4) -24(4)  -14(4) 

C(23) 303(16)  144(8) 61(4)  29(5) 33(7)  91(11) 
__________________________________________________________________________________________ 

 




