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 Overview of Carbohydrates

1) Basic Types of Carbohydrates

Monosaccharides

Disaccharides

Oligosaccharides

Polysaccharides

n = 0

n = 1

2< n ≤10

 n >10

O
RO

O
O

n

3) Monosaccharides Classification

a. Based on Number of Carbon Atoms: Triose, Tetrose, Pentose, Hexose, Heptose…

b. Based on Functional Groups: Aldose(-CHO), Ketose(-C=O)

• Consist of carbon, hydrogen, and oxygen
• The ratio hydrogen and oxygen is 2:1

examples of naturally aldose1 examples of naturally ketose1

2) Forms of Sugars: Chain and Ring Structures（Mutarotation）

O O
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RO

O OH

RO

O OH

RO

O
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RORO

O
OH

RO

1 Organic Chemistry (Second Edition), 2018
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1) primary(6-OH) vs. secondary1 2) axial vs. equatorial2

3) Equatorial OH with flanking equatorial substituents3,4

4) Effect of Anomeric Configuration5

OHOHO
OMe

OH

OH
TBDPSCl
imidazole
DMF, 25℃

OHOHO
OMe

OH

OTBDPS

yield: 80%

OH

HO
O

OAc

OH

TBSO
O

OAc

TBSCl

imidazole
DMF, 25℃

yield: 91%

Overview of Steric effects in Carbohydrates:

• secondary OH group > primary OH group

・axial OH group > equatorial OH group

• flanked substituent(same configuration)↑
  steric effect↑

Reactivity of Hydroxyl Groups in Carbohydrates: steric effect2

1Lavallée. et. al. Can. J. Chem. 1975, 53, 2975−2977. 3 Chan. et. al. J. Org. Chem. 1998, 63, 6035−6038.
2 Du, Y.  et. al. J. Chem. Soc., Perkin Trans. 1 2002, 2075−2079. 
4 Magnusson. et. al Carbohydr. Res. 1986, 152, 113−130. 
5 Camarasa. et. al. Tetrahedron: Asymmetry 1994, 5, 2141−2154.



O OH(14.08)

OH(18.92)
OH(18.11)

(18.06)HO

(20.65)HO

β-glucopyranose

1) Calculated pKa Values of OH in carbohydrate1

1Giannis. et. al. J. Phys. Chem. A. 2013, 117, 5211−521. 
2 Antony. et. al. Chem. Sci., 2017, 8, 1896–1900. 
3 Willi. et. al. J. Org. Chem. 1984, 49, 1, 51–56.

O OH(11.96)

OH(15.87)
OH(17.26)

(16.49)HO

β-fructopyranose

OH(H-trans)
O OH(14.30)

OH(18.12)
OH(18.26)

(15.87)HO

(23.84)HO

α-glucopyranose

O OH(H-trans)

OH(18.73)
HO

(12.43)HO
HO

β-fructofuranose

O OH(H-trans)

OH(18.15)
(15.86)HO

(13.71)HO
(16.53)HO

α-fructofuranose

(H-trans)

(H-trans)

H-trans: proton transfer from a neighboring OH group to the deprotonated site.

2) Examples of Selective Functionalization of the Most Acidic OH Group of a Carbohydrate Substrate under
Basic Conditions

OHOHO
OHNHAc

OH N N

Cl
Cl-

OHOHO
OAcNHAc

OH

a) Selective anomeric acetylation of unprotected sugars2:

Et3N, AcSH, H2O, 0℃

Plausible reaction mechanism:

86%

b) Selective benzylation at 2-postion of protected sugars3:

O
HO

OH
OMe

O
O

Ph BnBr

Bu4NHSO4(20 mol%)
NaOH

CH2Cl2/H2O, reflux

O
HO

OBnOMe

O
O

Ph O
BnO

OH OMe

O
O

Ph

54% 20%

 Reactivity of Hydroxyl Groups in Carbohydrates: Relative Acidities of OH3



2) Example: Selective acylation attributed to intramolecular hydrogen-bonding network1

1) Effect of hydrogen bonding interactions in carbohydrates

 1 Yoshida. et. al. J. Chem. Soc., Perkin Trans. 1, 1999, 465–473.
 2 Chapleur. et. al. Tetrahedron 2005, 61, 6839−6853.

3) Example: Selective acylation attributed to directing group’s effect2

O
O

O O
OC8H17

OH

H
H H

Ac2O

DMAP(5 mol%)
K2CO3

CHCl3, 23℃

O
HO

HO OH
OC8H17

OAc
O

AcO
HO OH

OC8H17

OH

O
HO
AcO OH

OC8H17

OH
O

HO
HO OAc

OC8H17

OH
19% 37%

42% 2%

O
ORH

O as acceptor of hydrogen bonds, nucleophilic↓
O as donor of hydrogen bonds, nucleophilic↑

 Reactivity of Hydroxyl Groups in Carbohydrates: Intramolecular Hydrogen Bonding4



a) Rate Constants for Acetyl Group Migration 
in Benzyl β-D-Galactopyranoside Derivatives1

b) Rate Constants for Phenacyl Group Migration in
α-D-Glucopyranoside Derivatives2

D2O, pD= 8.0, Sodium Phosphate Buffer D2O, pD= 8.0, Phosphate Buffer

1 Leino. et. al. J. Am. Chem. Soc. 2008, 130, 8769−8772. 
2 Stachulsiki. et. al. Org. Biomol. Chem., 2011, 9, 926–934 
3 Chang. et. al. Synlett., 2006, 5, 756–760

O
O

BzO OH
SPh

O

Ph

O
O

HO OBz
SPh

O

Ph

Example: Migrations Promoted by Ag2O/Tetrabutylammonium Iodide3

Ag2O(1 eq)
Bu4NI(0.1 eq)

DMF, r.t.

95%

Ag2O(1 eq)
Bu4NI(0.1 eq)

DMF, r.t.

O
HO

OBz
SPh

O
O

Ph O
BzO

OH
SPh

O
O

Ph

70%
Proposed mechanism:

without steric preference:

 ratio of 11 and 12 = 1:1

 Migrations of Acyl in Carbohydrate Chemistry(intramolecular transesterification)5



2) Reactions of Glucopyranoside-Derived Diol with Various Benzoylating Reagents1,2,3,4,5

3) Reactions of α-Mannopyranoside-Derived Diol with Various Benzoylating Reagents1,2,3

1) Acylating Agents:

R

O

Cl R

O

CN R

O

N N R

O

N
N N

R

O

O R

O
…..R

O

OH
(Mitsunobu condition)

O
HO

OH
OMe

O
O

Ph

more sterically
accessible, also most acidic

more sterically
accessible

most acidic

stronger base than pyridine

103a 83%

1 Williams. et. al. Org. Biomol. Chem., 2016, 14, 97. 
2 Jeanloz. et. al. J. Am. Chem. Soc. 1957, 79, 2579−2583. 
3 Hodgson. et. al. Carbohydr. Res. 1970, 12, 463−465. 
4 Haines. et. al. Carbohydr. Res. 1975, 39, 358−363. 
5 Kim. et. al. J. Org. Chem. 1985, 50, 1751−1752.

leaving group’s 
steric hinderance

 Acylating Agents  with Variation of Leaving Group6
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1) Site-Selective DCC-Mediated Esterification1

SAMBE: CO2HO

Bn
more sterically

accessible

1 Kulkarni. et. al. Org. Lett. 2017, 19, 7, 1784–1787. 2 Kurosu. et. al. Org. Lett. 2012, 14, 18, 4910–4913.
3 Griendley. et. al. J. Org. Chem. 2013, 78, 2, 363–369.

2) Site-Selective EDCI/Oxyma-Mediated Esterification2

yield: 98%

O

OO

O
N
O

O

Ph

3)  Site-Selective Esterification of Trehalose with Oleic Acid in the Presence of TBTU3

O
HO

HO
O

OH

OH

O
OH

OH

OH

HO

RCOOH

TBTU, pyridine, r.t.

O
HO

HO
O

OH

OR

O
OH

OH

OH

HO
R= (H2C)7 (CH2)7CH3

O
HO

HO
O

OH

OR

O
OH

OH

OR

HO

65% yield

15% yield

Proposed mechanism:

Carbodiimide- and Uronium Salt-Mediated Esterification7



 1) DMAP-Catalyzed Acetylation on the Identity of the Leaving Group(anion effect)1

anion effect

 2) DMAP-Catalyzed Aclycation when CN as the Leaving Group(Cyanide Effect)2

1 Albert. et. al. Org. Lett. 2004, 6, 6, 945–948.
2 Schmidt. et. al. J. Am. Chem. Soc. 2016, 138, 18, 6002–6009.

O
OH

HO
OBn

OPMP

OBn BzX
DMAP(10 mol%)

DCM, -78℃

O
OBz

HO
OBn

OPMP

OBn
O

OH

BzO
OBn

OPMP

OBn

 pKa of conjugate acids of various counterion:

A rationale for the axial-selectivity mediated by cyanide ion:

Organic catalysts in site-selective acylcation: DMAP8



1) Selective Esterification Catalyzed by a Functionalized DMAP Derivative1

1 Yoshida. et. al. Tetrahedron 2002, 58, 8669−8677.
2 Ding. et. al. J. Am. Chem. Soc. 2007, 129, 42, 12890–12895

OHOHO
OH

OH

OC8H17
OAcOHO
OH

OH

OC8H17
Ac2O, NaOAc

CHCl3, 0℃

N

NC10H21

O

OH

(5 mol%)

89% yield

2) PPY-Derived Chiral Catalyst for Site-selective Acylation of Pyranosides2

OHOHO
OH

OH

OC8H17

1(10 mol%)
(i-PrCO)2O(1.1 eq)

collidine(1.5 eq)
CHCl3, 0℃

Oi-PrOCOHO
OH

OH

OC8H17

98%
Proposed mechanism:

Organic catalysts in site-selective acylcation: DMAP derivatives9



1) Catalyst-Controlled Acetylation of the Cis-1,2-Diol Group in Methyl α-L-Rhamnopyranoside1

Proposed mechanism:

2) Selective Acylation of Glucopyranoside Derivative Using Enantiomeric Benzotetramisole Catalysts2

O
HO

OH
OMe

O
O

Ph
(S)-BTM(10 mol%)

(i-PrCO)2O

i-Pr2NEt
CHCl3, r.t.

O
O

OH
OMe

O
O

Ph

i-Pr
O

(R)-BTM(10 mol%)
(i-PrCO)2O

i-Pr2NEt
CHCl3, r.t.

O
HO

O
OMe

O
O

Ph

O
i-Pr

1 Tan. et. al. Nat. Chem. 2013, 5, 790–795. 
2 Tang. et. al. J. Am. Chem. Soc. 2017, 139, 12, 4346–4349.

Proposed mechanism:

Organic catalysts in site-selective acylcation: Imidazole derivatives10

92%
>20:1 selectivity

94%
17:1 selectivity



1) Selective Benzoylation of α-Mannopyranoside Derivative Using Enantiomeric Diamine Catalyst1

O
HO

HO

OH

OMe

TBDPSO
O

HO
BzO

OH

OMe

TBDPSO

O
HO

HO

OBz

OMe

TBDPSO

N
Me

N

(s)-1

N
Me

N

(R)-1

(s)-1
BzCl

Et3N, 4 A MS
DCM, -60℃

Et3N, 4 A MS
DCM, -60℃

(R)-1
BzCl

86% yield

47% yield

2) Base-Promoted Selective Acetylation of the Anomeric OH Group of D-Mannose2

O
HO

HO

OHHO

OH

DMC, AcSH
NEt3

H2O, 0℃
O

HO
HO

OHHO

OAc

N N

Cl

DMC

3) Selective Esterification under Conditions of Phase Transfer Catalysis3

1Vasella. et. al. Helv. Chim. Acta 2002, 85, 4369−4391. 2 Fairbanks. et. al. Chem. Sci. 2017, 8, 1896−1900. 
3 Dong. et. al. J. Org. Chem. 2014, 79, 17, 8134–8142 . 4 Oriyama. et. al.TetrahedronLett. 1998, 39, 3529.

Organic catalysts in site-selective acylcation: Amine Catalysts11

Proposed mechanism4:



1) Selective Acylations of Secondary OH Groups via Stannylene Acetal1

O
OH

HO
O

OBn

OBn

Bu2SnO
MeOH, reflux

O
O

O
O

OBn

OBn
SnBu

Bu

BzCl, Et3N
1,4-dioxane, r.t.

O
OH

BzO
O

OBn

OBn

81% yield

2) Selective Benzoylation of Uridine through Formation of a Cyclic Stannylene Acetal2

O

OHOH

HO N

NH

O

O Bu2SnO
MeOH, reflux

O

OO

HO N

NH

O

O

Sn
Bu Bu

BzCl
Et3N

MeOH, r.t.

O

OHOBz

HO N

NH

O

O

78% yield

3) Selective Benzoylation of Lactose by Trialkystannyl Ether Formationa3

O
OH

HO OH
O

OH

O
HO

OH

OH

OH

1. (Bu3Sn)2O
toluene, 140℃

2. BzCl
toluene, 45℃

O
OH

BzO OH
O

OBz

O
HO

OBz

OBz

OH
72% yield

4) Selective Monoacylations of Pyranosides Catalyzed by Borinic Ester4

O
HO

BzCl
1(10 mol%)

i-PrNEt
MeCN, 23℃OH

OMe

HO
O

BzO OH

OMe

HO

O
OH

HO
OMeOH

Me2CHCH2COCl
1(10 mol%)

i-PrNEt
MeCN, 23℃

O
OH

O
OMeOHi-Bu

O

92% yield

88% yield

1 Moffatt. et. al. J. Org. Chem. 1974, 39, 24−30.2 Anderson. et. al. Tetrahedron Lett. 1976, 17, 3503−3506.
3 Matsui. et. al. Tetrahedron 1981, 37, 2363−2369. 4 Mark. et. al. J. Am. Chem. Soc. 2011, 133, 11, 3724–3727.

Organic catalysts in site-selective aclycation: Organotin and Organoboron Catalysts12
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1) Hg(II)- and Cu(II)- and Ni(II)-Mediated Monobenzoylation1,2

O
HO

OH

OMe

O
O

Ph 1. NaH, THF, r.t.
2. HgCl2, BzCl 

THF, r.t.

O
HO

OBz

OMe

O
O

Ph

O
HO

OH
SEt

O
O

Ph Ac2O
Cu(OAc)2(1 eq)

NEt3, DME, 55℃
O

AcO
OH

SEt
O

O
Ph

65% yield

87% yield 
(+13% bis-benzoate)

1. NaH, THF, r.t.
2. NiCl2, BzCl 

THF, r.t.

85% yield

2) Ag(I) and KI Mediated Monoesterification3,4

O
O

HO OH STol

O
Ph

BzCl, Ki(0.2 eq)

Ag2O, DCM, r.t.
O

O

HO
OBz

STol

O
Ph

70% yield

O
HO

OH

OMe

O
O

Ph AcCl, Ki(0.2 eq)

Ag2O, DCM, r.t.
O

HO

OAc

OMe

O
O

Ph

93% yield

3) Different Regiochemical Outcomes Obtained Using Cu(II) and Mo(VI) Complexes as Catalysts5

1 Avela. et. al. Sucr. Belge 1973, 92, 337−344. 2 Suthers. et. al. Tetrahedron Lett. 1999, 40, 6991−6994.
3 Ye. et. al. J. Org. Chem. 2004, 69, 5774-5777. 4 Dong. et. al. ChemCatChem. 2015, 7, 761-765. 
5 Evtushenko. et. al. J. Carbohydr. Chem. 2015, 34, 41−54

O
HO

OH

OMe

O
O

Ph
Bz2O

Cu(OCOCF3)2
(1.28 eq)

2,4,6-collidine, 
MeCN, r.t.

O
HO

OBz

OMe

O
O

Ph

O
BzO

OH

OMe

O
O

Ph

2,4,6-collidine, 
MeCN, r.t.

BzCl
MoO2(acac)2

(2 mol%)

70% yield

77% yield

Organic catalysts in site-selective aclycation: Transition Metal Salt13

equatorial position of cis-1,2-diol preferred

acidic OH preferred
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HO OH
OMe

O

Ph
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BzO OH
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Ph



1) Chiral Catalyst-Controlled Benzoylation of a Pyranoside-Derived Diol1

O
HO

OH

OMe

O
O

Ph
BzCl

CuCl2-(S,S)-Ph-box
(10 mol%)

iPr2NEt, 
CHCl3, 0℃

O
HO

OBz

OMe

O
O

Ph

O
BzO

OH

OMe

O
O

Ph

70% yield

77% yield

iPr2NEt, 
CHCl3, -40℃

BzCl
CuCl2-(R,R)-Ph-

box
(10 mol%)

N
O

N
O

Ph Ph
Ph-Box

**

2) Chiral Catalyst-Controlled Benzoylation of D-Ribofuranoside2

O

OHOH

TBSO

OMe

BzCl
Cu(OTf)2(10 mol%)

(S,S)-Ph-box(10 mol%)

iPr2NEt, DCM, -25℃

O

OHOBz

TBSO

OMe

iPr2NEt, 
CHCl3, -40℃

BzCl
Cu(OTf)2(10 mol%)

(R,R)-Ph-box(10 mol%)

O

OBzOH

TBSO

OMe

N
N

OO
N

Ph Ph
(R,R)-Ph-pybox

3) Lanthanum(III)-Catalyzed Esterification of Glucopyranoside with Benzoyl Methyl Phosphate

OHOHO
OMeOH

OH O
PBzO OMeONa

La(OTf)2(10 mol%)
Mg(OTf)2

pH 8.0 EPPS buffer
H2O, r.t.

OHOHO
OMe

OBz

OH
OHOHO

OMeOH

OBz

a : b= 3 : 1

a b

1 Miller. et. al. Org. Lett. 2013, 15, 6178−6181.  2 Dong. et. al. Chem. Eur. J. 2014, 20, 5013−5018.
3 Kluger. et. al. Org. Biomol. Chem., 2010,8, 2006-2008.

Organic catalysts in site-selective aclycation: Transition Metal Salt14

69% yield

86% yield   2-OH: 3-OH = 5.5: 1



O
HO OH

OMe
Me

HO
n-Pr O

O

CF3

porcine pancreatic lipase
THF, 45℃

O
HO OH

OMe
Me
On-Pr

O
80% combined yield

O4:O2:O3=88:8:4

1) Lipase as catalysts of site-selective transesterification1

2)  CMP-Sialic acid as catalyst of site-selective transesterification2

1Toma. et. al. J. Org. Chem. 1990, 55, 13, 4187–4190. 
2 Wong. et. al. J. Am. Chem. Soc. 1992, 114, 3901−3910.

Representative Enzyme-Catalyzed Esterifications of Carbohydrate Derivatives15




