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Chapter 1

Introduction

Stereoelectronic interactions in a molecule are important because they determine

the conformation of that molecule and thus its chemical reactivity and very often

the stereochemistry of its chemical transformations. These interactions involve the

orbital interactions between the nonbonding orbitals.

The presence of charged or partially charged atoms (dipoles) in a molecule

generates electrostatic interactions. These interactions can take place between two

or more such molecules (intermolecular electrostatic interactions) or can be within

a single molecule (intramolecular electrostatic interactions). The electrostatic inter-

actions can be stabilizing or destabilizing in nature: When two opposing charges are

facing each other or are next to each other, they are stabilizing, and when two

identical charges are facing each other or are next to each other, they are

destabilizing.

The intermolecular electrostatic interactions are found in bimolecular reactions

of a charged reactant approaching a molecule with strong dipolar bonds or even

charges (e.g., in enzyme-catalyzed reactions, where they are used not only to

properly position a substrate in the active site of an enzyme but also to lower the

activation energy barrier for the subsequent chemical transformation of a substrate).

The intramolecular electrostatic interactions play a very important role in the

control of the conformation of a molecule and consequently control its chemical

behavior. These interactions will be discussed first.

1.1 Intramolecular Electrostatic Interactions

In 1953, Corey [1] studied the conformational equilibrium of α-halocyclohexanones
(α-bromo- and α-chlorocyclohexanones) since the C¼O and the C–X (X ¼ halo-

gen) bonds are both strongly polarized, mutually repulsive, and next to each other.

The conformer having the halogen atom equatorially oriented should be destabilized

due to dipolar interactions between the C–X and the C¼O dipoles which are almost

coplanar and equatorially oriented, whereas the conformer having the halogen atom

M. Miljkovic, Electrostatic and Stereoelectronic Effects in Carbohydrate Chemistry,
DOI 10.1007/978-1-4614-8268-0_1, © Springer Science+Business Media New York 2014
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in the axial orientation (1) (Fig. 1.1) will be subjected to nonbonding interactions

with the axial C3 and C5 hydrogen atoms of a cyclohexane ring, but will not be

subjected to dipolar interactions with the carbonyl group. Corey believed that the

isomerwith the equatorially oriented halogenwill bemore destabilized than the axial

isomer (Fig. 1.1), because the C–X and the C¼O dipoles are strong, and therefore he

expected that the α-chlorocyclohexanones and α-bromocyclohexanones will, at

room temperature, predominantly exist in the chair conformation in which the

α-halogen atom is axially oriented (2) (Fig. 1.1).
In order to determine the conformational equilibrium of α-halocyclohexanones,

Corey used infrared spectroscopy, since the substitution of one α-hydrogen in a

cyclohexanone with a halogen produced a frequency shift in the absorption of the

carbonyl group, where the frequency shift magnitudes depended upon whether or

not the α-halogen atom was axial or equatorial (Table 1.1).

Calculations have shown that the equilibrium mixture of possible

α-halocyclohexanone conformers, at room temperature, consists of more than 97 %

of axial conformers and less than 3 % of equatorial conformers, implying that the

axial conformer is more stable than the equatorial conformer by 2.3 kcal/mol.

4-Methoxycyclohexanone is another example of the intramolecular electrostatic

interaction control of the conformation of a molecule. It was found that

4-methoxycyclohexanone favors, in a number of solvents, the conformation in

which the strongly electronegative C4 methoxy group is axially oriented due to

the presence of the strongly polarized C1 carbonyl oxygen bond [2, 3], as shown in

Fig. 1.2 and Table 1.2. The axial conformer 9 is favored over the equatorial

conformer 3 by 0.4 kcal/mol.

Similar conformational preferences are found in 4-halocyclohexanones, with the

fluoro derivative having the highest percentage of the C4 axial conformer [4, 5].

The suggested explanation for this observation is the transannular stabilization

of partial positive charge of the C1 carbonyl carbon by an axially oriented partial

1 2

3 5

HH
O

O

X

X
δ−

δ−
δ−

δ+

δ+ δ+ δ+

δ−

Fig. 1.1

Table 1.1 The carbonyl frequency shift dependence on the conformation of the α-halo substituent

Compound

Position of carbonyl

absorption, cm�1
Frequencies shift

due to α-halogen, cm�1

Cyclohexanone 1,712 –

α-Bromocyclohexanone 1,716 4

α-Chlorocyclohexanone 1,722 10

4, 4-Dimethylcyclohexanone 1,712 –

2-Bromo-4, 4-dimethylcyclohexanone 1,728 16

2 1 Introduction



negative charge of the electronegative C4 substituent. This stabilization is

obviously larger than the destabilization due to the steric nonbonding 1, 3-syn-
diaxial interaction between the axially oriented C4 substituent and the axially

oriented C2 and the C6 hydrogens.

Reduction of 4-methylcyclohexanone 15 with lithium aluminum hydride gives,

in 80–84 % yield, a mixture of cis-and trans-4-methylcyclohexanol 17 and 18 in

which the trans-4-methylcyclohexanol with both the methyl and the hydroxyl

group in equatorial orientation (Fig. 1.3) predominates [6–8]. Similar results were

obtained when 4-methylcyclohexanone is reduced with sodium borohydride, but in

this case the cis/trans ratio of obtained 4-methylcyclohexanols depended upon the

solvent (see Table 1.3).

The picture dramatically changes when 4-chlorocyclohexanone is reduced with

lithium aluminum hydride. Now the cis-4-chlorocyclohexanol is obtained as the

predominant product [9] (Table 1.3).

Miljkovic et al. in their studies directed toward the stereoselective synthesis of

erythronolide A, the 14-membered lactone ring of erythromycin A, from D-glucose

[10], needed to introduce an axial methyl group at the C4 carbon of a methyl D-xylo-
hexopyranosid-4-ulose derivative (this represented the synthesis of the C12

4

4
5

2

3, X = OMe; Y = D 9, X = OMe; Y = D
10, X = OH; Y = D
11, X = OBz; Y = D
12, X = Cl; Y = D
13, X = Br; Y = H
14, X = I, Y = H

4, X = OH; Y = D
5, X = OBz; Y = D
6, X = Cl; Y = D
7, X = Br; Y = H
8, X = I, Y = H

1

O

X

X

Y

H

H

Yδ−

δ−

Oδ−

δ+

δ−

δ+

Fig. 1.2

Table 1.2 Conformational

equilibria of 4-substituted

cyclohexanones as

determined by NMR

spectroscopy at 30 � 3
�
[2]

X Solvent % axial isomer ΔG
�
, kcal/mol

MeO C6H6 73 �0.6

CCl4 70 �0.5

CD3COCD3 68 �0.5

HO C6H6 56 �0.15

CDCl3 54 �0.1

BzO C6H6 60 �0.23

CD3COCD3 59 �0.22

Cl CCl4 67 �0.42

FCCl3 65 �0.38

CD3COCD3 57 �0.17

Br C6H6 54 �0.1

I C6H6 55 �0.2

1.1 Intramolecular Electrostatic Interactions 3



carbon of erythronolide A) and to develop a simple and reliable method for the

configurational assignment of the obtained branched carbon atom.

It was well known at that time that the addition of Grignard reagents and

organolithium compounds to the carbonyl group in carbohydrates was a highly

stereoselective reaction [11], but unfortunately, unpredictable. In some cases, prod-

ucts epimeric at the quaternary carbon were obtained [12, 13], whereas in other

instances the obtained branched-chain sugars had the same configuration at the

branching carbon [14].

Methyl 2, 3-di-O-methyl-6-O-triphenylmethyl-α- 21 and β-D-xylo-hexopyranosid-
4-uloses 22 have been used as model substrates for these studies (Fig. 1.4). The

reaction of glucopyranosid-4-ulose 21 with an ethereal solution of methyllithium

(LiBr-free) at �80 �C afforded methyl 2, 3-di-O-methyl-6-O-triphenylmethyl-α-D-
glucopyranoside 23 as the only product in which the C4 methyl group is axially

oriented.

Reaction of the same oxo sugar 21 with an ethereal solution of methylmagnesium

iodide at �80 �C proceeded again with high stereoselectivity, but the obtained

product 24 was now the C4 epimer of the branched-chain sugar 23, namely, methyl

2, 3-di-O-methyl-6-O-triphenylmethyl-α-D-galactopyranoside 24.
The high stereoselectivity of the addition of methyllithium to the C4 carbonyl group

was lost when an ethereal solution of methyllithium reacted with the β-anomer of 21, at
�80 �C, namely, with the methyl 2, 3-di-O-methyl-6-O-triphenylmethyl-β-D-xylo-
hexopyranosid-4-ulose 22, whereby a mixture of C4 epimers 25 and 26 was obtained

R1
R1

R2 R2

O

OH

15, R1 = CH3; R2 = H
16, R1 = Cl; R2 = H

17, R1 = CH3; R
2 =H

18, R1 = H; R2 = CH3
19, R1 = Cl; R2 = H
20, R1 = H; R2 = Cl

Fig. 1.3

Table 1.3 Ratios of cis/trans-4-substituted alcohols obtained by reduction of 4-substituted

cyclohexanones

4-methylcyclohexanol 4-chlorocyclohexanol

cis trans cis trans

Sodium borohydride in

Methanol 18 82 59 41

Tetrahydrofuran 17 83 53 47

Propan-2-ol 15 85 63 37

Acetonitrile 11 89 52 48

Diborane in

Tetrahydrofuran 11 89 69 31

Lithium aluminum hydride in

Tetrahydrofuran 16 84 67 33

4 1 Introduction



in which the methyl 2, 3-di-O-methyl-6-O-triphenylmethyl-β-D-glucopyranoside 26
was again the predominant product but only in 3:1 ratio.

In contrast to the above results, the addition of methylmagnesium iodide to the

C4 carbonyl group of 21 or 22 (ether and �80 �C) proceeded with high stereose-

lectivity, yielding in both cases methyl 2, 3-di-O-methyl-6-O-triphenylmethyl-β-D-
galactopyranoside 25 as the only product, thus indicating that the stereochemistry

of the addition of methylmagnesium iodide to the C4 carbonyl group did not depend

upon the anomeric configuration.

Finally, both methyllithium and methylmagnesium iodide added non-

stereoselectively and at a considerably slower rate to the tert-butyl-cyclohexanone
27 (Fig. 1.5) at�80 �C, yielded in each case a mixture of both C1 epimers: trans-4-
tert-butyl-cyclohexanol 28 and cis-4-tert-butyl-cyclohexanol 29. The isomer with

the equatorial methyl group 28 (trans-product) was the predominant product in both

reactions (28:29 ¼ 3.6:1 in the first case and 3:1 in the second case).

The above results have been rationalized in the following way. From the studies

of conformational equilibria of 2-halocyclohexanones, we have seen that the

conformation in which the electronegative halogen atom is axially oriented is

strongly favored as compared to the conformation having the halogen atom

equatorially oriented. This preference for the axial orientation was explained to

be the consequence of strong dipolar interactions between the C2-Hal and the

C¼O dipoles when the halogen atom is equatorially oriented.

MeO

MeO

MeO

MeO

O

O

O

R1

21, R1 = OMe; R2 = H
22, R1 = H; R2 = OMe

23, R1 = OMe; R2 = H; R3 = OH; R4 = Me
24, R1 = OMe; R2 = H; R3 = Me; R4 = OH
25, R1 = H; R2 = OMe; R3 = Me; R4 = OH
26, R1 = H; R2 = OMe; R3 = OH; R4 = Me

R2
R3

R4

R2

R1

CH2OTr CH2OTr

Fig. 1.4

CH3

CH3

R2

R1

CH3

CH3

CH3

O

27 28, R1 = CH3; R
2 = OH

29, R1 = OH; R2 = CH3

CH3Li
CH3MgICH3

Fig. 1.5
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Miljkovic et al. [10] assumed that a similar situation must exist in case of oxo

sugar 21 where the 4C1 conformation is probably destabilized due to the strong

dipolar interaction between the equatorial electronegative C3 methoxy and the

polarized C4 carbonyl group dipoles which are in this conformation coplanar and

equatorially oriented. Consequently, the oxo sugars 21 and 22, at �80 �C, most

likely adopt either a half-chair conformation 31 or a conformation 30 which is

between the 4C1 21 and the half-chair conformation 31 as shown in Fig. 1.6.

The adoption of any conformation other than 4C1 by 21 prior to the addition of

methyllithium to the C4 carbonyl carbon should result in the axial addition of

methyllithium, since the severe electrostatic and nonbonding steric interaction

between the electronegative anomeric (C1) methoxy group and the “equatorially”

approaching methyl carbanion of methyllithium will impede the equatorial addition

of methyllithium. In the case of an axial attack of methyllithium to the C4 carbonyl

carbon, these severe “1, 4-diaxial” electrostatic and steric interactions are avoided.

This rationalization is strongly supported by the finding that methyl 2, 3-di-O-
methyl-6-O-triphenylmethyl-β-D-xylo-hexopyranosid-4-ulose 22, where such “1,

4-diaxial” electrostatic and nonbonded steric interactions do not exist, reacts with

an ethereal solution of methyllithium at �80 �C to yield both C4 epimers (23 and

24, Fig. 1.4).
The reversal of stereochemistry in the addition of the Grignard reagent to the oxo

sugar 21 was rationalized to be the consequence of “chelation” of the magnesium

atom of the Grignard reagent with the C4 carbonyl oxygen and the C3 methoxy

oxygen atom prior to the addition of methyl group to the carbonyl carbon [15, 16]

(for a discussion of the relationship between chelated and non-chelated coordina-

tion transition states and the stereospecificity of the reaction between the Grignard

reagent and α-alkoxy carbonyl derivatives, see Guillerm-Dron et al. [15] and

Yochimura et al. [17]). Thus, the formation of the cyclic five-membered ring

intermediate 32 forces the oxo sugar 21 to adopt the 4C1 conformation prior to

the addition of the methyl group to the C4 carbonyl carbon (Fig. 1.7). This

explanation is supported by the finding that the Grignard reagent attacks also the

C4 carbonyl carbon of the β-anomer of 21 (the oxo sugar 22) exclusively

equatorially. Furthermore, the addition of the Grignard reagent to the oxo sugar 22

“axial”approach

OMe
OMe

TrOH2C
TrOH2C

δ+

δ+

δ+

δ+

δ−

δ−

δ−

δ−

OMe

OMe
MeO

MeO O

O

O

O

“equatorial”approach

30 31

“equatorial”approach

LiCH3

LiCH3

LiCH3

LiCH3

“axial”approachFig. 1.6
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is solvent dependent which also supports the idea of chelate formation prior to the

addition of the methyl group to the C4 carbonyl carbon.

We would like here to briefly mention how the configurational assignment of the

C4 branched-chain sugar was made. The observation made during the conforma-

tional studies of methylcyclohexanes [18–20] that the carbon-13 chemical shift of

an axial methyl group is shifted 6 ppm toward a higher field than that of an

equatorial methyl group prompted Miljkovic et al. [10, 21] to investigate the

possibility of utilizing the carbon-13 resonance of the C4 methyl group in deter-

mining the configuration at the branching carbon atom in sugars 23–26. Table 1.4
lists carbon-13 chemical shifts of the C4 methyl group in branched-chain sugars

23–26.
Transition state geometry of the reactions of metal hydrides (and organometallic

reagents) with a carbonyl group is thought to resemble the geometry of the starting

ketone, and the nonbonded steric interactions, electrostatic interactions (dipole-

dipole repulsions), and torsional strain are the controlling factors in determining the

direction from which a nucleophile will approach a carbonyl group [22].

In the case of β-D-glucopyranosid-2-ulose 33 (Fig. 1.8), the axial approach of

metal hydride anion to the C2 carbonyl carbon, resulting in the formation of

transition state 37 (Fig. 1.9), requires that the negatively charged metal ion

approaches the C2 carbonyl carbon from a direction bisecting the C1–O1 and

C1–O5 torsional angle. Since the C1–O1 and C1–O5 bonds are polarized and act as

two equally oriented dipoles, an approach which will appose a negatively charged

ion between them should be energetically unfavorable owing to electrostatic repul-

sion. An “equatorial” approach of the negatively charged metal hydride ion to the

C2 carbonyl carbon of 33 (Fig. 1.8) resulting in the transition state 38 (Fig. 1.9) will
however not only be free from the electrostatic interactions, but the torsional strain

and nonbonded steric interactions will also be at a minimum as well.

CH3O
H3C

O

32

O

O CH2OTr
I

Mg
CH3

OCH3

Fig. 1.7

Table 1.4 Carbon-13 chemical shifts of the C4 methyl group in branched-chain sugars 23–26

Branched-chain sugar Chemical shift, ppma Methyl group at C4

23 15.4 Axial

24 21.9 Equatorial

25 15.5 Axial

26 21.8 Equatorial
aDownfield from TMS

1.1 Intramolecular Electrostatic Interactions 7



In the transition state 39 (Fig. 1.9), which results from an “axial” approach of the

negatively charged metal hydride ion to the C2 carbonyl carbon of the α-D-
glycopyranosid-2-ulose, e.g., 34 (Fig. 1.8), the electrostatic interactions of the

type described for the transition state 37 are not present. Furthermore, there will

be no torsional strain. The only interaction present in 39 is one 1, 3-nonbonded

steric interaction between the axially oriented C4 hydrogen atom and the incoming

metal hydride anion. An “equatorial” approach of the negatively charged metal

hydride ion to the C2 carbonyl carbon of 34 (Fig. 1.8) resulting in the formation of

the transition state 40 (Fig. 1.9) should give rise to the generation of considerable

torsional strain as well as electrostatic (dipolar) interaction between the axially

oriented C1 methoxy group and the approaching metal hydride anion. Furthermore,

in the transition state 40, there will be two nonbonded steric interactions between

the approaching metal hydride anion and axially oriented hydrogens at the C3 and

C5 carbons.

As a consequence, the metal hydride reduction of 33 should give methyl 4, 6-O-
benzylidene-3-O-methyl-α-D-glucopyranoside 36 as the preponderant, if not the

only, product, whereas the metal hydride reduction of 34 should yield methyl

4, 6-O-benzylidene-3-O-methyl-β-D-mannopyranoside 35 as the preponderant

product.

OO
O

O
O

O

OPhPh

R4

R2

R1

35,R1 = H; R2 = OMe; R3 =H; R4 = OH
36,R1 = OMe; R2 = H; R3 =OH; R4 = H34,R1 = OMe; R2 = H

33,R1 = H; R2 = OMe

R2

R3

R1

TrOH2CTrOH2C

Fig. 1.8

H

37, R =H; R1 = OMe (“axial” approach)

39, R = OMe; R1 = H, (“axial” approach)
38, R =H; R1 = OMe, (“equatorial” approach)

40, R = OMe; R1 = H; (“equatorial” approach)

H

“equatorial approach”

“axial approach”

Ph
O

R

R1

BH4
−

BH4
−

O
OMeO

O

Fig. 1.9
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The experimental results were in full agreement with the above predictions. The

sodium borohydride reduction in methanol of methyl 4, 6-O-benzylidene-3-O-
methyl-β-D-arabino-hexopyranosid-2-ulose 33 gave a crude reduction product

that consisted almost exclusively of methyl 4, 6-O-benzylidene-3-O-methyl-α-D-
mannopyranoside 35 (Fig. 1.8) (the manno to gluco ratio was 19:1). The sodium

borohydride reduction of methyl 4,6-O-benzylidene-3-O-methyl-α-D-arabino-
hexopyranosid-2-ulose 34 in methanol afforded methyl 4, 6-O-benzylidene-3-O-
methyl-β-D-glucopyranoside 36 as the only product.
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Chapter 2

Anomeric Effect and Related
Stereoelectronic Effects

There are several good books and review articles published on this subject [1–6].

In the conformational equilibria of cyclohexanols the conformer with the

equatorially oriented hydroxyl group predominates. Thus, at equilibrium, the

cyclohexanol conformer with an equatorially oriented hydroxyl group constitutes

89 % of the mixture and the conformer with an axially oriented hydroxyl group

constitutes only 11 % of the mixture. In D-glucopyranose, the conformational

composition at equilibrium is 63 % of the isomer with the equatorially oriented

anomeric hydroxyl group and 36 % of the conformer with the axially oriented

hydroxyl group. “. . .Thus, in spite of the two Oa : Ha 1,3-syn-axial interactions
between the anomeric axial oxygen and the C3 and C5 axially oriented hydrogens

present in the α-anomer, the C1 isomer in the equilibrium mixture is significantly

higher than in cyclohexanol. It should be noted that the estimated destabilization

energy of 0.9 kcal/mol would require that the equilibrium mixture of the two D-

glucopyranose anomers does not contain more than 20 % of the α-anomer.” The

studies of conformational equilibria of anomers of other glycopyranoses have

shown that conformers with the axial anomeric oxygen (conformationally less

favored isomers) are also present in higher percentage than expected (Tables 2.1

and 2.2).

In the case of D-glucose and D-galactose, the anomer with the equatorial C1

hydroxyl group (β) is, as expected, more stable, whereas in the case of D-mannose,

the anomer with the axial C1 hydroxyl group (α) is more stable. The D-mannose is a

special case and it will be discussed later.

The preference for the axial orientation of the C1 substituent in D-glucopyranose

was found to increase with increasing electronegativity of the C1 substituent

(Table 2.3).

The first rationalization of the tendency of aglycons of alkyl glycopyranosides to

assume axial orientation was proposed by Edward [12] and most probably was

inspired by the Corey study on the stereochemistry of some α-halocyclohexanones
[13], in which it was determined that the most stable conformation of α-chloro-and
α-bromocyclohexanone is the chair form, in which the halogen substituent is axial

(2 in Fig. 2.1).

M. Miljkovic, Electrostatic and Stereoelectronic Effects in Carbohydrate Chemistry,
DOI 10.1007/978-1-4614-8268-0_2, © Springer Science+Business Media New York 2014
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Table 2.1 Conformational equilibria of anomers of glycopyranoses [7]

Sugar

Estimated from oxidationa % Calculated from optical rotationb %

α β α β

D-glucose 37.4 62.6 36.2 63.8

D-mannose 68.9 31.1 68.8 31.2

D-galactose 31.4 68.6 29.6 70.4

aOxidation of sugar solutions at 0 �C with bromine water in the presence of barium carbonate
bCalculated from optical rotation, assuming that only two sugar isomers are present in the solution

Table 2.2 Relative free energies (kcal/mol) and the percentage of α-anomer for selected

D-aldohexo- and D-aldopentopyranoses in aqueous solution at equilibriuma

Pyranose G0
α G0

β G0
pyranose

α-anomer, %

Calculated Experimental

Glucose 2.4 2.05 1.8 36 36

Galactose 2.85 2.5 2.25 36 27

Mannose 2.5 2.95 2.25 68 67

Idose 3.65 4.0 3.4 64 46

Ribose 3.1 2.3 2.15 20.5 26

Arabinose 1.95 2.2 1.65 60 63

Xylose 1.9 1.6 1.35 37 33

Lyxose 1.85 2.4 1.65 72 71
aDetermined by 1H nuclear magnetic resonance [8]

Table 2.3 Anomeric equilibria of 1-substituted D-glucopyranoses

Sugar C1 substituent % Axial isomer

D-Glucopyranosea OH 36

Methyl D-glucopyranosideb OMe 67

Penta-O-acetyl-D-glucopyranosec OAc 86

Tetra-O-acetyl-D-glucopyranosyl chlorided Cl 94
aIn water at 25 �C
bIn methanol at 25 �C
cIn acetic acid-acetic anhydride at 25 �C using perchloric acid as catalyst [9–11]
dIn acetonitrile at 30 �C [5]

HH

X

X = Halogen 21

X

O

O

δ

δ
δ

δ⊕ δ⊕
δ⊕

δ

δ⊕
Fig. 2.1
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As was shown in Chap. 1, this was explained to be the consequence of a

dipole–dipole interaction between the C-halogen and the C ¼ O group when the

halogen atom is equatorially oriented, which is considered to be a more destabilizing

interaction than the steric interaction between the axial halogen atom and the two

axial hydrogen atoms in the conformer with the axially oriented halogen atom.

Edward explained the anomeric effect as a destabilizing effect which is the

consequence of a dipolar repulsion of an equatorially oriented C1 electronegative

substituent and the resultant dipole of the two unshared sp3 electron pairs on the ring

oxygen (Fig. 2.2), which is present only in the β- but not in the α-anomer. Thus the

anomeric effect was originally considered to be an electrostatic effect that destabi-

lizes the equatorially oriented C1 electronegative substituent through a dipolar

interaction with the two pairs of nonbonding electrons on the ring oxygen (Fig. 2.2).

Comparison of the two anomers of D-glucopyranose (Fig. 2.2) shows that, except

for the two 1,3-syn-axial interactions between the axial O1 and the axial C3 and C5
hydrogen atoms, which are present only in the α-anomer (5 and 6), both anomers

have all other nonbonded interactions identical, including the gauche interaction

between the C1 and the C2 hydroxyl groups. Consequently, the study of the

interconversion of the two anomers of D-glycopyranose (anomerization, the isom-

erization of the anomeric carbon) can be simplified by substituting D-glucopyranose

with the 2-hydroxy-tetrahydropyran as a model compound for the anomerization

studies (Fig. 2.3). The free energy difference between 7 and 8 defines the confor-

mational free energy of the hydroxyl group (the so-called A‐value ¼ � ΔG
�
) [14, 15]

in 2-hydroxy-tetrahydropyran (Fig. 2.3). The A-value is significantly greater in protic
(aqueous) solutions than in aprotic solvents, possibly because of solvation of the

hydroxyl group via hydrogen bonding that increases its effective size.

The quantitative estimate of the magnitude of the anomeric effect must take into

account the steric preference of an electronegative substituent larger than hydrogen

for the equatorial orientation in the corresponding cyclohexane compound. In order

δ

δ

δ

δ

δ

⊕ δ
δ

δ

⊕
⊕⊕

HH
H H

RR

HO

HO
HO

HO

HO
HO

OH

OH

3, R = H; β-D-xylopyranose 5, R = H; α-D-xylopyranose
4, R = CH2OH, β-D-glucopyranose 6, R = CH2OH, α-D-glucopyranose

Fig. 2.2

H

H

O

OH

H

H

O

OH87

Fig. 2.3
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to do this it must be assumed that the conformational energy of the hydroxyl group

in 2-hydroxy-tetrahydropyran and in cyclohexanol is of the same magnitude.

Although this assumption ignores the difference in geometry between the cyclo-

hexane and tetrahydropyran ring, in most cases this does not lead to a significant

discrepancy.

The magnitude of the anomeric effect is thus defined as the difference between

the conformational free energy (�ΔG
�
X)O of the equilibrium of 2-substituted

tetrahydropyran conformers 9 and 10 (Fig. 2.4) and the conformational free energy

(�ΔG
�
X) of the equilibrium of the two analogously substituted cyclohexanes 11

and 12 (Fig. 2.4) [16].

Thus the anomeric effect, AE or O:X, where X ¼ OH or any other electro-

negative substituent (such as OMe, OAc, Cl, and Br), can be expressed as,

O :Xð Þ ¼ �ΔG
�
X

� �� �ΔG
�
X

� �
O

ð2:1Þ

Rewriting the above equation gives the following expression for the magnitude

of the anomeric effect:

O :Xð Þ ¼ ΔG
�
X

� �
O
� ΔG

�
X

� � ð2:2Þ

The magnitude of the anomeric effect in D-glucopyranose was determined in the

following way. The internal energies of D-glucopyranosyl residues in both α- and
β-anomer are identical since they have identical numbers and types of nonbonded

interactions. The introduction of an electronegative anomeric substituent (hydroxyl

group-, halogen, etc.) into glucopyranosyl residue introduces the difference

between their respective internal energies, depending upon whether the electroneg-

ative substituent is equatorially or axially oriented. Therefore, the internal energy of

an α-anomer will be the sum of the internal energy of D-glucopyranosyl residue, E0,

and the two syn-axial interactions between the axial anomeric hydroxyl group and

the C3 and C5 axial hydrogen atoms of the pyranoside ring (2 � 0.45 kcal/mol

¼ 0.9 kcal/mol). The internal energy of the β-anomer will be the internal energy E0

of D-glucopyranosyl residue and the anomeric effect (AE). The number of gauche

1,2-interactions is identical in both α- and β-D-glucopyranoses. From the composi-

tion of the equilibrium mixture of α- and β-D-glucopyranose (36 % vs. 64 %,

respectively) [17], one can calculate that the β-anomer has a lower free energy

than the corresponding α-anomer by 0.35 kcal/mol. Therefore,

9 10

11 12

X

(-ΔG°
X)

(-ΔG°
X)O

X

XO

H

O

H

X
H

H

Fig. 2.4
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Eα � Eβ ¼ 0:35 kcal=mol

If now the Eα is substituted with (E0 + 0.9 kcal/mol) and Eβ with (E0 + AE) the

above equation can be rewritten to:

E0 þ 0:9
� �� E0 þ AE

� � ¼ 0:35 kcal=mol

Solving this equation for AE (O : OH) gives

0:9 kcal=mol� O :OH ¼ 0:35 kcal=mol

O :OHð Þ ¼ 0:9 kcal=mol� 0:35 kcal=mol ¼ 0:55 kcal=mol

Hence, the difference between the 0.9 kcal/mol and the 0.35 kcal/mol ¼ 0.55

kcal/mol corresponds to the anomeric effect (O : OH) and represents the electronic

stabilization of the axially oriented hydroxyl group in the α-anomer. Thus, in other

words, this electronic interaction is thought to be responsible for the higher per-

centage of axial anomer in the equilibrium mixture despite the unfavorable steric

1,3-syn-axial interactions between the axial C1 substituent and the axial C3 and C5
hydrogens present in such anomers. This is in contrast to Edward’s explanation of

the anomeric effect as the electronic destabilization of the equatorially oriented

anomer due to dipolar interactions between the equatorially oriented C1 electro-

negative substituent and the resultant dipole of the two pairs of nonbonding

electrons on the ring oxygen.

Similar calculations for D-mannopyranose which at equilibrium contains 69 % of

α- and 31 % of β-anomer08 gave the value for (O : OH) of 1.0 kcal/mol, whereas

calculations for 2-deoxy-D-arabino-hexopyranose which at equilibrium contains

47.5 % of α-anomer and 52.5 % of β-anomer08, 18 gave the value for (O : OH) of

0.85 kcal/mol.

Thus, the magnitude of the anomeric effect determined in this way depends upon

other factors such as the nature and the configuration of substituent at the C2 carbon

atom. In the case of β-D-mannopyranose, the C2-oxygen bond bisects the torsional

angle between the C1–O1 and the C1–O5 bonds (Fig. 2.5), and this dipolar

interaction seems to introduce an additional electronic destabilization which is

evident from the increased value of the anomeric effect (1.0 kcal/mol). This

interaction was considered as a separate electronic interaction and was named by

Reeves [19–21]Δ2 effect. It is now regarded as simpler to take as the base value for

the anomeric effect the value of 0.85 kcal/mol, which is the value for the 2-deoxy-D-

arabino-hexopyranose 14, and then when an electronegative substituent at the C2

carbon is axial, as in 13, to increase this value by 0.15 kcal/mol, and when the C2

substituent is equatorial to decrease it by 0.30 kcal/mol (Fig. 2.5).

In halogeno-1,4-dioxanes (X1 ¼ X4 ¼ oxygen), halogeno-1,4-thioxanes

(X1 ¼ oxygen, X4 ¼ sulfur), and halogeno-1,4-dithianes (X1 ¼ X2 ¼ sulfur);

(Y ¼ Cl, Br) 16 (Fig. 2.6), halogen atoms were found to occupy preferentially the

2 Anomeric Effect and Related Stereoelectronic Effects 15



axial orientation, which was in contradiction to the well-known situation in

monohalogenocyclohexanes [22, 23]. Similarly, in 2- or 6-monochloro or

monobromo tetrahydropyran (X ¼ Cl, Br) 17 in Fig. 2.6, the halogen atom takes

up the axial orientation, whereas the halogen bonded to the C3, C4, or the C5 carbon

has a great preference for the equatorial orientation [24–28].

The study of a simple acyclic compound such as monochloromethoxymethane

(18, 19) by electrondifraction [27, 28] (Fig. 2.7) has shown that the molecule does

not exist in a conformationally more stable anti conformation 19 (Fig. 2.7) but in a

gauche conformation 18 which is equivalent to the axial orientation of the halogen

in a six-membered ring. This suggests that the anomeric effect or the preference of

the C–O–C–Hal system for the gauche conformation 18 is a general phenomenon.

The most intriguing finding was that the anomeric effect for Cl or Br as substituents

amounts to several kcal/mol.

The anomeric effect has been defined as the sum of free-energy difference

between the axial (favored) and the equatorial anomer plus the conformational

preference (the “A-value”) for the same substituent in cyclohexane [29]. Thus the

HO HO
HO
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H H
H
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O

C3
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13 15
13.R1 = H; R2OH
14,R1 = R2 = H
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anomeric effect measures the stability of axial over an equatorial electronegative

substituent in 2-substituted terahydropyran relative to the expected value in cyclo-

hexane (where the equatorial substituent is favored). The anomeric effect for

chlorine, bromine, and iodine in 2-halo-4-methyl-tetrahydropyrans (Fig. 2.8)

was found by 1H-NMR to be 2.65 > 3.2 and >3.1 kcal/mol, respectively26.

In polar solvents, such as acetonitrile, the value for chlorine seems to be smaller

(2.0 kcal/mol) than in neat liquid (2.65 kcal/mol) [26]. However, all these values are

much higher than those for the anomeric effect of hydroxy, alkoxy, or acyloxy

groups in the 2-substituted tetrahydropyrans (0.9–1.4 kcal/mol); the values for the

anomeric effect of these substituents were also found to be significantly solvent

dependent [30–34] (see also Fuchs, B. et al. [35]).

The initially proposed explanation for the anomeric effect as a simple

dipole–dipole interaction [12] therefore accounts for only a part of the effect, but

it does not represent the whole story. If one calculates the electrostatic interaction

energy in trans-2,5-dichloro-1,4-dioxane (Fig. 2.9) (the molecular geometry is

known from X-ray analysis) using the values of μ ¼ 2.2 and 1.4 D for the dipole

moments of C–Cl and C–O bonds and ε ¼ 2.3 for the dielectric constant, one

arrives at the energy difference of about 1 kcal/mol in favor of the diaxial form

[36]. This difference is clearly too small to account for a strong preference for the

diaxial conformation [37].

Consequently it was proposed [36] that the anomeric effect consists of two

contributing components. One substantial component being that in a conformer

with two axially oriented chlorine atoms 24 (Fig. 2.9), there are two gauche

halogen-oxygen lone pair electron interactions (Figs. 2.9 and 2.10) (one at the C2

and one at the C5 carbon) (Figs. 2.9 and 2.10).

H

H
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O

O

X

20 21

23
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X

H X

X

H

H
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O
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CH3CH3

Fig. 2.8
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Cl

Fig. 2.9

2 Anomeric Effect and Related Stereoelectronic Effects 17



The other contributing component emerged from a study of the geometry of

halogenodioxanes 27 (Fig. 2.11) by X-ray crystallography and chloromethox-

ymethane 18, 19 (Fig. 2.7) by electron diffraction. The result of the studies of 27
and 28 was that in all cases where the accuracy of measurements was good, the

C2–O distance was significantly shorter than the C6–O distance (27 in Fig. 2.11).

When compared to the length of C-O bonds in aliphatic ethers, the C6–O1 bond

appears to be normal, whereas the O1–C2 bond appears to be shorter 27 in Fig. 2.11.
A second observation was that the axial C2–Cl bond is somewhat longer than the

corresponding equatorial C3–Cl bond (in cis-2,3-dichloro-1,4-dioxane 27

(Fig. 2.11)). The axial C2–Cl bond was measured to be 1.819 Å and the equatorial

C3–Cl bond 1.781 Å; the accepted value for the aliphatic C–Cl bond is 1.79 Å.
These bond length abnormalities in the C–X–C–Y system suggested [38–40] that

the one nonbonding electron pair of the ring oxygen is delocalized by orbital mixing

with the suitably oriented σ* anti-bonding orbital of the C–Hal bond. As a result of
this delocalization (Fig. 2.12) the C–O bond between the carbon bearing the

halogen and oxygen will be strengthened (shortened) and the C–Hal bond

Cl (eq)

Cl (ax)

26

Fig. 2.10

Cl
X

Y

Cl

6

5
4

1 2

27, X = Y = O

28, X = O; Y = S

29, X = Y = S

3

Fig. 2.11

H2C

CH3

Cl

30 31

⊕H
H

CH3

Cl

O

Fig. 2.12
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weakened (elongated). In Fig. 2.12 two resonance forms of this structure are shown

using the concept “double bond – no bond resonance”. Table 2.4 lists bond

distances in the C6 � X � C2 � Y (in Angstroms).

In Fig. 2.13 the electronic distributions in chloromethoxymethane 33 and in the

partial structure of cis-2,3-dichloro-1,4-dioxane 32 are compared.

2.1 Exo-Anomeric Effect

The exo-anomeric effect relates to the preference of the aglycons, e.g., the methyl

group of a methyl glycopyranoside, to be in near syn-clinal orientation to both the

ring oxygen and the anomeric hydrogen, whereas the anomeric effect, which should

be more correctly called endo-anomeric effect, relates to the preference for the axial

orientation of the glycosidic oxygen of glycopyranosides. In Fig. 2.14 this is

illustrated by using the C2-methoxy oxygen bond rotamers of 2-methoxy-

tetrahydropyran with the methoxy group equatorially or axially oriented (34, 36,
38 and 35, 37, 39, respectively). The eclipsing of unshared electron pairs on

glycosidic oxygen with the nonbonding electrons on the ring oxygen giving rise

to destabilizing syn-axial lone electron pair interaction is shown with the blue

double-headed arrow and denoted e://e:. The endo- and exo-anomeric effects are

shown by red bonds.

Three staggered conformations are possible for the rotation about the C2–O2

bond in both equatorial and axial conformers of 2-methoxy-tetrahydropyran

(Fig. 2.14). These are referred to as E1–E3 (34, 36, and 38) and A1–A3 (35,
37, 39) conformers. In the E1 conformer (34) there are no syn-axial steric

Table 2.4 Bond distances

in the group C6–X–C2–Y

(in Angstroms) [35]

Compound X Y C6–X C2–X C2–Y

trans-2,3-Dichlorodioxane O Cl 1.43 1.38 1.84

cis-2,3-Dichlorodioxane O Cl 1.466 1.394 1.819

trans-2,5-Dichlorodioxane O Cl 1.428 1.388 1.845

Chloromethoxymethane O Cl 1.414 1.368 1.813

C6
C3

Cl

1

Cl

32 33

C2

H3C

H2C

Fig. 2.13
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interactions but there is one exo-anomeric effect (stabilizing interaction) and one

destabilizing syn-axial lone pair (electronic) interaction. In conformer E2 36, there
is one 1,3-syn-axial steric interaction between the methyl group and the axial C3

hydrogen atom, one exo-anomeric effect (stabilizing electronic interaction), and

one destabilizing syn-axial interaction between two lone pair electrons (one on the

methoxy oxygen and the other on the ring oxygen). In the conformer E3 38, there
are only two destabilizing syn-axial interactions between four lone pair electrons

(two on the methoxy oxygen and two on the ring oxygen). In the axial conformer

A1 35, there are two stabilizing electronic interactions (one endo- and one exo-
anomeric effect). In conformer A2 37, there is one severe steric interaction between
the methyl group and the two axially oriented hydrogen atoms, one at the C4 and

the other at the C6 carbon. In addition to that, there is one destabilizing electronic

syn-axial interaction between the two lone pair electrons (one on the methoxy

oxygen and the other on the ring oxygen). Finally, there is one stabilizing electronic

interaction, the endo-anomeric effect. In conformer A3 39, there is one

destabilizing syn-axial electronic interaction between two lone pair electrons (one

H
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on the methoxy oxygen and the other on the ring oxygen) and one stabilizing endo-
anomeric effect.

Based upon the above discussion of the three equatorial conformers, the E1

conformer should be favored, and while for three axial conformers, the A1 con-

former should be favored. Thus the exo-anomeric effect controls the conformation

of the aglycon group.

The experimental evidence for the exo-anomeric effect, although initially

difficult to obtain, has gradually accumulated over the years, and today this

phenomenon is fully accepted.

For molecules in the crystalline state, the evidence is unequivocal. It was

determined that alkyl pyranoside adopts either the A1 or the E1 conformation

[26] and the analysis of over 50 carbohydrate structures reveals the following

regularities: For axial methyl pyranosides, the torsional angle O5 � C1 � O �
CH3 (which should be 60� in A1 conformer) lies between 61� and 74� and for

equatorial anomers the range is 68�–87�.
There is conflicting evidence as to whether the exo-anomeric effect is larger

from the axially or equatorially oriented groups. Even the analysis of crystal

structures quoted above does not give a clear answer for glycopyranosides in the

solid state, and the results in solutions are equally ambiguous, particularly for

oligosaccharides. One thing is however clear: It is a dominant short-range interac-

tion that controls the conformation about the glycosidic bond in both α- and

β-linked oligosaccharides, and therefore it is important for the conformational

analysis of these molecules.

2.2 Generalized Anomeric Effect

In 1968, Hutchins et al. [41] reported that there is a widespread phenomenon in

structural chemistry that the conformations are strongly disfavored if the unshared

electron pairs on nonadjacent atoms are parallel or syn-axial, as is the case, for

example, in 40 in Fig. 2.15. This effect is thought to be due to the repulsion of

electric dipoles engendered by the unshared electron pairs. For obvious reasons,

Eliel named this phenomenon the “rabbit-ear effect.”

Although the existence of this effect has been mentioned earlier when we

discussed the anomeric effect, it is the destabilizing component of the anomeric

effect consisting of the electrostatic repulsion of 1,3-syn-axial or 1,3-parallel

XX

40Fig. 2.15
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unshared pairs of electrons (e://e: interaction). Support for this came from the

finding that dimethoxymethane tends to exist in the gauche–gauche conformation

43 (Fig. 2.16) rather than in the extended trans-trans conformation 41 with all large
groups in the anti-orientation or in gauche-trans conformation 42 (Fig. 2.16).

There are two reasons for this: First, there are two destabilizing syn-parallel
interactions between the four pairs of unshared electrons on two oxygen atoms

(rabbit-ear effect) and second, in the gauche-gauche conformation there are two

stabilizing endo-anomeric effects.

Using dipole moment measurements, Kubo [42] obtained evidence that

dimethoxymethane exists in the gauche–gauche (+sc, +sc) conformation 43
(Fig. 2.16). This conclusion was later substantiated by electron diffraction studies

[43, 44].

By using NMR spectroscopy, Hutchins et al. [41] studied the conformations of

variously substituted 1,3-diazanes and found striking support for the “rabbit-ear

effect” (Fig. 2.17).

The introduction of one (equatorial) methyl group at the C5 carbon of N,
N,2-trimethyl-1,3-diazane 44 giving the N,N,2,5-tetramethyl-1,3-diazane 45 affects
very little the position of the H-2 chemical shift. However, introduction of the

second (axial) methyl group at the C5 carbon (N,N,2,5,5-pentamethyl-1,3-diazane

46) dramatically affects the position of the H-2 chemical shift. This large upfield

shift of H-2 in N,N,2-trimethyldiazane upon introduction of geminal methyl groups

at the C5 carbon (N,N,2,5,5-pentamethyl-1,3-diazane 46) was explained by assum-

ing that in 44 one methyl group is oriented axially and the other equatorially

as shown in Fig. 2.17. Introduction of an equatorial C5 methyl group in N,
N,2-trimethyl-1,3-diazane 44 does not significantly increase the conformational
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energy, whereas the introduction of the second axial methyl group in N,N,2,5-
tetramethyl-1,3-diazane must lead to it encountering a very severe nonbonding

steric interaction with one of the two methyl groups on the nitrogen atom,

suggesting that in N,N,2-trimethyl-1,3-diazane 44 one of the two methyl groups

on the nitrogen must be oriented axially, despite the 1,3-syn-axial interaction of that
axially oriented N-methyl group and the axial C5 hydrogen. This actually suggests

that the syn-axial interaction of two unshared electron pairs on nitrogen must exist,

and that it is larger than the 1,3-syn-axial interaction of the axially oriented

N-methyl group and the axially oriented C5 hydrogen. It should be noted that the

conformer 44 also has one endo-anomeric effect that additionally stabilizes the

axial orientation of the C3 methyl group.

Booth and Lemieux [45] have studied the conformations of six-membered

perhydro-1,3-oxazoline and 1,3-diazine compounds (Fig. 2.18) with the NMR

and found that the conformer which avoids placing the unshared electron pair

orbitals of both heteroatoms in axial orientation is more stable. This conclusion

was based upon the magnitude of the coupling constant between the N-hydrogen

and the vicinal hydrogen in the axial orientation.

For historical reasons, Lemieux proposed the term “generalized anomeric

effect” for the general preference for the gauche conformation about the carbon-

heteroatom bond in systems R–X–C–Y, which is the result of the same kind of

interactions as were proposed for explaining the anomeric effect but present in

noncarbohydrate structures. This proposal has now been universally adopted.
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Many cases are known where substituents on six-membered rings prefer axial

orientation [46] and not all of these are the consequence of the anomeric effect.

For example, the 2-halocyclohexanone system [47] where the axial preference

decreases in the order Br > Cl > F and can be explained as a combination of

steric effects and dipole–dipole interactions and in 2-alkoxycyclohexanones [48]

which is comparable in magnitude to that caused by anomeric effect in

2-alkoxytetrahydropyrans (Table 2.5).

2.3 Reverse Anomeric Effect

In 1965, Lemieux and Morgan [49] studied the conformation of N-(tetra-O-
acetyl-α-D-glucopyranosyl)-4-methyl-pyridinium bromide 61 by NMR spectros-

copy and reported that the 4-methylpyridinium group is equatorially oriented and

have suggested that 61 exists in the 1C4 conformation 61e (Fig. 2.19), thus forcing
all other substituents to assume the axial orientation despite the presence of two

large 1,3-syn-axial interactions (one O//O 1,3-syn-axial interaction between the C2

and the C4 acetyl groups and one O//C syn-axial interaction between the C3 acetyl

and the C5 acetoxymethyl group) amounting to 1.5 + 2.5 ¼ 4.0 kcal/mol.

Using X-ray crystallography James [50] has however found that the compound

61 in crystalline state does not exist in the 1C4 conformation (61e in Fig. 2.19) but in
the B2, 5 conformation 61B2,5, as shown in Fig. 2.20 with the methylpyridinium

group oriented quasiequatorially.

Table 2.5 Axial preference for methoxy group adjacent to sp2 hybridized carbon atom

% of axial isomer in CCl4

O

O

OMe

OMe

53 54

63

O

OMe

O OMe

5655

69

O

O

OMeO

O OMe

5857

100

OMe

OMe

6059

78
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Since both NMR and crystallographic studies showed that the conformations of

aminoglycosides with the anomeric nitrogen in axial orientation are strongly

disfavored, particularly in cases where the nitrogen carries a positive charge,

Lemieux concluded [51–53] that there must exist a powerful driving force for the

pyridinium group to adopt the equatorial orientation.

This driving force, for the electropositive aglycon in hexopyranosides to assume

the equatorial orientation, Lemieux named the reverse anomeric effect (RAE). Since

the reverse anomeric effect could be either the result of steric interactions when the

aglycon is axially oriented due to the bulkiness of pyridinium group, particularly if

solvated, or the result of electronic interactions stemming from the presence of

positively charged nitrogen, or both, Lemieux and Saluja [51, 54] suggested that

the existence of the (polar) reverse anomeric effect can be established only if a clear

distinction between the steric and polar effects can be made.

Soon thereafter, two groups (Lemieux et al. [51] and Paulsen et al. [55]) inde-

pendently concluded that the glycosyl imidazoles (Fig. 2.21) would be more

suitable substrates for these studies than pyridinium glycosides, since the proton-

ation of an imidazole ring is not expected to significantly change its size, and
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therefore any conformational change due to protonation could be attributed to the

polar effect (i.e., the reverse anomeric affect). While this argument seemed likely, it

was still uncertain to what extent the association of the counterion with the

positively charged imidazolium ion affects the A-value of the imidazolium group,

as well as what effect the solvation of the imidazolium salt has on the A-value of the
imidazolium group.

Lemieux and Saluja [54] studied the protonation of the imidazole ring

of N-(2,3,4,6-tetra-O-acetyl-α-D-glycopyranosyl) imidazole 62 (Fig. 2.21) in

deuterochloroform and found that the addition of equimolar amount of weak acid

(acetic acid) produced a much smaller effect on the NMR spectrum than the

addition of equimolar amount of a strong acid such as trifluoroacetic acid. The

addition of a strong acid had an effect upon decreasing the magnitudes of J2, 3, J3, 4,

and J4, 5 coupling constants that is nearly equivalent to the methylation of the

imidazole group.

The distribution of electrical charge is more favorable with the imidazole group

in the axial orientation when the nitrogen attached to the anomeric carbon carries a

partial negative charge, and this is the anomeric effect (Fig. 2.22). However, the

distribution of electrical charge is more effective in the anomer with the imidazole

group in the equatorial orientation when the imidazole ring has a positive charge

that was acquired either through protonation or alkylation, and this is the reverse

anomeric effect.

Deslongchamps and Grein [56, 57] suggested that the equatorial orientation of

aglycon is favored because of electronic stabilization via the dipolar interaction of

the positively charged aglycon (N+) with the two unshared pairs of electrons on the
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hexopyranose ring oxygen as shown in Fig. 2.23. Apparently the lp-N+ electrostatic

attraction exceeds the desire of lp delocalization, corresponding to the endo-
anomeric effect (Fig. 2.22).

Figure 2.23 illustrates Deslonchamps and Grein’s [56, 57] explanation of the

reverse anomeric effect. The imidazole ring is an electron-rich group due to the

presence of two nonbonding p-electron pairs on nitrogen, and therefore tends to

adopt, due to the anomeric effect, the axial orientation. However, the imidazole ring

on protonation becomes positively charged and consequently adopts the equatorial

orientation, because in this conformation the positively charged imidazole ring is in

the gauche orientation relative to the two nonbonding p-electrons on the ring

oxygen that stabilize the positive charge of imidazole.

The strongest support for the existence of the reverse anomeric effect (RAE)

comes from the 1H NMR study of conformational equilibrium of N-(2,3,4-tri-O-
acetyl-α-D-xylopyranosyl) imidazole in CDCl3 solution in the absence and in the

presence of trifluoroacetic acid (TFA) conducted by Paulsen et al. [55]. It was found

that in the absence of acid, the equilibrium mixture contained 65 % of the 1C4

conformer 68 with imidazole aglycon equatorially oriented, and 35 % of the 4C1

conformer 67 with the imidazole aglycon axially oriented (Fig. 2.24). In the

presence of acid, the proportion of the 1C4 conformer 69with the imidazole aglycon

equatorially oriented increased to more than 95 %. This difference corresponds to

the free-energy change >1.4 kcal/mol. The authors attributed the shift of confor-

mational equilibrium to the presence of the positive charge on imidazolium ring due

to protonation, assuming that N-protonation did not significantly change the size of

the imidazolyl group 56. Thus, they completely excluded steric effects as a possible

cause for the observed conformational change.

Finch and Nagpurkar [58] studied the population of equatorial conformers in

equilibrium mixtures of N-(α-D-glycopyranosyl) imidazole of D-glucose, D-mannose,

and D-galactose in D2O; of N-(α-D-glycopyranosyl) imidazole of D-glucose,
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D-mannose, and D-galactose tetraacetate in CDCl3; and of N-(α-D-xylopyranosyl)
imidazole triacetate in CDCl3 in the absence and in the presence of acid and found

that both steric factors and polar factors (reverse anomeric effect) are likely to be

involved in determining the relative percentages of the two conformations at con-

formational equilibrium. The obtained results could in large part be accounted for by

steric factors, but the operation of additional polar factors was also likely

(Table 2.6).

The concept of the reverse anomeric effect (RAE) has been subject to much

controversy and skepticism, because the positively charged anomeric nitrogen

ought to lower the energy of the σC�X* orbital and enhance the stabilization of

axial conformer, not to destabilize it.

One of the first reports [59] that challenged the existence of RAE was the

stereospecific formation of α-D-glucopyranosylacetonitrilium ion 71 when α- and
β-anomers of pent-4-enyl D-glucopyranoside 70 reacted with N-bromosuccinimide

in dry acetonitrile (68 % from β-anomer and 64 % from α-anomer). The anomeric

configuration of 71 was determined by trapping the acetonitrilium ion 71, in situ,

with 2-chlorobenzoic acid and by subsequent conversion of the obtained α-imide 73
with sodium methoxide to α-2-chlorobenzamide 74 (Fig. 2.25). The exclusive

formation of axially oriented α-acetonitrilium ion 71 is clearly in contrast to what

would be predicted by the reverse anomeric effect.

Since both RAE and steric repulsion favor the equatorial conformer, it was

essential to quantitatively assess steric factors and to determine whether the prefer-

ence of pyridinium and imidazolium groups to adopt equatorial orientation is pre-

dominantly due to the steric interaction of these two groups. Since pyridinium and

imidazolium groups were too bulky for this assessment to be made reliably, a

protonable cyclohexyl substituent whose steric size is known in both protonated

Table 2.6 The population of equatorial conformer in equilibrium mixture of N-(α-D-
glycopyranosyl) imidazoles of D-glucose, D-galactose, and D-xylose and their tetra- and triacetyl

derivatives, respectively

Glycon residue Conformation X Solvent

Average % of 1C4

conformer

Gluco 4C1 N D2O 0

Gluco 4C1 NH+ D2O + TFA 0

Manno 4C1 +
1C4 N D2O 30.4

Manno 4C1 +
1C4 NH+ D2O + TFA 31.3

Galacto 4C1 N D2O 0

Galacto 4C1 NH+ D2O + TFA 0

Ac4 Gluco
4C1 N CDCl3 0

Ac4 Gluco
4C1 +

1C4 NH+ CDCl3 + TFA 27.4

Ac4 Manno 4C1 +
1C4 N CDCl3 Not given

Ac4 Manno 4C1 +
1C4 NH+ CDCl3 + TFA 67

Ac4 Manno 4C1 +
1C4 N (CD3)2CO 51.1

Ac4 Manno 4C1 +
1C4 NH+ (CD3)2CO + TFA 71.8
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and unprotonated forms seemed to be more suitable for probing RAE. One such

substituent is NH2 (Fig. 2.26). The conformational energy (� ΔG
�
or A-value) [14]

for NH3
+ was found [60–62] to be larger (2.15 kcal/mol in D2O) than the A-value for

NH2 (1.7 kcal/mol in D2O and 1.65 kcal/mol in aprotic solvents, e.g., cyclohexane).

The increase of the A-value on protonation is the measure of the increase in size of

the protonated substituent relative to the unprotonated one. This extra bulk is due to the

additional proton itself and also to the additional solvent molecules attached to

the positive charge needed to stabilize it. The increase in protic solvent is due

to hydrogen bonding, which clusters solvent molecules around the polar group [63,

64]. Since the C–O bond is shorter than the C–C bond, steric repulsions in the

tetrahydropyran system with the axially oriented 2-amino group are greater than in

the cyclohexane system with the axially oriented amino group, and should be

corrected to 2–2.5 kcal/mol for aprotic solvents and 2.4–2.9 kcal/mol for protic

solvents.

Unlike previous experimental investigations of the reverse anomeric effect that

involved the study of conformational equilibrium between the unprotonated and
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protonated aminoglycosides, Perrin and Armstrong [65] carried out 1H-NMR study

of the composition of the equilibrium mixture obtained by acid-catalyzed

anomerization of glycosyl amines of a wide variety of glycopyranosylamine deriv-

atives along with their conjugate acids (Fig. 2.27).

This interconversion is known to proceed in four steps: (1) the reversible

protonation of the ring oxygen 77α, (2) the pyranoid ring opening to the imminium

ion intermediate 78, (3) the rotation about the C1–C2 bond 78 ! 79, and

(4) reclosure of the pyranoid ring 79 ! 77β [66] (Fig. 2.27). The greatest exper-

imental difficulties encountered in this work were the sensitivity of glycosylamine

to hydrolysis and the problem of assignment of the 1H NMR signal to the axial

stereoisomer that was present only in low concentration.

The 77α/77β ratio was measured by integration of the corresponding 1H-NMR

signals for the anomeric protons across the range of solvents, for both the

unprotonated and protonated glycosylamines, and the obtained results are given

in Table 2.7.
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The most important result of these studies is that the axial anomer 77α is present

in appreciable amounts even in acid solution: It is present in smaller percentage in

aqueous solution perhaps because in water the –NH3
+ or –NH2R

+ is bulkier due to

solvation. The fact that the ΔG
�
(β!α) values (the free-energy change for the

conversion of equatorial 77β-to the axial 77α-isomer) are considerably lower than

the A-values for –NH3
+ or � NH2R

+ in THP (Table 2.4) indicates that the prefer-

ence of the –NH3
+ for equatorial orientation can be chiefly accounted for by steric

effects. These results also suggest the existence of a weak anomeric effect, but not

of a reverse anomeric effect.

The reverse anomeric effect can also be determined from a difference in

anomerization free-energy changes between the protonated and unprotonated

glycosylamines, as shown in Eq. 2.3:

ΔΔG
�
N!Nþð Þ ¼ ΔG

�
β!αð Þ NHþð Þ � ΔG

�
β!αð Þ Nð Þ ð2:3Þ

The ΔΔG
�
is the extent to which the N-protonation increases the preference of

amino substituent for the equatorial orientation. Across all glycosylamines exam-

ined, the averageΔΔG
�
(N!N+) is found to be 0.1 � 0.1 kcal/mol [65] which is not

significantly different from zero. Furthermore, this value is definitely smaller than A
(NH3

+)-A(NH2) which is what would be expected from the increase in steric bulk.

Even though NH3
+ is certainly bulkier than NH2, the proportion of axial isomer 77α

does not decrease on protonation.

Therefore, Perrin and Armstrong [65] concluded that there is probably no

reverse anomeric effect present with any cationic nitrogen substituent.

Several computational studies [4, 55, 56, 67–72] on the reverse anomeric effect

have been published. Thus, conformational equilibrium of 2,3,4-tri-O-acetyl-D-
xylopyranosylimidazole 67 ⇌ 68 (Fig. 2.28) was subjected to ab initio

calculations.

In order to simplify the calculations, the axial and equatorial conformers of

unprotonated and protonated 2,3,4-tri-O-acetyl-D-xylopyranosylimidazoles (67α,
68α, 69α, and 80α, respectively) were substituted with unprotonated and protonated
model substrates (81a, 81e, and 82a and 82e) (Fig. 2.29) whose conformational

energies were then calculated. Also the conformational energies of truncated

acyclic models of 81a, 81e, 82a, and 82e (the structures 8300a00, 8300e00, 8400a00, and
8400e00 with X ¼ H, F, and CH3) were calculated [70].

Table 2.7 Average percentage of α-anomer, free-energy change ΔG
�
(β ! α) kcal/mol, A(NH2)

or A(NH3
+) kcal/mol in glycopyranosylamine ions

Amine α-anomer (%) ΔG
�
β ! α A cyclohexane A THP

α-Anomer (%)

estimated

–NH2 10 1.6 � 0.4 1.6 or 1.3 2.5 or 2.0 –

–NHR 13 1.5 � 0.3 1.6 or 1.3 2.5 or 2.0 –

.H+, aq. 3.5 2.0 � 0.1 1.9 2.9 0.8

.H+, nonaq. 7.7 1.5 � 0.1 ca. 1.6 ca. 2.4 1.7
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From the calculation results it was concluded that the dominant contributions to

the conformational equilibrium of N-pyranosylimidazoles were stabilizing

anomeric hyperconjugation and destabilizing steric 1,3-interactions in the axial

unprotonated conformer (81a). Both effects increase on N-protonation (82a). It
was also concluded that the fine balance between these opposing contributions

would allow small intramolecular electrostatic interactions to control the position

of equilibrium. Stabilizing electrostatic interactions in N-protonated equatorial

conformers were identified and found to be associated with ImH2-O (ring) hydro-

gen bonding (type 1) and dipole–dipole electrostatic stabilization between the

nonbonding electrons on ring oxygen and the cationic imidazolium dipole (type 2)

(see Deslonchamps and Grein proposal [56, 57]). An equatorial shift on

N-protonation of 0.4–2.4 kcal/mol was predicted using models 82a and 82e.
Since Perrin [65] suggested that only 0.024–0.089 kcal/mol should result from

the steric effect related to imidazole N-protonation, it was concluded that the

reverse anomeric effect for the N-(xylopyranosyl)imidazoles is approximately

0.8–1.4 kcal/mol.
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Since the anomeric effect is known to be sensitive to solvent polarity, Vaino

et al. [71] have reexamined the conformational equilibrium of 2,3,4-tri-O-
acetyl-α-D-xylopyranosylimidazole 67a and 2,3,4-tri-O-acetyl-α-D-xylopyranosyl-
2-methylimidazole 85 in the presence of trifluoroacetic acid (TFA) because

protonation of imidazole by TFA increases the ionic strength of solution. The
1H-NMR titration of the glycosides 67 and 85 (Fig. 2.30) with varying amounts

of TFA and/or tetra-N-butylammonium bromide (TBAB) was undertaken in order

to account for the effects of solvent ionic strength change upon equilibrium

(Fig. 2.30).

From the results obtained, it was concluded that the large equatorial shifts

observed for 67a and 85a on N-protonation are not the results of solvent and

ionic strength effects. Interestingly, the effect of increasing the solution ionic

strength with TBAB produces a small axial shift for 67a. The authors suggest

that RAE does exist and that it is the result of stabilizing intramolecular electro-

static contributions to the 1C4 conformer on N-protonation [56, 70]. The size of the

effect in two xylopyranosyl systems studied was quantified as 0.8–1.4 kcal/mol.

Since the contributions from this electrostatic RAE may be small, there may be

other contributions to the conformational energy that will be diminished on trans-

ferring to solvents more polar than chloroform.

Fabian et al. [72] used an 1H-NMR titration method tomeasure with high precision

the shift of anomeric equilibriumon protonation ofN-(D-glucopyranosyl)imidazole 86
and its tetraacetyl derivative 87 and found that ΔΔG

�
β!α ¼ ΔG

�
N�imidazolylH +

�ΔG
�
N�imidazolyl ¼ � 0.018 to � 0.368 kcal/mol (Fig. 2.31). This result means

that the protonated imidazolyl group has a small but significantly greater preference

for the axial position than does the unprotonated group. This is exactly opposite to

what would be expected from the existence of RAE, leading the authors to conclude

that RAE does not exist [1, 4, 73–78].

Additional experimental evidence is sparse [78, 79]. The geometric changes are

consistent with an enhanced anomeric effect, not a reverse one [68, 80] Molecular

orbital calculations are not conclusive because it is difficult to separate the RAE

from steric effects and hydrogen bonding, which also favor the equatorial con-

former [70, 81–84].
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The question of the existence of the generalized RAE was addressed by system-

atic examination of substituent and solvent effects on the configurational equilibria

of N-aryl-5-thioglucopyranosylamines 88–95 and N-arylglucopyranosylamines

96–98 (Fig. 2.32) and the corresponding protonated species [85].

The equilibrium population of the 5-thio compounds 88–91 and their protonated
derivatives were determined by 1H-NMR spectroscopy at 294� K. Equilibration of

neutral species 88–91was achieved by the HgCl2 catalysis of the individual isomers

only in polar solvents CD3OD, CD3NO2, and (CD3)2CO, due to the limited solu-

bility of β-anomers, in order to that the true equilibrium had been reached

(Fig. 2.33).

The corresponding equilibrations of the protonated species 96–98(96–98)
(Fig. 2.34) were studied in the presence of 1.5 equiv. of triflic acid, in polar and

nonpolar solvents. The addition of 1.5 equiv. of triflic acid would ensure the
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complete protonation of amines since the pKa of triflic acid is 5.9 [85] while the

pKas of the isolated aglycons are 5.31 for p-anisidine (Y ¼ CH3O), 4.60 for

aniline (Y ¼ H), 2.45 for p-trifluoromethylaniline (Y ¼ CF3), and 1.00 for the

weakest base p-nitroaniline (Y ¼ NO2).

The equilibration of the oxygen analogs 96–98 (Fig. 2.32) was performed at

230� K in CD2Cl2 and CD3OD. In this series the choice of solvent was restricted

due to the instability of compounds or line broadening effects in the spectra that did

not permit unambiguous assignment of signals or their accurate integration.

The equilibration of neutral species 96–98 (Fig. 2.34) was achieved by the

addition of catalytic amounts of triflic acid to the solution of individual anomers.

The conclusion based upon the obtained results is that there is no evidence to

support the existence of the generalized reverse anomeric effect in neutral or

protonated N-aryl-5-thioglucopyranosylamines and N-arylglucopyranosylamines.

For the neutral compounds, the anomeric effect ranges from 0.85 kcal/mol for 88
to 1.54 kcal/mol in 91. The compounds 88–91 and 96–98 show an enhanced

anomeric effect upon protonation. The anomeric effect in the protonated derivatives

ranges from 1.73 kcal/mol in 90 to 2.57 in 97. The values of Keq in protonated

88–91 increase in the order OMe < H < CF3 < NO2, in agreement with the

dominance of steric effects (due to counterion) over the endo-anomeric effect.

The values of Keq in protonated 96–98 show the trend OMe < H < NO2 that is
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explained by the balance of the anomeric effect and steric effects in the individual

compounds.

The controversy about the existence of the reverse anomeric effect is practically

impossible to resolve by using the glycosylamine type of compounds due to the

solvent stabilization of the positive charge on the nitrogen. There is no way to

differentiate between the relative contribution of electronic and steric effects to the

magnitude of the anomeric effect. One way out of this “hopeless” situation is to

use the internally stabilized positive charge on a heteroatom linked to the anomeric

carbon, as is found in groups such as sulfones and nitro compounds. There are

indeed studies reported with this kind of compounds, one by a Vasella group

on 1-deoxy-1-nitro-glyco-pyranoses and the other by a Franck group on

glycopyranosyl sulfones.

Aebischer et al. [85] reported in 1983 results of their studies on the anomeric

effect of nitro group. They studied the anomeric effect of nitro group in two sugars:

1-deoxy-1-nitro-tetra-O-benzyl-D-mannopyranose 106 and 3,4,6-tri-O-benzyl-1,2-
dideoxy-1-nitro-D-arabino-hexopyranose 108 (Fig. 2.35).

The compounds 106 and 108 were equilibrated in CHCl3 at 37
�C with a weakly

basic ion-exchange resin (Amberlite IRA 193). The progress of equilibration was

periodically checked by 1H-NMR spectroscopy. The relative concentrations of

anomers at equilibrium (Ceq) were measured by integration of the H–C1 signals

(200 MHz-1H-NMR spectra; δ ¼ 5.57 ppm (106a); 5.17 ppm (106e); 5.58 ppm

(108a), and 5.25 ppm (108e)) and the results are given in Table 2.8.

The anomeric effect of nitro group in 108 is given by the sum of “A-value” of the
nitro group and the ΔG

�
-value characterizing the equilibrium between the α-D- and

β-D-anomers [72, 86]. An “A-value” of 0.78 kcal/mol for the nitro group has been

determined by Trager and Huitric [87] by equilibration of 1-(tert-butyl)-4-
nitrocyclohexane under the same conditions as used above for the equilibration of

sugars 106 and 108. From the ΔG
�
-values for the equilibrium 108a ⇌ 108e (1.48

and 1.67 kcal/mol, respectively; see Table 2.5), one thus obtains an anomeric effect

for the nitro group in 108 of 2.26 and 2.45 kcal/mol, respectively, i.e., of approx-

imately 2.35 kcal/mol. The anomeric effect for the nitro group in 106 was
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calculated to be ca. 3.4 kcal/mol. The stronger anomeric effect of the nitro group in

106 is in keeping with the known influence on the anomeric effect of an axial

2-alkoxy group [20, 89–91].

An interesting study on the anomeric effect in glycopyranosyl sulfones was

published by Chen et al. [92] in 2002. In their work on applying the Bamberg-

Bäcklund reaction to carbohydrate anomeric sulfones, they observed that the α-/β-
isomer ratio of unreacted sulfones 110 and 111 recovered from the basic reaction

mixture was not the same as the starting ratio, since the presence of the α-anomer

increased (Fig. 2.36). This observation could be explained in two ways: (i) only the

β-isomer was reactive whereas the α-isomer was not and/or (ii) the β-isomer

was isomerizing to the α-isomer. These two explanations could be easily verified.

When pure α-isomer 110 was subjected to the Bamberg-Bäcklund conditions, no

reaction was observed, which was consistent with the former explanation; however,

when the pure β-isomer 111was subjected to the same conditions, the α-isomer was

recovered along with Bamberg-Bäcklund product 112 suggesting that the anomeri-

zation of β-isomer takes place together with the Bamberg-Bäcklund reaction. When

pure sulfones 110 and 111were equilibrated with t-BuOK-benzene, the equilibrium
ratio of β-/α-isomer achieved in both directions was 57:43. This corresponds to an

apparent A-value of 0.167 kcal/mol for the dodecyl sulfone group. Simpler

tetrahydropyranyl phenyl sulfones 113–116 (Fig. 2.37) gave similar results

(Table 2.9), although a different A-value was recorded, presumably because of

the absence of the electronegative substituents found in 110 and 111.
Tetrahydropyranyl phenethyl sulfones 113 and 114 failed to equilibrate under

basic conditions presumably because the proton exchange was taking place not at

Table 2.8 Equilibration of 106a, e and of 108a, e

Compound C0 (%) α-D : β-D Ceq (%) α-D : β-D ΔG
�
(kcal/mol)

Conditions

(mg of compound/mg

resin/time)

1 11.9:88.1 93.2:6.8 1.62 31/31/159 h

>95:5 94.0:6.0 1.70 48/48/159 h

2 48.2:51.8 91.7:8.3 1.48 65/65/370 h

>95:5 93.7:6.3 1.67 70/70/377 h
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the anomeric carbon but at the α0-carbon of the phenethyl group. A support for this

assumption was obtained by subjecting both phenyl and phenethyl sulfones to the

acid-catalyzed equilibration whereby similar A-values were obtained. The acid- and
base-catalyzed isomerization of phenyl sulfone gave the same α-/β-isomer ratios

(Table 2.10).

The evaluation of an anomeric effect for a substituent group requires a compar-

ison of the apparent size of the group in the axial position in cyclohexane (where

there can be no anomeric effect) to its apparent size in the axial position at the C1

carbon in tetrahydropyran where an effect may exist. The A-value for the methyl

group in cyclohexane is 1.8 kcal/mol, while that for SO2CH3 is 2.5 kcal/mol

[93]. Thus, in cyclohexane, sulfone is larger than methyl group by 0.7 kcal/mol.

From the equilibration and conformational data of the simple methyl tetrahydropyranyl
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or
113: X = SO2CH2CH2Ph 114: X = SO2CH2CH2Ph

115: X = SO2Ph

±

±
or
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±
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Table 2.9 Sulfone isomerizations via basic conditions

Starting material T (�C) Time Ratio (trans/cis) ΔG
�
(kcal/mol)

(�)-115 85 20 h 1:2.52 �0.658

5 days 1:2.34 �0.605

(�)-116 85 20 h 1.5.65a –

5 days 1.252 �0.658

(�)-114 75 5 days Only cis isomerb –

(�)-113/(�)-114 75 5 days 1:1.28b –
aNo equilibrium obtained
bNo obvious isomerization detected

Table 2.10 Sulfone isomerization via acidic conditions

Starting

material Conditions T (�C) Time

Ratio

(trans/cis)
ΔG

�

(kcal/mol)

(�)-113 CDCl3 (0.5 mL) 4 7 weeks 1:3.84 0.741

(�)-113/(�)

114
CDCl3 (1 mL), TMSCl (1.5 μL),

t-BuOH (2 μL)
RT 2 weeks 1:3.62 0.762

(�)-115 CDCl3 (0.5 mL) 4 3 weeks 1:1.27a –

CDCl3 (1 mL), TMSCl (1.5 μL),
t-BuOH (2 μL)

RT 2 weeks 1:3.18 0.685

(�)-115/(�)

116
CDCl3 (1 mL), TMSCl (12.5 μL),

t-BuOH (10 μL)
RT 2 days 1:3.15 0.679

aNo equilibrium obtained
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sulfone, sulfone appears to be smaller than methyl group. It was estimated that the

apparent A-value for the sulfonyl group is 0.7 kcal/mol. Assuming that the sulfone A-
value in tetrahydropyran, in the absence of an anomeric effect, should be equal to

2.5 kcal/mol (the same as the cyclohexane value), then the anomeric effect for the

sulfone is 2.5predicted�0.7observed ¼ 1.8 kcal/mol. It is known, however, that the

apparent size of axial groups in tetrahydropyran is larger than in cyclohexanes.

Chen et al. [92] proposed a correction factor of 1.5 in converting a cyclohexane

A-value to that for a tetrahydropyran. This factor has been derived by comparison of

A-value of CH3 group (1.8) to that of 2.7 at the C2 in tetrahydropyran [94–96]. Hence

the sulfone A-value could be as high as 2.5 � 1.5 ¼ 3.75 kcal/mol. Which leads to

an anomeric effect of 3.75predicted�0.7observed ¼ 3.05 kcal/mol. In either case, the

anomeric effect is approximately 70 % of the steric effect and favors the equatorial

conformer. Hence, in the parent phenylsulfonyl tetrahydropyran itself, the group will

appear to be equatorial. This is a different situation from than the oxygen anomeric

effect, which, although a smaller force, overrides an equivalent or somewhat smaller

steric effect. It is therefore possible to detect significant amounts of axial anomeric

oxygen species in the parent tetrahydropyran under equilibrium conditions.

Based upon the results of the studies of Vasella et al. [85] and Franck et al. [95],

it can be concluded that the reverse anomeric effect does not exist. The electropos-

itive substituent at the anomeric carbon produces the enhanced endo-anomeric

effect but not a reverse anomeric effect [97]. Non-solvated electropositive axial

anomeric substituents such as nitro and sulfone groups show the endo-anomeric

effect to be much larger than the oxygen anomeric effect, namely, 2.35 kcal/mol

for the nitro group and 3.05 kcal/mol for the sulfone group, as opposed to the endo-
anomeric effect for the oxygen atom of 0.85–1.54 kcal/mol.

2.4 Anomeric Effect in Systems O–C–N

The NMR studies at low temperature of unsubstituted and the C2 substituted

1,3-oxazines such as 117 (R ¼ H) and 119 (R ¼ CH3) [45] strongly suggest that

the conformers 117 and 119 are the major components of the equilibrium mixture

117 ⇌ 118 and 119 ⇌ 120 (Fig. 2.38).

These results were explained in the following way. Two anomeric effects are

possible for conformers 117 and 119 (one anomeric effect where the equatorial

nitrogen lone pair of electrons mixes with the antibonding C–O orbital and the other

where the equatorial oxygen lone pair of electrons mixes with the antibonding C–N

orbital). In conformers 118 and 119, there is only one anomeric effect possible and

that is where the equatorial oxygen lone pair of electrons mixes with the C–N

antibonding orbital. However, it should be noted that since the nitrogen is less

electronegative than oxygen, it is a better electron donor than oxygen, and *C–N is

a weaker acceptor of electrons than the *C–O bond. Consequently, the O and N

anomeric effects are not of equal energy. In addition, in the conformers 118 and

120, ring nitrogen and oxygen atoms would have their axially oriented lone pairs of
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electrons in 1,3-syn-axial orientation which will further destabilize this conforma-

tion due to the generalized anomeric effect.

The NMR study of N-methyl tetrahydro-1, 3-oxazine such as 121 suggested that
conformer 121 with the N-methyl group in the axial orientation is more stable than

conformer 122 wherein the methyl group is equatorially oriented for the same

reasons given above [98] (Fig. 2.39).

Similarly, it was found that the conformer 123 is present in appreciable concen-

tration in the conformational equilibrium 123 ⇌ 124 (Fig. 2.40) again for the same

reasons given above [98].

Kirby and Wothers [99] studied conformational equilibrium of amide acetal

125e ⇌ 125a to determine the magnitude of the anomeric effect of dimethylamino

group by comparing the G
�
for ring inversion with that of its cyclohexyl analog

126e ⇌ 126a (Fig. 2.41).

On cooling a sample of amide acetal 125 to 140˚ K (in 70:30 CBr2F2-CD2Cl2),

not a trace of conformer with the NMe2 group equatorial (125e) was detected. It was

concluded that the amide acetal exists as single conformer 125a and this conclusion

was confirmed by NOE experiments.

If steric repulsion experienced by the methyl and dimethylamino groups

increases by the same factor on going from the cyclohexane to dioxane, then the

equilibrium constants for the ring inversion of the two compounds should be

the same. At 185�K, cyclohexane conformation in which the NMe2 is axially
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oriented is more favored by ΔG
� ¼ 1.59 kcal.mol, whereas in a dioxane analog the

axial orientation of NMe2 group is favored by ΔG
� � 4.5 kcal/mol. Thus, the

conformation 126a is at least 3 kJ/mol more stable at 185�K than would be expected

from steric factors alone.

This result can be used to shed some light on the exo-/endo-anomeric effect in the

2-aminotetrahydropyrans studied extensively by Booth et al. [100–102]. Because

nitrogen is less electronegative than oxygen, it is a better donor, and the antibonding

σ*C�N orbital a weaker acceptor of electrons than the antibonding σ*C�O orbital.

Consequently it could be expected that 2-methylaminotetrahydropyran exhibits a

stronger exo-anomeric effect (nN�σ*C�O) than endo-anomeric effect (nO�σ*C�N).

Thus, as shown by Booth et al. [100–102], 2-methylaminotetrahydropyran prefers

the equatorial conformation (Fig. 2.42).

With the NHMe group equatorial, the rotamer 127e (1) is stabilized by the

exo-anomeric effect and is preferred. With NHMe axial, the preference is for

rotamer 127a (2).
In contrast to the N-methyltetrahydropyrans, no exo-anomeric effect is expected

when dimethylamino group is axial in the 2-position on dioxane ring, because in

order for the nitrogen lone pair to be anti to the C–O bond, one methyl group will be

subjected to severe steric interaction with the axially oriented C4 and C6 hydrogen

atoms. This is possible for a hydrogen, but steric demands of a methyl group are

prohibitive.
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Calculations of energies of different conformers 128 and 129 (Fig. 2.43) by

using MM2 and 6-31 G * basis set have shown that the conformer with the

dimethylamino group axially oriented is preferred, as shown in Fig. 2.43.

The concept of the anomeric effect in systems O–C–N is of great importance in

chemical behavior of nucleosides, nucleotides, and nucleic acids since it controls

the conformation of ribofuranosyl (or deoxyribofuranosyl) ring and with it the

reactivity of the N-glycosidic bond.
The pseudorotation concept was introduced to describe the continuous intercon-

version of puckered forms of the cyclopentane ring [104]. The same concept is

applied to the furanose geometry where the C1, O4, and C4 atoms lie in one plane

and the C2 and C3 atoms lie above and below that plane. A statistical analysis of

X-ray crystal structures of nucleosides and nucleotides has shown that North

(N) 130 and South (S) 131 conformations are the most dominant forms, which

has been the basis of the assumption of the two-state N ⇌ S pseudorotational

equilibrium in solution (Fig. 2.44).

The two-state N ⇌ S pseudorotational equilibrium of the sugar moiety of β-D-
ribofuranosyl-N-nucleoside in solution is energetically controlled by various

stereoelectronic gauche and anomeric effects [103–110]. The gauche effects of

O40 � C40 � C30 � O30 and O20 � C20 � C10 � N fragments drive the sugar
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pseudorotational equilibrium toward the S conformation [104], whereas it is driven

to N conformation by the gauche effect of O40 � C10 � C20 � O20 (Fig. 2.44).
The X-ray crystal structures of N-nucleosides show the shortening of the O40 �

C10 bond relative to C40 � O40 bond by about 0.03 Å which has been considered as

a manifestation of the anomeric effect.

The preference of the 50-CH2OH group to occupy the pseudoequatorial orienta-

tion is manifested in the positive ΔH6¼ value for the pseudorotational equilibrium

111, 112 (Fig. 2.44). From the determination of the energetics of the two-state

pseudorotational equilibrium in 36 nucleosides, it was found that the combined

stereoelectronic and steric contributions in the anomeric effect of the nucleobases

increase in the following order: adenine � guanine < thymine < uracil < cyto-

sine. One reason for the stronger anomeric effect in pyrimidine than in purine

nucleosides could be that the n
O4

0 ! σ�
C1

0 �N
delocalization is more effective in the

π-deficient pyrimidine moiety compared to the relatively more electron rich purine.

The strength of the anomeric effect was enhanced upon protonation (evident by

the increase in N-type sugar population) relative to the neutral state. These results

are consistent with the favorable n
O4

0 ! σ�
C1

0 �N
delocalization in the electron-

deficient protonated aglycon at the acidic pH and the unfavorable n
O4

0 ! σ�
C1

0 �N

delocalization in the electron-rich anionic aglycon at the basic pH, compared to the

neutral state, as the origin of the anomeric effect.

We will discuss later in more detail the anomeric effect in nucleosides, nucle-

otides, and nucleic acids and its influence on the conformation of the furanose ring

and the chemical consequences due to its presence.

2.5 Gauche Effect

Gauche effect can be defined as a tendency of a molecule to adopt that conforma-
tion which has the maximum number of gauche interactions between the adjacent
electron pairs and/or polar bonds. The arrangement of bonding and nonbonding

electron pairs about a single uncharged atom is determined mainly by the repulsive

interactions, but when nonbonding electron pairs or electronegative ligands are

placed on adjacent atoms, for some geometries the nuclear-electron attraction

becomes sufficiently important to alter the balance between attractive and repulsive

effects (Fig. 2.45).

Thus, the gauche effect will be attractive when the gauche conformation is the

favored one of two equilibrium conformations, determined by the calculations of

known steric and polar interactions. However, if the anti-conformation is favored

more than the calculations suggest, the gauche effect is repulsive.

The attractive gauche effect has long been known in the X-C-C-Y systems, as for

example when the X-Y-OCH3 system [113], and the relationship between the

gauche and anomeric effect was made some years ago [114]. However, the repul-

sive interactions were not initially recognized. In 1979 Zefirov et al. [114] studied
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the conformational equilibrium of certain trans-1,2-disubstituted cyclohexanes

(Fig. 2.46) by NMR spectroscopy. From the data obtained from the measurments

of vicinal coupling constants, they concluded that repulsive gauche effects occur for

X ¼ Y ¼ SR; X ¼SR, Y ¼ Br; X ¼ SCH3, Y ¼ Br; X ¼ SCH3, Y ¼ OCH3, X ¼
SCH3, Y ¼ Cl; and X ¼ Y ¼ Br. They also concluded that attractive gauche effects

existed when X ¼ Y ¼ OR or X ¼ F, Y ¼ I. These conclusions were arrived at by

comparing the experimentally determined equilibria with those calculated on the

basis of the known ΔG
�
-value (in cyclohexyl-X) of X and Y and calculated X/Y

interaction. The steric part of the latter was estimated by the Hill equation [115] and

the polar part by a charge/charge interaction [116]. For CH3O/Cl, CH3O/Br, CH3O/

I, and Cl/I, the calculated equilibrium agrees with the experimental findings that

there is no gauche effect. An attractive gauche effect was inferred when the

equilibrium was further to the right than calculated, and a repulsive effect when

the equilibrium was displaced to the left. However, it should be noted that Zefirov’s

approach has its limitations since the calculations tend to underestimate the steric

effects even in those cases where no gauche effects come into play.
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The interpretation of gauche interactions according to Hoffman [117] considers

the effect of both through-bond and through-space orbital interactions. The inter-

actions are illustrated for the case of 5-methylamino-1,3-dioxacyclohexane

(Fig. 2.47).

In Table 2.11 the energy differences between the equatorial and axial Y substit-

uent are given.
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Chapter 3

Oxocarbenium Ion

3.1 Acid-Catalyzed Hydrolysis of Glycosides

Several good reviews have been published on this subject [1–3].

Glycosides are mixed acetals wherein on one side the aldehydo C1 carbon of a

sugar molecule is linked via the exocyclic oxygen atom to an alkyl, aryl, or any

other group having a hydroxyl function, and on the other side is linked via the

endocyclic oxygen atom to the C5 (pyranosides) or the C4 (furanosides) carbon of a

sugar molecule.

The initial step of the acid-catalyzed hydrolysis of a glycoside, as well as of any

acetal or ketal, is a fast and reversible protonation of one of the two acetal oxygens

of a sugar glycoside (Fig. 3.1).

Depending upon the site of protonation, two reaction mechanisms could be

envisioned. If the exocyclic (glycosidic) oxygen is protonated giving 2 as an

intermediate (Fig. 3.1), the following step could be the unimolecular elimination

of the aglycon group (in the case of alkyl glycosides the elimination of an alcohol

group) with the assistance of the axially oriented nonbonding electron pair of the

ring oxygen and formation of the corresponding cyclic oxocarbenium ion 6. If
water is present in the reaction mixture (which is always the case in hydrolysis

reactions), then water molecules, and not alcohol molecules, will add to the

positively charged carbon of the oxocarbenium ion 6 giving first the hydrolyzed

monosaccharide protonated at the anomeric hydroxyl group 7 that, after

deprotonation, gives the hydrolyzed sugar 8. In the oxocarbenium ion 6, since the
C5, O5, C1, and C2 atoms lie in one plane (the sugar molecule must be in the half-

chair conformation which is the consequence of the double bond character of the

O5–C1 bond), the water molecules can add from either face of the oxocarbenium

ion, and consequently a mixture of α- and β-glycopyranoses will be obtained

(Fig. 3.2).

If the ring oxygen (the O5 in pyranosides or the O4 in furanosides) is protonated

10 (Fig. 3.3), then the C1–O5 bond can be broken in the following step with the

formation of acyclic oxocarbenium ion 11 (this time by the participation of one

M. Miljkovic, Electrostatic and Stereoelectronic Effects in Carbohydrate Chemistry,
DOI 10.1007/978-1-4614-8268-0_3, © Springer Science+Business Media New York 2014
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nonbonded electron pair of the glycosidic oxygen) (Fig. 3.3). The addition of a

water molecule to 11 will form the hemiacetal 12 that is protonated at the anomeric

hydroxy oxygen. This intermediate will be in equilibrium with the hemiacetal

protonated at the methoxy oxygen (13). Now, the elimination of alcohol from 13
will result in the formation of protonated aldehydo sugar 14 that by cyclization and
deprotonation gives the hydrolyzed sugar 15 (Fig. 3.3).

There is, however, a third possible mechanism that can be envisioned for the

hydrolysis of glycosides, and that is the nucleophilic (SN2) displacement of the

protonated methoxy group with water as the nucleophile, as is shown in Fig. 3.4.

In order to elucidate the reaction mechanism of glycoside hydrolysis, we must

first fully understand the relationship between the rate of hydrolysis and steric and

electronic factors present in both glycon and aglycon of a sugar glycoside. Hence,

the rates of hydrolysis of many glycosides have been measured, and it has been

found that they are influenced by many factors such as the type of sugar, the ring

size of sugar, the anomeric configuration of glycosidic bond, the nature of sub-

stituents on the sugar ring, the conformation of sugar, and the size and the polarity

of aglycon.

The observations that glycofuranosides are generally hydrolyzed much faster

than glycopyranosides (ca. 50–200) [4, 5] (it should be emphasized that furanosides

are also formed much faster than pyranosides) and that kinetic parameters for the

acid-catalyzed hydrolysis of glycofuranosides and glycopyranosides are very dif-

ferent (e.g., the entropies of activations for the acid-catalyzed hydrolysis of all

glycofuranosides are negative, whereas they are positive for the acid-catalyzed

hydrolysis of all glycopyranosides) suggest that they are probably hydrolyzed via

different mechanisms, and therefore, we will discuss these two topics separately.
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3.2 The Acid-Catalyzed Hydrolysis of Glycopyranosides

The glycopyranosides with equatorially oriented aglycon are hydrolyzed roughly

two times faster than glycopyranosides having the aglycon axially oriented, and this

ratio seems to be dependent neither on the structure of glycon nor on the nature of

aglycon. In Table 3.1 the relative rates of acid-catalyzed hydrolysis of select groups

of methyl aldopyranosides are given.

The removal of the hydroxyl group from either the C2 or the C6 carbon

accelerates the acid-catalyzed hydrolysis. Whereas the rate acceleration of acid-

catalyzed hydrolysis is enormous for the C2 deoxy glycopyranosides (ca. 2 to

5 � 103 times), the rate acceleration for the C6 deoxy glycopyranosides is much

smaller (only ca. 8 times).

The acid-catalyzed hydrolysis of pentopyranosides is generally faster than that

of hexopyranosides (4.5–9.0 times) but slower than the acid-catalyzed hydrolysis

of 6-deoxy-hexopyranosides.

The introduction of an electron-withdrawing group at the C6 carbon reduces the

rate of acid-catalyzed hydrolysis (the acid-catalyzed hydrolysis of methyl glycoside

of D-glucuronic acid is ca. 2 times slower than methyl glycoside of D-glucose).

In Table 3.2 the rate coefficients and kinetic parameters for the hydrolysis of

select glycosides in 2.0N HCl extrapolated to 60 �C are given. The concentration of

HCl for the hydrolysis of methyl 2-deoxy-α and β-D-glucopyranoside was 0.1N.

Table 3.1 Relative rates of acid-catalyzed hydrolysis of methyl α- and β-aldopyranosides [6] in
0.01–0.5M HCl or H2SO4 at 58–100

�

Methyl D-glycopyranoside Relative rates α:β ratio Orientation of 1-OMe group

α-D-gluco- 1.0 [7] 1:1.9 Axial

β-D-gluco 1.9 [7] Equatorial

α-D-galacto- 2.4 [7] 1:2.4 Axial

β-D-galacto- 5.7 [7] Equatorial

α-D-manno- 5.2 [7] 1:1.8 Axial

β-D-manno- 9.2 [7] Equatorial

α-D-xylo- 4.5 [7] 1:2.0 Axial

β-D-xylo- 9.1 [7] Equatorial

α-L-arabino- 13.1 [7] 1.5:1 Equatorial

β-L-arabino- 9.0 [7] Axial

α-L-rhamno- 8.3 [7] 1:2.3 Axial

β-L-rhamno- 19.0 [7] Equatorial

α-D-glucopyranosiduronic acid 0.47 [8] 1:1.3 Axial

β-D-glucopyranosiduronic acid 0.62 [8] Equatorial

2-deoxy-α-D-gluco- 2,090 [9] 1:2.5 Axial

2-deoxy-β-D-gluco- 5,125 [9] Equatorial

2,3,4,6-tetra-O-methyl-α-D-gluco- 0.16 [10] 1:2.5 Axial

2,3,4,6-tetra-O-methyl-β-D-gluco- 0.40 [10] Equatorial
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In order to elucidate the mechanism of acid-catalyzed hydrolysis of glycopyr-

anosides, a detailed knowledge is needed of the breakdown of conjugate acid

obtained after protonation of one of the two acetal oxygens, i.e., the molecularity

of the rate-determining step, which is the C1–O1 or the C1–O5 bond cleavage

depending upon whether the glycosidic or the ring oxygen is protonated. The

experimental results suggest that the hydrolysis of glycopyranosides proceeds by

an A-1 (acid-catalyzed unimolecular) mechanism (Ingold terminology [11]).

The first-order rate velocity coefficients (k1) were found to be constant for the

hydrolysis of D-glucopyranosides in perchloric acid solutions in concentrations

ranging from 0.465M to 3.782M [12]. Plots of logk1 against the Hammett acidity

function, H0, and against the pH were found to be almost linear in the first instance

and not linear in the second instance, suggesting that analogous to the acid-

catalyzed hydrolysis of acetals [13], the hydrolysis of glycopyranosides proceeds

by an A-1, and not an A-2, mechanism. However, since solvent is in large excess

with respect to the reactants, both A-1 and A-2 will follow a first-order rate law, and

consequently, other criteria must be used to unequivocally determine the

molecularity of the reaction.

The effect of a substituent on a glycopyranoside ring upon the rate of hydrolysis

of glycosidic bond is strongly dependent upon its electronegativity, its size, and its

position. The nature of the substituent at the C2 and the C6 carbons of a pyranoside

seems to have the most profound effect. For example, the removal of hydroxy group

from the C2 carbon dramatically increases the rate of hydrolysis of the glycosidic

bond. Thus, methyl 2-deoxy-β-D-arabino-hexopyranoside (20 in Fig. 3.5) is hydro-
lyzed ca. 2,500 times faster than the parent sugar, methyl β-D-glucopyranoside 21,
whereas the replacement of the C2 hydroxyl group with a more electronegative

group such as chlorine (22 in Fig. 3.5) reduces the rate of hydrolysis by a factor of

35 [14] compared to the parent sugar (Table 3.3). The replacement of the C2

hydroxyl group with amino group, which under reaction conditions becomes

positively charged, dramatically reduces the rate of hydrolysis of the glycosidic

bond (see Table 3.3). From these kinetic studies, it can be concluded that the

more electron-attracting group is attached to the C2 carbon, and the slower the

hydrolysis of glycosidic bond, thus supporting the hypothesis that the hydrolysis

Table 3.2 Rate coefficients and kinetic parameters for the hydrolysis of select glycosides in 2.0N

HCl extrapolated to 60 �C [9]

Pyranoside 105k s�1 E (kcal/mol)

ΔS6¼ at 60�

(cal.deg.�1 mol�1)

Me α-D-gluco- 0.708 34.1 � 1.0 +14.8

Me β-D-gluco- 1.26 34.3 � 0.4 +16.5

Me α-D-galacto- 3.55 34.0 � 0.3 +17.7

Me β-D-galacto- 5.13 32.3 � 0.6 +13.3

Me α-D-manno- 2.09 31.9 � 0.4 +10.4

Me α-D-xylo- 2.69 33.5 � 0.9 +15.7

Me β-D-xylo- 5.89 33.6 � 0.9 +17.5

Me 6-deoxy-α-D-galacto- 20.0 33.9 � 0.6 +20.8
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of glycopyranosides proceeds via oxocarbenium ion and that its formation is the

rate-determining step.

The influence of the C5 substituent on the rate of glycoside hydrolysis was

studied by comparing the rate of hydrolysis of methyl α-D-xylopyranoside 24
(Fig. 3.6) with that of methyl 6-deoxy-α-D-glucopyranoside 25, methyl α-D-
glucopyranoside 26 (the C5 substituent is hydroxymethyl group), methyl 6-O-

methyl-α-D-glucopyranoside 27 (the C5 substituent is methoxymethyl group),

methyl α-D-glucopyranosiduronic acid 28 (the C5 substituent is the carboxyl

group), methyl 6-chloro-6-deoxy-α-D-glucopyranoside 29 (the C5 substituent is

chloromethyl group), methyl 6-deoxy-6-iodo-α-D-glucopyranoside 30 (the C5 sub-

stituent is the iodomethyl group), and 6-amino-6-deoxy-α-D-glucopyranoside 31
(the C5 substituent is the aminomethyl group) (Fig. 3.6).

The hydrolysis of alkyl glucuronopyranosides in moderately concentrated acids has

been found toproceedat a lower rate than the correspondingparent glycosides. Thiswas

attributed to the inductive effect of the electron-attracting carboxyl group (Table 3.4).

Support for this explanation comes from the observation that methyl 6-amino-6-

deoxy-α-D-glycopyranoside is hydrolyzed more slowly than methyl α-D-glycopyrano-
siduronide. As one can see, the methyl group at C5 does not introduce any significant

change to rate coefficient; the C5 hydroxymethyl group, methoxymethyl group, as well

as carboxyl group introduce a fivefold decrease in the rate coefficient; chloromethyl

and iodomethyl introduce another sixfold decrease in reaction rate; and finally,

HO
O

R

OMeHO

CH2HO

20, R=H, methyl 2-deoxy-β-D-arabino-hexopyranoside

22, R=Cl, methyl 2-chloro-2-deoxy-β-D-glucopyranoside
23, R=BH2, methyl 2-amino-2-deoxy-β-D-glucopyranoside

21, R=OH, methyl β−D-glucopyranoside

Fig. 3.5

Table 3.3 Rates of hydrolysis in molar acid concentration at 72.9� for the series of methyl

2-(X-substituted) glucopyranosides for various X substituents [15]

X Anomer Acid concentration t �C
Rate of hydrolysis

k, (s�1) References

–H α 0.10Ν ΗCl 49.7 2.4 � 10�2 [16]

β 0.10Ν ΗCl 49.7 3.5 � 10�2 [16]

–OH α 2.0Ν HCl 71.7 2.5 � 10�5 [17]

β 2.0Ν ΗCl 71.1 5.0 � 10�5 [17]

�NHOCCH3 α pΗ 0.75 78.2 5.1 � 10�6 [15]

�NHCOCH3 β 1.0 N HCl 78.2 4.6 � 103 [15]

�Cl β 2.0N HCl 60 3.56 � 10�7 [14]

�NH3
+ β 1.0Ν HCl 100 7.6 � 10�8 [18, 19]
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6-aminomethyl introduces another twofold decrease in reaction rate. Therefore,

H � CH3 > CH2OH � CH2OMe � COOH > CH2Cl � CH2I > CH2NH2 [20].

There is practically no difference in rate of hydrolysis when there is no C5

substituent or if the C5 substituent is a methyl group.

The removal of a hydroxyl group from various carbon atoms of a

glycopyranoside has very different effects upon the rate of glycoside hydrolysis.

In general, all mono-deoxy glycopyranosides are hydrolyzed faster than parent

sugars, but 2-deoxy glycopyranosides are hydrolyzed much faster than any other

deoxy sugar. Thus, for example, methyl 2-deoxy-α-D-arabino-hexopyranoside 32 is
hydrolyzed over 2,000 times faster than its parent sugar methyl α-D-
glucopyranoside; methyl 3-deoxy-α-D-ribo-hexopyranoside 33 and methyl

3-deoxy-α-D-arabino-hexopyranoside 34 are hydrolyzed only 5 and 7 times faster,

respectively, whereas methyl 4-deoxy-α-D-xylo-hexopyranoside 35 is hydrolyzed

40 times faster (Fig. 3.7 and Table 3.5).

Alkylation of hydroxyl group of a glycopyranoside, in general, reduces the rate

of hydrolysis of the respective glycopyranoside. Although not very significant, the

methylation of the C6 hydroxyl group has the largest influence on the rate of

R

O

HO

HO
HO

OMe

24, R=H, methyl α-D-xylopyranoside
25, R=CH3, methyl 6-deoxy-α-D-glucopyranoside

30, CH2l, methyl 6-deoxy-6-iodo-α-D-glucopyranoside
31, R=CH2NH2, methyl 6-amino-6-deoxy-α-D-glucopyranoside

29, R=CH2Cl, methyl 6-chloro-6-deoxy-α-D-glucopyranoside

26, R=CH2OH, methyl α-D-glucopyranoside

28, R=COOH, methyl α-D-glucuronic acid
27, CH2OCH3, methyl 6-O-methyl-α-D-glucopyranoside

Fig. 3.6

Table 3.4 Rate coefficients

for the hydrolysis in 0.5M

sulfuric acid of methyl α-D-
xylopyranosides and its

homologs with different

substituents at C5 [9, 20]

R

k � 10� 6 s� 1

60 �C 70 �C 80 �C
H 3.06 13.9 57.9

CH3 3.22 14.4 61.8

CH2OH 0.637 2.85 12.6

CH2OMe 0.449 1.90 8.52

COOH 0.572 1.93 7.41

CH2Cl 0.092 0.441 1.92

CH2I 0.099 0.445 1.82

CH2NH2 0.065 0.284 1.04
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hydrolysis of glycosidic bond (the 6-O-methyl ether is hydrolyzed at almost half the

rate of the unsubstituted parent sugar (k/k0 ¼ 0.6)); monomethyl ethers at the C2,

C3, and C4 carbons of methyl β-D-glucopyranoside are hydrolyzed at 0.86, 0.99,

and 0.83 of the rate of the unsubstituted methyl-β-D-glucopyranoside.
Methylation of all hydroxyl groups of a hexopyranoside has a much greater

effect on the rate of glycoside hydrolysis. Thus, methyl 2,3,4,6-tetra-O-methyl-α-D-
glucopyranoside is hydrolyzed more than 6 times slower than the unsubstituted

sugar, whereas the β-anomer is hydrolyzed only 3 times slower. Methyl 2,3,4,6-

tetra-O-methyl-α-D-mannopyranoside is hydrolyzed ca. 2.5 times slower than the

parent sugar, whereas the methyl 2,3,4,6-tetra-O-methyl-α-D-galactopyranoside is

hydrolyzed almost six times slower than the parent sugar. In general,

tetramethylated glycopyranosides are hydrolyzed significantly slower than

monomethyl ethers (Table 3.6).

All kinetic studies have thus far strongly supported the hypothesis that the

acid-catalyzed hydrolysis of glycopyranosides proceeds via formation of a posi-

tively charged oxocarbenium ion and that the cleavage of the C1–O1 bond is the

rate-determining step. The initial reversible protonation of one of the two acetal

oxygens and the nucleophilic attack of the water molecule to the oxocarbenium ion

transition state intermediate are very fast processes.

The study of the hydrolysis rate of various glycopyranoside derivatives has

clearly shown that it is most sensitive to the change of electronegativity at the C2

and the C5 carbon since the C2 carbon is vicinal to the C1 carbon and the C5 carbon

HOH2C

O
R2

R1

R3
R4

OMe

32, R1=R2=H; R3=R4=OH, methyl 2-decoxy-α-D-arabino-hexopyranoside
33, R1=R4=OH; R2=R3=H; methyl 3-decoxy-α-D-ribo-hexopyranoside
34, R1=R3=H; R2=R4=OH; methyl 3-decoxy-α-D-arabino-hexopyranoside
35, R1=R3=OH; R2=R4=H; methyl 4-decoxy-α-D-xylo-hexopyranoside

Fig. 3.7

Table 3.5 Relative rates of hydrolysis k/k�0 of methyl deoxy-α-D-pyranosides rela-
tive to that of the parent sugar (see Fig. 3.7) (k0 is the rate constant for the hydrolysis
of parent glycoside under the same conditions)

Sugar k/k0 Conditions References

2-deoxy-(32) 2,090 2.0 N HCl, 58� [9]

3-deoxy-(33) 20 2.0N HCl, 58� [9]

7 1N H2SO4, 100
� [21]

3-deoxy-(34) 5 1N H2SO4, 100
� [21]

4-deoxy-(35) 40 2N H2SO4, 58
� [9]
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is vicinal to the O5 ring oxygen atom, the chief players in the formation of the

oxocarbenium ion. Thus, the C2 electron-attracting substituent directly inhibits the

formation of a positive charge on the C1 carbon, via the inductive effect (positively

charged C2 carbon will prevent the formation of a positively charged C1 carbon).

The C5 electron-attracting substituent reduces the rate of hydrolysis, again via the

inductive effect. If the hydrolysis proceeds via a cyclic oxocarbenium ion transition

state, the C5 electron-attracting substituent will reduce the ability of the ring

(O5) oxygen to donate its nonbonding electron pair needed to stabilize the carbo-

nium ion intermediate formed after the cleavage of the C1–O1 bond. If the acid-

catalyzed hydrolysis of a glycopyranoside proceeds via the C1–O5 bond cleavage,

the C5 electron-attracting substituent will lower the basicity of the ring oxygen and

thus its ability to be protonated, which will reduce the concentration of the reactive

conjugate acid that is transformed to the acyclic oxocarbenium ion transition state.

Feather and Harris published in 1965 a paper [6] suggesting that the conversion of

a 4C1 or
1C4 glycopyranoside conformation into the 4H (half-chair) conformation

with the C5–O5–C1–C2 atoms lying in one plane (this is presumably the confor-

mation of the oxocarbenium ion in the transition state) requires rotation about the

C2–C3 and the C5–C4 bonds. Thus, they proposed that there is a correlation between

the ease of rotation about these bonds and the rate of hydrolysis of glycosidic bonds.

The conversion of a chair conformation (4C1 or
1C4) of a glycopyranoside into a half-

chair (4H or 1H) conformation requires the counterclockwise rotation about the

C1–O5 bond (if looked along the C1–O5 bond from the direction of the C1 carbon).

This rotation is accompanied by a counterclockwise rotation about the C2–C3 bond

if looked along the C2–C3 bond and from the direction of the C2 carbon in which

case the substituents at the C2 and the C3 carbon assume a new conformation

increasing or decreasing the distance between them. The rates of hydrolysis are

therefore expected to be influenced by the configurations of the C2 and C3 carbon on

a pyranoside ring (Fig. 2.52). Thus, counterclockwise rotation about C2–C3 bond

(if looked along the C2–C3 bond and from the direction of the C2 carbon) predicts

that the acid-catalyzed hydrolysis of methyl α-D-mannopyranoside should be slower

than the hydrolysis of methyl α-D-glucopyranoside, since the conversion of their 4C1

conformations to the respective half-chair conformation shall bring the R2 and R3

substituents into closer proximity, thus increasing the Pitzer strain. However, the

Table 3.6 Rates of hydrolysis in 0.5M sulfuric acid, at 70� of monomethyl ethers of methyl-β-D-
glucopyranoside [22]

Sugar

k � 10� 6, s�1

E(kcal/mol)

ΔS6¼ at 60�

(cal deg�1 mol�1)60� 70� 80�

2-O-methyl 1.19 5.22 20.8 33.4 +12.9

3-O-methyl 1.27 5.66 23.8 34.0 +41.9

4-O-methyl 1.15 4.97 21.2 33.8 +41.1

6-O-methyl 0.84 3.88 16.1 34.9 +16.8

Unsubstituted 1.38 – –
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rate coefficients of acid-catalyzed hydrolysis of methyl α-D-manno- and methyl α-D-
glucopyranoside (2.0N HCl, 60�; Table 2.7) are 2.09 � 10�5 and 0.78 � 10�5,

respectively, i.e., methyl α-D-mannopyranoside is hydrolyzed ca. 2.7 times more

rapidly than methyl α-D-glucopyranoside [9], indicating that the stereoelectronic

effects are more important than the Pitzer strain in the acid-catalyzed hydrolysis of

methyl α-D-mannopyranoside (e.g., the participation of the axial C2 oxygen in the

stabilization of the oxocarbenium ion).

The counterclockwise rotation about the C5–C4 bond (if looked along the

C5–C4 bond from the direction of the C5 carbon) predicts that the acid-catalyzed

hydrolysis of methyl α-D-galactopyranoside should be slower than that of methyl

α-D-glucopyranoside. This is however again contrary to experimental findings.

The acid-catalyzed hydrolysis (2.0N HCl, 60�, Table 3.2) of methyl

α-D-galactopyranoside is found to be ca. 5.0 times faster than that of methyl α-D-
glucopyranoside (5.13 � 105 and 0.708 � 105, Table 3.2) [23]. Furthermore, there

is no correlation between the size of the C5 substituent and the rate of acid-

catalyzed hydrolysis of a glycopyranoside. Thus, for example, there is a very little

difference in the rate of acid-catalyzed hydrolysis of methyl α-D-xylopyranoside
and methyl 6-deoxy-α-D-glucopyranoside (3.06 � 10�6 and 3.22 � 10�6, respec-

tively) (Table 3.4) although the difference in the size of C5 substituents is very large

(hydrogen vs. methyl group). Also the rates of acid-catalyzed hydrolyses of methyl

6-chloro-6-deoxy- and 6-deoxy-6-iodo-α-D-glucopyranoside are very similar

(0.092 � 10�6 and 0.099 � 10�6 respectively, Table 3.4) despite the very large

difference in size of the C5 substituent (�CH2Cl vs. �CH2I) (Fig. 3.8).

The above experimental results are in full agreement with the conclusions that

can be drawn from studying molecular models. Namely, the conversion of a chair

conformation of a hexopyranoside to the corresponding half-chair conformation

requires counterclockwise rotation about the C1–O5 bond and the counterclockwise

rotation about the C2–C3 bond, but not about the C5–C4 bond. The slight increase

in the Pitzer strain that results from these rotations in the course of conversion of a

chair to a half-chair conformation of oxocarbenium ion transition state is not
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sufficient to significantly influence the rate of acid-catalyzed hydrolysis of a

glycopyranoside.

On the other side, the electronegativity of the C2 or the C5 substituent has a

profound influence on the rate of acid-catalyzed hydrolysis of glycopyranosides, as

is shown in Tables 3.5, 3.6, and 3.7.

3.3 Acid-Catalyzed Hydrolysis of Glycofuranosides

Unlike numerous kinetic and mechanistic studies of acid-catalyzed hydrolysis of

glycopyranosides [5, 7, 9, 12, 16, 24–30] that led to the conclusion that glycopyr-

anosides are hydrolyzed via an A-1 mechanism (the molecularity of the reaction

and the entropy of activation (positive ΔS 6¼), dissociation of methanol, and the

formation of oxocarbenium ion transition state intermediate) (42 in Fig. 3.9),

the acid-catalyzed hydrolysis of glycofuranosides has been studied much less

[4, 9, 31–34].

Although there were a number of kinetic studies of the acid-catalyzed hydrolysis

of sucrose (containing a ketofuranoside) [35–38] and of methyl and benzyl

fructofuranoside [39], the first systematic kinetic and mechanistic study of acid-

catalyzed hydrolysis of glycofuranosides was reported by Capon and Thacker [40]

(see Table 3.8).

The first thing that can be seen from Table 3.8 is that the entropies of activation

for the hydrolysis of all glycofuranosides studied are negative. This is in strong

contrast to the positive values obtained with pyranosides [9, 12, 16, 29, 30],

suggesting that glycofuranosides and glycopyranosides must react via different

mechanisms.

The solvent deuterium isotope effect for the hydrolysis of methyl α-D-
xylofuranoside in 1M hydrochloric acid at 25� is kD2O

/kH2O
¼ 2.5 is consistent

with the initial rapid and reversible proton transfer to form a conjugate acid of the

furanoside which could be theoretically either 43 or 44 (Fig. 3.10).

Table 3.7 Rates of hydrolysis in 0.01N HCl at 95–100� of tetra-O-methyl ethers of α- and β-D-
hexopyranosides [10], k � 105 min�1

Sugar

k � 105 min � 1

(k � 105 s � 1)

Methyl α-D-glucopyranoside 25 (0.42)

Methyl 2,3,4,6-tetra-O-methyl-α-D-glucopyranoside 4 (0.067)

Methyl β-D-glucopyranoside 30 (0.5)

Methyl 2,3,4,6-tetra-O-methyl-β-D-glucopyranoside 10 (0.17)

Methyl α-D-mannopyranoside 10 (0.17)

Methyl 2,3,4,6-tetra-O-methyl-α-D-mannopyranoside 4 (0.067)

Methyl α-D-galactopyranoside 23 (0.38)

Methyl 2,3,4,6-tetra-O-methyl-α-D-galactopyranoside 4 (0.067)
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There are two possible mechanisms for the hydrolysis of glycofuranosides that

are compatible with the negative entropy of activation: one that proceeds via a

cyclic transition state intermediate (protonation of the glycosidic oxygen) and the

other that proceeds via an acyclic transition state intermediate (protonation of the

ring oxygen) (Fig. 3.10).

In the first case, the large difference in entropy of activation between the acid-

catalyzed hydrolysis of glycopyranosides and glycofuranosides, as well as its

negative sign, is explained by postulating that glycofuranosides are hydrolyzed

via an A-2 mechanism [9] (Fig. 3.11). It is namely envisioned that the hydrolysis

takes place via the protonation of the glycosidic oxygen but without the formation

of a cyclic oxocarbenium ion transition state intermediate in the next step, as shown
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Table 3.8 The rate coefficients and kinetic parameters for the hydrolysis of select methyl

furanosides in 1M perchloric acid [40]

Methyl furanoside t �C 105k(s � 1) Ea (kcal mol�1 � 1) ΔS6¼ (e.u. � 2)

α-D-xylo- 25.03 39.5 20.2 �8.3

35.04 120

β-D-xylo- 25.01 26.3 20.3 �8.9

35.04 79.4

β-L-arabino- 24.92 4.46 23.1 �2.8

35.12 16.2

α-D-galacto- 25.03 3.35 21 �9.4

34.91 10.8

β-D-galacto- 25.02 0.405 22.8 �8.7

35.12 1.43

α-D-gluco- 24.92 59.7 19.2 �11.0

35.12 175

β-D-gluco- 25.00 21.0 20.5 �9.0

34.00 64.3

O
OH OH

HO HO
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HOH2C

OMe

O
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H+
HOH2C

43 44

Fig. 3.10
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in Fig. 3.11. Instead, the protonated methoxy group undergoes nucleophilic dis-

placement with a water molecule, i.e., the transition state of hydrolysis resembles

the transition state of an SN2 displacement. The A-2 mechanism is supported by the

Bunnett w values (+1.0 to +2.4) falling in the range considered to indicate a

mechanism in which water acts as a nucleophile.

However, there has been proposed an alternative explanation for the observed

negative entropies of activation in the acid-catalyzed hydrolysis of glycofur-

anosides [40]. According to this explanation, after protonation of the ring oxygen

of a furanoside 45, the C1–O4 bond ruptures and an acyclic oxocarbenium ion 51 is
formed in the transition state, indicating that the conjugate acid obtained by

protonation of a glycofuranoside that leads to the hydrolysis of glycosidic bond is

51 and not 52 (Fig. 3.12).

The formation of the acyclic oxocarbenium ion 51 is supported by the results

obtained from the study of acid-catalyzed hydrolysis of a number of 1, 3-dioxolanes

where it has been shown that the entropies of activation are also negative [41–44],

although it is obvious that the hydrolysis must proceed with the ring opening.
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An explanation suggested by Capon and Thacker [40] is that the initial rupture of

the C–O bond of the conjugate acid 50 is reversible, since the resulting hydroxyl

group in 51 is part of the same molecule as the oxocarbenium ion. Hence, the

reaction could be written as described in Fig. 3.13.

The observed rate constant for the above reaction then would be given by

kobs ¼ k2K, where K is the equilibrium constant for the equilibrium (Fig. 3.14).

The observed entropy of activation then would be ΔS� ¼ ΔS
�
+ ΔS2 6¼, where

ΔS
�
is the standard entropy change for the above equilibrium. This would presum-

ably have a positive value. The value ofΔS2 6¼would be, however, strongly negative

since it is the entropy of activation for a bimolecular reaction between the

oxocarbenium ion 51 and the water molecule to give an oxonium ion 58
(Fig. 3.15). The overall value for ΔS� could therefore be negative.
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3.4 Some Recent Developments Regarding
the Mechanism of Glycoside Hydrolysis

In 1980, van Eikeren [45] undertook a study of acid-catalyzed hydrolysis of

conformationally rigid methyl acetals 61 and 62 (Fig. 3.16), arguing that the rates

of anomer hydrolysis may be affected by the conformation of a glycoside.

From the composition of the equilibrium mixture obtained after the acid-

catalyzed equilibration of 61 and 62 (68 � 1 % of axial 61 and 32 � 1 % of

equatorial 62 anomer), it was calculated that the axial α-anomer 61α is more stable

than β-anomer 62β by 0.45 kcal/mol which was in full agreement with the concept

of the anomeric effect. On the other hand, in contrast to the results for alkyl

glycosides, a comparison of the second-order rate constants showed that the axial

anomer hydrolyzes 1.51 � 0.22 times faster than the equatorial anomer, indicating

that the TS energy of the transition state in the hydrolysis of 61 is lower by

0.25 kcal/mol than the TS energy of the transition state in the hydrolysis of 62.
Thus, the difference in energy between the TS of 61α and 62β is 0.7 kcal/mol

(Fig. 3.17).

The acid-catalyzed hydrolyses of the axial and equatorial anomers 61 and 62were
studied in aqueous HCl/acetone solvent mixtures maintained at constant tempera-

ture in a water bath. The dependence of kobs on acid concentration and temperature

was measured because the conclusions are justified only if the anomers show similar

variations in rate with changes in the catalyzing acid and temperature.

O O
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HOMe
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The examination of activation parameters for the hydrolysis of 61 and 62
(Table 3.9) shows that both anomers exhibit positive enthalpies and entropies of

activation as what would be expected for a dissociative mechanism. The observa-

tion that the axial anomer exhibits both a larger positive enthalpy and entropy of

activation than the equatorial anomer suggests that the rate-determining transition

state of the axial anomer involves more extensive C–O bond cleavage.

Thus, van Eikeren [45] concludes that the axial and equatorial anomers 61 and

62 (Fig. 3.16) must hydrolyze via different transition states and that the difference

in their hydrolysis rates may be explained by postulating an early transition state for

the equatorial anomer with little C–O bond breakage and a late transition state

for the axial anomer with more extensive C–O bond breakage.

In order to shed some more light on the mechanism of acid-catalyzed hydrolysis

of α- and β-D-glucopyranosides, Deslongchamps and Dory [46] carried out the

molecular modeling study of various endocyclic and exocyclic cleavage pathways

of tetrahydropyranyl acetals 59α and 59β (R ¼ H in Fig. 3.18) during acid-

catalyzed hydrolysis, and then they compared the reached theoretical conclusions

with the experimental results obtained by using the conformationally rigid bicyclic

tetrahydropyranyl acetals (R ¼ (CH2)4 in Fig. 3.18). The reason for selecting the

bicyclic conformationally rigid tetrahydropyranyl acetals for their experimental

study was again to limit the effect of conformational change of a tetrahydropyranyl

acetal upon the rate of its acid-catalyzed hydrolysis (see Eikeren [45]).

Deslongchamps et al. [46] have calculated the energies of the four possible

transition structures 64α, 64β, 67α, and 67β and two intermediates 65 and 68 in the
hydrolysis of the glycoside models 63α and 63β (Fig. 3.18).

For the hydrolysis of acetal 63α ! 66, both the exocyclic (via 64α) and

the endocyclic (via 67α) C–O bond cleavages take place via a chair-like transition

state structure conformation with stereoelectronic assistance (Fig. 3.19) where one

electron lone pair is antiperiplanar to the leaving group. Molecular modeling

indicates that the free energy of transition structure 64α for the exocyclic mechanism

is 1.72 kcal/mol lower than that of the endocyclic mechanism (67α). In addition, an
entropy effect also favors the exocyclicmechanism (formation of twomolecules: the

oxocarbenium ion 65 andmethanol). Therefore, it can be expected that the transition

structure for the exocyclic cleavage process for α-D-glycopyranosides will be highly
favored, which is in agreement with published results [47–51].

For the hydrolysis of 63β ! 66, calculation indicates that the transition struc-

ture 64β for the exocyclic C–O bond cleavage takes place via a sofa conformation

Table 3.9 Activation parametersa for the hydrolysis of 61 and 62

[H+]b, M ΔH 6¼�
Ax kcal/mol ΔH6¼�

Eq kcal/mol ΔS 6¼
�
Ax cal/mol K ΔS6¼

�
Eq cal/mol K

7.5 � 10�3 +25.7 +24.6 +17 +13

2.5 � 10�2 +26.1 +24.6 +21 +16

Ax axial, Eq equatorial
aCalculated from the slope and intercept of ln k2 versus (temperature)�1; temperature range

20–55 �C
bAqueous HCl/acetone mixtures (1/1 v/v)
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with an endocyclic oxygen lone pair periplanar to the C–O bond (syn or anti) to be

cleaved [52, 53].

For the endocyclic C–O bond cleavage, calculation shows that the transition

structure geometry 67β remains close to the chair ground-state conformation. This

is the result of the participation of the exocyclic oxygen lone pair antiperiplanar to

the leaving group. The enthalpy difference between the two transition state struc-

tures 64β and 63β is 1.75 kcal/mol, now favoring the endocyclic C–O bond

cleavage. On the other hand, entropy disfavors the opening of a ring over the

exocyclic C–O bond cleavage, which leads to the formation of two molecules.

Since the enthalpy favors 63β ! 67β process and the entropy favors the

63β ! 64β, both processes are likely to take place concurrently, which is in accord
with published experimental observations [54].

The results of calculations are in full agreement with the fact that the relative

rate of hydrolysis of the α-anomer in a conformationally rigid model is faster than that

of the β-anomer (rate ratio 3/2) [46, 55]. The transition structure 64α for the exocyclic

C–O bond cleavage has a lower energy (4.58 kcal/mol) than the β-anomer, 64β
(6.84 kcal/mol); it has also slightly lower energy than the other competing endocyclic

C–O bond cleavage of the β-isomer (67β, 5.09 kcal/mol). The calculations also show

that there is a small energy difference (0.63 kcal/mol) between the conformers 68β
and 68α of the corresponding oxocarbenium ion 68. The relative energy difference of
these ions is increased in the corresponding transition structures 67β and 67α,
respectively (1.21 kcal/mol favoring 67β). During the endocyclic hydrolysis of

63β, the hydroxy-oxocarbenium ion 68β could undergo a rotation and recyclize via

conformer 68α to give the more stable anomer 63α. However, experimental results

show that the isomerization of the β-anomer into the α-anomer does not take place

concurrently with hydrolysis [56]. This suggests that either the exocyclic cleavage via

64β is much more favored entropically than the endocyclic cleavage via 63β or the

recyclization barrier is too high.

The experimental and theoretical studies of acid-catalyzed hydrolysis of various

conformationally rigid acetal models [44–46] such as 61 and 62 (Fig. 3.16) have

shown that it takes place via a late transition state.

From this study, Deslongchamps et al. [46] concluded that the α-glycosides
undergo hydrolysis in their ground-state chair-like conformation via an exocyclic

C–O bond cleavage while following the principle of kinetic stereoelectronic control

(proper orbital alignment). β-Glycosides can be however hydrolyzed either by an

exocyclic C–O bond cleavage via distorted twist-boat or sofa conformation or by an

endocyclic C–O bond cleavage in the ground-state chair-like conformation. While

van Eikeren [45] suggested an early transition state for the cleavage of equatorial

anomer with little C–O bond breakage and a late transition state for the cleavage of

axial anomer with more extensive C–O bond breakage, Deslongchamps et al. [46]

suggested that both cleavages take place via late transition states and with

stereoelectronic control whereby the cleavage of equatorial anomer takes place

somewhat earlier. The exocyclic cleavage is favored by entropy, and the endocyclic

cleavage might be disfavored because the resulting hydroxy-oxocarbenium ion (like

68β) might undergo a fast cyclization to give back the β-glycoside rather than

undergoing a reaction with water to produce the hydrolysis product. On that basis,
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the hydrolysis of β-glycosides can take place via both the exocyclic and endocyclic
pathways [57], the choice depending upon the specific structure of the substrate and

upon the reaction conditions (acid catalyzed or enzymatic [58]).

In hydrolyses that are carried out in water or in solvents containing water, it is

now generally accepted [59] that an oxocarbenium ion is too reactive to have a real

lifetime in the presence of a nucleophile such as water [60, 61].

Consequently, a glycopyranosidic bond cleavage very likely proceeds via a

transient [62] oxocarbenium-like transition state, with an sp2-hybridized geometry

at both the C1 and the O5 atoms, allowing thus a considerable double bond

character between the O5 and the C1 atoms and forcing the C5, O5, C1, and C2

atoms to assume a coplanar conformation. Hence, this process does not involve a

discrete carbocation in a first-order reaction but is borderline SN1–SN2 reaction. In

other words, the C1–OMe bond breaking is taking place simultaneously with the

C1–OH2 bond making (SN2-like) (Fig. 3.19).

In the late transition state, both α- and β-D-glycopyranosides have essentially the
same oxocarbenium ion with a CH3OH group at a long distance (�1.80 Å). In this

way, the CH3OH in α- or β-transition state will have small steric interactions with

the oxocarbenium ion. As a result, it is not surprising that ΔE between TSα and TSβ
is only about 0.7 kcal/mol (see Fig. 3.19).

The above rationalization is confirmed experimentally by the addition of meth-

anol in mild acid to enol ether 71 (Fig. 3.20). Under these kinetically controlled

conditions, a mixture of 74α and 75β was obtained in 76:24. This ratio corresponds

to the energy difference of 0.70 kcal/mol for the transition state favoring the

formation of 72α which is in complete agreement with the AM1 [46] and 6.31G

[47] calculation. This value is in agreement with that found by van Eikeren [45].

In addition, these calculations also show that the transition states are definitely late

transition states and resemble the geometry of the oxocarbenium ion.
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The primary 13C [63, 64], as well as secondary α-deuterium [65] isotope effects,

were consistent with this SN2-type itinerary. The conformation of oxocarbenium

ion requires the coplanarity of the C5, O5, C1, and C2 atoms of pyranoside ring, and

there are four possible conformations of transition state structure in which the C5,

O5, C1, and C2 will be coplanar (Fig. 3.21): the 4H3 (76), the
3H4 (77), the B2, 5

(78), and the 2, 5B (79) conformer. The route from reactant to the product via

transition state TS is called the substitution pathway.

By examining these TS geometries, Nerinckx et al. [59] have recently suggested

an explanation as to why there is such a small difference in energy between these

transition states and also as to why the rates of acid-catalyzed hydrolysis of α- and
β-D-glycopyranosides are so close.

According to antiperiplanar lone pair hypothesis (ALPH) pathway, the substi-

tution of β-equatorial glycopyranosides is preceded by a conformational change

from ground-state chair to a skew conformation in which the leaving group is in the

axial orientation and in antiperiplanar orientation with regard to the trans-lone
electron pair of the ring oxygen. This sp3 lone electron pair will hybridize at the TS

into 2pz orbital and thus allow the formation of the partial double bond toward the

anomeric carbon [47, 49, 66]. The reaction then proceeds through an ALPH-

compliant β‐skew ! 4H3�TS ! α�4C1 pathway (Fig. 3.22).
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In the case of α-axial D-glycopyranosidic bond substitutions, the leaving group

already has an ALPH-compliant orientation when the carbohydrate ring is in

the ground-state chair conformation. Thus, the α-glycosides must hydrolyze via their

ground-state conformation, as explicitly stated by Deslongchamps [47] (Fig. 3.23).

Thus, the energies of transition state intermediates for the hydrolysis of α- and
β-D-glycopyranosides 80 and 81 must be very close, as shown in Fig. 3.24.

It was established that both transition states are late and have essentially the

same oxocarbenium ion in which the MeOH is at the long distance from the C1

carbon (�1.80 Å). What happens is while the MeOH is leaving, the H2O is entering

(SN2-like reaction). But one should realize that TS energy is lowered by the fact that

at TS, there is a p-orbital on O5 that assists this SN2 reaction. Thus, the anomeric

effect still plays the same key role. In that case, the competing TS resemble 87 and

88 (Fig. 3.24) which again have to have very close energy.

3.5 Acetolysis of Glycosides

The cleavage of a glycosidic bond by acetolysis is an alternative method to

hydrolysis. Although both methods are acid-catalyzed, and presumably in the

case of glycopyranosides involve the formation of a cyclic oxocarbenium transition

state, they also have their differences. Thus, for example, the most important

difference is that the hydrolysis is always performed either in aqueous solutions

or in a solvent containing water, whereas the acetolysis is performed in nonaqueous
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solvents, typically acetic anhydride. In the case of acid-catalyzed hydrolysis, the

activation of glycosidic bond is effected by protonation of one of the two acetal

oxygens (glycosidic or the ring oxygen), whereas in acetolysis, the attacking

species is not (H+) but most likely the acetylium ion (Ac+) [67–70]. Acetolysis

can also be catalyzed by Lewis acids, such as ferric chloride (FeCl3) [71, 72].

A review on acetolysis has been published by Guthrie and McCarthy [73].

The study of the mechanism of acid-catalyzed hydrolysis of glycosidic bonds

failed to answer two very important questions: first, why are the β-anomers of D-

glycopyranosides (having the glycosidic oxygen equatorially oriented) hydrolyzed

ca. 2–3 times more rapidly than α-anomers (having the glycosidic oxygen oriented

axially) irrespective of the glycopyranoside structure, and second, why do the

configurations of hydroxyl groups of the pyranoid ring (e.g., D-gluco-, D-galacto-)

have very little or no influence upon the rates of hydrolysis of their glycosidic

bonds. The postulated mechanism also contradicts the importance of relative

basicities of ring and glycosidic oxygen in a glycopyranoside upon the rate of

hydrolysis of the corresponding glycoside and thus challenges the well-documented

concept of the anomeric effect. The one explanation for this “anomaly” could be

that perhaps the electronic effects that do exist in all glycopyranoside structures are

significantly “neutralized” in aqueous solution, or in solvents containing water, due

to hydrogen bonding between the sugar polar groups (hydroxyl groups and ring

oxygen) and water molecules. This assumption is supported by the fact that the

magnitude of the anomeric effect is solvent dependent [74–78]. Another possible

explanation could be that the energies of transition states for the hydrolysis of both

anomers are close but the ground-state energies are different due to the anomeric

effect whereby the α-anomer is more stable than the β-anomer. Since both transition

states are late, the β-anomer should reach the transition state easier and thus sooner

than α-anomer, because its ground-state energy is higher than ground-state energy

of the α-anomer (the α-anomer being more stable will reach the transition state

slightly later than β-anomer).

The observed behavior of glycosidic bonds toward acid-catalyzed hydrolysis is

contrary to what one would expect from the existence of the anomeric effect and

ALPH. Namely, it is known that due to the anomeric effect, the axially oriented

oxygen should have a higher basicity than the equatorial one, due to the mixing of

the axially oriented nonbonding electron pair of the ring oxygen with the antibond-

ing orbital of the C1–O1 bond. Consequently, the concentration of conjugate acid

resulting from protonation of the glycosidic oxygen should be higher in solutions of

glycopyranosides having the glycosidic oxygen axially oriented (α-D-anomers) than

in solutions of glycopyranosides having the glycosidic oxygen equatorially oriented

(β-D-anomers). As a result, α-D-glycopyranosides should be hydrolyzed more rap-

idly than β-D-glycopyranosides, which is opposite to what is observed.

The mechanism of acid-catalyzed cleavage of glycosidic bonds could be perhaps

better understood by studying the mechanism of acetolysis, since the acetolysis

is performed in the absence of water (most often in acetic anhydride), and thus,

the electronic effects that exist in each glycopyranoside structure will not be
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“neutralized” by the solvent, and their influence upon the reactivity of glycosidic

bond could be hopefully evaluated.

Dasgupta et al. [72] have studied the acetolysis of methyl α-D-glucopyranoside 89,
methyl 6-O-p-toluenesulfonyl-α-D-glucopyranoside 90, and methyl α-D-
galactopyranoside 91 in acetic anhydride at 60 �C using ferric chloride as a catalyst

(Fig. 3.25). Methyl α-D-glucopyranoside 89 gave only two products, α- and β-penta-
O-acetyl-D-glycopyranoses, whereas the acetolysis of methyl α-D-galactopyranoside
91 gave, under the same reaction conditons, gave five products, of which the two

major products were α- and β-penta-O-acetyl-D-galactopyranoses (92 and 93), the
next two products were α- and β-D-galactofuranose pentaacetates (94 and 95), and the
last product was the acyclic hepta-O-acetyl-aldehydo-D-galactose (96) (Fig. 3.26).
Furthermore, they observed that the acetolysis of methyl 6-O-p-toluenesulfonyl-α-D-
glucopyranoside 90 was, under the same reaction conditions, ca. 4 times slower than

the acetolysis of 89. The authors suggested two reaction mechanisms: one proceeding

via the formation of a cyclic oxocarbenium ion (the initial attack of the acetylium ion

taking place at the glycosidic oxygen) and the other via the formation of an acyclic

oxocarbenium ion (the initial attack of the acetylium ion taking place at the ring

oxygen). Both of these pathways are actually unsubstantiated.
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With a slightly modified experimental procedure, McPhail et al. [79] repeated

the study of Dasgupta et al. [72] on the acetolysis of methyl α- and β-D-glucopyr-
anosides. The discussion of reaction mechanism of acetolysis based on their

experiments is described in Fig. 3.27.

The site of anomeric activation in glycoside cleavage has been a subject of a

long-standing controversy [80–85]. Early experiments were supporting the view

that the activation occurs at the glycosidic oxygen (99), leading to the formation of

cyclic oxocarbenium ion 100 rather than at the ring oxygen (98) giving the acyclic

counterpart 101 (Fig. 3.27).

The question of activation site is directly related to the question of relative

basicities of glycosidic and the ring oxygen, which is, in turn, related to the

anomeric effect [49, 86]. MO rationalization of the anomeric effect invokes the

donation of axially oriented nonbonding pair of ring oxygen to the antibonding

orbital of the C1–O1 bond (n!σ* donation) (antiperiplanar orientation of these two
entities), thus making the glycosidic oxygen more basic than the ring oxygen and

hence the preferred site for the attack of an electrophile (Ac+) [87]. An ab initio
study of dimethoxymethane has provided support for this postulate by determining

the proton affinities for oxygens in a gauche and in an anti-orientation of methyl

group and one oxygen, as shown in Fig. 3.28. As indicated by broken lines, these

rotamers correspond to axial and equatorial glycosides, respectively, and as

observed by Lemieux [88], the nσ* donations in 102 are in competition. Accord-

ingly, Praly and Lemieux [89] found that for β-D-glycosides (103) the exo-anomeric

effect was stronger than in α-D-glycosides. In view of these differences in oxygen

basicities, a β-D-glycoside might be expected to be activated on the ring oxygen and

react via the formation of an acyclic oxocarbenium ion 105, whereas an α-D-
glycoside would be expected to be activated at both oxygens (glycosidic and the
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ring oxygen) and consequently react by formation of either a cyclic 104 or an

acyclic oxocarbenium ion 105 (Fig. 3.29).

Their conclusion is that α- and β-D-glucopyranosides react through different

mechanisms. From the fact that the ratio of the α- and β-D-glucopyranosyl acetates
is 4:1 in both cases, they concluded that the cyclic oxocarbenium ion is produced

from both anomers that is trapped by acetate anion. The acyclic oxocarbenium ion

is responsible for the formation of both acyclic heptaacetate and the penta-O-acetyl
furanose derivatives.

In their study of acetolysis of methyl α-D-glucopyranoside using modified

acetolysis medium (acetic anhydride, ferric chloride, and a small amount of con-

centrated sulfuric acid), McPhail et al. [79] found (by using gas chromatography and
1NMR spectroscopy) that peracetylated α- and β-D-glucopyranoses were obtained in
73 % and 18 % yield, the mixture of α- and β-D-glucofuranose pentaacetates was

obtained in 8 % yield, and the acyclic D-glucose heptaacetate was obtained only in

traces. For the β-D-glucopyranoside, the same four products were obtained but

in different amounts: peracetylated α- and β-D-glucopyranoses were obtained in

19 % and 5 % yield, the mixture of α- and β-D-glucofuranose pentaacetates

was obtained in 48 % yield, and the acyclic D-glucose heptaacetate was obtained

in 23 % yield.

From this, they concluded that contrary to what might be expected on the sole

consideration of oxygen basicities, it is the β-anomer, and not the α-anomer, that

gives rise to both cyclic and acyclic oxocarbenium ions and therefore, there are
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factors other than basicities of two acetal oxygens in glycosides that determine the

course of glycosidic bond cleavage.

The major objection to these studies is the choice of methyl α- and β-D-
glucopyranosides as substrates because the acetylation of free hydroxyl groups is

faster than acetolysis, and hence, their model compounds were actually the

peracetylated or partially acetylated methyl α- and β-D-glucopyranosides. The

presence of acetate at the C2 carbon will enormously complicate the acetolysis

reaction pathway since the acetate is known to be an excellent participating group

capable of altering the reaction pathway of activated glycosides as shown in

Fig. 3.30. Thus, the formation of both cyclic and acyclic oxocarbenium ion by

the activation of β-glycoside via the attack of acetylium ion either to the ring or to

the glycosidic oxygen will most likely be assisted by the C2 equatorial acetate via

neighboring group participation. Trans-diaxial orientation of acetylium-activated
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ring oxygen and the carbonyl oxygen of C2 acetate would favor the opening of the

pyranoside ring with the formation of 109 over the displacement of acetylium-

activated equatorially oriented glycosidic oxygen by the C2 acetate (106 ! 107).
Therefore, it can be expected that the β-glucopyranoside would prefer a pathway

that would involve the formation of acyclic oxocarbenium ion transition state.

In the case of α-D-glucopyranoside, the displacement of acetylium-activated ring

oxygen or the acetylium-activated glycosidic oxygen by C2 acetate via neighboring

group participation is not possible due to stereochemical reasons. So the only role of

the C2 acetate in the acetolysis of α-D-glucopyranosides would be to stabilize the

cyclic oxocarbenium ion.

The results reported in this study are consistent with this interpretation: the

predominant products of acetolysis of methyl α-D-glucopyranoside is a 4:1 mixture

of penta-O-acetyl-α- and β-D-glucopyranoses (91 %) with only 8 % of penta-O-
acetyl-D-glucofuranose and traces of acyclic heptaacetate. The acetolysis of methyl

β-D-glucopyranoside gave a 4:1 mixture of penta-O-acetyl-α- and β-D-
glucopyranoses in only 24 %, whereas the penta-O-acetyl-D-glucofuranose and

the acyclic heptaacetate were obtained in 48 % and 23 %, respectively. The 4:1

ratio of penta-O-acetyl-α- and β-D-glucopyranose obtained by acetolysis of both

methyl α- and β-D-glycopyranoside is due to the anomerization of the reaction

mixture after the acetolysis since, the authors modified the FeCl3–Ac2O original

reagent of Dasgupta [72] by adding a small amount of sulfuric acid to speed up the

reaction.

In 1983, Miljkovic et al. [90, 91] studied the acetolysis of permethylated methyl

α- and β-D-gluco-(111 and 112), methyl α- and β-D-galacto-(113 and 114), and
methyl α- and β-D-mannopyranosides (115 and 116) (Fig. 3.31) in acetic anhydride
solution at 75 �C containing 3.33 % of methanesulfonic acid. Since the C2 substit-

uent in these glycopyranosides was a nonparticipating methoxy group, the

acetolyses of permethylated methyl glycopyranosides of glucose, galactose, and

mannose were very clean reactions, giving, in addition to the starting material, a

mixture of α- and β-1-acetates as the only products. In all kinetic measurements, the

progress of acetolysis was monitored by a change of relative concentration of
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starting material, using HPLC and C18 column. The kinetic data are presented in

Table 3.10.

From Table 3.10, it can be seen that the α-anomers of permethylated methyl

D-gluco- and D-galactopyranosides are acetolyzed considerably faster than the

corresponding β-anomers (15.58 and 44.17 times, respectively) which is in contra-

diction with the results obtained for the acid-catalyzed hydrolysis of these two

compounds where β-anomers are hydrolyzed ca. 1.9 times more rapidly than the

α-anomer. The second observation is that permethylated methyl α- and β-D-
galactopyranosides 113 and 114 are acetolyzed much faster than permethylated

methyl α- and β-D-glucopyranosides 111 and 112 (α � gal/α � glc � 20 and β �
gal/β � glc � 7). The permethylated methyl β-D-mannopyranoside 116 is, how-

ever, acetolyzed 2.83 times faster than the α-anomer 115 (Fig. 3.31). It is reasonable
to assume that stereoelectronic interactions that are characteristic for a given alkyl-

or aryl glycopyranoside structure must play an important role in determining the

overall chemical behavior of its glycosidic bond. In protic and polar solvents (e.g.,

in water), these electronic interactions must be “neutralized” by intermolecular

interactions with solvent dipoles (solvation), whereas in aprotic solvents, particu-

larly those having a relatively low dielectric constant (e.g., acetic anhydride

ε ¼ 20.7, as opposed to water ε ¼ 84.2), the intramolecular electronic interactions

must be fully operative and could be expected to influence the chemical behavior of

the anomeric carbon of a glycopyranoside. The basicity of the glycosidic oxygen,

which is directly related to the anomeric effect, in nonpolar solvents with low

dielectric constant can be expected to be higher than in polar protic solvents

[91–93], and consequently, the difference in relative basicities between the ring

and glycosidic oxygen could be expected to be considerably larger. Thus, the attack

of acetylium cation could be expected to occur at the glycosidic rather than at the

ring oxygen of a glycopyranoside. This activation will be then followed by forma-

tion of the oxocarbenium ion that will, in the presence of acetate anion, give a

mixture of α- and β-1-acetates. Due to the presence of methanesulfonic acid in

acetolyzing solution, the anomerization of 1-acetates will take place until the

equilibrium is reached (α : β ratio � 3 : 1, except for the mannose). This rationale

is supported by findings that an acetic anhydride solution of D-glucose pentaacetate

contains, after equilibration with sulfuric acid, approximately 87 % of the α-anomer

Table 3.10 Kinetic data for acetolysis of permethylated methyl glycopyranosides of D-glucose,

D-galactose, and D-mannose (111–116) with acetic anhydride-methanesulfonic acid (30:1 v/v) at

75 �C

Sugar 103k1, s
�1 103 � standard deviation α/β ratio of 1-acetates

α-D-gluco 1.87 0.0734 3.17

β-D-gluco 0.12 0.00462 3.36

α-D-galacto 37.10 1.43 2.97

β-D-galacto 0.84 0.0709 3.22

α-D-manno 1.08 0.0456 Only α-acetate
β-D-manno 3.06 0.0631 Only α-acetate
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and 13 % of the β-anomer (α : β ratio � 6.7), whereas in aqueous solution of D-

glucose, there is 36 % of α-anomer and 64 % of β-anomer (β : α ratio � 1.78). It is

clear that the magnitude of anomeric effect that favors the α-anomer in the

anomeric mixture is decreased in water.

The observed higher acetolysis rate of permethylated methyl β-D-
mannopyranoside as compared to the α-anomer (β:α ratio 2.83) may seem to

contradict the above explanation. However, there may be other reasons for such a

behavior. First, it could be the much higher ground-state energy of the β-anomer as

compared to α-anomer due to unfavorable electrostatic interactions of the axially

orientated C2 methoxy group with the C1–OMe and C1–O5 dipoles (Δ2 effect) and
due to unfavorable torsional strain between the ring, glycosidic, and C2 oxygens.

Second, the nσ* orbital mixing in permethylated methyl-α-D-mannopyranoside

could be expected to be less favored because this orbital mixing forces the flattening

of the pyranoside ring and that will, in the case of mannopyranoside, result in

increased torsional strain between the C2 and the C3 methoxy groups.

In order to understand why permethylated methyl α- and β-D-galactopyranosides
acetolyzed 20 and 7 times more rapidly than the corresponding D-gluco derivatives,

the rates of acetolysis of methyl 4-O-methyl- (106), 4-O-acetyl- (110), and

4-deoxy-4-acetamido-2,3,6-tri-O-methyl-α-D-galacto- (111) and the corresponding
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Table 3.11 Kinetic data for the acetolysis of methyl 4-O-methyl, 4-O-acetyl-, and 4-acetamido-

4-deoxy derivatives of methyl 2,3,6-tri-O-methyl-α-D-galacto- (106, 110, and 111, respectively)
and α-D-glucopyranosides (105, 112, 113, respectively)

Sugar 103k (s�1)

Methyl 2,3,4,6-tetra-O-methyl-α-D-galactopyranoside (106) 22.18

25.79

Methyl 4-O-acetyl-2,3,6-tri-O-methyl-α-D-galactopyranoside (110) 2.44

2.39

Methyl 4-acetamido-4-deoxy-2,3,6-tri-O-methyl-α-D-galactopyranoside (111) 0.44

0.50

Methyl 2,3,4,6-tetra-O-methyl-α-D-glucopyranoside (105) 1.67

1.63

Methyl 4-O-acetyl-2,3,6-tri-O-methyl-α-D-glucopyranoside (112) 0.63

0.61

Methyl 4-acetamido-4-deoxy-2,3,6-tri-O-methyl-α-D-glucopyranoside (113) 0.56

0.47
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α-D-glucopyranosides (105, 112, 113) were compared (Fig. 3.32), and the results

are given in Table 3.11 [91].

The data in Table 3.11 suggest that for 4-X-derivatives of methyl 4-X-2,3,6-tri-
O-methyl-α-D-galactopyranoside the increase in electronegativity of the C4 sub-

stituent results in the increase of the rate of acetolysis. Thus, the 4-O-methyl

derivative acetolyzes ca. 10 times faster than the 4-O-acetyl derivative, and the

4-O-acetyl derivative acetolyzes ca. 5 times faster than the 4-acetamido derivative.

When the C4 substituent is equatorial, as is the case in the D-glucopyranoside series,

the influence of change in electronegativity of the C4 substituent on acetolysis rates

is much smaller. Thus, the 4-O-methyl derivative acetolyzes only 2.9 and 3.3 times

faster than 4-O-acetyl- and 4-O-acetamido-derivatives, respectively. In the D-gluco

series, the dependence of acetolysis rates upon the electronegativity of the C4

substituent can only be explained as a “through-bond” electronic interaction (induc-

tive effect) with the ring oxygen, which is apparently rather small. However, in the

D-galacto series, the very large influence of electronegativity of the axially oriented

C4 substituent on the acetolysis rate cannot be ascribed to this small through-bond

interaction. The only possible explanation for the unusually large kinetic effect

observed in the D-galacto series is a strong through-space electron donation of the

axially oriented electronegative substituent at the C4 carbon to the oxocarbenium

ion under formation. This effect, which is destabilizing in the neutral

galactopyranoside due to electrostatic repulsion (114), becomes stabilizing as the

oxocarbenium ion appears (115, 116) (Fig. 3.33).
The ab initio calculations at the 6-31G* level of theory fully supported the above

conclusions [91].

Calculations were conducted on model oxocarbenium ions corresponding to

D-gluco- and D-galacto series (117–122) (Fig. 3.34) and olefin analogs (123–128)
stereochemically identical to oxocarbenium models of these two series. Finally, the

4-substituted 2-alkoxytetrahydropyrans (129–134) were used to calculate the

difference in ground-state energy of 4-axially substituted and 4-equatorially

substituted tetrahydropyrans. When considering only the low-energy conformers

of acetals 129–134, it was found that the compound in which the C4 methoxy group

is equatorially oriented (130) is 0.88 kcal/mol more stable than the compound 129
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having the C4 methoxy group axial. This trend is reversed for the C4 acetamido

derivatives: axial isomer 133 is now more stable, by 0.55 kcal/mol, than the

equatorial isomer 130. The C4 acetates fall between these two extremes since the

axial and equatorial acetates (131 and 132, respectively) are almost equally stable.

These observations are in complete agreement with the idea of repulsion between

an electron-rich C4 axial substituent and the axially oriented sp3-hybridized lone

pair of electrons on the ring oxygen. In the case of acetamido acetal, there exists an

electronic attraction between the axially oriented sp3-hybridized lone pair of

O
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electrons on the ring oxygen and the axially oriented C4 acetamido nitrogen since

the axial isomer is preferred. The most likely reason for this is that the nitrogen

atom has a partial positive charge due to donation of its nonbonding pair of

electrons to the carbonyl oxygen of the acetamido group through delocalization

involving carbonyl carbon and carbonyl oxygen. While the electronic interactions

are rather small in neutral acetals, they are much more significant in corresponding

oxocarbenium ions which are both geometrically and energetically very similar to

the acetolysis transition structures. Thus, the oxocarbenium ion having the C4

methoxy group axially oriented (117) was found to be 4.06 kcal/mol more stable

than the oxocarbenium ion with the C4 methoxy group equatorially oriented (118).
The same electronic interaction can be seen in the oxocarbenium ion having the C4

acetoxy group axially oriented (119); however, it is somewhat smaller: the axial

isomer is now favored by 2.89 kcal/mol over the equatorial isomer (120). In the case
of acetamido derivatives, this interaction seems to no longer exist. Thus, the

oxocarbenium ions having the C4 acetamido group axially or equatorially oriented

(121 and 122, respectively) have very similar energies: the axial isomer, however,

is again favored but only by 0.20 kcal/mol. It is interesting that while the nitrogen

atom is sp2 hybridized in all acetamido compounds (121, 122, 127, 128, 133, 134)
as expected, in two rotamers around the C4–X bond of oxocarbenium ions 121 in

which the C4 acetamido group is axially oriented, the nitrogen atom exhibits a high

degree of sp3 hybridization and the nitrogen lone pair of electrons points toward the

oxocarbenium ion.
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Chapter 4

Conformations and Chemistry
of Oxocarbenium Ion

While the conformational analysis of stable compounds has been studied in detail,

determining the conformational preferences of reactive intermediates is much more

difficult. For example, knowledge of the three-dimensional structures of cyclic

oxocarbenium ions is very important for understanding both uncatalyzed and

enzymatic reactions of carbohydrates involving the anomeric carbon, since these

reactions often involve oxocarbenium ion intermediates [1–5]. Since the charged

intermediates are generally much too reactive, it is impossible to directly observe

oxocarbenium ions, particularly in aqueous environments [6, 7].

Theoretical studies of oxocarbenium ions suggested that electrostatic effects

control the conformational preferences of these reactive intermediates [8–11]. Com-

putational studies of carbohydrate-derived oxocarbenium ions revealed that methyl

substituents favor equatorial positions in oxocarbenium ions, while hydroxyl

groups prefer axial orientation particularly at certain positions (Fig. 4.1)

[8]. These conclusions were reinforced by ab initio calculations (RHF/6-31G**)

on C4 alkoxy-substituted oxocarbenium ions [11]. The authors conclude that the

through-space electrostatic effect [12, 13], not anchimeric assistance, stabilizes the

axial conformation 1 (X ¼ OMe) by about 4 kcal/mol relative to the equatorial

conformer 2 (Fig. 4.1) [11]. It is important to note that although oxocarbenium ions

are typically drawn with a formal positive charge on the oxygen atom (as shown in

Fig. 4.1), it is the anomeric carbon atom that bears positive charge and not the ring

oxygen atom [12, 13].

Consideration of the preference for alkoxy groups to adopt axial conformers at

certain positions, as shown in Fig. 4.1, explains the relative rates of monosaccharide

hydrolysis [8, 11]. For example, the reactivity pattern exhibited by methyl pyran-

osides 3–5 (Fig. 4.2) showed a trend that the more axial hydroxyl groups are present

in the acetal, the faster the rate of hydrolysis (Fig. 4.2) [14, 15].

Since the transition state structures of exocyclic C–O bond cleavage resemble

the oxocarbenium ion intermediates, favorable interactions that stabilize the

charged intermediates would facilitate hydrolysis [16]. The pyranoside 5 bearing

axial substituents at the C3 and C4 carbons reacted at the highest rate via an

M. Miljkovic, Electrostatic and Stereoelectronic Effects in Carbohydrate Chemistry,
DOI 10.1007/978-1-4614-8268-0_4, © Springer Science+Business Media New York 2014
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oxocarbenium ion 6 stabilized by two partially negatively charged oxygen atoms

positioned near the positively charged carbon atom of oxocarbenium ion [12, 13].

Chamberland et al. [17] provided unambiguous evidence for the preferred axial

orientation of a partially negatively charged substituent in an oxygen-substituted

carbocation. The isolable but unstable benzyloxy-substituted cation 8 was prepared
by ethylation of the corresponding lactone 7 (Fig. 4.3) [18]. 1H-NMR spectrum of

dioxocarbenium ion 8 revealed that Hb exhibited a splitting pattern characteristic

of an equatorial proton, suggesting that the C4 alkoxy substituent preferred the axial

orientation in solution (Fig. 4.3). An X-ray crystal structure of cation 8 confirmed

that the low-energy ground-state conformer orients the alkoxy substituent proximal

to the electron-deficient carbon. The distance between the C4 oxygen and the

cationic carbon (3.301Å) is consistent with a through-space Coulombic interaction,

excluding stabilization from covalent bond formation between the two charged

atoms [19].

When the corresponding alkyl-substituted cation was prepared, the alkyl group

was equatorially orientated both in solution and in the solid state.

The strong preference for an alkoxy substituent to reside in the axial position

(Figs. 4.1 and 4.3) can be utilized to control the conformation of oxocarbenium
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ions, so that carbon-carbon bonds can be formed in a contrasteric manner.

Nucleophilic substitution of acetate 9 (X ¼ OBn) in the presence of a Lewis acid

afforded the 1,4-trans product 10 with high diastereoselectivity (Fig. 4.4)

[19, 20]. Similar selectivities have been observed with vinyl oxocarbenium ion

[21, 22].

“Control experiments indicate that these reactions proceed via free

oxocarbenium ions and not contact ion pairs [23]. This trans-selective outcome

can be understood by considering that the alkoxy-substituted oxocarbenium ion

favors the axial conformer 12, in accord with the structure 17 of the dioxocarbenium
ion 8 (Fig. 4.3). The product selectivity is in accord with computational predictions

(Fig. 4.1) [8, 11].” Nucleophilic addition to the lower energy conformer 12 (Fig. 4.4)
through the stereoelectronically preferred chair-like transition structure leads to the

observed trans product [24–26]. The reaction of the corresponding alkyl-substituted
acetate 11 (X ¼ Me) in the presence of a Lewis acid afforded 1,4-cis product 10,
consistent with an equatorial preference for the substituent at C4 (viz. 11) followed
by the stereoelectronically controlled nucleophilic addition [23, 24, 26].
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The examination of halogen-substituted C4 analogs confirmed that stabilization

of the C1 center does not occur through anchimeric assistance but rather is more

consistent with a through-space electrostatic stabilization (Fig. 4.5). The trans-
selectivity of substitution decreased as the halogen atom became less electronega-

tive (F > Cl > Br > I, Fig. 4.5). If the high trans-selectivities were attributable to
anchimeric assistance through formation of a bond as shown in 13 (Fig. 4.5), the

iodine substituent should lead to the highest trans-selectivity. Instead, the iodinated
acetate 9 (X ¼ I) provided mostly the cis product cis-10, similar to the outcome for

the alkyl-substituted substrate 9 (X ¼ Me, Fig. 4.4). This outcome requires the

iodine to favor an equatorial position in the oxocarbenium ion. The highly selective

reaction of the fluorinated substrate 9 (X ¼ F) suggests that the conformational

preference for the halogen atom is caused by electrostatic effects holding the

electronegative atom closer to the oxocarbenium ion (as in 12). The more nega-

tively charged the halogen atom, the greater the preference for the axial orientation.

Conformational control through electrostatic stabilization is also observed with

an alkoxy substituent at the C3 carbon of a six-membered ring oxocarbenium ion

intermediate. In contrast to the trans product obtained with an alkyl substituent,

nucleophilic addition to 14 (X ¼ OBn, Fig. 4.6) in the presence of a Lewis acid

afforded the contrasteric 1,3-cis product: cis-15 (Fig. 4.6). The cis product arises
from addition of the nucleophile to the pseudoaxial conformer 16, which would be

favored for X ¼ OBn [8]. The high selectivity for the contrasteric cis product

indicates that the electrostatic stabilization compensates for the development of

steric interactions between C3 alkoxy substituents and the approaching nucleophile

in the chair-like transition structure [27]. Without the electrostatic stabilization,

substituents at the C3 carbon reside in pseudoequatorial orientation of the

oxocarbenium ion 17 to give the sterically preferred 1,4-trans product trans-15.
The conformational preferences exerted by a single alkoxy substituent are found

also in systems with several alkoxy groups [28]. In their studies of carbohydrate
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oxocarbenium ions that served as models for enzyme inhibitors [29], Lucero and

Woerpel [28] treated the pentose acetal 18 with allyltrimethylsilane in the presence

of a Lewis acid to provide the product 19 with high diastereoselectivity (Fig. 4.7)

[28]. This stereochemical outcome can be analyzed by considering that the

oxocarbenium cation prefers the conformation 20, where the alkoxy groups at C2,

C3, and C4 are all in their favored orientations [8, 19, 20].

Analyzing the reactions involving highly oxygenated five-membered ring

oxocarbenium ions added another level of complexity. For example, analyzing

the C-glycosylation reactions of ribose derivatives (Fig. 4.7) [30] required not
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only understanding of the conformational preferences of the intermediate

carbocations, but also the preferred direction of nucleophilic attack. The reason

for this is that in the half-chair conformation shown in Fig. 4.7, both H3 and

the H4 benzyloxy groups are oriented axially, thus maximally stabilizing the

oxocarbenium ion while impeding the approach of the negatively charged nucleo-

phile which is to react with the carbocation C1, since it is subjected to electrostatic

and steric interaction with the electronegative benzyloxy groups. A reliable, pre-

dictive stereochemical model would be necessary to analyze which face of the

cation would be attacked. Unfortunately, a few systematic studies of stereoselective

reactions of five-membered ring oxocarbenium ions were available [31–33] and it

was not clear how to adapt the available models to analyze the selectivity shown in

Fig. 4.8. This topic will be addressed at the end of this chapter.

Knowledge of the three-dimensional structures, relative energies, and reactiv-

ities of oxocarbenium ions would make it much easier to design selective glyco-

sylation reactions [34–39].

In addition, the understanding of conformational preferences of oxocarbenium

ions would have an impact on glycobiology and medicinal chemistry. Enzymes that

catalyze glycosyl transfer, which can operate by stabilizing transition states with

substantial oxocarbenium ion character [1, 40–46], have emerged as potential

targets for the treatment of influenza [47, 48], diabetes [49, 50], and cancer

[51]. Although transition state analogs of glycosyl transfer have been identified

[52–54] and many inhibitors of glycosidases have been developed [55–60], the

three-dimensional structures of carbohydrate-derived oxocarbenium ions are not

very well understood, and only recently have computational studies of these struc-

tures emerged [10, 45, 46, 61, 62]. A better understanding of the three-dimensional

structures of these cations would clarify the roles of these intermediates and

transition states and facilitate the design of therapeutic glycosidase inhibitors [10,

46, 63, 64].

Studies of Woerpel et al. of conformational preferences of oxocarbenium ions

revealed that electronic effects exert strong influences on the conformational

preferences of these cations. For reactions involving C3 and C4 alkoxy-substituted

tetrahydropyran cations, the pseudoaxial conformations of the oxocarbenium ion

intermediates 23 and 24 (Fig. 4.9) were consistent with the formation of the

1,4-trans- and the 1,3-cis products, respectively (Fig. 4.9) [19, 20]. The pseudoaxial
conformations of the oxocarbenium ions are favored because they are stabilized by

electrostatic interactions between the positively charged atoms of the cations and

the partially negatively charged substituents [8, 11, 19, 20, 65]. The results with
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substrates bearing an alkoxy group at C2 revealed that although electrostatic effects

are similar between the pseudoaxial and pseudoequatorial conformers [In the

pseudoaxial and pseudoequatorial conformers, the position of the C2 substituent

changes through a C2–C1 bond rotation. Consequently, the distance between the C2

oxygen atom and the cationic C1 carbon atom should remain essentially the same.]

Previous calculation showed that the distance between the C2 oxygen atom and the

C1 carbon atom is 2.30 Å when the substituent is axial and 2.33 Å when the

substituent is equatorial [8]; the pseudoequatorial conformation 25 is stabilized

by hyperconjugation from the C2 carbon-hydrogen bond [66].

Knowledge of the contributions of individual substituents to the conformational

preferences of oxocarbenium ions, however, is not sufficient to predict the reactiv-

ities of highly substituted systems such as those formed from carbohydrates.

[Other intermediates, aside from discrete oxocarbenium ions, could also lead to

the nucleophilic substitution products. For an example involving ion-pair interme-

diate, see Crich et al. [15].] For the type of substrates presented in this work, neither

the Lewis acid nor the solvent has significant influence upon product distribution as

described in Ref. [19]. For instance, although the influences of the C2, C3, and C4

substituents on the mannopyranosyl cation should reinforce each other to favor

β-product, α-selectivity was observed upon allylation of the mannosyl phosphate 29
(Fig. 4.10) [Allylation of mannosyl phosphate 29 has been shown to be highly

α-selective with Me3SiOTf [67]. C-Mannosylation reactions are generally

α-selective [68–76]. α-Selectivity was also observed with acetate-protected
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Fig. 4.9 Preferred conformations of the oxocarbenium ioon intermediates in nucleophilic substi-

tution reaction of monosubstituted tetrahydrophyran oxocarbenium ions
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mannose derivatives in which the protecting group could be involved in selectivity

[77–80]. Allylation of mannosyl phosphate with no selectivity has also been

reported [81].]

This observation could be the result of a change in the conformational equilibria

of the oxocarbenium ion such that the cationic intermediate now prefers the

conformation 30 with the C3, C4, and C5 substituents in the equatorial orientation

(Fig. 4.11) to avoid 1, 3-diaxial interaction between the C3 and C5 substituents.

Alternatively, the reversal in facial selectivity could be the result of Curtin-

Hammett scenario [82, 83] where the product distribution was dictated by the

relative reactivities of the low-energy conformers. In this case, nucleophilic addi-

tion would occur via the higher energy conformer 32, given that the kinetic barriers
to the stereoelectronically disfavored twist transition states were too high in energy

and that the lower energy conformer 31 was too sterically congested to react.

Although the selectivities exhibited by multiply substituted cations suggested that

the observation shown in Fig. 4.11 was the result of reaction through intermediate

32 [84], the additional evidence to confirm this hypothesis was required.

Although oxocarbenium ions are too reactive [6] to be observed in many cases

(alkyl oxocarbenium ions have previously been characterized by various means as

superacidic solutions [85–87], electrochemical oxidation [88–90]), the related

SiMe3
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dioxocarbenium ions [91, 92] serve as isolable structural homologs, with confor-

mational preferences that are also sensitive to electronic effects [17]. From the

comparison of the 1H-NMR coupling constants of dioxocarbenium ions with those

predicted by computational methods, there were established conformational pref-

erences of both monosubstituted and multiply substituted dioxocarbenium ions with

structures related to glycosyl cations [93]. In the absence of severe steric interac-

tions, electrostatic forces dictate the conformational preferences of dioxocarbenium

ions. This conclusion underscores the importance of considering electrostatic

influence as well as steric effects when predicting conformational preferences in

structurally flexible molecules.

To study the conformational equilibria of the mannosyl oxocarbenium ion in

solution, Yang and Woerpel [93] prepared a series of monosubstituted and multiply

substituted tetrahydropyran dioxocarbenium ions and analyzed their conforma-

tional preferences. This approach was employed successfully for determining that

the C4 alkoxy-substituted dioxocarbenium ion preferred the pseudoaxial

conformation [17].

Yang and Woerpel [93] prepared a series of lactones which were then converted

into dioxocarbenium ions by alkylation with Meerwein salts [91, 92].

Studies of the simplified dioxocarbenium ions such as monosubstituted systems

indicated that correlation of spectroscopic data with theoretical calculations could

identify low-energy conformers. Spectroscopic studies of the C3 alkoxy-substituted

dioxocarbenium ion 34 (Fig. 4.12) confirmed the earlier proposal [19] that the

3-alkoxy group in 3-alkoxy oxocarbenium ion adopts a pseudoaxial orientation.

The dioxocarbenium ion 34 (Fig. 4.12) was synthesized by alkylation of lactone 33.
It was found that it is not very stable at room temperature (it decomposes over 5 h)

but it could be spectroscopically analyzed at 0� C. The small magnitude of the

vicinal (3J) coupling constants of the hydrogen at C3 suggested that the alkoxy

group was oriented pseudoaxially. This observation is consistent with the compu-

tational studies (B3LYP/6-31G*) of the corresponding methyl derivative, which

showed that the pseudoaxial conformer 35-ax is favored by 1.4 kcal/mol over the

equatorial conformer 35-eq (Fig. 4.13).

The coupling constants for the computationally preferred conformer 35-ax are in
agreement with experimental J-values (Fig. 4.14) and with the observed stereose-

lectivities of additions to the corresponding oxocarbenium ion [19]. The preference

for the pseudoaxial conformer 35-ax was again attributed to electrostatic attraction

Et3OSbCl6

SbCl6
O O

OBn OBn

OEtO
⊕

33 34

Fig. 4.12
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between the positively charged oxygen atom of the dioxocarbenium ion and the

partially negatively charged oxygen atom of the alkoxy group, in agreement

with the earlier studies on the C4 benzyloxy-substituted dioxocarbenium ions [17,

19, 20].

The influence of an alkoxymethyl group at C5 of a carbohydrate-derived

oxocarbenium ion is more complicated than the influence of an alkoxy group at

either C3 or C4. In addition to the ability to adopt either a pseudoaxial or a

pseudoequatorial orientation, the substituent has additional conformational flexi-

bility about the exocyclic C5–C6 bond, as illustrated in cation 37 (Fig. 4.15).

This exocyclic dihedral angle can significantly influence the reactivity of

carbohydrates [94].

Computational studies on monosubstituted dioxocarbenium ion 37 (X ¼ OEt)

indicated that the conformational distribution could not be simply explained by

invoking steric effects. Although the pseudoequatorial half-chair conformer 38
(which is in the 4H3 conformation) would minimize steric interactions, it was not

the lowest energy structure (Fig. 4.16). Despite incurring two gauche interactions,

conformers 36 and 37 remained approximately isoenergetic with conformer 38
[conformers 36–38 are considered to be isoenergetic because errors associated with

MeO

O

MeO MeO

MeO

O

3

Erel = 0 kcal/mol Erel = + 1.4 kcal/mol
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⊕
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the B3LYP method can approach 1 kcal/mol [95, 96]]. The relative energies of the

low-energy structures 36 and 37 are consistent with the proposal that electrostatic

effects stabilize these cations in spite of the presence of some steric interactions

[8, 11, 19, 65]. The decrease in distance between the electronegative oxygen

substituent at C5 and the carbocationic carbon C1 compensated for the steric

penalties associated with additional gauche interactions.

The computational predictions illustrated in Fig. 4.16 are consistent with the

NMR coupling constant data obtained for dioxocarbenium ion 37 (X ¼ OEt). The

comparison of experimentally determined and calculated coupling constants for

conformers 38–40 showed good correlation between the theoretical and experi-

mental values. The experimental J-values for conformer 38, where the

dioxocarbenium ion adopted a half-chair conformation (4H3) with the electroneg-

ative 5-alkoxymethyl group oriented toward the positive charge, agreed most

closely with the predicted coupling constants. The substantial deviation between

the experimentally determined JH5,H60 value and that calculated for cation 40
indicates that the alkoxymethyl substituent does not adopt this orientation. This

discrepancy can be rationalized by considering the expected magnitude of 3JH5,H6
and 3JH5,H60 based on Karplus equation (Fig. 4.17). Both gt and tg rotamers would

have one large and one small J-value, while two small coupling constants would be

expected for the gg rotamer. The experimental vicinal coupling constants of 4.1 and

2.8 Hz are consistent with a gg conformation as found in both 38 (4H3) and 39 (
1C4)

(Fig. 4.16). The small energy differences between conformers 38 and 39 suggest the

O

BnO

X

5

X = H, OEt

6

37

⊕Fig. 4.15
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presence of all three conformers in solution. Statistically relevant averaged cou-

pling constants were determined from a weighted average of their populations

(based upon their calculated relative energies).

The conclusion from spectroscopic evidence that dioxocarbenium ion with an

alkoxymethyl group at C5 adopts a pseudoequatorial conformation is consistent

with reactivity of the related oxocarbenium ion. Lewis acid-catalyzed nucleophilic

substitution of acetate 45 afforded the 1,5-trans product 46 with high diastereos-

electivity (Fig. 4.18). This result is inconsistent with the product ratio (70:30)

previously reported for this reaction [84] (Fig. 4.18). In that paper, a minor product

observed in the unpurified reaction mixture was assumed to be a diastereomer of 46.
It was later found that the minor product formed in the reaction mixture is not the

cis isomer. This result can be explained by stereoelectronically controlled addition

to the half-chair conformer analogous to 38 (or even 40) in which the alkoxymethyl
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substituent adopts a pseudoequatorial orientation. Nucleophilic addition to the

oxocarbenium ion analogous to 39 might give similar selectivity because the

alkoxymethyl substituent would hinder approach of the nucleophile to the top face.

The importance of the exocyclic electrostatic effect of the C5 alkoxymethyl-

substituted dioxocarbenium ion 37 (Fig. 4.15) was demonstrated by results for the

trans-4, 5-disubstituted dioxocarbenium ion 48 (Fig. 4.19). Computational studies

suggested that the dioxocarbenium ion strongly favored the diaxial half-chair

conformer 54 (a 3H4 conformer) over other possible conformers (Fig. 4.20). The

preference for this diaxial conformation demonstrates that the powerful electro-

static effect of the C4 alkoxy group can overwhelm the steric preference of the C5

substituent to reside pseudoequatorially (vide supra). As with the C5 alkoxymethyl-

substituted dioxocarbenium ion 42, the exocyclic alkoxymethyl group of 46
(Fig. 4.18) assumes a gauche orientation to maximize electrostatic interactions
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between the C6 alkoxy group and the cationic carbon atom (as depicted by

conformer 46, Fig. 4.18). Consistent with this argument, conformers 48, 49, and
51, which are stabilized by only one electrostatic interaction, are considerably

higher in energy. Although both conformers 47 and 51 have the proper alignment

for a σ C6-H to σ* C5+ donation, a 2.7 kcal/mol difference in their energy suggests

that the stabilization is electrostatic rather than hyperconjugative in nature. Without

electrostatic benefits, the diequatorial conformer 50 (4H3) is predicted to be higher

in energy than the diaxial conformer 47 (3H4).

In accordance with the calculated energy differences of the low-energy con-

formers, experimental coupling constants confirmed that the diaxial conformation

49 is the predominant species in solution. The fact that all 3JH,H coupling constants

could be obtained for this molecule permitted a thorough analysis of its conforma-

tional preferences. The experimental coupling constants are in good agreement for

most of the values expected for a 3H4 half-chair conformation (49, 51, and 53), but
they corresponded poorly with the 4H3 half-chair conformers (50 and 52). The
diaxial orientation of the 4, 5-disubstituted dioxocarbenium ion was further sub-

stantiated by the observed 1.5 HzW-coupling between the hydrogen atom at C5 and

the equatorial hydrogen atom at C3. This coupling is only possible when the C5

substituent is pseudoaxial. The two half-chair conformers 49 and 51 can be distin-

guished by examination of the JH5,H60 region. The preference for conformer 49, with
gauche orientations of the hydrogen at C5 to both hydrogens at C6, indicates that

the alkoxy group at C6 must be positioned over the ring of the cation, presumably to

maximize electrostatic stabilization.

The discrepancy between the conformational preference of the dioxocarbenium

ion 48 (Fig. 4.19) and the selectivity of the reaction of the analogous oxocarbenium
ion derived from 52 could be explained with the Curtin-Hammett principle [82,

83]. Although it might be expected that nucleophilic substitution of acetate 52 via

its oxocarbenium ion would occur with β-selectivity through a conformer resem-

bling 49, α-selectivity was observed in this reaction (Fig. 4.21). Because intercon-

version among the different conformers is fast relative to the rate of nucleophilic

addition [8], the major product would rise from the conformer with the lowest

transition state [82, 83]. Reaction through the diaxial half-chair conformers analo-

gous to 49, 51, and 53 would involve higher energy transition states due to

O O
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CH2OBn CH2OBn
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54 55
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developing 1, 3-diaxial interactions. Therefore, the product likely resulted from

α-attack of the 4H3 diequatorial conformers (50 or 52).
Examination of the conformational bias of the dioxocarbenium ion 57 derived

from 2-deoxy-D-mannolactone 56 (Fig. 4.22) [this lactone may be considered to be

2-deoxy-D-gluconolactone also, because mannose and glucose differ only in the

configuration at C2] revealed the limits of the electronic stabilization by an exocy-

clic alkoxy group. The lowest energy conformer identified by density functional

methods (B3LYP/6-31G*) was the 3H4 conformer 58 (Fig. 4.23). The 3H4 confor-

mation is similar in structure to 3E conformation, a calculated minimum for the

mannosyl oxocarbenium ion [10]. Conformer 58 is electrostatically stabilized by

both C3 and C4 alkoxy groups. It does not, however, bring the alkoxy group at C6

close to the cationic center, presumably to avoid interactions with the pseudoaxial
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C3 substituent. This conformer would be destabilized not only by syn-butanol
interactions [27] but also by bringing two oxygen atoms into proximity [97].

In contrast, although both 60 (the OS2 conformer) and 61 (5H4) place all three

substituents in positions to maximize their electrostatic influences, they remain

higher in energy than the half-chair conformer 58. The conformation predicted

based solely on steric grounds, 62 (the half-chair conformer 4H3), was considerably

less stable.

Experimental coupling constants for the 2-deoxymannosyl dioxocarbenium ion

57 are more consistent with a weighted average of the low-energy conformers than

they are with any particular conformer. On the basis of the energy differences

between low-energy conformers, 58 (3H4) should dominate the solution-phase

equilibrium with some contributions from the twist conformers 59 and 60 (con-

formers 61 and 62 would, combined, represent less than 3 % of the mixture at

298� K). The experimental coupling constants, however, do not match well with

any individual conformer. A weighted average of their populations was again

employed to determine statistically relevant averaged coupling constants.

If conformations resembling the half-chair conformer 58 (3H4) and the twist

conformers 59 and 60 were also responsible for the reactivity of the related

oxocarbenium ion, nucleophilic addition to the oxocarbenium ion should be

α-selective. Nucleophilic attacks from the β-face to conformers analogous to

56–58 should be disfavored over the corresponding attacks from the α-faces,
because they would lead to transition states with 1, 3-diaxial interactions

(Fig. 4.24). Alternatively, if any of these modes of nucleophilic attack were slow

relative to stereoelectronically controlled addition to the higher energy half-chair

conformer 60, α-selectivity would still be predicted based upon the Curtin-Hammett

principle [82, 83]. This interpretation was supported by the nucleophilic substitution

reaction of acetate 66, which yielded the α-product 67 (Figs. 4.25 and 4.26).

The strategy employed to discern the conformational preference of the less

substituted oxocarbenium ions described above was not suitable for studying

oxocarbenium ions with alkoxy groups at C2. When the lactone precursors 70
and 71 (Fig. 4.25) were subjected to alkylation conditions, the dioxocarbenium

ion products 74 and 75were not observed (Fig. 4.27). Instead, the reaction yielded a
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complex mixture of byproducts. It is possible that dioxocarbenium ions were

formed, but the neighboring electronegative C2 substituent [98] made these inter-

mediates much more reactive than their deoxy analogs (such as 48 and 57, vide
supra).

As we already mentioned, a few systematic studies of stereoselective reactions

of the five-membered ring oxocarbenium ions are available [31–33], and it was not

clear how to rationalize the selectivity shown in Fig. 4.28.

Woerpel et al. [65, 99–101] conducted studies of the reactions of the five-

membered ring oxocarbenium ions and postulated a stereoelectronic model to
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explain these processes. This model is illustrated by analyzing the stereoselective

reaction of the bicyclic lactol acetate 76 (Fig. 4.29) [100]. The intermediate

oxocarbenium ion was constrained to one possible envelope conformation

(as shown in 79 (Fig. 4.29)). Although this system provides no impediment to

approach from either inside or outside the envelope, the reaction was highly selective

(Fig. 4.29). Formation of the 1,3-trans diastereomer demonstrated that an inherent

stereoelectronic preference directs nucleophilic addition from the inside face of the

five-membered ring oxocarbenium ion envelope structure. This preference arises

from the development of destabilizing eclipsing interactions upon nucleophilic

attack from outside the envelope conformation (as shown in 79, Fig. 4.29).
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Inside attack instead provides a staggered product 78, so transition states leading to

this favored product should be lower in energy.

Reissig and Schmitt [102] and others [99, 103] demonstrated that the presence of

a substituent at the C4 position of an oxocarbenium ion is not sufficient to control

the selectivity in nucleophilic substitution reactions (e.g., 81 ! 82, Fig. 4.30

proceeded with 53:47 selectivity). Nishiyama et al. [104] have, however, reported

that the addition of Me3SiCN to acetal 81, in the presence of a Lewis acid, proceeds
with high selectivity (98:2) to give the 1,4-cis product [104]. Because acetal 83 has
a single stereocenter at C4, the selective formation of 84 contradicted the results

observed for the nucleophilic substitution of acetal 81. The stereochemical outcome

for acetal 83 was attributed to the steric bias imparted by Lewis acid coordination

for the oxonium oxygen and the C2 heteroatom [105]. An oxocarbenium ion

intermediate with Lewis acid blocking one face has been invoked to account for

the facial selectivity of a nucleophile [106].

Woerpel and Smith [101] assumed that the sulfur substituents might not partic-

ipate in the chelated transition structure but would instead influence the conforma-

tional preference of the oxocarbenium ion intermediate. According to that

hypothesis and the stereoelectronic model [101, 102], contrasteric 1,4-cis product
84 would arise from inside attack of the nucleophile to the lower energy

diequatorial oxocarbenium ion 85 (Fig. 4.30). This reaction pathway would provide
a lower energy transition structure relative to inside attack of the nucleophile on the

diaxial conformer 86 (vide infra) [84, 107] (Figs. 4.30 and 4.31).
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To prove this hypothesis of inside attack and to elucidate the factors that

contribute to the selective reaction of acetal 83, alkyl analogs 85 (R1, R2 ¼ Me,

Fig. 4.30) with various substitution pattern at C1 and C2 were investigated.

Experiments with alkyl substituents at C2, in place of the sulfur heteroatoms,

eliminate the viability of a chelation-controlled selectivity and reveal the signifi-

cance of geminal substitution [geminal substitution influenced the selectivity in

other oxocarbenium ion systems [108]]. Perturbation of the C1 substituent of the

oxocarbenium ion intermediate has little effect on reaction stereoselectivity, and

analysis of this observation lends additional support for stereoelectronically pre-

ferred inside attack of the nucleophile. The results demonstrate that selective

formation of the 1,4-cis product 84 does not require a chelated transition structure,

reinforcing the utility of the inside attack model to analyze the reactivity of

complex five-membered ring oxocarbenium ion intermediates.

Nucleophilic substitution reactions of acetates 88 and 90 (Fig. 4.32) indicate that
a single substituent at C2 is not the origin of stereoselectivity for acetal 83
(Fig. 4.32). Treatment of the trans acetate 88 with allyltrimethylsilane in the

presence of SnBr4 provided the 1,4-cis product 89 with 67:33 stereoselectivity

(Fig. 4.32). Use of BF3OEt2 and Me3SiOTf as the Lewis acid provided similar

selectivities. The reaction of the related cis acetate 90 also afforded a mixture of

diastereoisomers. Low selectivity with C2 and C4-cis-substituted five-membered

ring oxocarbenium ions has been observed [108].

Both the conformational preference of the oxocarbenium ion intermediate and

steric interactions that arise in the transition structure for nucleophilic attack influence

the stereochemical outcomes observedwith acetates 88 and 90.While the two ground-

state conformers of the cation derived from trans acetate 88, namely, 92 and 93, are
comparable in energy, developing steric interactions between the approaching nucle-

ophile and the pseudoequatorial methyl of intermediate 93 slightly disfavor the

formation of 1,4-trans product (Fig. 4.33). The selectivity obtained from the reaction
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of cis acetate 88 indicates that the difference in transition state energies (ΔΔG6¼) is
negligible. Inside attack of the nucleophile to each of the two ground-state conformers

94 and 95 involves destabilized transition structures. The transition structure for inside
attack on the lower energy conformer 94 develops a destabilizing gauche-butane

interaction between the nucleophile and the pseudoequatorial C2 methyl substituent.

[Low selectivity with C2 and C4-cis-substituted five-membered ring oxocarbenium

ions has been observed [108]. For a study on the developing steric interactions

between C2 substituents and the incoming nucleophile in six-membered ring

oxocarbenium ion intermediates, see Ref. [19]. While the inside attack on conformer

95 circumvents an unfavorable interaction [19], with the steric interactions between

the methyl and phenyl, the groups destabilize the transition structure leading to the

product [80]. [In accordance with the Curtin-Hammett principle, the relative energies

of the transition state structures dictate the stereochemical outcome, not the relative

energies of the ground-state structures.]

The origin of the contrasting selectivities exhibited by acetal 81 [33] and acetal 83
[105] is not attributable to the presence of an alkyl substituent at the acetal carbon

(C1). Treatment of acetal 96 with allyltrimethylsilane in the presence of SnBr4
afforded tetrahydrofuran 97 with 65:35 selectivity (Fig. 4.34). Although the two

anomers of acetal 96 were isolated in various ratios, the control experiments have

shown that the starting anomer ratio does not affect the stereochemical outcome

of the product, which is consistent with the intermediacy of oxocarbenium ions.
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The use of BF3.OEt2 as the Lewis acid afforded a 54:46 ratio of cis/trans isomers for

the allylation of 94. The C1 substituent exerts minimal influence on the equilibrium

of the conformers 96 and 97 and the respective transition state structures for inside

attack, resulting in a similar reactivity for the reaction of the C1-unsubstituted

substrate 90 (Fig. 4.32).

The selectivities for reactions of acetate 90 and acetal 96 provide experimental

support for stereoelectronically preferred inside attack on five-membered ring

oxocarbenium ions, confirming the importance of torsional angle effects in addition

reactions [101, 109, 110]. A potential reaction pathway leading to the minor

1,4-trans product obtained with acetal 90 could involve outside attack of the

nucleophile to the lower energy conformer 94. The reaction of acetate 96 resolves

this ambiguity because formation of the 1,4-trans product 100 via outside attack on
conformer 98 would be disfavored due to a more severe eclipsing interaction

(Me $ Me and a M $ H) that develops in the transition structure (Fig. 4.35)

[The energy difference between a Me $ Me and Me $ H eclipsing interaction is

estimated to be 2 kcal/mol. This approximation was extrapolated from the rotational

barriers of n-butane and n-propane. For n-butane, see Allinger et al. [110]. For

n-propane, see Bürgi et al. [111].] If outside attack occurred, acetal 96 should have
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shown considerably higher selectivity for the staggered 1,4-cis product 99. The
selectivity for the nucleophilic substitution reaction of methyl-substituted acetal 96
confirms that the minor product obtained with acetate 90 is the result of inside attack
on the higher energy conformer of the cation and not outside attack on the lower

energy conformer (for an investigation of torsional angle effects (eclipsing strain

energy on the reaction selectivity of hydromercuration of substituted cyclohexenes),

see Pasto et al. [112].).

Because the C4-substituted acetals in this study exhibit low selectivity as was

observed for acetal 81 [33] (Fig. 4.28), the unique feature of acetal 83 [104] that

contributes to high selectivity may be geminal substitution at C2. With a

pseudoequatorial methyl groups in both ground-state conformers 103 and 104
(Fig. 4.36), steric interactions with the approaching nucleophile would be compa-

rable in both transition structures. Therefore, the energy difference between the

transition structures of inside attack would reflect the relative energy difference

between the ground-state oxocarbenium ion conformers 103 and 104. Inside attack
on the favored diequatorial conformer 103 should afford the 1,4-cis product with
high selectivity, consistent with acetal 83.

The above experiments confirm that geminal substitution at the C2 position,

regardless of the substitution pattern at C1, is required to obtain high stereose-

lectivity for this series of substrates. Allylation of geminal dimethyl acetate 103
(Fig. 4.36) in the presence of SnBr4 afforded the 1,4-cis product 104 with high

selectivity (Fig. 4.36). [(a) Use of BF3OEt2 and Me3SiOTf as the Lewis acid

provided similar selectivities; (b) the solvent employed for these nucleophilic

substitution reactions was CH2Cl2. With toluene as the solvent, selectivities were

optimized to a 96:4 ratio of cis/trans isomers for the reaction of acetate 103
(Fig. 4.36).] To mimic the experiments reported for the nucleophilic substitution

reaction of dithianes-substituted acetal 81 (Fig. 4.30), the reaction of C1 phenyl

acetal 105 with Me3SiCN was studied. In accord with experiments described

previously, the substituent at C1 exerted little influence on the selectivity. The

kinetically controlled addition of Me3SiCN to 105 in the presence of SnBr4
afforded the 1,4-cis product 106 with high selectivity.

In conclusion, the dissimilar selectivities exhibited by the two related tetrahy-

drofuran acetals shown in Fig. 4.30 are not the result of chelation of the Lewis acid.

Instead, the substituent at C4 biases the conformation of the oxocarbenium ion, and

inside attack provides the product with high cis-selectivity.
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Chapter 5

Armed-Disarmed Concept in the Synthesis
of Glycosidic Bond

Fraser-Reid et al. reported [1] that n-pentenyl glycosides undergo chemospecific

cleavage 1 ! 2 ! 3, with N-bromosuccinimide under conditions that leave a wide

variety of other protecting groups unaffected (Fig. 5.1).

According to the proposed mechanism (Fig. 5.1), the addition of water to the

reaction mixture will lead to hydrolysis but the addition of alcohol or another sugar

having a free hydroxyl group will lead to the formation of glycoside or a disaccha-

ride. In the course of these studies, Fraser-Reid et al. [1] observed that sugar

molecules having an acyloxy group at the C2 carbon (6 in Fig. 5.2) hydrolyzed

much more slowly than if they had an alkoxy group (7 in Fig. 5.2). This observation
suggested that the n-pentenyl glycoside could bemademore or less reactive (it could

be armed or disarmed) by the type of protecting group placed on the C2 oxygen.

The ability of the C2 acyloxy group to disarm the n-pentenyl glycoside was

rationalized as shown in Fig. 5.3. Thus, it can be assumed that the cyclic halonium

ions 8 and 9 are formed reversibly [2] and that the electron density on the glycosidic

oxygen is depleted in 2-O-acyl derivatives so that nucleophilic attack of this oxygen
on the halonium ion is less favored than in the 2-O-alkyl counterpart 9. The reason
for this is that the electron-withdrawing group at the C2 carbon makes the C2

carbon slightly positively charged so that the formation of another positive charge

at the C1 carbon is not a favorable process [there cannot exist two positive charges

on two neighboring carbons (C1 and C2) (Fig. 5.3).].

Consequently, the armed glycosyl donors react with electrophiles faster than the

disarmed ones, and therefore in a solution containing both an armed and disarmed

glycosyl donor molecules, whereby disarmed glycosyl donor molecules have

one free hydroxyl group, the reaction with an electrophile will result in cross-

coupling and not self-coupling, i.e., an armed glycosyl donor will react with the

disarmed one, whereas a disarmed donor will not react with itself [3] as illustrated

in Fig. 5.5. The promoters for the activation of n-pentenyl group [4, 5] are

iodonium dicollidine perchlorate (IDCP) and N-iodosuccinimide/triethylsilyl

triflate (NIS/Et3SiOTf).

M. Miljkovic, Electrostatic and Stereoelectronic Effects in Carbohydrate Chemistry,
DOI 10.1007/978-1-4614-8268-0_5, © Springer Science+Business Media New York 2014
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An example for the synthesis of a trisaccharide using armed-disarmed concept is

given in Fig. 5.6. Pent-4-enyl-2,3,4,6-tetra-O-benzyl-α,β-D-glucopyranoside 20 is

coupled to pent-4-enyl-2,3,4-tri-O-acetyl-α,β-D-glucopyranoside 21 in the presence
of IDCP giving the disaccharide 22 as a mixture of anomers. Disarmed disaccharide

could be further glycosylated without prior modification with another acceptor,

which will terminate the oligosaccharide chain because the acceptor is not

pent-4-enyl glycoside (Fig. 5.6).

Veeneman and van Boom [6] have attempted to synthesize L-rhamnose-

containing fragments from Streptococcus pneumoniae type-specific capsular
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polysaccharide using the Fraser-Reid et al. approach [7]. They attempted

to condense the n-pentenyl galactosyl donor 25 (Fig. 5.7) with ethyl

1-thio-L-rhamnopyranoside acceptor 26 in the presence of activator iodonium

dicollidine perchlorate (IDCP). However, analysis of the glycosidation reaction

revealed no formation of the expected disaccharide 27, but merely products arising

from self-condensation of 26, the disaccharide 28 (Fig. 5.7). In the same year

(1990), Konradsson et al. [5]. published their studies on armed-disarmed

thioglycoside donors for synthesis of oligosaccharides.

In the view of the well-known reaction of thioglycosides with NBS

(N-bromosuccinimide), which generates the unstable cationic species 31 in the

course of formation of oxocarbenium ion 32 (Fig. 5.8), Konradsson et al. [5].

reported that N-iodosuccinimide/trifluoromethanesulfonic acid induces the same

reactivity with disarmed thioglycosides as substrates. (NIS/AgOTf or NIS/Et3SiOTf

also proves to be an excellent source of iodonium ion.)

Thus, by treating an armed thioglycosyl donor with a disarmed thioglycosyl

donor that has one hydroxyl group free in the presence of NIS/TfOH, NIS/AgOTf,

or NIS/Et3SiOTf, they synthesized disaccharides in good yields (Fig. 5.9).
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The reaction of phenyl 2,3,4,6-tetra-O-acetyl-α-D-thioglucopyranoside 36 with

1,2:5,6-di-O-isopropylidene-α-D-glucofuranose 38 in the presence of NIS/TfOH as

promoter gave the corresponding disaccharide 39 in 86 % yield (Fig. 5.10).

The same disaccharide 39 was obtained in 83 % yield by reaction of

phenyl 2,3,4,6-tetra-O-acetyl-β-D-thioglucopyranoside 37 with 1,2:5,6-di-O-
isopropylidene-α-D-glucofuranose 38 in the presence of NIS/TfOH. Reaction

of phenyl 2,3,4,6-tetra-O-acetyl-β-D-thioglucopyranoside 37 with 1,2:3,4-di-O-
isopropylidene-α-D-galactopyranose 40 gave in the presence of NIS/TfOH as

promoter disaccharide 41 in 90 % yield (Fig. 5.11).

The discovery of thioglycoside-mediated formation of α-glycosidic linkages

promoted by IDCP led to the development of a new chemoselective glycosylation

strategy, the so-called one-pot sequential glycosylation [8–17]. This approach is

based on the observation that a large disparity between the reactivities of different

glycosyl donors can be achieved by varying the protecting groups and the electron-

donating or electron-withdrawing character of the leaving group within a given

class of glycosyl donors (e.g., thioglycosides). As a result, at each glycosidic
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coupling step, a high degree of sequence selectivity can be achieved between

competing donors, even though identical chemistry is performed, thus eliminating

thus the need for protecting group manipulation between coupling steps. A synthetic

approach is designed such that the choice of protecting groups on monosaccharide

components [8–10] or the combination of protecting groups and the anomeric

substituent [11, 12] leads to a decrease in donor reactivity over the course of a

synthetic sequence. The most reactive donor is used for the nonreducing end, and

the most unreactive donor is used for the reducing end of the given target oligosac-

charide (Fig. 5.12).

Wilson and Fraser-Reid [18] studied the rates of hydrolysis of variously

substituted n-pentenyl glucopyranosides and found that cyclic acetals and acetyl

groups exert profound effect upon the relative and absolute rates of anomeric

activation.

Douglas et al. [19] and Zhang et al. [17]. published studies on the dependence of

the activation of glycosyl donor on the nature of protecting groups in donor

molecule making thus a major contribution toward the development of the so-called

“one-pot synthesis of oligosaccharides”.

Douglas et al. [19]. discovered that the cyclohexane-1,2-diacetal (CDA) protec-

tion group (e.g., 48) (Fig. 5.13) as well as the octahydro-2,20-bi-2H-pyran-2,20-diyl
(dispoke) group (e.g., 47) had a reactivity tuning effect between that of the fully
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benzylated and fully benzoylated system. This discovery immediately led to the

development of preparing tri-and tetrasaccharides without the need for protective

group manipulations [16, 20]. The general strategy is illustrated [16] in Fig. 5.14 by

the preparation of a trisaccharide 52.
Friesen and Danishefsky [21] reported an interesting application of armed-

disarmed concept in their methodology for the synthesis of oligosaccharides via

controlled oxidative coupling of glycals. Thus, a glycal which serves as glycosyl

acceptor (54) shall have one free hydroxyl group that will be glycosidically linked

to a glycosyl donor 53 and all the other hydroxyl groups acylated. For example, 53
(3,4,6-tri-O-benzyl-D-arabino-glycal) which serves as glycosyl donor has all of its

hydroxyl groups benzylated, since the electron-donating C3 alkoxy group enhances

the nucleophilicity of the C1–C2 double bond toward the iodonium cation, whereas

in the 3,6-di-O-benzoyl-D-arabino-glycal 54 that serves as a glycosyl acceptor, the

electron-withdrawing C3 acyl group deactivates (disarms) the nucleophilicity of the

C1–C2 double bond toward electrophiles such as the iodonium cation. So in an

equimolar mixture of glycosyl donor and glycosyl acceptor with the equimolar

amount of iodonium cation, the electrophile will attack much faster the C1–C2

double bond of glycosyl donor 53 than the C1–C2 double bond of glycosyl acceptor
54 (Fig. 5.15). The result is the formation of the glycosidic bond between 53 and 54.
To reiterate the scheme with another glycal, the two acyl groups of 55 are cleaved

and the hydroxyl groups are alkylated (55 ! 56). The AC glycal 56 became now

glycosyl donor, and diacylmonohydroxyglycal 54 is the glycosyl acceptor. In this

way a trisaccharide ACD 57 is readily produced. The coupling reactions, presum-

ably involving a 1,2-iodonium ion intermediate, proceed in a stereoselective

1,2-diaxial fashion yielding only the α-glycosides. This process can be reiterated.

The glycosyl donor 53 and glycosyl acceptor 54 gave on iodoglycosylation

the 3,4,6-tri-O-benzyl-2-deoxy-2-iodo-α-D-mannopyranosyl-D-arabino-glycal 55
as the exclusive product. No other glycals or stereoisomers of 55 were detected.
As we have seen this disaccharide chain can be further extended by hydrolyzing the

two benzoyl groups in ring B and protecting the two obtained hydroxyl groups as

TBS ethers (55 ! 56). In this way the glycal 56 will be armed again. The coupling

of 56 with 54 produces the trisaccharide 57 (Figs. 5.15 and 5.16). By repeating the

same steps again, tetrasaccharide, pentasaccharide, etc. can be synthesized.
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On the other hand, glycal 55 can be coupled to a non-glycal acceptor, such as

1,2:3,4-di-O-isopropylidene-α-D-galactopyranose 58, in the presence of I+ termi-

nating thus the chain elongation (Fig. 5.17).

5.1 Stereoelectronic Effects of Substituents:
Polyhydroxylated Piperidines and Sugars

A very interesting article on the stereoelectronic substituent effect appeared

recently [22] in which Jensen and Bols examined the influence of the orientation

of a substituent on a pyranose, piperidine, isofagomine, etc., ring upon the chemical

properties and the reactivity of this six-membered ring molecule. Thus, they

compared the pKa values of isofagomine 60 and its three stereoisomers 61, 62,
and 63 (Fig. 5.18) [23, 24].

As can be seen from Fig. 5.18, the pKa in the series of conjugate acids of

isofagomine 60 and its stereoisomers 61–63 increased with the increasing number

of axial hydroxyl groups [23, 25] and their proximity to the positively charged

nitrogen. An axial OH-3 group appeared to increase the base strength [it should be

noted that this increase (0.8 pH units) in base strength is taking place only when

the axial OH is compared to the equatorial OH group at the same location].
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Overall, the axial OH groups decrease the base strength when compared to the

corresponding deoxy derivative. A 4-OH increases basicity by 0.4 pH units when

placed axially rather than equatorially.

Jensen et al. [23]. studied more than 60 different hydroxylated piperidine and

hexahydropyridazines, and the measured stereoelectronic effects are summarized in

Table 5.1. The σs value of each substituent is the basicity decreasing effect in pK

units. As can be seen, the axial OH decreases the base strength of the amine by 0.5

and 0.2 units when it is in the β- and γ-position, respectively, relative to the amine,

while the equatorial OH decreases the pKa by 1.3 and 0.6 in those instances. Thus,

the equatorial OH is significantly more electron-withdrawing than the axial OH.

Other substituents, such as F, ester, and carboxylate functions were also found to

result in considerable variation of pKa depending on whether they were axial or

equatorial, while epimerization of CH2OH, CONH2, and CN did not cause a great

deal of change to base strength.

The observed differences are possibly caused by several effects, but can be,

nevertheless, largely and satisfactorily explained by differences in charge-dipole

CH2OH CH2OH CH2OH CH2OH
OH

OH

OH

OH

HO
HO HO

HO

NH2
+ NH2

+
NH2

+ NH2
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60 (pKa = 8.4) 61 (pKa = 8.8)
62 (pKa = 9.2) 63 (pKa = 9.4)

Fig. 5.18

Table 5.1 Axial and equatorial substituent effect on piperidine base strength in water at 25 �Ca

R group
R

NH2
+ R

NH2
+

R

NH2
+

R

NH2
+

H 0 0 0 0

OH (eq) 1.3 – 0.6 –

OH(ax) – 0.5 – 0.2

F(eq) 2.3 – 1.7 –

COO� (eq) 0.5 – 0.2 –

COOMe

(eq)

1.2 – – –

COOMe

(ax)

0.2 – – –

CN 2.8 3.0 – –

CH2OH 0.4 0.5 – –
aThe numbers are σs values and are in pH units. The pKa of the piperidine conjugate acid is

decreased by the indicated substituent. Thus, base strength can be calculated as pKa (substituted

amine) ¼ pKa (unsubstituted amine) �∑σs
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interactions. This is particularly evident by analyzing the effect of the 3-cyano

substituent compared to the 3-hydroxyl group. As can be seen from Table 5.1, the

electron-withdrawing power of the 3-OH increases almost threefold when it is

placed equatorially. However, this is not true for the cyano group, which actually

has an essentially unchanged substituent effect. The reason for this is probably that

despite having a large dipole moment, which does result in a large substituent

effect, no stereoelectronic effect is displayed by the cyano group, because the

dipole is more distant than the C–O dipole (Fig. 5.19).

We have already seen that the hydrolysis of glycopyranosides are known to

involve the oxocarbenium ion intermediates and oxocarbenium ion-like transition

states, having a high degree of positive charge in the pyranoside ring. The transition

state of the C–O bond cleavage reaction is late, thus resembling the oxocarbenium

ion (vide supra) with most of the charge located on the anomeric carbon and ring

oxygen. The difference in electron-withdrawing effect from axial and equatorial

hydroxyl groups should be reflected in different reactivity of monosaccharide

derivatives with axial and equatorial OH groups in these reactions. Indeed, the

variation in rate of various hydrolytic reactions of glycosides was found to closely

parallel the variations in base strength of isofagomines. Thus, the acidic hydrolysis

of methyl α-D-galactopyranoside is five times faster than the hydrolysis of methyl

α-D-glucopyranoside [26] indicating that the formation of positive charge at the

anomeric center is easier in the galactopyranose, which indeed coincides with

61 (pKa ¼ 8.8) being more basic than 60 (pKa ¼ 8.4) (Fig. 5.19). Likewise, the

methyl α-D-idopyranoside undergoes acidic hydrolysis more readily than the

corresponding altroside, which is again in agreement with the higher base strength

of 63 (pKa ¼ 9.4) than 60 (pKa ¼ 8.4) (the difference is 1 pK unit).

From this it was concluded that electronic effects are the major reason that the

stereoisomeric glycosides hydrolyze with different rates. This is also in agreement

with the work of Namchuk et al. [27] who found that the rate of hydrolysis of

dinitrophenyl glycosides depends mainly on electronic effects. In his work it

was also shown that the variations in rate differences observed by different
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stereoisomers could be satisfactorily explained using the Kirkwood-Westheimer

analysis, that is, the rate differences that are the result of stereoisomerism could be

explained by charge-dipole interactions. Also in agreement with this is the work of

Woods et al. [28] who, by using a molecular mechanics approach, showed that a

saccharide containing an axial OH group is more reactive than one with an

equatorial group for electronic reasons.

Thus, the increased reactivity of galactosides over glucosides is caused by the

axial C4 hydroxyl group being less electron-withdrawing than the equatorial one.

These findings are in agreement with the findings of Miljkovic et al. [29, 30] who

studied the acetolysis of methyl 2,3,4,6-tetra-O-methyl-α- and β-D-gluco- and

galactopyranosides and found that α-D-galactopyranoside acetolyzed ca. 20 times

faster than α-D-glucopyranoside. The influence of the electronegativity of the C4

substituent upon the rate of acetolysis was examined [30] by comparing the

C4–OCH3 with the C4–OAc and C4–NHAc substituent (see also Chap. 3). In the

D-gluco series the dependence of acetolysis rates upon the electronegativity of the

C4 substituent can be explained as a “through-bond” electronic interaction (induc-

tive effect) with the ring oxygen, which is rather small. However, in the D-galacto

series, the very large influence of electronegativity of the axially oriented C4

substituent on the acetolysis rate cannot be ascribed to this rather small through-

bond interaction. The only possible explanation for the unusually large kinetic effect

observed in D-galacto series is a strong through-space electron donation of the

axially oriented electronegative substituent at the C4 carbon to the oxocarbenium

ion under formation. This effect, which is destabilizing in the neutral

galactopyranoside due to the electrostatic repulsion of axially oriented C4 oxygen

and the axially oriented p-electron pair of the ring oxygen, as well as steric interac-

tions, becomes stabilizing as the oxocarbenium ion is being formed (see Fig. 3.33 in

Chap. 3).

If the axial and equatorial OH groups have different electron-withdrawing power,

then different glycoside conformers must have different hydrolytic lability. There-

fore, a glycoside may become more (or less) reactive by simply changing

its conformation from one chair conformation to the other. From σs values it is

estimated that a glycoside containing equatorial groups at C2, C3, and C4 carbons

of a pyranoside ring will become 100 times more reactive when it is flipped into the

conformationwhere theseOHgroups become axial. To verify this theoretical finding,

the 3,6-anhydroglycoside derivatives were investigated, because the 3,6-anhydro

bridge can force glucose that exists in stable 4C1 conformation into 1C4 chair

conformation. The hydrolysis of methyl 3,6-anhydroglucopyranoside 70 in 2 M

HCl was found to be 446 times faster than the hydrolysis of methyl

α-D-glucopyranoside confirming that changing the conformation has a remarkable

effect (Fig. 5.20) [31]. In contrast, 3,6-anhydrogalactose derivative 72, which is in a
boat conformation and therefore does not havemore hydroxyl groups axially oriented

than the methyl β-D-galactoside, does not hydrolyze faster than methyl β-D-galacto-
side; in fact, it hydrolyzes slightly slower (for a possible explanation, see the

discussion above of the acetolysis of permethylated methyl α-D-galactopyranoside).
The high reactivity toward hydrolysis of sugar residues with axial groups

can be illustrated by the observation that oligosaccharides containing a
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3,6-anhydrosaccharide, such as 74, are selectively hydrolyzed at the anhydro sugar

residue under mild conditions [31] (Fig. 5.21).

It is known that 4,6-O-benzylidene protection group in a saccharide reduces its

reactivity (i.e., it “disarms” it) in glycosylation reactions. Thus, a thiosaccharide

glycosyl donor with 4,6-O-benzylidene group 77 is less reactive toward reaction

with methanol than its fully benzylated analog 78 (Fig. 5.22) [17]. This phenom-

enon, which has been attributed to torsional effects or more specifically to the
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locking together of the C6 hydroxymethyl and the C4 hydroxyl group, is believed to

make the molecule’s transition to a half chair transition state conformation more

difficult [32, 33]. However, on the basis of directional electronic effects observed

from the ring hydroxyl groups, it was suggested that the conformation of the

exocyclic C6 hydroxymethyl group of hexopyranosides may be important for

their reactivity. Looking at the possible conformers of the exocyclic hydroxymethyl

group, it is clear that in the tg conformer, the C6–OH C–O bond is dipole directed

away from the ring oxygen and anomeric carbon, while in the gg and gt conformers,

this dipole is much closer to being perpendicular. Therefore, it was expected that a

glycoside with its C6 OH in tg conformation to be less reactive, and the low

reactivity of the 4,6-O-benzylidene protected saccharides could be the result of

this electronic deactivation rather than torsional effect. To determine which of these

effects were responsible for the low reactivity of the 4,6-O-benzylidene protected

saccharides, the two probe molecules were prepared, 79 and 80 (Fig. 5.23) [34].

These twomolecules contain a ring fused to the pyranoside similar to a benzylidene

and should be just as torsionally disarmed, but they do not have the methoxymethyl

group in the potentially deactivating tg conformation. The rates of uncatalyzed

hydrolysis of 79(R) and 80(S) were comparedwith those of 81 and 82, the unrestrained
and the 4,6-acetal-protected analogs, respectively (Fig. 5.23). The relative hydrolysis

order was found to be 81 > 79 (R) > 80 (S) > 82 with the relative hydrolysis rates
being 1:0.24:0.16:0.07, respectively. The same order and relative rates were found

for acid-catalyzed hydrolysis of the corresponding methyl α-D-glycosides
[34]. In other words, the most reactive glycoside is the unrestrained glucoside 81,
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the 4,6-O-protected saccharide is the least reactive, and the probemolecules 79(R) and
80(S) are in between. This means that there exist both a “torsional disarming” effect,

which causes 79(R) and 80(S) to be less reactive than 81, and “electronic disarming”

effect, which causes 82 to be less reactive than 79(R) and 80(S) [34].

5.2 Glycosylation Reactions with Conformationally
Armed Glycosyl Donors

Although glycosyl coupling reactions are performed in organic solvents and under

very different conditions than those of the hydrolytic reactions, it is nevertheless

found that the reactivity of glycosyl donors containing axial O-substituents are

more reactive than their equatorial epimers. This is clearly seen from the large

collection of relative rate data for reaction of thioglycosides with methanol upon

activation with NIS (N-iodosuccinimide), which has been reported by Zhang

et al. [17]. For example, a benzylated tolyl thiogalactoside has been found to

react 6.4 times faster than the corresponding thioglucoside, which is a surprisingly

similar value to the ratio of relative hydrolysis rates between dinitrophenyl galac-

tosides and glucosides (4.7 times) [27] and methyl galactosides and glucoside

toward acidic hydrolysis (5.0 times) [26]. Bulow et al. [35] looked at the difference

in reactivity between other galactosyl and glucosyl donors and found a Gal/Glu

ratio of 5 times for benzyl-protected trichloroacetimidates and 4.1 times for the

benzylated glycosyl chlorides. Notably, this ratio is only 1.3 times between the

benzyl-protected galacto and glucosyl 4-pentenylglucosides toward NIS activation.

It is suggested that the reason for this could be that in this case, the rate-determining

step is not C1–O1 bond cleavage but a step involved in the pentenyl activation.

The higher reactivity observed in glycosylations with donors having axial OR

groups should make it possible to conformationally “arm” glycosyl donors by

forcing their oxygen substituents into axial orientation. This was achieved by

using bulky silyl protection groups such as TBDMS or TBDPS in glycosyl donor,

which cannot be accommodated in 4C1 conformation and thus force the molecule

into a 1C4 conformation. The idea for this conformational change came from the

work of Eliel and Satici [36] who observed in their studies of conformational

equilibria of silyloxycyclohexanes 86 that the greater the bulk of the substituents

on silicon, the greater the population of the chair conformation with the silyloxy

substituent axial (Fig. 5.25). The donor 83 is an example of such a “conforma-

tionally armed” glycosyl donor (Fig. 5.24). The armament in this case exceeds the

armament of having equatorially placed benzyl ethers, which makes it possible to

selectively couple it with an armed glycosyl donor 84 to give adduct 85 without any
self-coupling of 84 taking place (Fig. 5.24) [37]. This example very clearly

shows the very considerable difference in electronic effect of the axial and

equatorial OR groups.
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The main findings can be summed up as follows: first, in a six-membered ring in

chair conformation, the axial OH group is less electron-withdrawing than the

equatorial OH group in relation to another ring atom 2–3 positions away. This is

also true for other electronegative substituents. Second, the two chair forms of a

six-membered ring with electronegative substituents will have different properties

such as different acidity or different reactivity.

The implications of these findings are quite far-reaching. The large boost in

reactivity found caused by ring inversion of some saccharides suggests that
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glycosides may spontaneously undergo conformational change during hydrolysis

or glycosylation reactions, which of course may affect the stereochemical outcome

of the latter reactions.

These findings, furthermore, offer a new explanation that does not rely on the

questioned stereoelectronic effect as to why enzymes may change the conformation

of a monosaccharide’s unit or possibly preferentially stabilize the 6-OH in the gg
orientation 87 (O6–C6–C5–O5) to make the substrate more reactive (Fig. 5.26).

5.3 Superarmed Glycosyl Donors in Glycosylation
Reactions

Mydock and Demchenko [38] have developed a concept of superarmed glycosyl

donors by strategic placement of common protecting groups on the sugar pyrano-

side ring. This is illustrated in Fig. 5.27. It was determined that S-benzoxazyl
glycosyl donors having both a participating moiety at C2 and an electronically

armed lone pair at O5, such as the superarmed glycosyl donor shown above, were

exceptionally reactive.

The armed-disarmed concept, although discovered with O-pentenyl glycosides,
has been found to be applicable to many other classes of glycosides such as

thioglycosides [6], selenoglycosides [39], fluorides [40], phosphoroamidates [41],

substituted thioformimidates [42], glycals [21], S-benzoxazolyl (SBox), and

S-thiazolinyl (STaz) [43, 44].
When a glycosyl donor with the mixed protecting group patterns such as

2-O-benzyl-3,4,6-tri-O-acyl derivative 95 was compared in reactivity with

2,3,4,6-O-tetra-O-acyl-derivative 94 and 2,3,4,6-tetra-O-benzyl derivative 93, it
was found that it is less reactive than either one [43] (Fig. 5.28). This was the

first indication that the reactivity of the glycosyl donor was not dependent only

upon the electron-withdrawing/donating properties of its protecting groups. This

finding ultimately resulted in postulating the “O2/O5 cooperative effect” [43]

wherein it is stated that glycosyl donor reactivity is also dependent upon the

stability of the glycosyl cation that is formed upon the leaving group departure.

In the case of the armed, benzylated glycosyl donor 93, stabilization can be

efficiently achieved through resonance with the electronically “armed” lone pair

of electrons of ring oxygen (O5) via the oxocarbenium intermediate (Fig. 5.29).
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Fig. 5.26 The Newmans projections outlining the nomenclature for C5–C6 rotamers
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However, in the case of perbenzoylated derivative 94, this type of stabilization is

less likely due to the electron-withdrawing substituents at C4 and C6. Instead, the

acyl substituent at C2 allows for stabilization via acyloxonium ion intermediate. In

combination, these two competing effects result in an overall moderate disarming

of glycosyl donor 94. Additionally, Crich and Li [45] recently suggested the

importance of the 1,2-trans anomeric configuration for the SBox glycosyl donors

of the D-gluco series, in order for this stabilizing participation to occur. In the case

of glycosyl donor 95, the O5 disarming effect is only slightly compensated by

electron-donating 2-O-benzyl group, whose arming effect is mild. The anticipated

“lack of cooperation” is in agreement with experimental results, which indicate a

strong disarming effect for compound 95 [43]. In comparison to the application of

traditional perbenzylated armed glycosyl donor 93, the “superarmed” (the term

“superarmed” was originally coined by Bols et al. in their recent publications

dedicated to conformationally modified glycosyl donors [46, 47]) glycosyl donor

96 would offer advantages that could significantly enhance the way we currently

obtain oligosaccharide sequences.

Glycosidation of the perbenzylated donor 93 with glycosyl acceptor 101 in

the presence of dimethyl(methylthio)sulfonium triflate (DMTST) as promoter

proceeded smoothly and was completed in 2 h affording the corresponding disac-

charide 102 in 91 % yield (Table 5.2). In reaction of moderately armed and

disarmed glycosyl donors 95 and 94, respectively, with glycosyl acceptor 101
under the same experimental conditions, no formation of the corresponding cou-

pling products was observed (Table 5.2). However, the superarmed glycosyl donor

96 reacted, under the same reaction conditions, almost instantaneously to give

disaccharide 103 in 90 % yield (Table 5.2). The reaction of the superarmed glycosyl

donor 96 with less reactive secondary glycosyl acceptors 104–108 were also

efficient resulting in the formation of the respected disaccharides 105, 107, and
109 in high yield (88–97 %) (Table 5.2).

As expected the superarmed galacto derivative 110 was found to be significantly
more reactive than the armed galacto derivative 112. Thus, disaccharides 111 and

113 were formed in 5 min (92 %) and 40 min (85 %), respectively. As in the case of

D-glucose, no reaction took place with the perbenzoylated galactoside 114. Similar

observations were made with mannosides 115–119: disaccharides 116 and 118were
formed in 50 min (79 %) and 90 min (79 %), respectively, whereas no glycosidation

with the disarmed donor 119 took place. To this end, it was determined that not only

did the 2-O-benzoyl-3,4,6-tri-O-benzyl donors 96, 110, and 115 readily react, while
disarmed glycosyl donors 94, 114, and 119 did not, but also, as postulated, they

proved to be more reactive than their armed counterparts 93, 112, and 117.
Mydock and Demchenko [48] studied whether the enhanced reactivity of

superarmed donors 96, 110, and 115 was sufficient to allow for direct

chemoselective couplings. As acceptors were chosen armed benzylated glycosides

123, 124, and 125, all bearing the same leaving group (SBox) (Fig. 5.30).

The superarmed concept was validated by direct coupling of the superarmed

glycosyl donor 96 and benzylated (“armed”) acceptor 101whereby the corresponding
disaccharide 103 was obtained in 70 % yield (Fig. 5.31). No self-condensation

products were detected.
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The superarmed galactosyl donor 113 reacted with benzylated galactosyl accep-
tor 124 giving the corresponding disaccharide 127 in 80 % yield (Fig. 5.31). The

reaction was conducted at �20 �C in order to minimize the competing side reaction

of the isomerization of galactosyl donor 113 into its corresponding unreactive

N-linked (NBox) counterpart. Coupling between the superarmed mannosyl donor

118 and benzylated mannosyl acceptor 125 was somewhat less efficient. Although

the self-condensation products were not observed, the disaccharide 128 was iso-

lated in only 51 % yield (Fig. 5.31).

Competitive glycosylation of glycosyl acceptor 102 with glycosyl donors 106
(superarmed) and 101 (armed) demonstrated that the superarmed glycosyl donor

reacted much faster than the armed glycosyl donor giving the corresponding

disaccharide 104 in 95 % yield. Armed glycosyl donor gave the corresponding

disaccharide 103 only in traces (Fig. 5.32).

Sequential trisaccharide syntheses were carried out [48] with the use of the

superarmed glycosyl donor 106, thus allowing to introduce a 1,2-trans linkage

prior to other linkages. This is not possible in classic armed-disarmed approach.

In the first sequence, a stepwise coupling of building blocks 106 and 129 and the
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isolated disaccharide 131 was reacted with glycosyl acceptor 102, at room temper-

ature, to afford trisaccharide 133 in 60 % overall yield (Fig. 5.33). The same

sequencing could also be performed in a one-pot fashion without isolating the

intermediate. In this case, trisaccharide 133 was isolated in a 74 % yield. Similarly,

a one-pot synthesis of the trans-trans-linked trisaccharide 132, from building

blocks 106, 130, and 102, was accomplished in 83 % overall yield.
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5.3.1 Regio- and Stereoselectivity in Glycosylation

Cid et al. [49] have studied the glycosylation of 1,2-trans-diequatorial diols derived
from tetrabenzoylated and tetrabenzylated D- and L-chiro-inositol with several

glycosyl donors. They found that the regioselectivity depended on the absolute

configuration of the acceptor. However, this trend has been modulated by the nature

of the protecting groups on both the donor and acceptor, with benzoylated acceptor

affording higher levels of regioselectivity.

Although the outcome of glycosylations depends on both the donor and acceptor

[50], most glycosylation studies have focused on the role of glycosyl donors in

controlling the stereoselectivity of the process. A remarkable exception is the

glycosylation with glycosylidene diazirines where the key factor is the kinetic

acidity of the acceptor OH group. In this case, the emphasis is shifted to the

role of polyol glycosyl acceptors in controlling the regioselectivity of

glycosylation [51].

In the course of their work on the synthesis of inositolphosphoglycans

(IPGs) as potential mediators in the insulin signaling process, Martin-Lomas

et al. [52–58] have extensively studied the glycosylation reactions of myo-inositol
and D- and L-chiro-inositol derivatives (Fig. 5.34) with different glycosyl donors, in

particular 2-azido-2-deoxy-glycopyranosyl trichloroacetimidates. In an attempt to

extend the applicability of the double stereodifferentiation principle [59] to glycosyl-

ation reactions [60], Martin-Lomas et al. studied the stereoselectivity of the glyco-

sylation of D- and L-chiro-inositol derivatives with several glycosyl donors [61]. The
authors observed that when differently protected 1,2-diols, derived from both chiro-
inositol enantiomers, are used as acceptors, both the absolute configuration of the

acceptor as well as the nature of the donor’s and acceptor’s protecting groups plays a

key role in the regiochemistry of the coupling. A few examples of regioselective

glycosylation of 1,2-cis-axial/equatorial [51, 62, 63] and 1,2-trans-diequatorial diols
[51, 53, 64] have been described, and the influence of the donor’s protecting groups on

the regiochemistry of polyol glycosylation has been investigated [65, 66]. A notable

example of regioselective glycosylation of 1,2-trans-diequatorial diol is the virtually
complete regioselective galactosylation of the OH-4 group of p-methoxyphenyl

6-O-benzyl-2-deoxy-2-tetrachlorophthalimido-β-D-glucopyranoside 137 (Fig. 5.35)

using a thiophenyl 2,3,4-tri-O-acetyl-6-O-benzyl-galactopyranoside 138 as glycosyl
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donor [64]. In this case it was also reported that OH–3 and OH–4 in 137
(Fig. 5.35) show different preferences for fucosylation reactions depending upon

the nature of the protecting groups in the fucosyl donor. This was later observed in

the mannosylation of the diequatorial diols of methyl 4,6-O-benzylidene-α- and

β-D-glucopyranosides (139 and 140) in the course of RDAS studies [65].

The glycosylation of the OH–6 group of the myo-inositol derivative 141 with

2-azido-2-deoxy-D-glucopyranosyl trichloroacetimidates is another case of

regioselective glycosylation of a 1,2-trans-O-diequatorial diol system 141 which is

frequently performed for the preparation of building blocks for IPG synthesis [53].

Martin-Lomas et al. have already shown that the coupling of L-chiro-inositol
tetrabenzoate 142L with 2-azido-2-deoxy-3,4,6-tri-O-benzyl-D-glucopyranosyl
trichloroacetimidate 143 gave a 6.4:1 mixture of the α(1 ! 3) 144 and

α(1 ! 2) 145 pseudodisaccharides in 67 % combined yield (Fig. 5.36). Similarly,
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the glycosylation of 140L with 2-azido-2-deoxy-3,4,6-tri-O-benzyl-D-
galactopyranoside 146 gave a 7:1 mixture of the α(!3) 147 and the α(1 ! 2)

148 compounds in 48 % overall yield [54]. The regioselectivity was poorer but

followed the same trend in the glycosylation with the less reactive 3,4,6-tri-O-
acetyl-2-azido-2-deoxy-D-glycopyranosyl trichloroacetimidate 149 which afforded

a 2:1 mixture of the α(1 ! 3) 150 and the α(1 ! 2) 151 pseudodisaccharides in

78 % overall yield. Interestingly, the glycosylation of the corresponding D-chiro-
inositol diol 142D with trichloroacetimidate 152 under the same conditions gave α/
β mixture. Here, the 2-O-glycosylated products predominated and afforded the

α(1 ! 2) pseudodisaccharide 153 (Fig. 5.37) as the only product in 65 % yield

when the reaction temperature was decreased from �40 �C to �78 �C
[67]. In neither case were transbenzoylation processes detected.

In order to confirm the influence of the absolute configuration of the

acceptor on the regioselectivity of these glycosylations, we may observe the results

of the reactions of 142D with 152 (see Fig. 5.37), 142D with 154 (see Table 5.3)

(for structures see Fig. 5.38), and 140L with 155 (not shown).

In the glycosylations of 142D, the α(1 ! 2) compounds (165 and 167)
(Fig. 5.38) slightly predominated over the α(1 ! 3) pseudodisaccharides (164 and

166) (Fig. 5.38), thus confirming that the absolute configurations of the acceptor play

a role in the regioselectivity process. Although, in these cases the regioselectivity

was poorer than for 140L. In the glycosylation of 140L with 155, a mixture of

the α(1 ! 2) (161), β(1 ! 2), and α(1 ! 3)(164) pseudodisaccharides was

observed even when the reaction was performed at �78 �C. Thus, the tendency

for the D-enantiomer (140D) to form α(1 ! 2) pseudodisaccharide, as observed in

the glycosylation with 155, was also observed in the glycosylation with 155 and 156.
However, the tendency for the L-enantiomers (140L) to form the α(1 ! 3)

glycosidic linkage, as observed in the glycosylation with 154 and 155, was not

observed in the glycosylation with 157. The reason for this could possibly be that

other factors like the nature of the protecting group at C2 in the glycosyl donor play

a role in the regiochemistry of the process (Table 5.3).

At this point, the glycosylation of 142D and 142L with trichloroacetimidate

157, bearing a trifluoroacetamide participating group at C2, was investigated.
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The results are also shown in Table 5.3 and Fig. 5.38. In this case, the

regiochemistry of the glycosylation followed the same trend as already observed

for donors 154 and 155; the reaction with 142D afforded a 5:1 mixture of the

β(1 ! 2) (168) and β(1 ! 3) (169) compounds with excellent yield, while the

reaction with 142L yielded the β(1 ! 3) derivative 170 as the only product, albeit
in lower yield (Fig. 5.39).

Therefore, with the only exception of the reaction of 140L with 156 (with a

benzyloxy group in position 2), in all the cases studied with tetrabenzoylated

acceptors, the regiochemistry of the glycosylation seems to be dictated by the

absolute configuration of the glycosyl acceptor. These results constitute the first

Table 5.3 Glycosylation reactions of acceptors 142L and 142D with donors 154, 155, 156, and
157. Reaction conditions: TMSOTf (0.08 equiv.), �14 �C, diethyl ether, 1 h, �40 �C; TCA
trichloracetimidate

BzO

OBz

OBz

OBz
OH

OH

142L
(-)-chiro-inositol

BzO

BzO

OBz

OBz

HO

HO

142D
(+)-chiro-inositol

CH2OBn

O
BnO

BnO

OTCAN3154

α(1 ! 3) 158 (58 %) α(1 ! 3) 164 (27 %)

α(1!2) 159 (9 %) α(1!2) 165 (40 %)

67 % (overall yield) 67 % (overall yield)

C2/C3 ¼ 6:4:1 C3/C2 ¼ 1:1.5

CH2OBn

O

BnO

BnO

OTCAN3155

α(1 ! 3) 160 (42 %) α(1 ! 3) 166 (28 %)

α(1!2) 161 (6 %) α(1!2) 167 (35 %)

48 % (overall yield) 63 % (over yield)

C3/C2 ¼ 7:1 C3/C2 ¼ 1:1.25

CH2OBn

O

BnO

BnO

BnO
OTCA156

α(1!2) 162 (24 %) α(1 ! 3) 168 (66 %)

α(1 !3) 163 (6 %)

α(1 ! 3) 169 (21 %)

51 %(overall yield) 63 %a (overall yield)

C3/C2¼1:1.4 C3/C2 ¼ 0:1

CH2OAc

CF3COHN

O
AcO

AcO

OTCA
157

α(1 ! 3) 172 (30 %) 170 β(1 ! 2)

171 β(1 ! 3)

30 %b (overall yield) 95 %c (overall yield)

C3/C2 ¼ 100.0 C3/C2 ¼ 1:5d

aT ¼ �78 �C
bReaction timie 3 h at �40 �C, 1 h at �10 �C
cReaction time 3 h at �40 C
dDetermined b y 1H NMR spectroscopy
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experimental evidence of simultaneous regio- and enantiodifferentiation in

carbohydrate coupling.

The clear influence of the absolute configuration of the acceptor could not be

observed when a similar study was carried out with the tetrabenzylated glycosyl

acceptors 172D and 172L. The results of the glycosylation reactions with acceptors
172D and 172L are presented in Table 5.4 and Fig. 5.40.

Substituting benzoyl for benzyl groups resulted in an increase of the proportions

of the β-anomers and small amounts of uncharacterized pseudotrisaccharides,
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Table 5.4 Glycosylation reactions of acceptors 174L and 174D with donors 154 and 155.

Reaction conditions: TMSOTY (0.08 equiv.). �40 �C, diethyl ether. 1 h, �40 �C; TCA
trichloracetimidate

OBn

OBn
OBn

BnO

OH

OH

174L

OBn

OBn

BnO

BnO

HO

HO

174D

CH2OBn

BnO
BnO

O

N3 OTCA154

α (1–2) 181 21 % α (1.2) 173 23 %

β (1–2) 182 13 % β (1–2) 174 16 %

α (1–3) 183 8 % α (1–3) 175 13 %

β (1–3) 184 2 % β (1–3) 176 13 %

αβ-Trisaccharide 4 % . . .. . .. . .

48 % 65 %

C3/C2 ¼ 1:3.4 C3/C2 ¼ 1:1.5

CH2OBn
BnO

BnO
O

N3 OTCA155

α (1–2) 185 5 % α (1–2) 177 12 %

β (1–2) 186 20 % β (1–2) 178 14 %

β (1–3) 187 10 % α (1–3) 179 6 %

. . .. . .. . . β (1–3) 180 22 %

αβ-Trisaccharide 4 % αβ-Trisaccharide 17 %

39 % 71 %

C3/C2 ¼ 1: 2.5 C3/C2 ¼ 1.1:1
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probably due to the higher reactivity of the benzylated acceptors [56]. Compared to

the results described above for 142D, the yield and the regioselectivity for the

glycosylation of 172D were similar when using donor 153 affording the α(1 ! 2)

173 and β(1 ! 2) 174 pseudodisaccharides in a slightly higher proportion than the

α(1 ! 3) 175 and β(1 ! 3) 176 compounds (C3/C3 ¼ 1:1.5). No selectivity at

all was observed with donor 154 where the 1 ! 2 (177 and 178) and the 1 ! 3

(179 and 180) compounds were formed in similar proportions (C3/C2 ¼ 1.1:1). For

172L, the regioselectivity observed in the reactions with both 153 and 154 was

reversed compared to 140L. The mixture of 1 ! 2 pseudodisaccharides (α181 and

β182 in the glycosylation with 142 and α179 and β180 in the glycosylation with

153) predominated (C3/C2 ¼ 1:2.5) over the 1 ! 3 compounds (α177 and β178 in
the glycosylation with 153 and α185 and β186 in the glycosylation with 154), and
the yields were considerably decreased (Table 5.4 and Fig. 5.40).

Therefore, the nature of the protecting group in the glycosyl acceptor also seems

to exert an important influence on the regiochemical outcome of these
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glycosylations. While a comparison of the results obtained for 142L and 142D
under identical experimental conditions evidences the importance of

stereoelectronic factors on the regiochemistry of the process, a comparison of the

behavior of 142L and 172L also provides experimental evidence for the importance

of the protecting groups on the donor-acceptor match [50] affecting the yield and

the stereoselectivity, and also the regioselectivity of the coupling.

In an attempt to rationalize the above experimental results, the interactions

taking place in the process of glycosidic bond formation were analyzed by means

of DFT calculations [Conformational analyses of donor and acceptor models were

performed using semiempirical PM3 ™ procedure as implemented in HyperChem

6.02; see [68–70]; the low-energy structures found were reoptimized by using

hybrid density functional theory (B3LYP); see [71, 72]; all of the atoms were

described by means of the 6-31G(d) basis set as implemented in Gaussian 03;

see [73–76]. The same method was used for the optimization of all model com-

plexes. Frequencies were also computed at the same level of theory/basis to

characterize stationary points (all of the models presented here were characterized

as minima) and to determine the zero-point energy (ZPE).] Glycosyl oxocarbenium

ions with 2-azide and 2-methoxy groups without substituents at positions 3 and

4 (far from the reaction center) and methyl instead of benzyl ether at position 6 were

used as glycosyl donor models. The benzoylated glycosyl acceptors were modeled

by removing the substituents at positions 5 and 6 of the cyclitol ring and changing

the benzoyl to acetyl groups. Methoxylated glycosyl acceptors were used as models

for benzylated derivatives. Several nucleophile-carbonium ion complexes differing

in the nucleophile orientation, acceptor configuration (D or L), and attacking OH

group (OH–2 or OH–3 of the chiro-inositol ring) were optimized. Most of the

complexes showed a C10–O2(O3) bond length around 2 Å. However, some slightly

more stable complexes with shorter distances for the incipient glycosidic bond were

found. Complexes obtained with 2-azide (denoted as A) and 2-methoxy (denoted as

M) substituted donors and L and D acetylated acceptors are named AL and ML
andAD andMD and are shown in Figs. 5.42 and 5.43, respectively. In each case the

approximation through position 2 or 3 is indicated by the corresponding number.

Complexes obtained from L methoxylated acceptor (denoted as L0) with 2-azide

donor are also shown in Fig. 5.41. The equivalence between models and real

systems is also indicated.

Two main interactions seem to control all these approximations. First is a

very strong hydrogen bond, according to the usual criteria [77] which is present

in all the complexes with acetylated acceptors between the O–H group to be

glycosylated and the adjacent acyl group. In complexes AL03 and AL02, an

equivalent but weaker interaction is also present with the adjacent methoxy

group. Second is an important hydrogen bond between C10 and the closest O2

(O3)–H group, the directionality of which determines the conformation (especially

Φ angle) of the pseudodisaccharide being formed. This interaction is present in all

the complexes except AD2 and MD2 where there is an equivalent interaction

between C50–H and O3.

148 5 Armed-Disarmed Concept in the Synthesis of Glycosidic Bond



Comparing the hydrogen bond between the O3(O2)–H bond and the adjacent

acyl group in complexes with acetylated acceptors, with respect to the situation in

the acceptor model, the hydrogen atom seems to be partially transferred to the

carbonyl group [distances and angles in the acceptor model: d(C ¼ O. . .H) ¼ 2.11,

2.14 Å, Θ(Ο. . .Η�Ο) ¼ 132.1, 133.8�, φ(Χ ¼ . . .Ο�Η) ¼ 98.2, 99.2�.] ΝΒΟ
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analysis [78, 79] shows an important charge donation from a lone pair of the

carboxylic oxygen to the O–H antibonding orbital that weakens this bond (Wiberg

bond indexes of O–H bonds involved in glycosidic bond formation are in the range

0.50 � 0.52 Å, whereas the values for the other O–H group are in the range

0.65 � 0.66 Å) [Wiberg bond indexes of O–H bonds in the acceptor model are

0.72 and 0.73 Å]. The second-order perturbation energy associated with these

stabilizing donations are in the range 43–46 kcal/mol, a big value compared with

the interactions found for other O–H groups (7–12 kcal/mol) that participate in a

normal hydrogen bond. This suggests that glycosylation may be assisted by the

basic character of the adjacent acyl group. In agreement with this, when the acyl

groups in complexes AL3 and AL2 were substituted by methyl groups (see

complexes AL03 and AL02 in Fig. 5.51), the complexation process was less

favorable, and a slight elongation of the distances C0–O3(O2) (1.67 and 1.68 Å)
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and C0–H–O2(O3) (2.29 and 2.10 Å) was observed. Although there also exists an

interaction between the O–H group to be glycosylated and the adjacent methoxy

group, this must be weaker according to the values of distances and angles [77]. For

complexes shown in Fig. 5.51 CO. . .H distance is 1.53–1.54 Å, O. . .H–O angle (Θ)
155 � 166�, Χ ¼ Ο. . .Η angle (φ) 111 � 116�. For complexes AL03 and AL02
shown in Fig. 5.52, CO. . .H distance 1.90 and 2.07 Å, O. . .H–O angle (θ) 120.9 and
119.5�, C–O. . .H angle (θ) 130.3 and 129.5�, respectively [80] (van der Waals radii

values: H ¼ 1.20 Å, O ¼ 1.52 Å, N ¼ 1.55 Å).
Complexes shown in each figure are quite similar in energy and do not seem to

have important differences in electronic interactions. However, a careful analysis of

these structures may help to understand most of the experimental results presented

in Table 5.4. First, the high regioselectivity to position 3 shown by acceptor 142L in

reaction with 2-azide substituted donors 153 and 154, which is inverted to position

2 with benzylated acceptor 172L and the same donors. Second, the low

regioselectivity observed for acceptor 142D with 2-azide substituted donors 153

Fig. 5.43
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and 154. Third, the role of the group at C2 of the glycosyl donor azide group

induces high 3-regioselectivity with acceptor L, whereas the benzyloxy group

induces high 2-regioselectivity with acceptor D.

The interactions that takes place during the approach of the acceptor to the lower

face of the donor can be related to the value of the dihedral angleΦ as well as to the

distances between certain groups indicated in Figs. 5.41 and 5.42.

In order to analyze the results from the AL3 and AL2 approximations (see

Fig. 5.42), it must be mentioned that in complex AL2, the axial substituent at C6 of
the acceptor (that has been eliminated in the model) should be closer to the lower

face of the donor (distance H6–NC50 4.70 Å) than in complex AL3 where the

closest substituent, at C5 in this case, shows a longer distance (H5–HC50 6.26 Å).
Additionally, complex AL3 shows a stabilizing interaction between the 4-acyl

group and C50-H (distance C ¼ O–HC50 2.43 Å). These factors would afford a

high C3/C2 ratio which is in agreement with the experimental results (see highly

regioselective reaction of 142L with 153 and 154, Table 5.3).
When methoxylated glycosyl acceptors were used, an increase in the dihedral

angle Φ was observed. Thus, the dihedral angle ϕO50-C10-O3-C3 increased from 93.8

(in AL3) to 104.0� (in AL03) (see Fig. 5.42). In the case of approximation through

position 2, the dihedral angle ϕO50-C10-O2-C2 varied from 67.6 (in AL2) to 73.8�

(in AL02). These variations provide fewer interactions between groups on the

acceptor and the lower face of the donor in both AL0 complexes. The absence of

the carbonyl group in AL03 produces the loss of the stabilizing interaction that was

present in AL3 (the equivalent distance O–HC50 with the OMe group in AL03 is

3.72 Å). The possible steric hindrance in AL02 would decrease (distance between

axial H6 and C50 ¼ 5.54 Å) with respect to the situation in AL2 (4.70 Å). These
facts agree with the reverse stereoselectivity experimentally observed for benzylated

acceptors (see the results of the reaction of 172L with 153 and 154 in Table 5.3).

On the other hand, in the case of the acceptor with D-configuration, complex

AD3 also shows a stabilizing interaction (analogous to the one found in AL3)

between the 4-acyl group and in this case C30–H (distance C ¼)–HC30 2.43 Å.
However, due to the orientation of this acyl group, steric effects should become

important when the size of the acyl group increases (distance COCH3–HC30

3.71 Å). The approximation shown for complex AD2 is almost totally free of steric

interactions but does not present any additional favorable electronic interaction.

The experimental result in this case is poor regioselectivity (see reaction of 142D
with 153 and 154 in Table 5.3).

In order to study the role of the group at C2 of the glycosyl donor, complexes

shown in Figs. 5.42 and 5.43 must be compared. Both types of complexes are quite

similar. However, there exists a remarkable difference between complex AL3 and

ML3 regarding the orientation of the C2 substituent (torsional angles:

C10–C2–N–N ¼ 92.7�; C10–C20–O–CH3 ¼ 155.4�) [this torsion angle is in the

range 153–167� for the rest of the structures shown in Figs. 5.42 and 5.46
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(AL2, AD3, AD2, and ML2, MD3, MD2)]. Probably with this orientation, the

nitrogen atom on the azide group can avoid electronic repulsion with O2, whereas

the methoxy group cannot reach this conformation due to steric reasons. The

different conformation of the C2 substituent causes a dramatic decrease in the

value of ΦO50–C10–O3–C3 from 93.8� in complex AL3 to 60.2� [Φ changes only in

the range 2–10� for the rest of the complexes (AL2, AD3, AD2 and ML2, MD3,
MD2) in complexML3]. Thus, complexML3 shows an orientation similar toML2
(and also to AL2, compare Φ angle values in Figs. 5.42 and 5.43), and therefore

they present similar interactions between the axial substituent at C5 inML3 and C6
in ML2 and AL2 of the acceptor and the lower face of donor. Additionally, ML3
shows the 4-acyl group inside the lower face of the donor (distances C¼O–HC50

2.76 Å and C¼O–HC30 2.58 Å) and thus the stabilizing interaction should be

smaller than in complex AL3. Therefore, with these 2-methoxy ML complexes,

no regioselectivity should be expected as can be experimentally observed in the

reaction of 142L with 155 (Table 5.3). For the D-enantiomer, the approximation

through OH–2 seems to be slightly favored according to the distance of the

incipient bond (1.66 Å in complex MD2 vs. 1.68 Å in complex MD3). The
relatively unfavorable situation in MD3 may also be ascribed to steric factors.

The distance between methyl groups of the C20-methoxy substituent and 4-acetyl is

only 3.68 Å. In comparison with AD3, the COCH3–HC30 distance in MD3 is

3.64 Å. Most likely the influence of these effects on the regioselectivity of the

glycosylation will increase as the size of the substituent at the 2-position of the

glycosyl donor increases.

These calculations have highlighted the importance of hydrogen bonds on the

acceptor residue in the regiochemical outcome of the glycosylation of diol accep-

tors. Particularly interesting is the assistance of an acyl group close to the hydroxyl

group to be glycosylated. This effect can help to explain the results presented

herein, as well as some others already described in the literature. For example, a

methoxycarbonyl group at the 6-position facilitates regioselective glycosylation at

the 3-position of a 3,4 diol of a glucuronic derivative in a 1C4 conformation [80].

The higher ratio of glycosylation at C2 of the 2,4-mannosyl diol acceptors, when a

benzoyl group is at C3 compared with a benzyl group, is also in agreement with

these observations [81].

As can be seen in complexes AL03 and AL02, the hydrogen bond assistance can

also be found, although to a lesser extent, with alkoxy substituents. This effect

could explain the lower degree of glycosylation of hydroxyl groups with either no

possible or favorable hydrogen bond assistance described in the literature. That

could be the case of the higher ratio of glycosylation of hydroxyl groups at C3

position even being the most hindered one, compared to OH–2 in α-altrose diol

acceptor derivatives described by Fraser-Reid et al. [66]. This fact could also

explain the glycosylation tendency of the axial hydroxyl group at C1 versus C2 in

D-chiro-inositol 1,2-syn diol acceptors [54].
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5.3.2 Proton-Catalyzed Addition of Alcohols to Glycals:
Glycals as Glycosyl Donors

The proton-catalyzed addition of alcohols to glycals is shown not to be trans diaxial
addition. Bollitt et al. [83] reported that triphenylphosphine hydrobromide

(TPP-HBr) was the catalyst of choice for mild and high-yield protonation and

subsequent glycosidation of glycals (Fig. 5.44).

They observed mainly α-glycoside products in their examples using glycals with

all equatorial substituents. Danishefsky [84] has obtained, in allal series, a

β-glycoside with the BMLF protocol. Earlier physical organical studies had shown

that the hydration of enol ethers occurs via an AdE2 (addition-electrophilic-bimo-

lecular) mechanism, i.e., a first step of protonation to form an oxocarbenium

ion followed by a second step of nucleophilic addition [85, 86] (Fig. 5.45).

In the protonation step in a polar medium, no strong bridging of the proton can

occur. Thus, there was no good reason to expect direct trans addition in cases where
stereochemistry was observable. In order to completely determine the stereochem-

istry of nonenzymatic protonation of glycals, the BLMF procedure in deuterated

media was used [87]. Thus, the glycals listed in Table 5.5 were treated with

catalytic amount of TPP-HBr in the presence of nucleophiles having O–D func-

tions. The stereochemistry and yield of the products were determined by NMR

spectroscopy (both 1H and 2H) (Lemieux has reported the synthesis of

2-deuterioglycosides by Pd-catalyzed deuterogenolysis of 2-iodosaccharides and

has reported their 60-MHz proton spectra which are in good agreement with the

obtained data [88]).
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From the obtained results it is clear that, except for the case of 3-deoxyglycal

194 and allal 198, deuteron delivery is largely from below the plane to afford what

becomes the equatorial ligand at C2 (Fig. 5.46). Hence, the stereochemistry at the

anomeric center of the product glycoside is not due to trans addition. The predom-

inant axial stereochemistry at C1 probably arises from the kinetic anomeric effect

(KAE) expected for trapping the intermediate oxocarbenium ions 198 and 201
(Fig. 5.46) [89, 90]. Hence, the differing ratios are due to differing magnitudes of

the KAE inherent in the developing C1-nucleophile bonding. One can interpret the

observation of a β-glycoside in the allal series simply as a result of the steric

repulsion of the 3-axial substituent overriding the KAE. These results are consistent

with the AdE2 mechanism with a kinetically (sterically?) controlled protonation

followed by glycosyl transfer directed by KAE. They are only surprising to the

extent that the intuition of many practicing organic chemists assumes that trans
diaxial addition of electrophilic reagents to alkenes is the common behavior. The

presented results confirm a related experiment with similar mild conditions where

Borowiecka et al. [91] added deuterated thiophosphoric acid to glycal to afford

cleanly a 2-deoxypyranose thiophosphate product resulting from cis addition from

the α-face. Treatment of the triacetate of galactal-2-d 204 (Fig. 5.47) with a melt of

phenol and p-TosH at 60 �C afforded largely an α-glycoside with no stereose-

lectivity in the proton delivery [92, 93].

It is interesting to compare the acid-catalyzed results with those of enzyme-

catalyzed additions. Lehmann [92, 93] (β-galactosidase, trans-“diequatorial”) and
Hehre [94] (α-glucosidase, trans “diaxial” and β-glucosidase, trans-“diequatorial”)
in a pioneering series of experiments that anticipated recent work applying

enzymology to preparative glycoside chemistry (the Lehmann-Hehre discoveries

have been applied to the synthesis of disaccharides in the β-2-deoxy series

[95–98]) demonstrated that glycals could be stereospecifically converted to

2-deoxyglycosides using glycosidase enzymes. For example, the galactal-2-d

(204 in Fig. 5.47) was cleanly transferred to glycerol using a β-galactosidase,

Table 5.5 Sugar stereochemistry at C1 and C2 resulting from protonation of glycals

Entry Glycal R (equiv) Anomer ratio α/β Equatorial D/axial D

1 193 70/30 87/13a, b

2 193 90/10 92/8a, b

3 194 75/25 67/33a–c

4 195 77/23 33/67a, d

5 196 88/12 87/13a, d

6 196 98/2 85/15a, d

7 190 21/79 <5/0.95e

aSince the NMR peaks for axial and equatorial D did not give baseline resolution, the peak areas

were determined by a visual curve-fitting program; hence, the disparities in the e/a ratios in entries

1–2 and 5–6 indicate the imprecision of the curve-fitting
bThe ratios were identical in both α- and β-anomers; hence the 2H spectra are of α/β mixtures
cThe ratio was determined after deacetylation and rebenzylation
dThe ratio was determined for α-anomer only
eThe ratio was determined for the β-anomer only
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affording glyceryl 2-deoxy-β-galactoside 205 (Fig. 5.47). Delivery of the proton to

C2 of the galactal took place specifically from the bottom face to afford apparent

trans addition. Although it would be simple to explain the observation as a direct

trans addition, the accepted interpretation is more complex. Thus, it has been

shown that the enzyme delivers the glycerol to the β-face of the galactosyl anomeric

carbon in a step subsequent to the initial bonding of an enzymic nucleophile on the

α-face [99, 100], ostensibly the microscopic reversal of the enzyme’s natural and

stereospecific cleavage mechanism [101, 102]. The attachment of a proton at C2

and the presumed enzymic nucleophile at the intermediate stage must have been via

cis addition. It is now possible to speculate that the β-galactosidase-promoted

addition with an overall trans outcome was really a more stereoselective version

of a simple acid-catalyzed cis addition, subject to stereoelectronic control, with the

β-enzyme affording below-plane protonation corresponding to the previous obser-

vation. In contrast, the above-plane protonation with the α-glucosidase enzyme is

not consistent with the simple acid-catalyzed chemistry of glycals followed by

193, V = X = Y= OBn; W = Z = H

197, V = X = Z= OBn; W = Y = H

194, V = X = Y= OAc; W = Z = H
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glycosyl transfer. The unanswered question concerning the described chemical

results and also the larger field of electrophilic addition to glycals is what is the

basis for “below plane” of “equatorial-developing” attack at C2. One popular

explanation, namely, pyramidalization of the alkene carbon [103], is belied by the

reported crystal structures for glycals [104, 105]. A rationalization, commonly

known as Cieplak effect [106], where the more electron-rich bond vicinal and

anti-parallel to the forming bond, directs the attack, can explain the outcome only

in the 3-deoxyglycal case. Some as yet undefined steric effect of the 3-equatorial

substituent and the 4-axial proton may be a part of the explanation in the glycal

series, while in the galactal and allal cases, a steric repulsion of 4-axial and 3-axial

groups, respectively, is probably determinant. More work remains to be done to

discover the balance of forces that controls the face-selectivity of electrophilic

attack in glycals.

The use of neighboring group participation to control the stereoselectivity of a

glycosylation reaction is a powerful method for the stereoselective synthesis of

glycosides [107, 108]. This method provides an efficient synthesis of 2-deoxysugar

glycosides, because after a substituent at the C2 has directed the stereochemistry

at the anomeric carbon (C1), the substituent can be removed [107, 108]. Figure 5.48

summarizes the selective conversion of thioglycoside 206 into both glycosyl

acceptor 210 and glycosyl donor 212; the 1,2-migration developed by Nicolaou

et al. [109, 110] was employed. Thioglycosides 207 and 211 underwent smooth

1,2-migration on exposure to DAST to furnish glycosyl fluorides 208 (mixture of α-
and β-anomers, ca. 1:17) and 212 (mixture of α- and β-anomers, ca. 1:14), respec-

tively, in quantitative yields. As expected, glycosylation of 208 with MeOH and

SnCl2 in ether was directed by the PhS group at C2 to give predominantly the

β-anomer 209 (91 %, ca. 10:1). Desilylation of 209 gave compound 210.
The assembly of the A1BC ring of everninomycin 213 (Fig. 5.49) from building

blocks 203, 207 (Fig. 5.50) was effected as described in Fig. 5.50. Thus, carbohy-
drates 203 and 207 undergo highly stereoselective glycosidation giving the

corresponding β-glycoside due to the presence of the PhS groups at the C2 carbon

which directs the stereochemistry. The 2-phenylthio group is removed in the next

step by reaction with Raney nickel providing the pure β-linked 2-deoxy disaccha-

ride 209 which otherwise would be impossible to obtain.

Other substituents, such as PhSe groups [111, 112] and halogens (particularly I

[113–116]), have also been employed. The stereochemical outcomes of these
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reactions are typically considered to result from stereospecific ring opening

of bridged intermediates [108] such as 216 and 222 (Figs. 5.50 and 5.51) with

inversion of configuration.

The high selectivities exhibited by many of these processes make this explana-

tion strongly compelling [117].

Although mechanisms involving bridged intermediates such as the episulfonium

ions 216 (Fig. 5.50) and 222 (Fig. 5.51) provide satisfying explanations for obser-

vations such as those shown in Figs. 5.50 and 5.51, accumulating evidence suggests

that such intermediates may not be involved in stereoselective substitution pro-

cesses. The fact that the reactions that would be expected to proceed through

episulfonium [111, 112, 118–120], episelenonium [118, 121], or iodonium ions
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[114, 115] are not completely selective [122] indicates that these reactions may

occur by a different pathway or through multiple pathways (Fig. 5.52).

Carbohydrate-derived episulfonium ions have been observed spectroscopically.

Boons et al. [123–125] have developed methods for 1,2-cis O-glycosylation, a
challenging problem in carbohydrate chemistry [126]. The glycosyl donor 225,
which bears a pendant sulfide group at C2, exhibited high α-selectivity in glyco-

sylation reactions [124] (Fig. 5.53).

The intermediate sulfonium ion 228 was observed by low-temperature NMR

spectroscopy in the absence of a nucleophile. The stereochemical outcome of the

glycosylation reaction implies a mechanism involving ring opening of sulfonium

ion 228 with inversion at the anomeric carbon. The Boons laboratory, however,

noted that the precise structure of the sulfur-bearing directing group is critical.

When the directing group possessed the (R)-configuration at the benzylic

stereocenter, the disaccharide product was obtained with no selectivity. Conse-

quently, the formation, stability, and reactivity of sulfonium ions resembling 228
are sensitive to the exact nature of the cation.
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The addition of exogenous sulfides can increase the selectivity of some

glycosylation reactions [124] and sulfonium ion intermediates may be involved in

these reactions [125] and related processes [127]. For example, the selectivities of

reactions of the 2-azido sugar 229 can be enhanced with the appropriate choice of a
sulfide additive [125] (Fig. 5.54). As with the glycosyl donor bearing a tethered

sulfide 225 (Fig. 5.53), a sulfonium ion 232was observed by low-temperature NMR

spectroscopy, along with the glycosyl triflate 225 [125]. The stereochemical course

of this glycosylation reaction is also consistent with direct displacement of the

anomeric sulfonium ion. The observation of inversion at the anomeric carbon,

however, can also be the result of a transition state with considerable oxocarbenium

character, as demonstrated for mannosyl triflates [128] and iodides [129].

Nicolaou et al. [109] reported a new synthetic technology for the following:

(a) introduction of fluorine at C1 [for some previous syntheses and/or utilizations of

glycosyl fluorides, see [130–139]]; (b) introduction of O-, S-, and N-containing
substituents at C2; (c) inversion of configuration at C2; (d) deoxygenation at C2;

and (e) stereocontrolled synthesis of α- and β-glycoside bonds including the

hitherto difficult to construct 2-deoxy-β-glycosides (for some previous efforts for

synthesis of 2-deoxy-β-D-glycosides, see [140]).
Figure 5.55 outlines the mechanistic considerations that led to the design of these

stereospecific migrations. Thus, it was anticipated that a migratory group at C1

might be induced to shift to the neighboring position (C2) by (a) a “pull” from the

“host” carbon initiated by the departure of a leaving group and (b) a “push” from the

ring oxygen lone pairs of electrons, provided the groups involved were stereoelec-

tronically oriented in the proper fashion. In consideration of practical means to

realize this scenario from simple and readily available starting materials, and in

order to maximize the synthetic potential of the resulting products, (diethylamino)
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sulfur trifluoride (Et2NSF3, DAST) was chosen to operate on the hydroxy substrates

234 (Fig. 5.55) (for use of DAST to prepare α-fluoro-β-amino acids from

β-hydroxy-α-amino acids via nitrogen 1,2-shift, see [141]). Indeed, when com-

pounds 239 (X ¼ OMe, OAc, SPh, N3; Fig. 5.55, Eq. 2) were treated with excess

DAST in CH2Cl2 at 0–45 �C, the glycosyl fluorides 240 were obtained in high

yields (see Table 5.7) (for a previous report of C1 to C2 shift involving a thiophenyl

and mesylated group under basic conditions, see [142]). Furthermore, a number of

other substrates and substituents (e.g., OCH2Ph, OCOPh, O-sugar) were found to

undergo the C1 to C2 shift, as Table 5.6 demonstrates. Thus, in one step, this

operation introduces a variety of useful functional groups at C2 and simultaneously

a fluorine substituent at C1 with inversion of stereochemistry at both centers.

These facile migrations have a number of obvious and useful applications. Thus,

the glycosyl fluorides obtained can be used in coupling reactions (vide supra) to

afford various types of O-, S-, N-, and C-glycosides. This powerful reaction also

offers the possibility of transplanting a group in a predictable stereochemical

fashion at C2 after introduction at C1, the most activated position of the carbohy-

drate framework. Easy deprotection of some of these groups (e.g., OAc, OCH2Ph)

results in a new and practical method for inversion of stereochemistry at C2,

whereas the successful introduction of the azido group has important implications

in the synthesis of amino sugars. The PhS group with its rich and synthetically

O
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Table 5.6 1,2-Migration in carbohydrates

Substrate Product Yield

tert-BuPh2SiO

MeO

O

OH

OR

X tert-BuPh2SiO

MeO

O

OR

X

F

241a, X ¼ OMe; R ¼ SiMe2Bu-tert 242a, X ¼ OMe; R ¼ SiMe2Bu-tert 77 % (at 45�)
241b, X ¼ OMe; R ¼ CH2Ph 242b, X ¼ OMe; R ¼ CH2Ph 81 % (at 45�)
241c, X ¼ OAc; R ¼ SiMe2Bu-tert 242c, X ¼ OAc; R ¼ SiMe2Bu-tert 91 % (at 0�)
241d, X ¼ SPh; R ¼ SiMe2Bu-tert 242d, X ¼ SPh; R ¼ SiMe2Bu-tert 88 % (at 0�)
241e, X ¼ N3; R ¼ SiMe2Bu-tert 242e, X ¼ N3; R ¼ SiMe2Bu-tert 78 % (at 45�)

O X
O

OPh

OR

OH O

O
O

OR

Ph X

F

243a, X ¼ OMe; R ¼ SiMe2Bu-tert 244a, X ¼ OMe; R ¼ SiMe2Bu-tert 70 % (at 45�)
243b, X ¼ SPh; R ¼ SiMe2Bu-tert 244b, X ¼ SPh; R ¼ SiMe2Bu-tert 93 % (at 0�)

245

tert-BuCOO

tert-BuCOO

OCH2Ph

O OAc

OH

246

tert-BuCOO

tert-BuCOO

O

OCH2Ph

OAc

OH

88 % (at 0�)

O

O

OH

XR

O

R

O

O

OH

O X

247a, X ¼ SPh; R ¼ Me 248a, X ¼ SPh; R ¼ Me 86 % (at 0�)
247b, X ¼ N3; R ¼ Me 248b, X ¼ N3; R ¼ Me 75 % (at 45�)
247c, X ¼ OCH2Ph; R ¼ H 248c, X ¼ OCH2Ph; R ¼ H 65 % (at 25�)

249
tert-BuMe2SiO

SPhO
O

O OHPh

tert-BuMe2SiO
250

O F

XPh O

O
88 % (at 0�)

tert-BuCOO

OH

O

R1O

R2O

SPh
tert-BuCOO

R2O

R1O SPh

O F

251, R1 ¼ CH2Ph; R
2 ¼

SiMe2Bu-tert
252, R1 ¼ CH2Ph; R

2 ¼
SiMe2Bu-tert

85 % (at 0�)

251, R1 ¼ SiMe2Bu-text;R
2 ¼ Me 252, R1 ¼ SiMe2Bu-tert; R

2 ¼
SiMe2Bu-tert

86 % (at 0�)

In entries 233c and 233d, 245, 247a and 249 the indicated anomer was exclusively

formed, whereas in the remaining entries the indicated anomer predominated in an anomeric

mixture Z (α/β ratio): 241a(40:60), 241b(40:60), 241e(50:50), 242a(25:75), 247b(50:50), 247c
(60:40), 250(62:38)
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fertile chemistry promises new ventures in carbohydrate chemistry including deox-

ygenation at C2 and control of glycosidation stereochemistry.

The application of this technology to the stereocontrolled construction of α- and
β-glycosides was then demonstrated by the efficient syntheses of two isomeric

disaccharides. This objective was achieved by (a) introduction of a PhS group at

C2, (b) α- or β-directed glycosidation by neighboring group and/or solvent participa-
tion, and (c) desulfurization to afford the 2-deoxy-α-glycoside or its β-isomer.

Figure 8.84 illustrates this three-step sequence which is of particular importance for

2-deoxy-β-glycosides, compounds normally not directly accessible from 2-deoxy-

sugars (for some previous entries into 2-deoxy-β-glycosides, see [140]), leading to the
α-linked disaccharides 249 and 252 [in both entries 234 and 235, Fig. 5.55, the
α-anomer is expected as observed, since sulfur participation and the anomeric effect

direct the stereochemistry to the α-configuration] and the β-linked isomer 236 with

high stereocontrol. Of special interest was the solvent effect on the stereochemical

outcome of these glycosidation reactions in the presence of SnCl2 as Table 5.7 shows.

It appears that in the presence of a tin-complexing solvent or reagent (e.g., entries 1, 3,

and 5, Table 5.7), the SPh group remains free to direct the glycosidation via a transient

intermediate such as 255 (Fig. 5.56), whereas in the absence of a complexingmedium

(e.g., entries 2 and 6, Table 5.7), the catalyst may be engaging the sulfur, thus

preventing it from participating in the coupling reaction [in both entries 5 and

6, Table 5.7, the α-anomer is expected as observed, since sulfur participation and

the anomeric effect direct the stereochemistry to the α-configuration].
The described chemical transformations are expected to (a) increase the useful-

ness of carbohydrates in organic synthesis, (b) enhance our ability to synthesize

various useful and/or rare sugars from other readily available carbohydrates, and

(c) facilitate the construction of oligosaccharide chain with stereocontrol at the

glycoside bond.

Numerous approaches to the synthesis of C-glycosides have been proposed

[143–164] and reviewed [143–152]. Amajority of these methods have led tomixture

of α- and β-isomers. One viable approach to improve the stereoselectivity in organic

synthesis has been the use of epoxides [165, 166] or three-membered cyclic cations

(e.g., episulfoniium [167–171] and episelenonium [172, 173]). Reactions of nucle-

ophiles with these species are expected to proceed with high stereoselectivity as a

Table 5.7 Stereocontrolled synthesis of α- and β-glycosides

Entry Reactants Solvent/reagentsa Yield, % α:β ratiob

1 246, 247 Et2O 92 1:16

2 CH2Cl2 90 10:1

3 CH2Cl2/20 equiv Me2S 90 1:13

4 THF (1.2 equiv of AgClO4)
c (50) (1:3)

5 254, 247 Et2O 93 1:0

6 CH2Cl2 91 1:0
aReaction conditions: 1.8 equivalent of SnCl2, 4 Å MS, �15� C
bDetermined by 1H NMR spectroscopy
cIn the absence of AgClO4, the reaction did not proceed
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result of trans-opening of the rings [165, 166] or three-membered cyclic cations

(e.g., episulfonium [167–171] and episelenonium [172, 173]). Epoxides and three-

membered cyclic ions have been the precursors for the preparation of O-glycosides
[174–177]. For the use of 1,2-episulfonium intermediates for the synthesis of

O-glycosides, see [109, 110, 112, 178–188]. For the nucleoside preparation via

episulfonium ions, see [189, 190]. For the use of 1,2-episelenonium ions for the

synthesis of O-glycosides, see [191–193]. For 1,2-iodonium ions in O-glycoside
synthesis, see [21, 194–197]. For cyclization via halonium ions providing O-glyco-
sides, see [198]. For mercury-assisted cyclizations forming O-glycosides, see [199,
200] and for other carbohydrate derivatives, see [201–203]. In the C-glycoside
synthesis, the use of these cyclic species has been based on three major approaches.

The first is the formation of a cyclic intermediate from a 1,2-unsaturated sugar

derivative, glycal, with subsequent attack of a carbon nucleophile (C–Nu, Fig. 5.57).

In the second, rather limited method, epoxides or three-membered cyclic ions

obtained from exo-glycals react with C–Nu (Fig. 5.58). The third approach includes
electrophile-mediated cyclization reactions of alkenols (Fig. 5.59).

For cyclizations via epoxide opening leading to C-glycosides and related com-

pounds, see [2, 204–206]. For the synthesis of C-glycosides and related compounds

by episelenonium-mediated cyclizations, see [2, 207]. For episulfonium ion pro-

moted cyclizations of hydroxy alkenes, see [2]. For the preparation of C-glycosides

a
(90%)

89%

b or c (93%)

(a) 3 equiv DAST, CH2Cl2, 0°C; (b) 0.9 equiv of 253, 1.8 equiv of SnCl4, 4A MS, Et2O, - 15°C; (c) 0.9
equiv. of 253, 1.8 equiv of SnCl4, 4A MS, CH2Cl2, - 15°C; (d) Raney Ni, EtOH, Δ; (e) yield based on 253
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and related compounds using cyclization reactions via halonium ions, see

[198, 207–211]. For mercury-assisted cyclizations forming C-glycosides and

related compounds, see [2, 200, 213].

Among a variety of possible glycal-based three-membered cyclic intermediates,

only glycal epoxides and 1,2-episulfonium ions have been employed in the synthe-

sis of C-glycosides and related compounds.

Carbohydrate-derived epoxides have found a great use in the synthesis of

O-glycosides [174–177].
Glycal epoxides have also served as C-glycosides precursors as well. Bellosta and

Czernecki [214, 215] have studied the reaction of 3,4,6-tri-O-acetyl-1,2-anhydro-α-D-
glucopyranose 260, 1,2-anhydro-3,4,6-tri-O-benzyl-α-D-glucopyranose 261, and

1,2-anhydro-3,4,6-tri-O-benzyl-β-D-mannopyranose 265 with four organocuprate

reagents, R2CuLi and R2CuCNLi2 (R ¼ Me, Ph, Fig. 5.60). For all the reactions

studied, Me2CuLi gave higher yields than the other three reagents. This was

explained by higher reactivity of this reagent compared to the phenyl analog [215,

216]. The most significant result of this study is that for both epoxides D-gluco (260
and 261) and D-manno (265), the isolated products were 1,2-trans isomers 262, 263,
266, and 267. It is important that the reaction did not require the use of a Lewis acid.
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There are limited data on 1,2-epoxy of glycal epoxide ring opening reaction with

C-nucleophiles other than organocuprate, e.g., Grignard reagents [217, 218],

organolithium compounds [217–219], allylstannane [217], and sodio di-tert-butyl
malonate [219, 220].

Thus, the reaction of allylmagnesium bromide with epoxide 275 in FHF gave

β-C-D-glucopyranoside 278 in a 75 % yield [217]. It has been also found that the

addition of ZnCl2, Li2CuCl4, and Yt(OTf)3 increased the yield of the reaction by

9–15 % [218]. However, the use of other Lewis acids, such as CuI, CuBrSMe2, and

BF3.Et2O, caused the opposite effect [218]. The influence of the Lewis acid on

stereoselectivity of these reactions has not been studied.

In contrast to the known data for the reactions of glycal epoxides with other

C–Nu, the ring opening using lithium alkynyl derivatives gave α-C-D-glucopyr-
anosides. The formation of 1, 2-cis products was explained by suggesting that

(1) the actual nucleophiles in this fraction are organozinc derivatives and (2) the

ring opening takes place before the C–C bond formation (Fig. 5.61).

A number of different nucleophiles have been used for opening of glycal

epoxide and introducing an allylic residue [217, 218]. Evans et al. proposed a

highly stereoselective method for ring opening of glycal epoxides using

allylstannanes [217]. This reaction was promoted by a number of Lewis acids.

CH2OBn

CH2OBn CH2OBn

RO
RO

O

O

O
RO

RO

OH

CH2OBn

OH

R1

O

RO
RO

O

R

O

RO
RO

274, R = Ac 276, R = Me
277, R = Ph
278, R = allyl

280, R = Me
281, R = Ph

279

275, R = Bn

Organocuprate

Organocuprate

Entry Epoxide Organocuprate Yield % and
Reference

1 274 Me2CuCNLi2 26 [29a, b]
2 274 Me2CuCNLi2.BF3.Et2O 23 [29b]
3 274 Me2CuLi 65.5 [29a, b]
4 274 Ph2CuCNLi 27 [29b]
5 274 Ph2CuLi 23 [29b]
6 279 Me2CuLi 90 [29a, b]
7 279 Ph2CuLi 70 [29a, b]
8 275 (allyl)2CuCNLi 43 [31], 0 [32]

Fig. 5.60

5.3 Superarmed Glycosyl Donors in Glycosylation Reactions 167



It was found that the stronger acid, SnCl4, provided a trace amount (3 %) of two

isomeric C-allyl glycosides in the ratio of 1.4:1 (β:α). Tributylstannyl triflate, the
weakest among the Lewis acids studied, afforded 57 % of the product as a mixture

of β- and α-isomers in a ratio 95:5. The author’s explanation [217] of the Lewis acid

effect on stereoselectivity is illustrated in Fig. 5.62.

It has been also reported that the reaction of sodio di-tert-butyl malonate with

epoxide 290 in the presence of a rather weak Lewis acid ZnCl2 stereoselectively

afforded β-C-D-glycoside 291 (Fig. 5.63).

Thus, the reaction of glycal epoxides with strong nucleophiles, such

organocuprates, allylmagnesium bromide, and allyllithium, did not require the

use of Lewis acid and proceeded with the formation of 1,2-trans-C-glycosides.
Episulfonium ions have been known to react with a variety of nucleophiles of

different natures and strengths [2, 167, 169–171].
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58. Bonilla JB, Muñoz-Ponce JL, Nieto PM, Cid MB, Martin-Lomas M (2002) Synthesis and

structure of 1-D-6-O-(2-amino-2-deoxy-α- and β-D-gluco- and – galactopyranosyl)-3-O-
methyl-D-chiro-inositol. Eur J Org Chem 2002:889–898

References 171



59. Masamune S, Choy W, Petersen JC, Sita LR (1985) Double stereodifferentiation and a new

strategy for stereocontrol in organic syntheses. Angew Chem 97:1–31

60. Spijker NM, Van Boeckel CAA (1991) Double stereodifferentiation in sugar reactions.

Mismatched reactions of donors and acceptors. As yet unconsidered factors of the influence

of α/β-ratios on glycoside synthesis. Angew Chem 103:179–182

61. Cid MB, Alfonso F, Martin-Lomas M (2005) A study on the influence of the structure of the

glycosyl acceptors on the stereochemistry of the glycosylation reactions with 2- azido-2-

deoxy-hexopyranosyl trichloroacetimidates. Chem Eur J 11:928–938

62. Haines AH (1976) Relative reactivities of hydroxyl groups in carbohydrates. Adv Carbohydr

Chem Biochem 33:11–109

63. Collins P, Ferrier R (1955) Monosaccharides. Wiley, New York

64. Ellervirk U, Magnusson G (1998) A high yielding chemical synthesis of silyl Lewis x

Tetrasaccharide; examples of regio- and stereodifferentiated glycosylations. J Org Chem

63:9314–9322
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217. Evans DA, Trotter BW, Côte B (1998) Addition of allylstannanes to glycal epoxides.

A diastereoselective approach to β-C-glycosidation. Tetrahedron Lett 39:1709–1712

218. Best WM, Ferro V, Harle J, Stick RV, Tilbrook MG (1997) The synthesis of some epoxyalkyl

β-C-glycosides as potential inhibitors of β-glucan hydrolases. Aust J Chem 50:463–472

219. Leeuwenburgh MA, Timmers CM, van der Marel GA, van Boom JH, Mallet J-M, Sinaÿ PG
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Chapter 6

Stereoelectronic Effects in Nucleosides
and Nucleotides

An excellent review of this subject was published in 2005 by Chattopadhyaya

et al. [1].

It has been shown that stereoelectronic effects play an important role in many

enzyme-catalyzed biochemical reactions, as, for example, in ribozymes [2–4],

serine proteases [5], lysozymes [6], and ribonucleases [3, 7]. While most of the

studies on stereoelectronic effects were conducted on pyranoid forms of sugars, the

relationship between stereoelectronic effects and furanoid ring conformations, to

the best of our knowledge, is almost totally neglected. This is a big void since the

conformations of furanoid forms of sugars are of great importance for overall

conformations of ribo- and deoxyribonucleic acids (RNA and DNA).

The reason for this is most likely due to the fact that the saturated five-membered

rings are very flexible due to pseudorotation and are involved in complex confor-

mational equilibria in which the individual conformations were very difficult if not

impossible to identify, whereas the pyranoid rings are rather stiff and consequently

have much simpler conformational equilibria.

Early experimental studies have shown qualitatively how the anomeric and

gauche effect control the conformational equilibria of pentofuranoses in nucleo(s)

tides. Chattopadhyaya et al. [8–40] made accurate estimates of the magnitude of

stereoelectronic effects driving the two-state North ⇌ South pseudorotational equi-

librium in nucleos(t)ides (Fig. 6.1).

Recent studies on modified oligonucleotides have shown that a modification of

one of the three components of the constituent nucleotides, i.e., the nucleobase, the

sugar moiety, and the phosphate backbone, alters both their stability and overall

structure. The actual involvement of stereoelectronic effects in the observed struc-

tural changes has been initially addressed only qualitatively [41–45].

The ultimate goal of modifying oligonucleotides is to develop antisense com-

pounds with increased nuclease resistance compared to the parent DNA and RNA

and with improved hybridization with the target RNA. Thus, design of new

oligonucleotides that would have the desired therapeutic properties requires a

study of magnitude and origin of stereoelectronic effects in the pentofuranose
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ring in nucleosides and nucleotides in order to understand their role in the self-

organization of DNA, RNA, and their analogs.

Three-dimensional structure and biological function of oligonucleotides is con-

trolled by several factors. First, it is controlled by the conformation of the constit-

uent pentofuranoses, which in turn is controlled by stereoelectronic factors, such as

the anomeric and gauche effects that determine the position of pseudorotational

equilibria in nucleos(t)ides. Second, it is controlled by the nature or by the config-

uration of one of their constituents, i.e., a heterocyclic nucleobase, a pentofuranose

moiety, or C20 and C30 substituents, and finally it is controlled by the pH of the

medium.

Saturated heterocyclic six-membered rings are much less flexible than their five-

membered counterparts [46]. The activation energy barrier for the conversion of

one chair form of cyclohexane into the alternate form is ca. 42 kJ/mol [47, 48]. The

activation energy for the interconversion barrier between the two puckered confor-

mations, i.e., N- and S-type pseudorotamers, of the pentofuranose moiety in purine

nucleosides is much smaller in comparison, i.e., below 20–25 kJ/mol.

The pseudorotation concept has been introduced by K. S. Pitzer [49] to describe

the continuous interconversions between an infinite number of indefinite puckered

conformations of the cyclopentane ring. Pseudorotation [50] allows cyclopentane to

relieve the ring strain, which would be induced by a 120� bond angle and the

torsional strain by an eclipsed methylene group, if it were to adopt a planar

conformation. A barrier to the planarity of cyclopentane of 22 kJ/mol has been

reported [51]. The concept of pseudorotation has been applied for the first time to

sugar furanoses by Hall et al. [52] studying the conformational analysis of

pentofuranosyl fluorides.

In Fig. 6.2, four distinct puckered conformations of pentofuranosyl D-nucleo-

sides are shown. Interconversions between N- and S-type puckered furanose con-

formers most likely occur along the pseudorotational cycle (i.e., via puckered

geometries) rather than through a planar intermediate, which is disfavored as a

result of high strain energies [53–55]. The fact that only a few E-type puckered

conformations and no W-type pseudorotamer were identified among the 178 crystal

structures of β-D-nucleos(t)ides suggests that N- to S-interconversion proceeds via

an E-type puckered geometry intermediate, and not through the W conformation.
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The effect of packing forces and hydrogen bonds upon the observed puckered

conformations of nucleosides in the solid state is well-known [56, 57]. [the

anomeric effect across the 30O-P-O-ester fragment in the sugar-phosphate

backbone see references cited therein]. Solution and solid-state conformations of

pentofuranose differ dramatically for some nucleosides: adenosine [58] crystallizes

as the N-type conformer, whereas its hydrochloride salt crystallizes as the S-type

conformer [59].

The inspection of the three molecular fragments in nucleotides (i.e., the

aglycon, the sugar, and the phosphate) permits the bias of the two-state N ⇌ S

pseudorotational equilibrium of the constituent pentofuranose moiety to be esti-

mated on the basis of various steric and stereoelectronic effects.

The N-nucleobase influences the conformation of a pentofuranose through its

inherent steric effect and counteracting stereoelectronic interactions within

O40–C10–N1/9 fragment. In β-D-nucleosides, among all pseudorotamers, steric

repulsions penalize O40-exo (W-type) conformation [60–63] mostly owing to

the 1, 3-diaxial orientation of the nucleobases and the 50CH2OH group and to the

eclipsed arrangement of the C20 and C30 substituents (Fig. 6.2). In O40-endo
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(E-type) pseudorotamers, the steric repulsions between the nucleobase and

50CH2OH group are minimized; however, the substituents at C20 and C30, just as
in the case of W-type conformers, are in the unfavorable eclipsed orientation

(Fig. 6.2). Conformational analyses of nucleos(t)ides in aqueous solution assuming

a two-state N ⇌ S equilibrium model suggest for β-D-nucleosides, in terms of steric

effects alone, S-type pseudorotamers to be energetically favored in comparison

with N-type counterparts, since the pseudoequatorially oriented nucleobases in the

former exert less steric repulsions with the other substituents on the pentofuranose

ring than when it is pseudoaxial (Figs. 6.2 and 6.3).

In α-D-nucleosides, the nucleobases and 50CH2OH group are on the opposite

sides of the pentofuranose ring; therefore, their steric interactions will be minimal

in comparison with the β-D-nucleosides. In N-type conformers, the nucleobases and

the 30-OH are pseudoequatorial while the 20-OH is pseudoaxial, whereas the

opposite is true for S-type pseudorotamers. Both in W- and E-type conformers,

the 20-OH and 30-OH are pseudoaxial, whereas the nucleobase is pseudoequatorial

in the W-type geometry and pseudoaxial in the E-type counterpart. In α-D-
20-deoxynucleosides, the nucleobases exert a stronger steric repulsion with 30-OH
and H40 in the N-type than in the S-type pseudorotamers. Therefore, in solution,

taking into consideration the two-state N ⇌ S equilibrium model, S-type

pseudorotamers would be energetically favored over the N-type counterparts if

the steric effects alone were considered.

The O40–C10–N1/9 anomeric effects in nucleosides and nucleotides may be

explained either (1) by stabilizing nO40!σ*C10–N1/9 orbital interactions between

the orbital of one of the endocyclic O40 electron lone pairs (nO40) and the antibond-

ing orbital of the C10–N1/9 glycosyl bond (σ*C10-N1/9) (Fig. 6.5) or (2) by the

destabilizing electrostatic repulsion between two dipoles (i.e., the dipole of the

furanose ring, which is the result of C40–O40, O40–C10 individual dipole moments

and the dipoles induced by O40 lone pairs) on the one hand, and the dipole oriented
from C10– to N1/9 on the other hand (Fig. 6.4)).

In β-D-nucleosides, O40–C10–N1/9 stereoelectronic interactions are most effi-

cient in the W-type pentofuranose conformations, where one of the O40 lone pairs is
in an optimal antiperiplanar orientation with respect to the C10–N1/9 bond, and the
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same dipole-dipole repulsions are minimal since the angle between both dipoles is

nearly 90�. However, for the steric reasons stated above, the West-type conformers

have neither been found in crystal structures of β-D-nucleos(t)ides nor in the con-

formational equilibria in solution. Conversely, in E-type pseudorotamers, both O40

lone pairs are gauche with respect to the C10–N1/9 bond, which makes hypercon-

jugation (or molecular orbital overlap) least efficient. Simultaneously, dipole-dipole

repulsions are maximal, owing to the fact that both dipoles are nearly parallel.

The anomeric effect is therefore often invoked as one of the factors responsible

for the activation energy barrier encountered in the East region of the pseudoro-

tational cycle for β-D-nucleosides, which, besides the stronger barrier in the West

region, also hampers free pseudorotation of the constituent pentofuranose.

The comparison of the geometries of N- and S-type pseudorotamers of β-D-
nucleosides shows that dipole-dipole repulsion (Fig. 2.4) and O40–C10–N1/9
hyperconjugative interaction (Fig. 6.5) are reduced and enhanced respectively, in

the former compared to the latter. Therefore, O40–C10–N1/9 stereoelectronic inter-

actions drive the two-state N ⇌ S pseudorotational equilibrium in the β-D-nucleo-
sides, in aqueous solution, toward N-type conformations.

In Fig. 6.5 the O40–C10–N1/9 anomeric effect in nucleos(t)ides is rationalized in

terms ofmolecular orbital overlap and hyperconjugation, as shown for β-D-dA. TheO40
lone-pair orbitals are represented using either the sp2 (i.e., higher energy 1nsp2(s-type)
lonepairwith predominant p-type character and lower energy 2nsp2(p-type) lone pairwith

predominant s-type character) or sp3 (i.e., 1nsp3 and 2nsp3 lone pairs with the same

energy hybridization models) [64–69]. Molecular overlap model (11 ⇌ 12) [70] envi-
sions theoverlap (i.e., nO40!σ*C10–N9) of a lone-pair orbital ofO40 [1nsp2(p-type)]with the
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σ*C10–N9 antibondingorbital of theglycosyl bond resulting in the stabilizationofN-over
S-type pseudorotamers and shifts the pseudorotational equilibrium towardN (panelA).
Further shown is the influence of the sp3 (i.e., 1nsp3 and

2nsp3 (panelB) versus sp
2 (1nsp2

(p-type) and
2nsp2(s-type) (panel C) hybridization of the O40 lone pair orbitals on N- and

S-type pseudorotamer conformations with respect to the glycosidic bond and on the

efficiency of the O40-C10-N9 stereoelectronic interactions. For a typical N-type

pseudorotamer, the O40!σ*C10–N9 interaction is possible due to the near antiperiplanar
orientation of either 1nsp3 (β � 132�) or 1nsp2(p-type) (β � 162�)with respect toσ*C10-N9
orbital,whereas in the S-type sugar counterpart, the efficiency of the interaction ismuch

reduced as the result of themore acute β1 and β2 angles compared to those in theN-type
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sugar. The double-bond ⇌ no-bond resonance results from the hyperconjugation of

oneof the lone pairs to theglycosyl C10–N9bond [70]. Thismodel is consistentwith the

shortening of O40–C10 bond observed in crystal structures [71–73] of β-nucleos(t)ides.
This overlap, which results in the formation of stabilizing (occupied) and destabilizing

(unoccupied) orbitals, becomes more efficient as the square of the overlap (S) between

both orbitals increases and as the difference (ΔE) between their respective energies

decreases [74, 75]; maximal interaction requires an antiperiplanar orientation of nO40

relative to the C10–N9 bond (panel E).
The crystal structures of β-D-N-nucleosides show that C10–O40 bond is 0.03–0.04Å

shorter than the C40–O40 bond, which goes hand in hand with the possible hypercon-
jugative origin for the anomeric effect in nucleosides (Fig. 6.5, panel D).

The effect of the aglycon on the conformation of nucleos(t)ides was observed in

several ways. It was observed that the UV spectrum of 1-methylcytosine and

cytosine nucleosides varies with the nature of carbohydrate component, thus

establishing the crosstalk between the aglycon and the constituent sugar [76].

Guschlbauer et al. [77] showed that the conformation of the ribose moiety changes

with the protonation of the guanin-9-yl base at N7 in 20-GMP. Sarma et al. [78] have

shown that the sugar conformation is different in the oxidized and reduced

β-nicotinamide mononucleotides. Remin and Shugar showed [79] that the proton-

ation of cytidine or arabinocytidine changes the 3J1020 value by about 0.2 Hz. Altona

and Sundaralingam did an important qualitative correlation on the nature of sugar

pucker depending upon the nature of the aglycon based upon their X-ray crystal

structure data [53]. Altona and Sundaralingam [80] extended their X-ray correlation

data to the coupling constant correlation, showing again the qualitative dependence

of 3J1020 with the nature of the aglycon. The preference of S versus N conformers is

pH dependent, as demonstrated for the first time by Guschlbauer et al. [81] on

guanosine phosphate. A similar observation was also made by Hruska et al. [82] on

20-O-methyladenosine.

Chattopadhyaya et al. [8] have shown based upon thermodynamic estimates on a

set of four isomeric 20/30-deoxynucleosides that the net result of the gauche effect
and the anomeric effect is of major importance in determining the overall furanose

conformation. Many qualitative studies have been conducted [83–88] to understand

how the electronic nature, protonation state [89], bulkiness or substitution pattern

[90–95], and configuration of the nucleobases [96–115] or C1 substituent [116]

modulate the sugar conformation in nucleosides and nucleotides, as well as furan-

osides [117–121]. The conformational analysis [122] in solution of a dimer

containing a 40-oxofuran derivative [123], based upon the analysis of vicinal
3JHH, has shown that the modified nucleoside adopts exclusively (89 %) the

S-type puckered geometries, as a result of the cooperative drive by the

O50–C40–O40 anomeric effect and the [O30–C30–C40–O40] gauche effect.
The NMR spectroscopic studies, based upon the interpretation of 3JHH,

3JCH, and
3JCC coupling constants [117, 119, 124], have shown that the α- and β-anomers of

D-ribofuranose (and of their methyl glycosides) adopt preferentially the S- and

N-type puckered conformations, respectively, due to the O4–C1–O1 anomeric
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effect, which places the anomeric group in a pseudoaxial or nearly pseudoaxial

orientation. The contribution of the exo-anomeric effect to the relative stabilities

and preferred conformations of α- and β-D-erythro- and threofuranose, as obtained

from ab initio calculation, has also been studied [118].

It has already been shown with various glycopyranosyl derivatives that the magni-

tude of the anomeric effect increases as the anomeric group becomes more electro-

negative. In nucleosides and nucleotides, it has been found that this similar trend exists.

Thus, Egert et al. [86] have shown by using analysis of crystallographic data,

NMR spectroscopy, and quantum-chemical calculations on 5-substituted uridines

that the electron-withdrawing substituent at the C5 induces the lengthening and

shortening of N1–C10 and O40–C10 bonds, respectively, in comparison with the

reference compound, uridine. For electron-donating substituents, the opposite

situation was observed. This was in agreement with the previously observed depen-

dence of the magnitude of the anomeric effect upon the electronegativity of aglycon.

Uhl et al. [87] have shown by studying 5-substituted uridine derivatives in

aqueous solution by 1H-NMR spectroscopy that the population of N-type

pseudorotamers (% N) increases from 44 % to �90 % going from the NH2 to

NO2 substituent at C5. This is consistent with the proposal that electron-

withdrawing (electron-donating) groups at C5 are expected to strengthen nO40!
σ*C10–N9 interactions, i.e. the anomeric effect, and therefore stabilize the N- over

S-type pseudorotamers. This is also supported by the observation that the proton-

ation of the nucleobases in adenosine, guanosine, and cytidine nucleosides and their

deoxy derivatives, strengthens the anomeric effect, i.e. increases the N-type con-

formation, whereas deprotonation, i.e. decreases the N-type conformation, weakens

it when compared to the neutral state.

The sugar conformation can be controlled not only by altering the electronic

character of nucleobases but also by changing the electronegativity of the sugar

substituents.

The protonation of a nucleobase in a nucleotide controls its hydrogen-bonding

abilities, and thus the three-dimensional structure of oligonucleotides is controlled

by the pH of the medium.

The acid–base character of nucleobases in nucleosides and nucleotides varies

widely [125–138]. Thus, adenosine (pKa � 3.5) [125] and cytidine [125]

(pKa � 4.2) can be easily protonated in an acidic solution at N1 and N3, respec-

tively; uridine [125] (pKa � 9.4) and thymidine [125] (pKa � 9.9) are deprotonated

at N3 in an alkaline solution. Guanosine is either protonated at N7 [136] (pKa � 1.9)

in an acidic medium or deprotonated at N1 [125] in an alkaline solution (pKa � 9.4).

As a consequence of protonation, the local DNA triple helix formed [139, 140] by

the binding of natural homopyrimidine oligonucleotides to a target DNA duplex is

much more stable to the acidic solution than at neutral pH, owing to the fact that

Hoogsteen base pairing with the third pyrimidine strand requires that the cytosin-1-yl

nucleobase be protonated. However, substitution of cytidine in the Hoogsteen strand

for 5-methylcytosine allows it to increase its affinity for the DNA duplex under

physiological pH [141, 142]. The pH-dependent conformational transitions and sta-

bilities of C.A andG.Amismatches in DNA [143–147] have been extensively studied.
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It has been also suggested [148, 149] that although the secondary structure of the

oligo-DNA d(A+-G)10 is presumably helical, it is stabilized not by stacking bases or

hydrogen-bonding base pairs , but instead by ionic bonds between positively charged

20-deoxyadenosine residues and distal negatively charged phosphates.
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Chapter 7

Free Radical Cyclizations

The free radical cyclizations of hex-5-enes (1 in Fig. 7.1) were accomplished some

time ago, and although the origin of selectivity was not initially understood, the

stereochemistry at the newly created centers was predictable in some of the cases.

In the 1980s, Beckwith had published the first pioneering studies on this subject

[1, 2] in which he postulated two transition states for this cyclization, as shown in

Fig. 7.2.

RajanBabu and coworkers have undertaken a systematic study of these control

elements in highly functionalized and synthetically useful systems. On the basis of

their work, models for transition states that can be utilized to rationalize the

stereochemistry of hex-5-enyl radical cyclizations have been proposed, including

a number of seemingly anomalous reported results.

In his papers, Beckwith proposed general guidelines to predict the stereochemical

outcome of the reactions of simple substituted hex-5-enyl radicals [1, 2]. The cycli-

zation of 1- and 3-substituted hex-5-enyl radicals leads mostly to cis-disubstituted
cyclopentyl products, whereas 2- and 4-substituted radicals give predominantly

trans products. The observed stereochemical results were rationalized by invoking

theoretically derived transition states 4 and 5 (Fig. 7.2), which have a long incipient

bond (ca. 2.3 Å), in accordance with an early transition state predicted for these

reactions. This distance is not much different from that between C1 and C5 in

cyclohexane (ca. 2.5 Å). Beckwith argued that this and other geometric parameters

are comparable in the two cases, and therefore conformational features that are

well-known in substituted cyclohexanes can be used to rationalize stereochemical

results in the hex-5-enyl radical cyclizations. Thus, the major products arise via a

conformation where the substituents occupy quasiequatorial positions. Also, in the

absence of any special effects, a “chair-like” transition state will be preferred.

(It should be noted here that a similar and perhaps more realistic transition state

model can be constructed based upon the folded envelope-like conformations of

methylene-cyclopentane. However, the cyclohexane model seems to be more

useful, albeit less precise, simply because the conformational preferences are

better understood in the cyclohexane system than in methylenecyclopentanes.)

M. Miljkovic, Electrostatic and Stereoelectronic Effects in Carbohydrate Chemistry,
DOI 10.1007/978-1-4614-8268-0_7, © Springer Science+Business Media New York 2014
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For example, in the case of a 2-substituted radical (unless otherwise indicated,

radical numbering is followed in the text starting with the radical center as 1),

structure 4 will be the preferred transition state, leading to 2,5-trans-disubstituted
cyclopentane.

The ring closure of cyclic 2-but-3-enylcycloalkyl radicals (Fig. 7.3) is similar to

that of the open-chain system, except that the constraints of the ring impose an

almost exclusive 1,2-cis stereochemistry [3, 4]. The critical 1,5-selectivity is still

largely cis, and it is this selectivity that has found the most use in the synthesis of

polycyclic natural products [5, 6]. In the context of the 2-but-3-enylcyclopentyl

radical cyclization, it was argued [7] that the 1,5-cis stereochemistry is favored

because the “chair-like” transition structure 8a (Fig. 7.4) can achieve effective

overlap between the SOMO and the radical center and the olefin π orbitals, with

less strain than the other possible chair 8b.
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While this is an adequate rationalization, there is yet another plausible

explanation for the origin of the minor product: in order to keep the conformation

of the cycloalkyl moiety the same, the “chair-like” 8a or “boat-like” 9 conformation

for the cyclization transition state is proposed. The former will lead to a 1,5-cis
product while the latter will give a 1,5-trans product. It is interesting that theoretical
calculations of conformations of the hex-5-enyl radical transition states showed that

the difference between “chair-like” and “boat-like” transition states is less than

1 kcal/mol. To obtain an answer as to what are the structural features that favor one

or the other transition state, highly substituted radicals from carbohydrates were

prepared, since the aldopyranose sugars readily undergo a Wittig reaction to give

hex-5-en-1-ols [8], which can be converted to highly functionalized hex-5-enyl

radicals by any of the variations of the Barton deoxygenation reaction [9] as shown

in Fig. 7.5. Due to the availability of pyranose sugars of various configurations,

such a protocol is also uniquely suited to study the effect of 1-, 2-, 3-, and

4-substituents on the stereochemistry of the cyclization reaction. Furthermore, the

well-established protecting-group strategies in carbohydrate chemistry permit the

study of open-chain radicals, as well as cyclic radicals with known absolute and

relative stereochemistry.

An example of this is illustrated in Fig. 7.6. Radical 12 (Fig. 7.5) cyclizes to give
products 18, 19, and 20 in a ratio of 74:14:12 in 61 % overall yield from 11
(Y ¼ H). (The ratios of products are normalized with respect to the cyclopentane

isomers.) Likewise, the radical generated from the enol ether 11 (Y ¼ OMe)

undergoes facile cyclization to the corresponding products in similar ratios.

In the cyclization of the acyclic radical 17a (or 17b) (a: Y ¼ H; b: Y ¼ OMe),

the formation of the 1,5-cis product 18 can be accounted for by transition state 21.
Note that in this transition state, the (phenylmethoxy)methyl substituent at the C1

position and the C2, C3, and C4 phenylmethoxy groups are all in a quasi-equatorial

orientation as suggested by the Beckwith model. The fact that the

1, 5- cis
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H H
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4,5-stereochemistry is overwhelmingly trans (combined 18 and 19: 88 %) can be

accounted for by considering the local allylic conformation (C3–C6). As pointed

out by other workers [10] in the context of both intra- and intermolecular additions,

the conformation with the least allylic strain, in this case 22, is favored, and this

leads to the 4,5-trans products.
In sharp contrast to the acyclic radicals, cyclic radicals exhibited much better

stereoselectivities. Cyclization of radical 24a or24b prepared from 4,6-O-
benzylidene-2,3-di-O-benzyl-D-glucopyranose 23 gave a single trans product (25a
or 25b) in each case (Fig. 7.7) [11]. Likewise, a radical with the 3-benzyloxy

substituent removed (26) also cyclizes to give almost exclusively the 1,5-trans
product 27.

Whether or not allylic strain at the olefinic center of hex-5-enyl radical plays a

role in formation of 25 and 27 can be probed by studying the cyclization of the

radicals 28a and 28b, which lack these allylic substituents. These cyclic 4-deoxy

radicals (radical numbering is followed in the text, starting with the radical carbon as

1), generated by routes similar to the ones described above, cyclize with predomi-

nantly 1,5-cis (i.e., endo-Me) stereochemistry (Fig. 7.8). The 3-substituent appears

to have very little effect on the course of the reaction.

The preponderant formation of the 1,5-trans products 25 and 27 is totally

unexpected, especially since other structurally related radicals (e.g., 28a and 28b)
and their carbocyclic analogs give a mixture with mostly 1,5-cis products [3, 5,

12–15]. If one assumes that the dioxane ring maintains the chair conformation and

that the bulky phenyl and butenyl groups occupy equatorial orientations, then

the 1,5-trans product can only be rationalized by a boat-like cyclization transition

state depicted by structure 34 in Fig. 7.9, in which the pseudoaxial radical attacks

the C═C bond in the pseudoequatorial butenyl side chain. The original preference

OR

2
3

4

5

Witting reaction

Barton deoxygenation

2
3

1

2
3

4

5

4

51

1

13 12

10 11

OR

OR

OR

OR

O

O

O

O OH

X

X
X

OR

OR

OR

O

O

O

O OH

Fig. 7.5

200 7 Free Radical Cyclizations



for a boat-like transition state in radical 34 was unknown. Some relief of steric

compression between the C2 oxygen, i.e., dioxane O, and the C4 benzyl group is

expected, as the cis decalin-like chair-chair conformation undergoes a change to the

chair-boat conformation 34. However, the conformational studies [16] of various

sugar derivatives suggest that this alone would not be sufficient to produce such a

dramatic effect. RajanBabu proposed that the local conformation of the allyl ether

portion of the molecule (viz., C3–C6) was an important factor in controlling this

stereochemistry [17]. The boat-like transition state contains the most favorable

allylic conformation [18, 19] for the C3–C6 portion (33) of the molecule, whereas
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the allylic segment 31 in the chair-like transition state 32 has more strain because a

bulky group (X ¼ OBn) eclipses one of the vinylic hydrogen atoms. The relief of

the allylic strain more than compensates for the formation of the normally unfa-

vorable boat-like transition state. Another hitherto unrecognized stereoelectronic

component may be influencing the course of this unusual stereochemical outcome.

Additions of alkyl radicals to olefins appear to be nucleophilic in nature [20]; and if

so, an activation of olefin π* orbital by the allylic β-CO-σ* may play an important

role in acceleration of the reaction rates. In some conformations, e.g., the “boat-

like” 34, the alignment of the β-CO-σ* with respect to the π system is more

favorable than in others, and reactions proceeding through these transition states
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would be expected to be faster. Since the various conformations of the starting

material are in rapid equilibrium, these reactions are probably under the Curtin-

Hammett regime and these kinetic effects might play an important role in deciding

the course of the reaction. Studies on substrates with differing allylic β-CX-σ* bond
energies might shed some light on this aspect of reaction. Notably, a slightly lower

selectivity is observed in a system that has an allylic CC bond in an analogous steric

situation [21]. Presumably a σ*-CC is much higher in energy than a σ*-CO and

cannot interact with the π system as favorably as the latter.

In the absence of an allylic alkoxy group, the allylic strain (and the possible

stereoelectronic effect) is not present, and the reaction proceeds through

low-energy “chair-like” transition state such as 32 to give predominantly the

1,5-cis products. This is the case with the 4-deoxy radicals 28a and 28b giving

cis/trans ratios of 77:23 and 70:30 (Fig. 7.8). The minor 1,5-trans products in these
systems could arise via a “boat-like” transition state 34 (X ¼ Y ¼ H). The same

rationale applies to the stereochemistry of cyclization of the radical 35 (Fig. 7.10),

which is generated by treating the starting epoxide with Cp2TiCl [11, 22].

Further confirmation that the C4 oxygen is the control element comes from the

cyclization of the mannose 38-derived radical 32 (X ¼ H; Y ¼ OBn). In this case

the configuration of the key C4 center is inverted as compared to that of the glucose-

derived radical; in accord with the prediction, predominant formation of the 1,5-cis
product (cis/trans, 99:1) is observed. As shown in Fig. 7.11, the “chair-like”
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Fig. 7.9 Transition states for the cyclization of glucose- and mannose-derived radicals
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conformation of the transition state 39 incorporates the low-energy conformation of

the allylic (C3–C6) segment (i.e., 31, X ¼ H; Y ¼ OBn). The advantages of using

readily available sugars as precursors for substituted radicals are further highlighted

by the ease with which one can generate a radical with a totally different structure to

test the predictive power of these models. Thus, the radical 42 (Fig. 7.11) which was
readily prepared from galactose cyclizes via the chair-chair transition state to give

only the 1,5-cis product 43. It is interesting to note that the galactose-derived radical
42 has an enantiomeric relationship with the mannose-derived radical 32, except for
the C3 configuration. Both of these radicals produce almost exclusively the 1,5-cis
products, again confirming the relative lack of influence of the C3 oxygen substit-

uent on the stereochemistry when a C4 substituent is also present.

The radical cyclization products derived from sugars are useful for the synthesis

of cyclopentanoid natural products. For example, the unprecedented 1,5-trans
stereochemistry seen in the case of 4,6-O-benzylidene-glucose-derived radicals

can be used to prepare optically active prostaglandin intermediates such as Corey

lactone 44 (Fig. 7.12) [23].
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In every case of conformationally locked systems reported in the literature

[12, 13] and in the ones so far discussed (34, 36, 42), the but-3-enyl groups are in
an equatorial orientation. In the absence of any special effects, such as the allylic

strain, all these systems yield 1,5-cis selectivity. These results cast some doubt on

the original contention [3] that efficient ring closure can occur only through an

effective overlap of SOMO of the radical with the p-orbitals of an axially oriented

but-3-enyl group. On the contrary, a careful examination of the cis decalin-like

transition state reveals that if the but-3-enyl group were in an axial orientation, a

“chair-like” transition state should yield predominantly 1,5-trans product (vide

infra, Fig. 7.13).

In an effort to delineate these effects, the ratio of 1,5-cis to 1,5-trans products in
fused bicyclo[4.3.0]nonanes prepared by the radical cyclization of axially and

equatorially oriented 2-but-3-enylcyclohexyl radicals, which are conformationally

locked, was studied [14]. These results are shown in Figs. 7.13 and 7.14.
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As expected, radicals with an equatorial butenyl group (Fig. 7.13) give mostly

1,5-cis products, the selectivity being highest in the conformationally rigid systems

(4-Ph and 4-t-Bu). For the unsubstituted parent system [3], this ratio is 74:21, and

for the corresponding 4-phenyl dioxa system (Fig. 7.8), it is 70:30. This is consis-

tent with the fact that the 1,5-cis products arise from “chair-like” transition states,

depicted by 46-chair, in which the substituents are all in the most favorable

equatorial positions of the cyclohexane ring. The minor ring-closure products

may result from “boat-like” transition states (e.g., 46-boat). As suggested earlier,

the energy difference between the chair-like and boat-like transition states could be

small relative to the energy of activation for cyclization [24].

In contrast, radicals with axially oriented 2-but-3-enyl group give a higher

proportion of the 1,5-trans product. This 1,5-trans preference in the cyclization

of radicals with an axial but-3-enyl group may be most reasonably rationalized by

the “chair-like” transition state depicted by structure 47-chair, which retains the

butenyl group in the axial position. However, since the conformational equilibrium

may not be so one-sided, as in the case of diequatorial intermediates such as 46-
chair even when an anchoring group is present, 1,5-trans selectivity is lower than

the cis selectivity as observed in the case of equatorially disposed butenyl com-

pounds. This is further reflected in the decrease of the cis/trans ratio from 1:2 to 1:3

when going from phenyl (A-value, conformational free-energy difference: 3.1 kcal/

mol) to t-Bu (A-value 5 kcal/mol).

Cyclization of 2-but-3-enylcyclohexanes mediated by zinc in the presence of

trimethylsilyl chloride may also be influenced by the same controlling factors.

Corey reported [12] that cis-2-but-3-enyl-4-t-butylcyclohexane gave mostly an

endo-methyl-cis-hydrindanol. The 1,5-cis/trans ratio was reported to be 66:7.

An unexpectedly high proportion of 1,5-trans products was obtained in the

cyclization of the α-allyl (axial) glycoside radicals 47a and 47b [25]. As the previ-

ously discussed model would have predicted, a significant portion of the reaction

must proceed through the chair-chair conformation leading to this product. Since the

triacetoxy sugar is conformationally flexible (hydroxy and acetoxy groups are small,

R 1, 5-cis/1, 5-trans
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31:61

25:75
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Fig. 7.14 Cyclization of axial 2-but-3-enylcyclohexyl radical
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(A-value 0.7 kcal/mol)), and it is likely that nonchair conformations are populated at

temperatures at which the radicals are generated (see references [16, 27]), especially

at the temperatures at which the cyclization is carried out, it is not surprising that the

1,5-cis product is also observed, albeit in low yield. The proportion of the 1,5-trans
product is even greater in the case of the unprotected (R═H) sugar derivative. The
stereochemistry of the products from the corresponding equatorial β-allyloxy deriv-

ative has not been determined [25]. It can be predicted that the major (75 %) product

would be the endo isomer 52a arising through a chair-chair transition state 51. The
special stabilization via β-CO-σ* interaction (see below) is not applicable in this case,
since radicals without an α-oxy substituent do not interact with neighboring CO

bonds.

In addition to the axial versus equatorial orientation of the but-3-enyl group,

special stabilization of an intermediate radical can also play an important role in the

stereochemical outcome of hex-5-enyl radical cyclizations. The surprising results

of De Mesmaeker [28] on the stereochemistry of intramolecular C-glycosidation

reactions (Fig. 7.16) can be satisfactorily explained if one also takes into account

this important stabilization effect in considering the described models. For exam-

ple, the anomeric radical from 53a would be expected to cyclize via chair-like

transition state 55 leading to 56 as the major product, but up to 53 % of the exo-
isomer 58 is also formed in the reaction.

52 (1, 5-cis 80%)
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Based on EPR studies carried out on related systems by Giese et al. [29], it can

be assumed that an α-oxy radical (glycosyl radical) such as 55 undergoes a

conformational change into the boat form 57. In this form, the electronic stabiliza-

tion from the β-CO-σ*-SOMO interaction can more than compensate for the

apparent strain involved in the high-energy conformation. A chair transition state

for the cyclization now leads to the 1,5-trans product. A more compelling case for

this scenario is provided by the cyclization of the mannose (from 53b)-derived
radical 59, where this conformational change of the sugar is not needed for the

radical stabilization. The stable chair conformation of the sugar radical is helped by

the axial nature of the β–CO bond. As expected, very high selectivity (9:1 ¼ exo/
endo) for the 1,5-trans product is observed. Such an unusual anomeric radical

stabilization is also involved in the formation of 63 (Fig. 7.17) as the major product

via the transition state 61 [30]. It should be added that this stabilization does not

exist in the case of radicals that lack an electron-withdrawing group (e.g., 305 or

307 [27]).

There are a number of other instances [31–33] where the heuristic models

presented above can be used to rationalize unusual stereochemical outcomes in

hexenyl radical cyclizations including an interesting case of a tandem cyclization

(Fig. 7.18) [34].
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Thus far it has been conclusively shown that the stereochemical outcome of the

cyclizations of conformationally rigid 2-but-3-enylcyclohexyl radicals is critically

influenced by the orientation of the butenyl side chain; an equatorial butenyl group

leads predominantly to 1,5-cis cyclization products, whereas an axial butenyl group
preferentially gives rise to 1,5-trans products. [Since alkylation of cyclohexanones

can be carried out to produce axial (kinetic) or equatorial (thermodynamic) 2-but-3-

enyl ketones, this control element can be parlayed into annulation stereochemistry

by the appropriate choice of radical cyclization methodology.] These stereochem-

ical consequences can be satisfactorily accounted for by the cyclohexane “chair-

like” transition states originally proposed by Beckwith et al. for acyclic hex-5-enyl

radical cyclization. In related but conformationally less rigid systems, the transition

states having an equatorial and an axial butenyl side chain may compete. Minor

ring-closure products also may arise from less favorable “boat-like” transition

states. As shown in several of the sugar-derived radicals, the formation of these

“boat-like” transition states may sometimes be helped by the configuration at the

C4 carbon. In the presence of a C4 substituent, the local acyclic conformation

dictates the choice between the “chair-like” and “boat-like” transition states, and

the one with the lowest 1,3-strain controls the course of the reaction. This results in

an unprecedented control of the 1,5-stereoselectivity of the hex-5-enyl radical

cyclization. In systems with C3 and C4 substituents, the C4 substituent is the

control element and the C3 substituent exerts only a marginal influence on the
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1,5-stereoselection. Special effects, such as the stabilization a β-CO-σ* provides for
an α-oxy radical, should be taken into account before considering these models.

An iodoetherification reaction (selected examples of an iodoetherification reac-

tion [35–41] of a terminally disubstituted olefin bearing a hydroxyl group at the

allylic position) is shown in Fig. 7.19. As illustrated in Fig. 7.19, the reaction of

substrate 67 with iodine in the presence of NaHCO3 in THF gives compound 68a in
91 % yield [42]. The presence of a hydroxyl group induces allylic 1,3-strain to favor

a trans relative stereochemistry between C3–O and C4–O bonds of the cyclization

product (compound 68a). Furthermore, the antiperiplanar addition of the oxygen to

the double bond activated by the iodine (I2) results in a product with a residual C1

bond anti to the newly formed C–O bond as in 68, 69 (Fig. 7.19).

Transition states A and B could be used to rationalize trans product 68, 69,

A being favored for steric reasons (Fig. 7.20) [43]. However, considering that the

substituent at the allylic position (OH) is an electron-withdrawing group,

stereoelectronic arguments could be raised in favor of transition state B. It has
been shown that the allylic hydroxyl group can have a significant stereodirecting

effect on electrophilic additions to double bonds [44–48].

A study has been conducted on whether the hydroxyl group has any

stereoelectronic effects [49] that can control diastereoselectivity, an aspect of

cyclofunctionalization.

To this end, Guindon et al. [43] have performed cyclofunctionalization reactions

using secondary alcohols 72 and 75 (Fig. 7.21). The transition states (cf. transition

states E (73), F (76),G (78), andH (79), Fig. 7.21) involved in these reactions were
compared in terms of steric or steric/stereoelectronic effects to determine the

relative reaction rates. The reasoning behind this strategy was that the anti diol
72 would cyclize faster than the syn diol 75 if steric effects were the only control-

ling factor in the reaction. If both allylic 1,3-strain and stereoelectronic effects were

involved, 75 would react more rapidly than 72. A complementary experiment

featuring a bidirectional approach using 80 (Fig. 7.22) was also proposed to ensure

that both the syn and the anti would have the same chemical environment and to

further support the findings from the competition reactions of 72 and 75.
By shedding light on the critical role of stereoelectronic effects involved in the

intramolecular addition of a nucleophile to an activated α, β-unsaturated ester, these
studies may have contributed to a refinement of the transition state model normally

used to rationalize such reactions. Furthermore, these studies may provide an

67 68a 69b

OH

OH

Me

Me
HO

O O
H

MeHO
1

1
2344

NaHCO3, THF
23°, 91%

I2

3 2

1

1
H

COOEt COOEt

COOEt

Fig. 7.19

210 7 Free Radical Cyclizations



alternative application for bidirectional synthesis in the elucidation of reaction

pathways.

The iodoetherification reactions described above normally proceed under kinetic

control [50–53], hence the importance of the transition state energy. Complete

reversibility of the electrophilic addition to the olefin is implied [54]. In the case of

halogen additions, onium intermediates are generally freely reversible, see [55–59],

allowing for selectivity during the cyclization step. The allylic hydroxyl group

involved in the iodocyclization reaction does not hydrogen bond to the nucleophilic

oxygen (H-bond acceptor). (In the cyclofunctionalization reaction of an α,-
β-unsaturated ester, similar results were obtained for the free allylic alcohol, the

OMe counterpart, and the allylic fluorine. See Ref. [50].) Although the exact nature

of the intermediates is not yet known, it has been suggested that the intermolecular

haloetherification reaction involves a fully developed halonium ion and that the

cyclofunctionalization reaction proceeds through a π-complex before undergoing

charge separation (Fig. 7.20) [60]. (It should also be noted that the presence of

terminally disubstituted double bond forces the minimization of allylic 1,3-strain,

an important steric constraint in the transition states proposed.)

An analysis of these transition states, based on the minimization of the different

torsional strains, would suggest that trans-predictive transition state A (Fig. 7.20) is

the lowest in energy while trans-predictive transition state B suffers from the

presence of an axial hydroxyl group and a gauche staggering within the ring.
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Nevertheless, these two transition states are preferred over cis-predictive transition
states C and D, which are destabilized by two gauche effects and by allylic

1,3-strain, respectively.

Several additional points should be made about the electronic effects of both

the ester (end substituent of the olefin) and the allylic hydroxyl group. First, the

presence of the ester renders the olefin less reactive toward the electrophile [51]. Sec-

ond, most of the positive charge (in the onium or in the π-complex) is found on the

β-carbon of olefin. Given this, as well as stereoelectronic reasons, an electron-

withdrawing allylic hydroxyl group at the equatorial position (transition state A,
Fig. 7.20) should be better aligned for maximizing conjugation of the σ*C-O orbital

with either the π-system [61] or the carbonium ion, which results in a decrease in the

rate of cyclization or an increase in the energy of the carbonium ion, respectively.

Having the electron-withdrawing allylic group in an orthogonal position (i.e., axial

as in B) with respect to the π-system might avoid the rate-retarding effect (Endo

alkoxy effect) [62], which wouldmake transition stateB the lowest in energy [50]. In

support of these orthogonal arguments, see [63]. Since bothA andB lead to the same
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product, additional stereochemical information must be encoded into the substrates

in order to differentiate between the two trans-predictive transition states.

The search for the operative trans-predictive iodoetherification transition state

begins with the following competition experiments involving anti diol 72 and syn
diol 75 (Fig. 7.21). In such competitions, the difference in reactivity of these diols is

a reflection of the difference in energy of the respective transition states, which can

in turn indicate whether the allylic hydroxyl substituents involved are axial or

equatorial. The four possible transition states leading to the cyclized products 74
and 77 from the respective diols 72 and 75 are illustrated in Fig. 7.21.

When minimization of torsional strain is the controlling factor in the iodoether-

ification reaction, the transition state possessing the equatorial hydroxyl group at

the allylic carbon should be preferred (as in A, Fig. 7.20). Given the steric

interaction in F resulting from the presence of an axial methyl group, this transition

state should be higher in energy than E, where all of the substituents are equatorial.
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In this case, the anti diol 72 will have cyclized faster than the syn diol. If both

torsional strain minimization and stereoelectronic arguments are involved, then the

preferred transition states will be those in which the hydroxyl group is orthogonal

(as in B, Fig. 7.20) to the π-system of the double bond (G and H, Fig. 7.21). In this

scenario, transition state G should be higher in energy than H due to development

of transannular diaxial interaction, and the syn diol will have reacted faster than the
anti diol 72.

In summary, the anti diol should cyclize faster than the syn when steric effects

are the only controlling factor in the reaction. If both allylic 1,3-strain and

stereoelectronic effects are involved, then the syn diol should react more rapidly.

In the 1990s, reports had been published on free radical approach for the

synthesis of enantiomeric pure polyhydroxylated cyclohexane rings [64–67].

These authors have shown for the first time the 6-exo-trig [5, 20] cyclization of

acyclic sugar derivatives 84. For leading references, see [14, 17, 23, 68–75].

In Fig. 7.23: X ¼ leaving group, a ¼ radical acceptor. This is a reliable and

efficient method for the preparation of aminocyclitols [76–86], pseudo-sugars

[85–93], and branched-chain cyclitols [94]. The success of this method is governed

by the correct choice of radical acceptor. As expected, conformationally restricted

precursor with α, β-unsaturated esters [95] as terminal acceptors has provided the

best results. In earlier works, the cyclization of fully oxygenated (C2–C5) 6-deoxy-

6-halo sugar precursors with gluco-, manno-, or gulo-absolute configurations [64,

66, 67, 96] were analyzed.

In order to evaluate, expand, and exploit the synthetic usefulness of this meth-

odology, a large number of differently substituted and functionalized substrates

were needed. In addition, due to scarce examples of synthetically useful 6-exo free

radical cyclizations [97], the stereochemical outcome and stereoelectronic effects

concerned with this process remain almost unknown, in contrast with the rich

literature about the 5-exo ring closure [98]. With these ideas in mind, Marco-

Contelles and Sánchez have synthesized and cyclized compounds 86–97
(Fig. 7.24). The authors have found that the absolute configuration at the new

stereocenter formed during the carbocyclization of acyclic 6-pentenyl radicals

depended upon the stereoelectronic effects of the vicinal substituent at the carbon

where the radical is being generated. This is a novel and interesting result in the

field of radical chemistry (for an independent and simultaneous approach to this

subject, see [99]).
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The free radical cyclizations were carried out by treatment of the precursors with

tributyltin hydride and a catalytic amount of AIBN in refluxing toluene. The

resulting carbocycles were obtained as mixtures of isomers (Fig. 7.24). The S/R

ratios have been determined in the crude reaction mixtures by 1H NMR analysis.

Particularly, the assignment of absolute configuration at the new stereocenter C1

was possible by a detailed analysis of the 1H NMR spectra.

The data reported in Fig. 7.24 deserve some comments: (1) in the 6-exo free

radical cyclization of precursors 86–97, acetyl migration was not observed [95] nor

1,5-hydrogen shifts [95]. (2) As expected, the cyclization of the enol ether 88 gave
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poor yield in comparison with the analogous precursor 87 with an α, β-unsaturated
ester as radical acceptor. (3) The S/R ratios are dependent upon the type of sub-

stituents in the acyclic precursor. The highest values have been observed for the

conformationally restricted compounds 95–97 having an isopropylidenedioxy

group at C4–C5. (4) In the cyclization of sugars 86–94, the absolute configuration
at the new stereo center (C1) depended on the nature of the substituents at C7: a

tert-butyldimethylsilyl group (87, 90, 92, 94) gives major C1 (S) branched-chain

cyclitol, while for an acetate or mesylated (86, 89, 92, 93), a clear inversion of the

stereogenic trend is observed and major C1(R) isomers result. (5) Cyclization of

precursor 94 gave only one isomer (112a), a carbocycle with a C2 symmetry axis.

This compound was transformed into cyclohexane 113a by standard α-selenation
and elimination [100]. Compound 113a is related to 113b, a product that has been
used in the preparation of cyclohexane ring analogs of 1α, 25-dihydroxyvitamin

D3 [101].

The different stereogenic results obtained in the cyclization of 86 (89, 91, 93) or
87 (88, 90, 92) which differ only by the nature of the substituent at C7 were totally

unexpected, and no similar stereodirecting properties have been reported in the

literature.

Figures 7.25 and 7.26 are proposed as possible explanation of these facts. As

reported [102], for these kinetically controlled processes, in the reactant-like

transition state, the radical adopts a chair-like conformation with substituents in

preferred pseudoequatorial positions. This suggests that, for instance, in precursor

87, the conformers B and C are clearly disfavored, as the 1,3-diaxial interactions
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develop in the transition state; in fact, low-energy conformer A gives 100 as the

major product (Fig. 7.25).

Precursor 86, with the less sterically hindered acetate group at C2 (hept-6-enyl

radical numbering), should also follow the same trend, but in practice the opposite

isomer 98 is obtained. To explain this it was proposed that of the two transition

states D and E (Fig. 7.26), D is of lower energy than the relatively less stable

conformer E. This is probably due to the superior stabilizing effect that the

electron-attracting acetoxy group gives to the vicinal carbon-centered radical.

These effects can be interpreted in terms of stabilizing interaction between the

single occupied p-orbital (SOMO) of the radical and the σ* LUMO of the vicinal

bonded C–OR bond [103]. This powerful stereoelectronic effect overrides the steric

repulsion due to the presence of substituents in the pseudoaxial orientation.

In accordance with this, it is known that the stereoelectronic effects of the vicinal

acetoxy groups in pyranoid cyclic radicals dramatically change the conformation of

these species [104].

It can be concluded that the electronic nature of the substituent vicinal to the

radical center has an important qualitative and quantitative effect in the formation

of the new stereocenter in the 6-exo free radical cyclizations. The magnitude of this

effect is related to the structure of the substrate.

Finally, the results presented above in the free radical cyclization of precursors

95–97 can also be rationalized in similar terms (Fig. 7.26). Major isomers have been

obtained in the ring closure of carbon-centered radicals in chair-like conformations

with the acceptors in preferred pseudoequatorial orientations (conformer F,
Fig. 7.27). The 4,5-isopropylidenedioxy group restricts here the conformational

mobility, and the substituent X at C2 (hept-6-enyl radical numbering), in

a pseudoaxial orientation, induces 1,3-steric repulsion with the acceptor at C6

(conformer G, Fig. 7.27).
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The good yields obtained in the cyclization of appropriate radical precursors

show that this is a convenient method for the synthesis of branched-chain cyclitols

from carbohydrates. In addition, an interesting stereoelectronic effect in the cycli-

zation of these acyclic sugar derivatives is demonstrated: the stabilizing effect of

electron-attracting groups vicinal to carbon-centered radicals determines the pre-

ferred conformation in the transition state and the stereochemical outcome of the

reaction.
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81. Paulsen H, Röben W, Heiker FR (1981) Cyclitol reactions. VI. Synthesis of enantiomerically

pure conduritols and aminoconduritols. Chem Ber 114:3242–3252

82. Schubert J, Schwesinger K, Knothe L, Prinzbach H (1987) Liebigs Ann Chem 65:1443
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Chapter 8

Carbohydrate Sulfones

8.1 Michael Additions to Vinyl Sulfones

In the course of total synthesis of maytansine 1 (Fig. 8.1), an ansa-macrocyclic

lactam from Maytenus serrata, M. buchananii, etc., the heteroconjugate addition

[1–3] of methyllithium to the pyranosyl heteroolefin such as 2 (Fig. 8.2)

proceeded with the complete acyclic stereoselection [1]. The authors explained

the high diastereoselective C–C bond formation by efficient conformational and

chelational control.

Das and Pathak [4] were interested in the synthesis of amino sugars by

diastereoselective addition of amines to sugar vinyl sulfones, extending thus the

Michael addition of carbon nucleophiles to nitrogen nucleophiles. They studied

first the addition of various primary and secondary amines to α-vinyl sulfone-
modified hex-2-enopyranosides 4α (Fig. 8.3) and found that the primary amines,

such as isobutylamine and cyclohexylamine, add in a diastereoselective fashion,

producing exclusively C2 equatorial (D-gluco) products (5) (Fig. 8.3). The

secondary amines- pyrrolidine, piperidine, and morpholine- on the other hand

gave a mixture of C2 isomers in which the D-gluco isomers still predominated

[5]. The anomeric β-vinyl derivatives (4β) with both primary and secondary

amines, such as isobutylamine-, pyrrolidine-, and morpholine – gave only

D-gluco derivatives 7 [5].

On the other hand, sterically bulky tert-butylamine only reacted with 4β (and

not 4α) at elevated temperature to give D-gluco derivative 7 in high yield

[6]. From these reactions, the authors concluded that the directive effect of the

anomeric configuration was determining to a great extent the stereochemical

outcome of the reactions, but the nature of nucleophiles, e.g., sterically bulky,

also played an important role.

During the synthesis of vinyl sulfone-modified hex-5-enofuranosides, Das and

Pathak [4] observed that the variation of the substituent at the C3 carbon of

furanoside to some extent affected the E/Z ratios of olefins. Thus, by changing

M. Miljkovic, Electrostatic and Stereoelectronic Effects in Carbohydrate Chemistry,
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from OBn in 12 to OMe in 13, the E/Z ratio of olefin changed from 3:1 to 3:2; in

the case of 14, however, only the E isomer could be detected (Fig. 8.4). Since the

presence of β-OBn (12) or β-OMe (13) at the C3 carbon caused the formation of

the Z isomer (alongside the E isomer), as opposed to the exclusive formation

of the E isomer in the case of 13, the authors argued that the stereoselectivity

of abstraction of protons from the C6 carbon during the elimination reactions of

mesylated products of 12–14 (Fig. 8.4) was dictated by stereoelectronic proper-

ties of the group present at the C3 carbon on the β-face of furanosides. However,
the exact cause for the loss of selectivity of abstraction of protons in the

formation of 15 and 16 was not established. The observation related to the

influence of C3 substituent on the E/Z ratios for 12–14 led the authors to

envisage that the same structural features could also affect the diastereos-

electivity of the addition of amines to the C5 of 15–17. Thus, the 3-O-benzylated
D-gluco derivative 15 on reaction with the neat benzyl and isopropylamines gave

18 and 19 in 1:9 ratio (yield 83 %). In both cases, the L-ido derivatives 19 were

the major products. The 3-O-methylated D-gluco derivative 16 gave with benzyl

and isopropylamine in 9:1 ratio 21 and 20 (82 % yield). Again, in both cases the

L-ido derivatives 21 were the major products (Fig. 8.5).

The authors speculated that the stereoelectronic effect of OMe at C3 (compound

16) is sufficient to impose diastereoselectivity in favor of the L-ido derivative.

However, the allo derivative 17, where the steric bulk at C3 was significantly

reduced because of the presence of a hydrogen atom instead of β-OBn/OMe at

the C3 carbon, showed a complete lack of the diastereoselectivity of addition when

reacted with benzyl and isopropylamines. In these cases, 22 and 23 were formed in

1:1 and 3:2 ratios, respectively.

To explain the diastereoselectivity of addition of amines to 15–17, the authors

postulated the formation of an H-bonded precursor that has the geometry of a

six-membered ring 24 (Fig. 8.6). This system fixes the transition state in the L-ido

O
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configuration. They argued that the stereoelectronic interactions between the R

group (OBn/OMe/H) would allow the amine nucleophile to take up the position as

shown in Fig. 8.6. Minimum interactions of primary amines with OBn (compound

15) allow the amines to attack the C5 carbon in diastereoselective fashion via the

H-bonded intermediate. A more severe interaction of OBn (compound 15) with the

bulky secondary amine piperidine does not allow the formation of the hydrogen-

bonded intermediate, but the highly reactive piperidine reacts with 15 anyway

without any selectivity.

The one stereoelectronic or perhaps electrostatic interaction that probably plays

a pivotal role in the diastereoselectivity of the addition of amines to sugar vinyl

sulfones is the interaction between the sulfonyl group and the ring oxygen of the

furanose that fixes the conformation of the vinyl sulfone as shown in Fig. 8.7.

SO2(p)Tol

SO2(p)Tol
BnNH2

iPrNH2

Piperidine

neat,r.t.,5-17 hrs

15,X = OBn; Y=H
16,X = OMe; Y=H
17,X = H; Y=OBn

18,X = OBn; R1=Y = H;R2 = BnNH, iPrNH

19,X = OBn; R1 = BnNH,iPrNH; R2 = Y = H
20,X = OMe; R1=Y = H; R2 = BnNH,iPrNH

21,X = OMe; R1 =BnNH,iPrNH; R2 = Y = H

22,X = R1 = H; Y = OBn; R2 = BnNH,iPrNH
23,X = R2 = H; Y = OBn; R1 = BnNH,iPrNH

R2

OO

O

O

O

OY

XX

Y

R1

Fig. 8.5

SO2(p)Tol

O

O

H

H

N

24

O

O

R

Fig. 8.6

228 8 Carbohydrate Sulfones



If so, then only the Z isomer of vinyl sulfone should react in this way since it is

the only one of possible vinyl isomers that can form the above intermediate.

However, this seems not to be true. If there exists a stereoelectronic interaction

between the C3 and the ring oxygen nonbonding electron orbitals with the olefinic π
bond that fixes the conformation of the molecule to conformers 26a and 27a, then
hydrogen bonding between the C3 oxygen and the incoming amine will position the

nitrogen, as the authors suggest, and the diastereoselectivity will be 100 %. The

obtained D-gluco/L-ido ratio must then reflect the ratio of E and Z isomers in the

starting reaction mixture.

The most common approaches for the synthesis of C5 branched-chain sugars are

via the direct attack of carbon nucleophiles at the C5 carbon of a C5 ulose derivative

such as 28 (Fig. 8.9). If the attacking carbon nucleophiles are alkyl Grignard

reagents, the obtained branched-chain sugar is tertiary carbinol. However, if the

attacking carbon nucleophile is alkylidene phosphorane, then the hydrogenation of

the obtained olefin will give the 5-deoxy branched-chain sugar (epimeric mixture),

as shown in Figs. 8.8 and 8.9.

Michael-type addition of carbon nucleophiles to electron-deficient hex-5-

enofuranosyl carbohydrates 31–34 (Fig. 8.10) has been used to a limited extent

for the functionalization of the C5 carbon of carbohydrates, with the compound 31
being more widely used as Michael acceptor [7].

The functionalization of an exocyclic carbon atom of the pyranose or furanose

ring using vinyl sulfone-modified carbohydrate has not been explored in spite of the

efficient use of vinyl sulfone-modified pyranose derivative as a Michael acceptor

for the synthesis of maytansinol [1].

After an observation that carbon nucleophiles add to vinyl sulfone-modified

hex-2-enopyranosides 35 and pent-2-enofuranosides 36 (Fig. 8.11) in a diastereo-

selective fashion to the C2 carbon of the olefinic system from a direction opposite

to that of the disposition of the anomeric methoxy group [8], Das et al. [9] under-

took a study of the addition of carbon nucleophiles to vinyl sulfone-modified
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hex-5-enofuranosides 37–39 and 40 (Fig. 8.12) as an extension of their earlier study
of the addition of amines to vinyl sulfone-modified hex-5-enofuranosides which

proceeded with a high stereoselectivity. Hence, they initiated a study with the

carbon nucleophiles generated from nitromethane and dimethyl malonate.
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The vinyl sulfones 37–39 and 40 were reacted with a sodium salt generated from

nitromethane in 1,4-dioxane whereby mixtures of addition products were obtained,

i.e., 41 and 42 (in 5.5:1 ratio; 86 % yield), 43 and 44 (in <9:<1 ratio; 89 % yield),

45 and 46 (in 1.5:1 ratio; 83 % tiled), and 47 and 48 (in 4.5:1 ratio; 79 % yield).

The authors suggested the following explanation for the observed diastereos-

electivity of the Michael addition. A carbon nucleophile would be repelled by OMe

group of 43 and would be forced to attack the double bond from the other side,

resulting in the formation of the L-ido product preferentially (Fig. 8.13). In the case

of 45, however, the carbon nucleophile would be repelled by the ring oxygen and

would attack the double bond from both sides, resulting in a loss of diastereos-

electivity of addition. According to authors’ opinion, the explanation for the

observed loss of diastereoselectivity in the case of 45 does not seem plausible.

The same diastereoselective product formation could be expected from Michael

addition to compound 40, as was the case for 43. However, the authors presumed

that an additional factor such as the equilibrium between rotamers 50a and 50b
would block both sides of C5, resulting in lower diastereoselectivity but still

favoring the formation of L-ido isomer (Fig. 8.14). The acetyl protected 47 behaved
more like 41 (Fig. 8.13) and produced mixtures of products with poorer diastereos-

electivity. It should be noted that in the above discussion, the authors excluded the

contribution of ring conformations to the diastereoselectivity of additions of nucle-

ophiles to vinyl sulfones 41–45 because they presumed that the isopropylidene

group would impose partial rigidity to furanose ring. Branched-chain sugars,

having carbon substituents at the nonterminal carbon atoms of the carbohydrate

chains, are components of many natural products, especially antibiotics [7, 10].

The most common methods for the synthesis of branched-chain sugars involve the

reduction of alkylidene glycosides, opening of the sugar oxiranes by carbon nucle-

ophiles, and the addition of organometallic reagents to glycopyranosiduloses [11].
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The Michael-type addition reaction of carbon nucleophiles to vinyl sulfone-

modified carbohydrates should be considered as an efficient route for the synthesis

of branched-chain sugars because almost all carbohydrates in pyranose and

furanose form could be converted to their vinyl sulfone derivatives very easily

[5, 12–14]. Moreover, the product of the reaction carrying sulfone functionality has

the potential to undergo a wide variety of transformations [15]. For a review on

desulfonylation reaction, see Ref. [16].

It was reported that a nucleophile attacked the C20 position of the 20-enesulfone
nucleoside exclusively from the α-face of the pent-20-enofuranosyl moiety of a

β-nucleoside [17, 18]. This observation led to a study of the effect of the anomeric

configuration on the stereochemical outcome of the addition of nucleophiles to

vinyl sulfone-modified carbohydrates (Fig. 8.15).

Thus, Sanki et al. [19] reported that 1α- and 1β-anomers of a carbohydrate

reacted with carbon nucleophiles highly stereoselectively, demonstrating the
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directing effect of the anomeric configuration. In both cases, the carbanion added to

the planar olefinic bond to 1α and 1β from a direction opposite of that of the

disposition of the anomeric methoxy group (Fig. 8.15).

Thus, the nucleophile generated from CH3NO2 and NaOMe reacted with 53α to

produce a single isomer 54 in 60 % yield (Fig. 8.16). The nucleophile generated-

from dimethyl malonate and sodium hydride produced exclusively 55 in 82 % yield.

The nucleophile generated from CH3NO2 and NaOMe reacted with 56β to

produce single isomer 57 in 56 % yield. The nucleophile generated from dimethyl

malonate and sodium hydride produced 58 in 98 % yield. The configuration of the

products was established by X-ray crystallography (Figs. 8.17 and 8.18).
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In order to establish the general pattern directing effect of the anomeric

configurations, anomeric pure pentofuranoses 59α and 59β were synthesized and

subjected to reaction with carbanions generated from CH3NO2/NaOMe or

CH3NO2/t-BuO
–K+, and CH2(COOCH3)2/NaH [20]. The 2-enesulfonyl furanoside

59α gave branched-chain sugars 60 and 61 in 73 % and 55 % yield, respectively,

whereas the 2-enesulfonyl furanoside 59β gave adducts 62 and 63 in 74 % and 87 %

yield, respectively.

8.2 Glycosyl Sulfones

Chen et al. [21] have studied the Bamberg-Bäcklund reaction on carbohydrate

anomeric sulfones and observed that the α-β ratio of unreacted sulfones 64α and

64β recovered from the basic reaction mixture was not the same as the starting ratio

with the amount of α-anomer enhanced (Fig. 8.19).

This observation could be explained in two ways: (1) the β-isomer was reactive,

whereas the α-isomer was not, and (2) the β-isomer was isomerizing to the α-isomer.
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These two explanations were easily verified. When pure α-isomer 64α was

subjected to the Bamberg-Bäcklund conditions, no reaction was observed, consis-

tent with the first explanation; however, when pure β-isomer 64β was subjected to

the same conditions, the α-isomer was recovered together with Bamberg-Bäcklund

product 65. These reaction conditions were not in equilibrium. The sulfones

were, therefore, equilibrated with t-BuOK-benzene with no brominating agent

present. The equilibrium ratio of β-α in both directions was 57:43. This corresponds

to an apparent A-value of 0.167 kcal/mol for dodecyl sulfone group. Simpler

tetrahydropyranyl phenyl sulfones 66–69 (Fig. 8.20) gave similar results (Table 8.1),

although a different A-value was recorded, presumably due to the absence
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64β = 38%

+ recovered 65a = 60%
65b = 30%
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Table 8.1 Base-catalyzed isomerization of sulfones

Starting material T (�C) Time Ratio (trans/cis) ΔG� kcal/mol

(�) 64 85 20 h 1:2.52 �0.658

5 d 1:2.34 �0.605

(�) 69 85 20 h 1:5.65a –

5 d 1:2.52 �0.658

(�) 67 75 5 d Only cis-isomerb –

(�)66/(�)67 (1:1.32) 75 5 d 1:1.28b –
aNo equilibrium obtained
bNo obvious isomerization detected
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of electronegative substituents found in 64α and 64β. Tetrahydropyranyl phenethyl
sulfones 66 and 67 failed to equilibrate under basic conditions. It was assumed that

proton exchange was not occurring at the anomeric carbon but at the α0-carbon of

the phenethyl group. The acid-catalyzed equilibration (Table 8.2) of phenethyl

and phenyl sulfones however gave similar A-values, and in the former case, the

acid- and base-catalyzed isomer ratios were in good agreement.

The evaluation of an anomeric effect for a substituent group requires a compar-

ison of the apparent size of the group in an axial position in cyclohexane (where

there can be no effect) to its apparent size in tetrahydropyran where an effect may

exist. The A-value for CH3 group in cyclohexane is 1.8 kcal/mol, while that for

SO2CH3 is 2.5 kcal/mol [22]. Thus, in cyclohexane, sulfone is larger than methyl by

0.7 kcal/mol. From the equilibration and conformational data of the simple methyl

tetrahydropyranyl sulfones, it appears that the sulfone is smaller than the methyl

group. It was estimated [22] that the apparent A-value for the sulfonyl group is

0.7 kcal/mol. Assuming that the sulfone A-value in tetrahydropyran, in the

absence of the anomeric effect, should be equal to 2.5 kcal/mol (the same as

cyclohexane value), then the anomeric effect for the sulfone is 2.5predicted�
0.7observed ¼ 1.8 kcal/mol. It is known, however, that the apparent size of axial

groups in tetrahydropyran is larger than in cyclohexanes. A correction of 1.5 was

proposed for converting a cyclohexane value to that of tetrahydropyran. This

factor has been derived by comparison of the A-value of CH3 (1.8) in cyclohexane

to that of 2.7 at C2 in tetrahydropyran [23, 24]. Hence, the sulfone A-value could
be as high as 2.5 � 1.5 ¼ 3.75 kcal/mol, which leads to an anomeric effect of

3.75predicted�0.7observed ¼ 3.05 kcal/mol. In either case, the anomeric effect in

favor of an axial sulfone is approximately 70 % of the steric effect, favoring the

equatorial conformer. Hence, in the parent phenylsulfonyl tetrahydropyran itself,

the group will appear to be equatorial. This is a different situation from that of the

oxygen anomeric effect, which, although a smaller force, overrides an equivalent

or somewhat smaller steric effect. It is therefore possible to detect significant

amounts of axial anomeric oxygen species in the parent tetrahydropyran under

equilibrium conditions.

Table 8.2 Acid-catalyzed sulfone isomerizations

Starting material T (�C) Time Ratio (trans/cis) ΔG� kcal/mol

(�) 66 4a 7 w 1:3.84 0.741

(�) 66/(�) 67 (1:1.32) rtb 2 w 1:3.62 0.762

(�) 68 4c 3 w 1:1.27d –

(�) 68 rte 2 w 1:3.18 0.685

(�) 68/(�) 69 (1:2.52) rtf 2 d 1:3.15 0.679
aCDCl3 (0.5 mL)
bCDCl3 (1 mL), TMSCl (1.5 μL), t-BuOH (2 μL)
cCDCl3 (0.5 mL)
dNo equilibrium obtained
eCDCl3 (1 mL), TMDCl (1.5 μL), t-BuOH (2 μL)
fCDCl3 (1 mL), TMDCl (12.5 μL), t-BuOH (10 μL)
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It is well known that the ease of formation of an α-sulfonyl carbanion

(71 in Fig. 8.21) depends upon the orientation of the bond being cleaved to yield

carbanion [25], with the readiest deprotonations being observed when the C–H

bond is as shown in 72 (Fig. 8.22), i.e. aligned with the internal bisector of the

O-S-O angle, or equivalently, antiperiplanar to the S–Cα0 bond. The stereoelectronic

control exerted by the sulfonyl group enabled King et al. [26] to find out if any

related geometry-dependent factors operate at adjacent carbon centers. The authors

have looked at the effect of the geometry of an alkoxy group β to the sulfonyl

function as in 72 (Fig. 8.22) (X ¼ OR) and found that the orientation of the alkoxy

group with respect to the C-H bond significantly affects the ease of α-sulfonyl
carbanion formation, and have suggested that this observation may provide insight

into the nature of the polar effect (see Table 8.3).

In NaOD in D2O at 20 �C, the equatorial hydrogen on C3 of 74 exchanges

readily, with first-order dependence on [OH-]. From the similarly determined rate

constants for the exchange of the α-hydrogen in a series of six-membered cyclic

sulfones as shown in Table 8.3, it is evident that the α-equatorial hydrogen

exchanges faster than the axial, the rate difference in 74, 76, 78, and 79 being,

respectively, 200, >25, 90, and �80. This result, although surprising in the light of

an earlier report [27] that indicated only a small preference for equatorial exchange,

is, in fact, precisely what is expected on the basis of (a) the antiperiplanar orienta-

tion of the α-equatorial hydrogens with respect to S–Cα0 bond and (b) the compar-

ative difficulty for the (normally) α-axial hydrogens to achieve this arrangement,

e.g., via the twist-boat form. The authors have concluded that in exchange reactions

for the other sulfones (75, 77, and 80), which have two identical chair forms, the

rate constants reflect the ease of exchange of α-equatorial hydrogens in the different
structures.
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Comparison of these rates in 76, 77, and 78 shows that the presence of a

β-synclinal oxygen atom accelerates the reaction by a factor of >200; another

synclinal oxygen on the same carbon, as in 80, leads to a further 20-fold rate

increase. An antiperiplanar oxygen, however, as in 74 and 75 increases the

rate more than 104 times relative to 77 and 78. Alternatively, if 74 and 75
are compared with 76, changing of the oxygen atom from the synclinal to the

antiperiplanar orientation increases the rate by 71- and 95-fold. That this

Table 8.3 Rate constants for H–D exchange of α-hydrogens in six-membered cyclic sulfonesa

Compound

2

3

3

C3-Heq 3.2 × 10−2

2.15 × 10−2

4.5 × 10−4

(ca. 2 × 10−6)

ca. 2 × 10−4

1.2 × 10−6

1.6 × 10−2

2.3 × 10−2

(9.6 X 10−3)
4.8 X 10−3

ca. 10−6

est. ca. 10−8

1.6 × 10−4

< 3 × 10−8
C3Hax

(C3-H2 + C5-H2)

(C2H2 + C6-H2)

(C3-Hax + C5-Hax) (C3-Dax + C5-Dax)

C2-Heq)

C2-Heq

C3-Heq

C5-Heq

C2H2 C2-D2

C2-Hax

C2D2

C2-Deq

C2-Dax

C5-Deq

C3Deq

(C3D2 + C5-D2)

(C2D2, C6-D2)

C10-Hax

C3-Deq

C3-Dax

C10-Dax

2

5

5

2

3

3

2

29

5

10

O

O

O

O

O

O

O

O

O

O

O Me

O

O

O
O

O

S

S

S

S

O
O

S

S

O

S

Hax Hax

Heq

OMe
Heq

Heq

Hax

Hax

Reaction kexch (M
−1s−1)

74

75

76

77

78

79

80
aFrom Ref. [26]
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substantial rate difference is not primarily due to a simple steric effects or the

presence of an extra β-carbon is shown by examining the rates of exchange in 79;
the rate of exchange at the C3 carbon and that at either the C5 or those of the

corresponding reactions in 74 and 75 differ by less than a factor of three, showing

that neither steric nor electronic effect of the methyl group is of significance in this

case. From this, it can be concluded that the important factor in the rapid exchange

of the α-equatorial hydrogens in 74 and 75 relative to 76 (and 80) is the orientation
of the hydrogen with respect to the oxygen – specifically, the antiperiplanar

geometry in 74 and 75.
This conclusion suggested that the sulfone 81 (Fig. 8.23) (which has been shown

[28] to have the conformation as drawn) would be expected to be well-arranged for

the exchange of the α-sulfonyl methine hydrogen; it was found that the exchange in

81 occurs almost 200 times faster than that in 75 (on a per hydrogen basis) [28].

To explain these results, the authors suggest that the incipient carbanion in the

transition state is stabilized by donation of its electrons into the carbon-oxygen σ*
orbital, i.e., that it is a “kinetic anomeric effect” [29]. A related anomeric stabili-

zation of a sulfonyl carbanion was proposed by Padwa and Wanamaker [30] to

explain a strong preference for a syn-periplanar arrangement in methoxy-

substituted cyclopropyl carbanion.

The observations reported show the existence of a geometry-dependent substit-

uent effect that an electron pair (incipient or fully formed) is stabilized by

antiperiplanar oxygen much more than by clinal oxygen. These observations are

not satisfactorily accounted for by the conventional components of the polar effect,

i.e., the inductive and field effects [31], and it was concluded that the polar effect of

the oxygen atom in these reactions has a stereoelectronic component as well.

8.3 Strecker Reaction

Strecker synthesis [32] is the preparation of α-amino nitriles in one step by

treatment of aldehydes or ketones with NaCN and NH4Cl. It is a special case of

the Mannich reaction. Since the CN is easily hydrolyzed to the acid, this is a

convenient method for the preparation of α-amino acids. There are two possible

H

H

S

O
O

O

O

81

Me

Me

Me

Fig. 8.23
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pathways for this reaction. The cyanohydrin may be produced first, and a nucleo-

philic substitution of an unusually labile hydroxyl group in the α-position to nitrile

can be easily effected with ammonia (ammonium chloride), resulting in α-amino

nitrile, or ammonia (or the amine) may be added first to the carbonyl group to give

an imine to which NaCN is added (Fig. 8.24). Hydrolysis of the nitrile group with a

mineral acid to the carboxylic group will finally give the D,L-α-amino acid.

In 1991, Kunz et al. [33] used the 2,3,4,6-tetra-O-pivaloyl-β-D-galactopyrano-
sylamine 87 (Fig. 8.25) as the stereodifferentiating template in the asymmetric

synthesis of N-galactosyl D-α-amino nitriles via the Strecker reaction.

For the synthesis of the 2,3,4,6-tetra-O-pivaloyl-β-D-galactopyranosylamine 88
as the chiral template in the asymmetric Strecker synthesis [34], pivaloylated

galactopyranosyl fluoride 92 [35] was activated with BF3-etherate and then reacted
with trimethylsilyl azide [36] to give D-galactopyranosyl azide 93 (Fig. 8.26) with a
surprising preponderance of the α-anomer. If the reaction was carried out with SnCl4

O +

+O

HCN HO NH3

HCN

84858382
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+
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in tetrahydrofuran, the desired β-galactopyranosyl azide 94 was preferably formed,

whereby the ratio of the anomers β/α was found to be 20:1. The anomers were

separated chromatographically. A selective synthesis of 88 was accomplished by

reaction of the penta-O-pivaloyl-D-galactopyranose 91 with SNCl4/trimethylsilyl

azide according to a procedure described for the synthesis of peracetylated

monosaccharides [37].

The pure β-anomeric galactopyranosyl azide 94 was hydrogenated using Raney

nickel as the catalyst to give O-pivaloylated D-galactopyranosylamine 88 in almost

quantitative yield (Fig. 8.26). The obtained β-D-galactopyranosylamine 88 was

allowed to react with aldehydes and NaCN in 2-propanol/acetic acid (25:2)

(Fig. 5.25). The N-galactopyranosyl α-amino nitriles 90 were obtained in almost

quantitative yield. However, the completion of the reaction required 2–4 weeks.

The diastereoselectivity in these Strecker syntheses ranged from 3:1 to 7:1 in favor

of the D-amino nitrile derivative (Fig. 8.25).

The reaction of the β-D-N-galactopyranosylamine 88 with trimethylsilyl cyanide

(Fig. 8.25) required activation by Lewis acids [38]. The best results were obtained if

zinc chloride in 2-propanol at 0 �C (method A) or tin tetrachloride (SNCl4) in

96%
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tetrahydrofuran at �30 �C (method B) were used. With 2 mol-% of the Lewis acid,

the conversions were complete after 8–12 h. If equimolar or slightly higher amounts

of the Lewis acid were added at room temperature, the reactions were completed

within a few minutes. The ratios of stereoisomers ranged between 6 and 13:1 with

preponderance of the D-nitrile derivatives.

As a rule, the reaction at lower temperature catalyzed by SnCl4 (method B)

showed the higher stereoselectivity. Besides small amounts of the starting imine 89,
the crude products 90 only contained a few percent of the corresponding

α-anomeric amino nitriles presumably produced by a Lewis acid-catalyzed

anomerization of the β-anomeric amino nitriles 90.
The rationalization of the observed stereoselection during the Strecker reaction

(Fig. 8.27) was based upon the NMR experiments on aldimine of galactosamine 95.
A strong NOE between the aldimine and the anomeric proton showed that

the Schiff bases 89 prefer a conformation illustrated in formula 95 (Fig. 8.27).

Conformation 95 is obviously stabilized by a π ! σ* delocalization of the π
electrons of the C═N bond into the σ* orbital of the ring C–O bond. The resulting

partial double bond character of the C–N bond at the anomeric center and the

population of the σ* orbital of the ring C–O bond account for the increased

tendency of the Schiff bases 94 to undergo anomerization.

Due to the arrangement of the polar functions at the carbohydrate framework, the

activating catalyst ZnCl2 is obviously fixed to the front side (95 in Fig. 8.27)

coordinating the imine nitrogen and the carbonyl oxygen of the 2-pivaloyl group.

Therefore, the 1H-NMR spectrum of the complex 96 in [D8] tetrahydrofuran is

nearly unchanged in comparison to that of the corresponding Schiff base 95. This
complex 96 is preferably attacked by the free cyanide, liberated in the polar

medium from its silyl derivative, at the sterically less hindered back side (96 in

Fig. 8.27), i.e., the Si side of the imine [39]. SnCl4 presumably forms octahedral

complexes, which exhibits analogous asymmetric shielding of the diastereotopic

faces of the imines. In tetrahydrofuran solution, the diastereodifferentiating effect

of this Lewis acid may be similar to the one observed in the formation of

homoallylamines from aldimines [40].
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8.4 Mercuration of Carbohydrate Olefins

A convenient procedure for converting carbohydrate derivatives into cyclohexa-

none analogs (as illustrated in Fig. 8.28) was first observed when the unsaturated

sugar 97 was treated in refluxing aqueous acetone with a molar equivalent of

mercury (II) chloride [41].

This procedure introduced by Ferrier, involving the mercury salt-mediated ring

transformation of 6-deoxyhex-5-enopyranosides into deoxyinososes, has provided

a route of wide practical utilization in the field of aminocyclitols [42–46] and

pseudo-sugar chemistry [47, 48]. This procedure has led to the preparation [49]

of the B-A ring system of the antibiotic b-rhodomycin and has extended [50] to

thioglycoside analogs of hex-5-enopyranosides (Fig. 8.29).
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Lászlo et al. [51] have treated methyl 3-azido-4-O-benzoyl-2,3,6-trideoxy-β-D-
erythro-hex-5-enopyranoside 103 with an equimolar amount of mercuric

chloride in refluxing aqueous acetone [41] and obtained in 78 % yield the crystal-

line 2-benzoyloxy-5-hydroxycyclohex-2-enone 104 instead of the expected

3-azidocyclohexanone 105 (Fig. 8.30).

The cyclohex-2-enone derivative 104 is a product of the β-elimination

process accompanying the ring-closure reaction [45, 52–54], and apparently

being favored by the trans-relationship of N3(3) and H(2) in 103. A similar

elimination involving the loss of BzO(3) of methyl 2,3,4-tri-O-benzoyl-6-
deoxy-α-D-ribo-hex-5-enopyranoside has been reported [55]. Neither the

3-acylamino-β-D-erythro-hex-5-enopyranosides 106 and 107 nor the 3,4-di-O-
benzoyl-β- (108) and 3-azido-α-D-threo (109) derivatives gave elimination products

(Fig. 8.31). Thus, the Ferrier reaction of these compounds gave high yields of

(2S, 3S, 5S)-3-benzamido-2-benzoyloxy-5-hydroxycyclohexanone (111), (2S, 3S,
5S)-2-benzoyloxy-5-hydroxy-3-trifluoroacetamidocyclohexanone (112), (2S, 3R,
5R)-di-2, 3-dibenzoyloxy-5-hydroxycyclohexanone (113), and (2S, 3R, 5R)-3-

azido-2-benzoyloxy-5-hydroxycyclohexanone (114), respectively (Fig. 8.32).

This and previous results are in accord with the finding of Lukacs et al. [55, 56]

that an apparent relationship between the stereochemistry at the C5 carbon of the

cyclohexanone derivatives produced in the Ferrier reaction and the conformation of
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the starting hex-5-enopyranosides. Thus, the exo-methylene sugars in the 1C4

(D) conformation provide cyclohexanones with the HO-5 directed upward, whereas

those with the 4C1 (D) conformation gave ketones with the HO-5 directed down-

ward. With a single exception [44], the “Ferrier ketones” so far prepared have the

three-substituent trans to HO-5. This high stereoselectivity of the ring closure can

be explained as follows.

The mercury atom, as a transition element attached to C6 [42, 52], may develop

coordination with the lone pair-bearing substituent Y (Y ¼ N or O) at the C3

carbon with the formation of an intermediary six-membered ring (a) (Fig. 8.33)

and thus direct the approach of the C6 nucleophile toward the C1 carbon from the

same side as the three-substituent is located. The subtended angle (a) between the

direction of the approach of the nucleophile and the C1═O bond is maintained

during the reaction (“Baldwin’s” 6-exo-trig mode of ring closure [57]) and thus

represents the angle across C6–C5–O5 in the product. Due to the lesser steric

crowding on the opposite side of the ring, HO5 (to be generated via protonation)

will be trans to the three-substituent. This mechanism involves an optimal steric

arrangement in the transition state, represented by a double-boat conformational

system (b in Fig. 8.33).
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Proof for the stereocontrol exerted by the mercury atom has been obtained from

the carbocyclization of methyl 4-O-benzoyl-2,3,6-trideoxy-α-D-glycero-hex-5-
enopyranoside 119 (Fig. 8.34).

Since there is no three-substituent, coordination with the mercury atom cannot

occur, so that the nucleophilic attack of C6 on C1 of the ring-opened sugar occurs

from both directions and gives 4:3 mixture of (2S, 5S)- (120) and (2S, 5R)-2-

benzoyloxy-5-hydroxycyclohexanone 120. Although this mixture of diastereoiso-

mers could not be fractionated by chromatography, the signal of H5 of the newly

generated chiral center of both 120 and 121 could be distinguished readily by 1H-

NMR (4.02 and 4.55 ppm, respectively). It was also determined by the 1H-NMR

that 120 and 121 exist in 2C5 conformers.

8.5 1,3-Dipolar Cycloaddition of Chiral N-(Alkoxyalkyl)
Nitrones

Vasella [58] has shown that the hydroxy-oxime 122 (2,3-O-isopropylidene-5-O-
trityl-D-ribose oxime) can be, via its tautomeric form α-alkoxy-hydroxylamine 123,
converted by reaction with carbonyl compounds (formaldehyde, acetaldehyde, etc.)

to N-(alkoxyalkyl) nitrones 124 which then reacts via 1,3-dipolar cycloaddition

with methyl methacrylate to give the protected isoxazolidine ribosides 125, 126
epimeric at C5. This reaction proceeds in high yield (97 %) and with high stereose-

lectivity (84:16) (Fig. 8.35).

The high stereoselectivity of cycloaddition of N-(alkoxyalkyl) nitrones obtained

by the use of formaldehyde and acetone prompted Vasella to identify the factors

that were responsible for this high stereoselectivity.

The hydrolysis of isoxazolidine riboside 127 (R1 ¼ H; R2 ¼ CH3) obtained by

the hydrolysis of the C50 trityl group from 125, as well as of 128, obtained from

detritylation of 126, both isoxazolidines 129 and 130 were obtained (Fig. 8.36).

The only difference between the isoxazolidines 127 and 128 was the configura-

tion at the C5 carbon.

The stereoselectivity of the cycloaddition reaction most likely depends upon the

ring oxygen of the five-membered ring furanose. As a matter of fact, in the

transition state of cycloaddition, the stereoelectronic effect could be expected to

become operational which will, similarly to the anomeric effect, be based upon
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conjugative interaction that arises in the course of the reaction between the doubly

occupied sp3 orbital on nitrogen and the σ* orbital of C1–O bond of the sugar

residue [59]. In the appropriate geometry of the transition state, namely, at

the coplanar (antiperiplanar) position of the mentioned orbitals, the decrease of

activation energy should be effected through this conjugative stabilization and

should lead to an increase of the electrophilic character of nitrone.

According to a qualitative orbital consideration, the ψ1 orbital of the π-system of

nitrone can interact with the formal nitrogen nonbonding electron pair of cyclo

adducts. The anomeric effect (classic and kinetic) that can become operational in

the transition state of cycloaddition can stabilize the transition state. On the other

side, the unoccupied ψ3 orbital of the π-system of nitrone through its interaction

with the unoccupied σ* orbital of C1–O bond can decrease the activation energy,

and with that increase the electrophilic character of nitrone (Fig. 8.37).

The main reason for the stereoselectivity of cycloaddition of nitrone of type 3 is

not due to destabilization of alternative transition states due to steric interactions

but due to the selective stabilization of one transition state due to the favorable

stereoelectronic interactions. Hence, the conformations of N-(alkoxyalkyl) nitrone

will be limited to transition states 132 and 133 (Fig. 8.38), which can be named “O-

endo” (132) and “O-exo” (133), whereby the stereoselectivity of cycloaddition

increases with the increase of the number of substituents on the nitrone, indicating

also that the reaction proceeds preferably via “O-endo” conformation (132).
Vasella has suggested that the observed stereoselectivity is due to a

stereoelectronic effect which strongly influences the stereochemistry of the transi-

tion state of the cycloaddition reaction. This stereoelectronic effect is caused by the

nitrogen electron pair which is oriented antiperiplanar to the C–O bond of the
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furanose ring during the cycloaddition reaction (134 ! 135) (Fig. 8.39). When

this additional electronic delocalization is operative, the energy of the transition

state is lowered accordingly.

8.5.1 Synthesis of Glycosides by Reduction of Sugar
Orthoesters

Ohtake et al. [60–63] reported a novel two-step glycosylation procedure as shown

in Fig. 8.40.

In the reduction of these sugar orthoesters, there are four possible glycoside

products for each orthoester (Fig. 8.41). For example, the possible products of the

glycosylidene-glucoside 140 are glucosyl-α- and β-(1 ! 4)-glucoside (141 and

142) and glycosyl-α- and β-(1 ! 6)-glucoside (143 and 144) (Fig. 8.40).
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As reported earlier [61], the combination of LiAlH4 and AlCl3 [64, 65] was an

effective reagent for selective cleavage of the spiro sugar orthoesters. In Table 8.4

the reduced sugar orthoesters and the obtained products are given.

Table 8.4 summarizes the results of the reduction of the six sugar orthoesters

145–148 and 149, 150 with LiAlH4/AlCl3, which were prepared from the

corresponding sugar lactones. As can be seen from Table 8.4, the reduction of

145 proceeded smoothly with two equiv. of reagents in 2 h at room temperature to

afford glucosyl-β-(1 ! 4)-glucoside 151 in 92 % yield, whereas the other possible

isomers 143, 144, and 145 were not detected. Also in the cases with orthoesters

147, 148, and 149, glycosyl-β-(1 ! 4)-glucosides 153, 154, and 155 were obtained
again in excellent yields (92–98 %) with complete regio- and stereoselectivity.

The reduction of the two orthoesters 149 and 150 containing L-sugar moieties

proceeded efficiently under the same reaction condition, and glycosyl-β-(1 ! 4)-

galactosides 155 and 156 were produced selectively again in excellent yields

(96–99 %).

The results in Table 8.4 are noteworthy first from the point that the sterically

congested 4-O-positions of sugar compounds were efficiently glycosylated by this

method. More noticeable was that the resulting disaccharides were obtained with

complete β-selectivity even in the cases with mannosyl and rhamnosyl donors.

The reduction of six sugar orthoesters 157, 158, 159, 160, 161, and 162
(Table 8.5) with NaBH3CN proceeded smoothly in the presence of AlCl3. The

results are summarized in Table 8.5.

The above results showed that the prepared 12 sugar orthoesters were separated

into two groups from the point of reactivity of the reductants and of the
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regioselectivity in their reductions. According to the X-ray crystallographic analy-

sis and the molecular modeling studies [66–68], these orthoesters were classified

into four groups from the point of the structures of their ring systems. It was shown

that these two classifications were closely related and that the difference or simi-

larity among the reactivity of orthoesters was well explained by considering the

conformations of the ring systems in these molecules.

Table 8.4 Reduction of sugar ortho esters with LiAIH4/AICI3

Sugar orthoester

CH2OBn
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Disaccharide obtained Yield %

CH3

H3C

H3C

H3C
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CH3

145
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147

148
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150 156
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154
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92

98
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92

These reactions were carried out for 1 h and rt under Ar in Et2O/CH2CI2 (ortho ester ¼ 50 mM,

2 equiv LiAIH4, 2 equiv AICI3). Yields are isolated yields
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Table 8.5 Reduction of sugar ortho esters with NaBH3CN/AICI3

CH2OBn
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These reaction were carried out at rt under Ar in toluene/CH3CN (ortho ester ¼ 50 mM, 7 equiv

NaBH3CN, 5 equiv AICI3, 100 mg MS 3A/2 mL solvent). Yields are isolated yields
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As already reported [68], the structures and conformations of the spiro ring

system of the formed orthoesters depended upon whether D- or L-sugar lactones

were used as glucosylidene parts and whether glucose or galactose was used as the

diol part.

In Fig. 8.42 the structures of both sugar lactones and sugar diols used for the

synthesis of sugar orthoesters are given.

For example, the ring systems of the sugar orthoesters 145–148 (Table 8.4)

prepared from the sugar lactones 169–172 and 175 (Fig. 8.42) had the same structure.

Reduction results indicated that the orthoesters 145–148 or 149, 150 were

reduced by LiAlH4/AlCl3 to afford the corresponding glycosyl-β-(1 ! 4)-glyco-

sides in excellent yields but that the reduction with these reagents did not proceed

efficiently in the case of orthoesters 161, 162, or 157–160with the B- or C-type ring
system (Fig. 8.43). Further, it was revealed that the orthoesters with the B- or

C-type ring system were efficiently converted into glycosyl-β-(1 ! 6)-glycosides

by reduction with NaBH3CN/AlCl3 but that this combination of the reagents was

not effective for the efficient and selective reduction of the other two types (A or D)

of orthoesters.

All of the products in Tables 8.4 and 8.5 resulted from the selective ring opening

at the bonds between the anomeric carbons and the axial oxygen atoms. In the cases

of the present reductions, it was appropriate to think that the initial step was the

elimination of one of the oxygen atoms in the dioxane ring of each sugar orthoester

169, R1 = R3 = H; R2 = R4 = R5 = OBn (Glc)
170, R1 = R4 = H; R2 = R3 = R5 = OBn (Gal)
171, R1 = R4 = R5 = OBn; R2 = R3 = H (Man)
172, R1 = R4 = R5 = H; R2 = R3 = OBn (D-Fuc)

173, R1 = R4 = H; R2 = R3 = OBn (L-Fuc)
174, R1 = R4 = OBn; R2 = R3 = H (Rha)

175, R1 = H; R2 = OH (Glc)
176, R1 = OH; R2 = H (Gal)
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and that the second step was the attack of the hydride anion to a resulting

oxocarbenium ion (Fig. 8.44). The higher reactivity of axial substituents of the

pyran rings in elimination reactions compared to those at the equatorial positions

can be rationally explained by the stereoelectronic effects [69].

The matching or mismatching between the reductants and the substrates in the

present reductions was compatible to the well-known selectivity in the reduction of

4,6-O-benzylidene glycosides shown in Fig. 8.45 [65, 70].

Although the reasons for the high regioselectivity in the reduction with these

reagents have not been clarified even with simple substrates such as 179, 4- and
6-O-benzyl glycosides 180 and 181 were afforded selectively from 179 with

LiAlH4/AlCl3 and NaBH3CN/HCl, respectively.

Finally, the mechanism that accounts for the extremely high β-selectivity should
be mentioned. This stereoselectivity could be explained by considering the elec-

tronic advantage of the axial anion attack [71]. Moreover, it seemed reasonable to

think that a hydride anion on the reducing reagents attacked the intermediates

immediately after the dioxane ring opening or that the reactions shown in

Fig. 8.46 proceeded concertedly. Thus, the attack from an axial direction from

which the eliminated oxygen atoms had been bound would be advantageous. As

proton atoms attached to the anomeric carbons from the axial direction,

β-glycosides were afforded as the resulting products. The high β-selectivity might

be the most interesting and important feature of this reductive glycosylation

procedure. This superior selectivity was realized by developing a glycosylation

method based on the completely different concept.

Li et al. [72] (Fig. 8.46 and Table 8.6) have studied the relative rate of hydrolysis

of the four bicyclic orthoesters 188, 189, 190, and 191 having a six- or a seven-

membered orthoester ring (Table 8.6).

The hydrolysis experiments were performed in deuterated acetonitrile/D2O

mixtures (4:1) using HCl as catalyst.

The study of the rate of hydrolysis of 189–191 showed that the orthoacetate 189
was hydrolyzed 40 times faster than the orthobenzoate 200, whereas the hydrolysis

179
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of orthoacetate 191 was 1680 times faster than that of 190. With regards to the

product distribution, the orthoformate 188 gave a mixture (2:1) of the formate 192
and the diol 193. The orthoacetate 189 gave a mixture (2:1) of acetate 194 and the

same diol 193. These two cases are assumed to be identical, and in the following

discussion, the hydrolysis of the orthoformate 188 will be omitted. The acid-

catalyzed hydrolysis of orthobenzoate 190 yields benzoate 195 as the only product

with no trace of the diol 193. Finally, the hydrolysis of the orthoacetate 191 affords
only the mixture (1:1) of two possible acetates 196 and 197, with no diol being

formed.

In order to understand the mechanism of hydrolysis with the formation of the

various products, and since several competing routes may be involved (Fig. 8.47),
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the hydrolysis of orthoesters 198(189) and 199(190) has been carried out with

labeled water (H2O
18).

The orthoesters 198 and 199 can be in principle protonated at either the exocy-

clic O2 oxygen atom or the endocyclic O3 (or O4) oxygen atoms. Protonation of O2

oxygen yields methanol and the cyclic oxocarbenium cation 201 (R ¼ Me or Ph)

which when subsequently attacked by labeled water gives 203 (R ¼ Me or Ph) and

then the labeled ester 206*. The protonation of one of the two endocyclic oxygens

induces ring opening to afford the acyclic oxocarbenium cation 200 (R ¼ Me or

Ph). Labeled water may now attack this cation in two ways: either in an SN2 fashion

on the methoxy carbon (H3C-O2) leading to the ester 204 (or 206) or directly at the
central carbon atom position C1. In the latter case, the intermediate 202 (R ¼ Me or

Ph) can be protonated at the oxygen atom O4 to form diol 205; protonation can also
take place at position O2, yielding the previously described ester 204* or 206*.

The experimental work shows that the orthoester (R ¼ Me) was indeed produc-

ing all three products 205, 204, and 206* when hydrolyzed in the presence of

H2O
18. Therefore, in this case, both cations 200 and 201 contribute to the product

distribution. Moreover, the cation 200 (R ¼ Me) must be formed predominantly

over the cyclic cation 201 (R ¼ Me) because the labeled ester alcohol 210*,

Table 8.6 Relative rates of hydrolysis and product distribution in the compounds 188–191

Starting material
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H
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−
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accounting for 51 % of the mixture, is formed via both cations 200 and 201. This
assumption is very reasonable since the hydrolysis products 206 and 205 (49 % of

the mixture) can only arise from the cation 200 too.

Regarding the orthobenzoate 199 hydrolysis, the cation 200 (R ¼ Ph) makes

no contribution to the final product distribution, the benzoate alcohol 206* (195)
being formed via the cyclic cation 201 (R ¼ Ph). This assumption again is very

reasonable since neither 205 nor 206* issued from 200 (R ¼ Ph) is present.

In the case of the six-membered ring orthoester 207 (Fig. 8.48), the ester

alcohols 213 and 214 are obtained in 1:1 ratio. Since the diol 212 is not present

in the hydrolysate, it is reasonable to conclude that cations 208 and 209 do not

contribute to the hydrolysis route and that the products 213 and 214 come only from

the cyclic cation 210. In summary, all hydrolysis processes involve the cyclic

cations 201 (R ¼ Me or Ph) and 210, whereas the cation 200 issued from seven-

membered ring opening is only observed when R is methyl substituent. These

results are now rationalized in the light of stereoelectronic effects and with the

help of theoretical calculations.
An AM1 study of the protonated species corresponding to the neutral con-

formers of 198, 199, and 207 that differ in the position of exocyclic substituents

was carried out. It was found that all three orthoesters once protonated undergo
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Fig. 8.47 Hydrolysis pathways for the orthoesters 198 and 199
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fragmentation without an additional energy barrier along the reaction coordinates to

produce cations 200, 201, 208, 209, and 210. These results suggest that bond

cleavage is not the rate-determining step but rather protonation. This is in

agreement with the fact that protonation is known to be playing a key role in the

rate-determining step in orthoester hydrolysis [73, 74].

In the case of the seven-membered ring orthoacetates, the two structures 217
and 218 (Fig. 8.49) were found, the latter being favored by AM1 and 3-21G by 1.41

and 1.84 kcal/mol, respectively. The seven-membered ring orthobenzoate can exist

as either 218 conformer (preferred 3-21G structure) or conformer 219 (preferred

AM1 structure). Both optimization methods are in fair geometrical agreement with

the X-ray data.

Each orthoester having three oxygen atoms has six sites (labeled a – f) that are
available for protonation by H3O

+, yielding in principle six transition structures per

orthoester. Study of all these possible sites of protonation by AM1 semiempirical

Hamiltonian revealed that some oxygen lone pairs could not be attacked by H3O
+ for

steric reasons. However, rotation of the methoxy group about the C1–O1 bond could

relieve these unfavorable interactions and thus make these hindered sites available

for protonation. Thus, protonation of orthoester 215 at the endo site cwas equivalent
to protonation at site e (the other equivalent positions are indicated in Fig. 8.48).

In the case of six-membered orthoester 215 where all bonds are staggered, use of

antiperiplanar lone pair hypothesis allows straightforward identification of the most
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basic oxygen atoms [75]. The oxygen atom O1 receives two contributions from the

lone pairs d and f, whereas only its lone pair a is able to donate electrons. It is

therefore O1, which should be the most protonable oxygen atom of the orthoester

215. Oxygen O2 receives two contributions as well from a and e, but it also donates
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Fig. 8.49 AM1 Protonation structures characteristics and corresponding heats of formation

(ΔHf). Relative energies of the neutral species are indicated on the left (kcal/mol; underline:
AM1, italics: 3-21G optimized including ZPE). This structure has a boat conformation and may be

disfavored in a bicyclic system (From Li et al. [72])
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electrons from both lone pairs c and d. With regards to O3, this atom receives only

from c,whereas its two lone pairs e and f can donate electrons; as such, it must be the

least basic oxygen atom. These conclusions are confirmed by calculations which

show that protonation at position O1 is indeed the most favored process; protonation

at positions O2 and O3 is disfavored by 2.56 and 6.30 kcal/mol, respectively.

These stereoelectronic considerations and calculations are in full agreementwith the

experimental results, because only the C4-O1 bond cleavage is observed and it is a fast

process. This latter observation can also be rationalized in terms of stereoelectronic

effects, because once protonated at position O1, both lone pairs f and d (which are

already partially responsible for the large basicity of the O1 oxygen) immediately

provoke C4–O1 bond breaking without further backbone motion.

All the transition structures (apart from 215b) calculated indicate that the geom-

etry of the orthoester 215 is not too much altered at the transition state. This

observation suggests that protonation, the rate-limiting step, and bond cleavage are

distinct, despite the fact that the second step is not accompanied by a barrier on the

potential energy surface, as checked by IRC [76] (intrinsic reaction coordinate)

studies starting from the transition structures (no intermediates or weak ones were

located between the transition structures and the products). All the orthoesters have

C4–O bond lengths in the 1.40–1.42Å bracket. At the transition state, the C4–O bond

lengths can be classified into three families: the C4–O bond whose oxygen atom

gets protonated has lengthened (1.44–1.48 Å), one of the remaining C4–O bond has

shrunk (1.37–1.39 Å), whereas the other one does not change (1.40–1.42 Å).
These figures clearly demonstrate that the bond cleavage is far from being

complete at the protonation transition state. It is also worth noting that the distance

between water oxygen and the H+ is 0.202 Å shorter than the distance between the

orthoester 215 oxygen O1 and H+ in 215a, the most favored transition structure.

This proves that the proton affinity of this orthoester is greater than that of water,

because it can attract H+ with equal strength at a longer distance at the transition

state level. The same trend is also observed in the case of the seven-membered ring

orthoesters 216–219, although to a lesser extent (0.127, 0.127, 0.160, and 0.143 Å)
for 216f, 217c, 218f, and 219c which are the favored protonation transition struc-

tures, likely due to a diminished proton affinity of these orthoesters compared with

215, as experimentally confirmed by the relative rates of hydrolysis of the

orthoesters 198–199 (Table 8.6).

All the observationmade in the case of 215 can be applied in the case of the seven-
membered ring orthoesters 216–219. However, due to the much floppier structures of

these compounds and also to the fact that syn-periplanar lone pairs must also be at

work, application of stereoelectronic principles becomes an awkward task.

The calculations show that the seven-membered ring orthoacetate gets mainly

protonated in an endo-fashion (inside the ring, 216f and 217c) rather than at the exo-
position (216b). In this case again, the calculations are in good agreement with the

experiments since a Boltzmann distribution of the transition states at 25 �C predicts

that 88 % of the protonation should take place at the endocyclic oxygen positions; it

is experimentally difficult to estimate accurately the amount of endocyclic proton-

ation versus exocyclic protonation, but at least 49 % of the protonation should be

endocyclic, according to the final product distribution.

262 8 Carbohydrate Sulfones



In the case of the seven-membered ring orthobenzoate, the exocyclic protonation

is predicted to be more favored (27 %) than for orthoacetate. Despite the large

apparent difference between the experiment and the calculations, the trend (more

exo-protonation) is correctly foreseen. There also exists a major difference between

orthoacetates and orthobenzoates in that the cations formed after endocyclic pro-

tonation and ring cleavage in the case of the orthobenzoate lead to structures

extremely unfavorable to water at the central carbon position.

For obvious steric reasons, the plane of the phenyl is nearly perpendicular (49�

and 65� in the cases of the cations issued from 218f and 219c, respectively) to the

plane defined by the two oxygens and their intercalated carbon. This carbon is the

preferred site of attack by nucleophiles, for which the best incoming trajectory is

also perpendicular to the O-C-O plane.

Clearly, the preferential phenyl orientation is incompatible with nucleophilic

attack by water (Fig. 8.50), and ring closure, an intramolecular process, is much

preferred, leading back to the original orthobenzoate compound.

Obviously, this steric hindrance to water attack on the cation is not encountered

after exocyclic protonation and cleavage of the orthobenzoate since the phenyl ring

becomes nearly coplanar with the O-C-O plane (0� in the case of the cation issued

from 218a) leaving both sides of the O-C-O plane completely free to nucleophilic

attack. All these considerations dealing with the orientation of the phenyl ring

become irrelevant when the phenyl substituent is replaced by methyl group, and in

the case of the orthoacetate, protonation is the only factor influencing the product

distribution. In that case, the protonation transition state calculations fit perfectly

with the experiment.

8.6 Reductive Cleavage of Glycosidic Bond

The reductive cleavage method is one of the important tools for determining the

structure of polysaccharides [77]. Various aspects of the method have been

studied extensively [78–88]. So far, the investigation has concentrated mostly

on the variation of polysaccharides and catalysts, while triethylsilane and

dichloromethane are employed as the reducing agent and solvent, respectively.

⊕
OR

R

H H

H

HH

O

H2O

220
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The method consists of exhaustive methylation of the free OH groups in a

polysaccharide, reductively cleaving all glycosidic linkages with Et3SiH in the

presence of Lewis acid catalyst, acylating the free OH groups generated by cleav-

age, and identifying the partially methylated and acylated 1,5- or 1,4-anhydroalditol

products present in the final reaction mixture.

Although a mechanistic aspect of the reaction was not investigated in depth, a

cyclic oxocarbenium ion was suggested to be formed during the course of the

reaction, based on the stereochemistry of the 1-monodeuterio-1,5-anhydroglucitol

produced upon reduction with Et3SiD [78]. The stereochemistry of the deuterio-1,5-

anhydroalditol products seems to support this rationale, because the predominant

(>90 %) axial configuration of the deuterium atom in the products could arise

from the cyclic oxocarbenium intermediate. As we already know, a cyclic

oxocarbenium ion has also been proposed as an intermediate for the anomerization

of permethylated methyl D-glucosides, along with an acyclic oxocarbenium ion

(Fig. 8.51) [89, 90].

It has also been suggested that a similar cyclic oxocarbenium ion is involved in

the process of transglycosylation and acetolysis [91].

The reductive cleavage of methyl glycosides has some analogy with the hydro-

lysis of acetals and ketals [92]. Since glycosides are acetals, then formation of an

oxocarbenium ion in the course of both reactions may imply mechanistic similar-

ities. An A-2 mechanism has been suggested for hydrolysis of methyl (or phenyl)

D-glycopyranosides [93]. According to this mechanism for the hydrolysis of

R1
Z
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X
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H
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t-C4H9 CH3 CH3

224d
224e
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D-glucopyranosides, it is apparent that the pyranoside ring does not open during the

course of reaction. It is also important to point out that the attack by a water molecule

on the oxocarbenium ion takes place in the rate-determining step. However, this step

is a fast one in the hydrolysis of other acetals in general (Fig. 8.52).

It is reasonable to assume that an oxocarbenium ion, either cyclic or acyclic, may

be involved in the course of reductive cleavage because the reducing agent itself is

anionic by nature. However, the most critical problem to be solved is whether the

rate-determining step is the formation of an oxocarbenium ion from the substrate or

the reduction of the ion by a silane. This means that the factors which may influence

the observed rates should be (1) the structural characteristics of the substrates,

especially the configuration of the anomeric carbons; (2) the nature of the reducing

agents; and (3) the nature of the catalysts.

The investigation of the rate of anomerization of permethylated methyl glyco-

sides indicates that the rate of anomerization of β to α is about four times faster than

α to β for methyl D-glucopyranosides [89]. Furthermore, the former process seems

to take place via an acyclic oxocarbenium ion, whereas the latter favors a cyclic

oxocarbenium ion [90]. In the presence of a reducing agent, both ions may compete

with reduction and anomerization. The cyclic oxocarbenium ion, if formed, should

compete with methoxytrimethylsilane and the reducing agent. Since the reducing

agent is used at a five or ten times molar excess, it is probable that the rate of

reduction is much higher than that of anomerization. The complexity of the kinetics

of this reaction is shown in Fig. 8.53.
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Kinetic measurements have shown that both anomerization and reduction are

much slower for the α-anomer than those for the β-anomer. Furthermore, the

reduction takes place at far greater rate than the anomerization, regardless of the

reducing agent. These results are consistent with the process proceeding via a cyclic

oxocarbenium ion. The silane, which is present in fivefold excess, should be a better

nucleophile than methoxytrimethylsilane. Consequently, the rate of formation of

the product is much greater than that of anomerization.

On the other hand, the β-substrate forms a substantial amount of α-anomer, in

addition to 227, in 1 h. It seems to favor the acyclic oxocarbenium pathway because

the intermediate can readily recyclize intramolecularly to the α-anomer. Then the

question remains as to whether the cyclic oxocarbenium ion is the sole intermediate

for reduction of both α- and β-anomers. This may be true if a weak reducing agent,

such triethoxysilane is employed, which gives only 2.6 % and 5.3 % of 227 in 0.5

and 1.0 h, respectively. However, it should be pointed out that the rate of formation

from the β-anomer is about twice as high as that from the α-anomer. If the cyclic

oxocarbenium ion is the sole intermediate, the rates should be very similar for both

the α- and β-anomers.

This observation can be explained by suggesting two reaction pathways, as

shown in Fig. 8.54. In the case of the β-anomer, the reduction may take place
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without the formation of the cyclic oxocarbenium ion. The trimethylsilyl cation

derived from Me3SiOSO2CF3 may coordinate to both O5 and O1 atoms of the

β-anomer to form a complex such as 223. This kind of coordination is plausible if

one looks at the spatial arrangement of the lone pair orbitals in the two oxygen

atoms. Then the complex 223 may be directly attacked by a silane to form an

anhydroalditol product 227 and methoxytrimethylsilane, or the ring may open to

form an acyclic oxocarbenium ion 224.
The direct attack may be considered as an SN2 process, which can be illustrated

as shown in Fig. 8.54. This may be the reason that the 1-deuterio-1,5-

anhydroglucitol 227 Dα formed almost exclusively when Et3SiD was used for the

reductive cleavage of 222β [78]. Also, this is why the reduction takes place much

faster than the anomerization. The acyclic oxocarbenium ion 224 may undergo

mostly intramolecular recyclization to form the α-anomer.

On the other hand, in the case of the α-anomer, the complexation to O1 and O2 is

plausible (such as 225; Fig. 8.54), and the resulting anti-arrangement of the lone

pair orbital in the O5 and C1–O bond may readily lead to formation of cyclic

oxocarbenium ion 226 (Fig. 8.54). Once it is formed, a silane can readily attack

from the axial direction to produce the alditol 227 (and 227Dα when Et3SiD is

used). An SN2 type of reaction of 225 with Et3SiD should give 228Dβ as the major

product, and this was not observed. For such a displacement to occur, a silane has to

approach from the direction parallel to the one of the lone pair orbitals of the ring

oxygen atom, as shown in Fig. 8.55 (230). This seems unfavorable because of the

repulsive nature of the interaction between the lone pair electrons and the partially

negatively charged hydrogen of the reducing agent.

When the substrate was mixed with Me3SiOSO2CF3 in the absence of the

reducing agent, rapid equilibrium was reached within 1 h [90]. The α/β ratio was

approximately 4 for permethylated methyl D-glucopyranoside and 5 for the

galactopyranoside, regardless of the anomeric configuration of the starting material.

The presence of the silane significantly decreases the rate of anomerization of 222α
to 223β. This is not surprising because the cyclic oxocarbenium ion intermediate

226 should react with the silane (which should be present in at least fivefold excess)
at a higher rate than recombination with methoxytrimethylsilane to form 222β. The
anomerization of 222β to 222α is also retarded by the presence of silane, the ratio of

Me
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O H
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α/β ranging from 0.09 to 1.32. However, the retardation is much less significant

than with the case of 222α to 222β.
tert-Butyldimethylsilane seems to be the most effective among the reducing

agents employed in this investigation. This may be an indication that the silane

itself, not the free hydride ion, approaches the anomeric carbon in the rate-

determining step. The stereoelectronic factor seems to play an important role.

Triethoxysilane, triphenylsilane, and dimethylphenylsilane are less effective than

trialkylsilanes. Diphenylsilane seems to be as effective as trimethylsilane in spite of

the presence of two phenyl groups. The presence of two hydrogen atoms may

increase the reducing power of diphenylsilane.
The rates of the formation of the 1,5-anhydroalditols (222–225) are listed in

Table 8.7. The highest rate is observed with the β-galactoside, and the α-mannoside

shows the lowest rate among the five glycosides examined. The rate enhancement

in β-galactoside may be due to the complexation of Me3Si
+ with the oxygen atom at

C4 and the ring oxygen atom, as shown in Fig. 8.56. Such complexation may

increase the partial charge at C1, which should be more susceptible to the attack by

a silane.

A similar kind of complex formation is also possible with the α-mannoside.

Once the complex is formed, the lone pair orbital of the ring oxygen atom, which

should be used for complexation with Me3Si
+ and the oxygen atom of C2–OCH3, is

no longer available to push out the α-methoxy group at C1 to form a cyclic

oxocarbenium ion (Fig. 8.57). This may be the reason for the lowest rate of the

reductive cleavage of α-D-mannosides.

Table 8.7 Rates of formation of 1,5-anhydroalditol by

reductive cleavage of permethylated methyl

D-glycopyranosides with triethylsilane and

Me3SiOSO2CF3 (1:5:5 by molar equiv.) at 25 �C

Glycoside k(min�1)

222α (α-D-Glc) 9.6 (�0.5) � 10�3

222β(β-D-Glc) 3.7 (�0.5) � 10�2

225α(α-D-Glc) 2.2 (�0.5) � 10�2

225β(β-D-Glc) 1.2 (�0.5) � 10�1
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8.7 Carbohydrate Degradation by Oxygen

The severe carbohydrate damage that accompanies oxygen delignification is a

serious issue. Carbohydrate degradation is not caused by direct attack of molecular

oxygen, but by active oxygen species (AOS) which are mainly generated from

reactions between the phenolic molecules in lignin and molecular oxygen

[91–93]. Among AOS, the hydroxyl radical (HO.) is believed to be the most

effective for the degradation of carbohydrates.

It is generally accepted that HO. abstracts a hydrogen on C2 or C3 in carbo-

hydrates, resulting in the introduction of a carbonyl group and consecutive

depolymerization via the β-elimination mechanism [94]. In contrast, Guay

et al. [95] proposed that hydroxyl radical mainly attacks the anomeric position

of methyl β-D-glucopyranoside. Konishi et al. [96] have investigated the abstrac-

tion of anomeric hydrogen of methyl α- and β-D-glucopyranosides (236 and

237) and methyl α-D-(1-2H) glucopyranoside (239) and methyl β-D-(1-2H)
glucopyranoside (238) with AOS under the simulated industrial oxygen

delignification conditions (2,4,6-trimethylphenol 240 and molecular oxygen)

(Fig. 8.58).

To examine the stability of the carbohydrate model compounds, MPGα and

MPGβ were jointly subjected to oxygen-alkali treatment in the absence of

trimethylphenol. The recovery of both compounds was almost 100 %. Therefore,

MPGα and MPGβ are not directly attacked by molecular oxygen and do not

undergo alkaline-induced reactions. Consequently, the degradations described

below are caused exclusively by AOS.
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When MPGα and MPGβ were jointly subjected to oxygen-alkali treatment in the

presence of trimethylphenol, it was found that the degradation of both compounds

was similar, but MPGβ was degraded more than MPGα, suggesting that the config-
urational difference at the anomeric position has a certain effect on the reaction with

AOS. To exclude that the difference in rate of degradation of MPGα and MPGβ is

not caused by difference in degradation at other carbon atoms in pyranoside ring, the

Konishi et al. [96] have compared the rates of degradation of MPGβ and the

deuterated form, MPG-β-1D, by AOS. Thus, when these two compounds were

jointly subjected to oxygen-alkali treatment in the presence of trimethylphenol, it

was found that the degradation of both compounds was similar, but MPGβ was

degraded faster than MPGβ-1D due to the kinetic isotope effect.

The authors explained this observation by postulating that the kinetic isotope

effect observed originates from anomeric hydrogen abstraction. No kinetic anomeric

effect was observed for degradation of MPGα and MPG-α-1D, which indicates that

anomeric hydrogen abstraction from MPG-α by AOS is not more than a very minor

reaction. From this, it may be concluded that the anomeric carbon-hydrogen bond of

MPG-β must be activated toward AOS attack by the anomeric effect.
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8.8 Norrish-Yang Photocyclization

Norrish-Yang photocyclization has been widely used to generate regio- and

stereocontrolled C–C bonds under mild conditions, especially when constructing

quaternary stereocenters.

Herrera et al. [97, 98] have reported the usage of Norrish-Yang photocyclization

for the synthesis of new spirocyclic monosaccharide derivatives of types 243 and

244 via a hydrogen atom transfer (HAT) reaction promoted by a 1,2-diketone 241,
in its excited state, followed by C–C tetrasubstituted bond formation in a diastereo-

selective manner (Fig. 8.59). Of special interest is the study of the tendency to

inversion at C5 (for examples of epimerization of anomeric and pseudoanomeric

radicals, see [99, 100]), probably triggered by conformational changes that the

1,4-diradical intermediate 242 undergoes in its triplet state, within its lifetime (for

discussions of the lifetime of diradicals in solution, see [101, 102]) before the

intersystem crossing (ISC) occurs.

In this regard, the authors probed different substituents and stereochemistries,

mainly in position 5, 6, and 9 of the pyranose core of 242-(Z), to explore the role of
the stereoelectronic interactions [102–105], conformational restrictions [106–108],

and formation of intramolecular hydrogen bonds in the stereocontrol of this reac-

tion. For the anomeric effect, see [109]. For the anomeric effect of protons, see

[110], and for the formation of intramolecular hydrogen bonds [111] in the

stereocontrol of this reaction.
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It has been reported that 1,2-diketones mainly abstract hydrogen atoms from

their triplet state and with a very small rate constant related to alkyl and aryl ketones

[112]. However, in studied cases, the reactions were completed within relatively

short times. A new factor has been introduced in these models. The presence of the

geminal endocyclic oxygen may specially activate the hydrogen atom transfer.

Furthermore, the 1,4-diradical intermediate 242 may be stabilized by a possible

conjugative interaction of the SOMO-C5 radical with the lone pair at the ring

oxygen and the σ*-LUMO of the C6–O bond (if Y ¼ OR) [103–105], affecting

probably the rate of the HAT step and the lifetime of intermediate 242. Such studies
have not been carried out before, although this C5-centered radical resembles

the in-depth studied anomeric radical (for recent reviews, see [113, 114]) where

the C5–H bond has been replaced a C5-alkyl; thus, it will be termed a

pseudoanomeric radical. The photochemical generation of pseudoanomeric radical

at C5 of the ribose moiety of a nucleotide, mimicking the 40-RNA and 40-DNA
radicals, has previously been achieved via Norrish type I cleavage to study the DNA

and RNA damage [115].

The compound 245 was selected for photocyclization due to its conforma-

tionally restricted 4C1 pyranose ring. The 1,2-diketone 245 was irradiated with

outdoor sunlight in its crystalline form for 20 h until the yellow color faded,

affording a mixture of compounds from which the main product 247-(2R) was

isolated in moderate yield (42 %) as a sole stereoisomer (Table 8.8, entry 1). A

single product 247-(2R) was obtained in quantitative yield upon irradiation with

sunlight in solution with CHCl3 or benzene as solvents (Table 8.8, entry 2). Slightly

shorter time was required upon irradiation with the UV lamp (Table 8.8, entry 3).

The reaction proceeded with total retention of configuration at C5.

For this model, a C5 radical with very slow isomeric interconversion is formed at

the 1,4-diradical intermediate 246 stage (Fig. 8.60). This isomerization is controlled

by conformational changes at the ring moiety influenced by its substituents and

stereoelectronic effects within the lifetime of this intermediate before the ISC

occurs. In this case, four main favorable factors can play a major role leading to

the product with retention at C5: stabilizing interaction of the SOMO-C5 radical

with the lone pair at the ring oxygen (pseudoanomeric effect) and the σ*-LUMO of

the C6-oxygen bond (β-oxygen effect) leading both to an axial C2–C5 bond

formation via an early transition state [116, 117], the classic anomeric effect

restricting the relative conformation between endocyclic oxygen and the C9 and

the possible existence of an intramolecular hydrogen bond C2–OH. . .O(Bn) . . .C6,
favoring their syn approximation. Moreover, steric hindrance and/or the possible

hydrogen bond C2–OH. . .O(Bn)–C6 formation probably enhanced the high

stereocontrol at C2 of the product, because the introduction of the protic solvent

led to a mixture of diastereoisomers [118] (Table 8.8, entry 4).

The hydroxyl radical is one of the most reactive species known. Many of its

reactions, including examples of hydrogen atom abstraction, have rate constants

approaching the diffusion-control limit (ca. 1010 dm3 mol–1 sec–1). It is believed

that the rate of hydrogen abstraction in molecules depends on the polar effects and

the electrophilic character of the hydroxyl radical [119]. Steric effects are not
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Table 8.8 Photocyclization of 1,2-diketones derived from O-glycosides

O

O

O

5

6
5
6

99 5
6

Reteention (A/B) Inversion (C/D)

BnO BnO

HO

O
O

O
O

BnO

OBn OBn

OBn

OBn

OBn

OMeOMe

OBn

OMe

248 (=245) 249-(2R)/250 (2S) 250-(2R)/250-(2S)

Entry Light source Solvent Time h Ratio 
(A:B:C:D)

Yield % Retention %

1 sl (sunlight) neat 21 (1:0:0:0) 42 100
2 sl CHCl3 2 (1:0:0:0) 100 100
3 UV CHCl3 1.5 (1:0:0:0) 100 100
4 UV t-BuOH 1.8 (6:1:1:0) 92 87

O

O

O

5

6
5
6

99 5
6

HO

O
O

O
O

OBn OBn

OBn

OBn

OBn

OMeOMe

OBn

OMe

251 252-(2R)/252-(2S) 253-(2R)/253-(2S)

Entry Light source Solvent Time h Ratio 
(A:B:C:D)

Yield % Retention %

5 sl (sun light) CHCl3 1.1 (0:2.3:1:0) 61 70

6 UV CHCl3 0.55 (0:2.3:1:0) 65 70
7 dl(day light) CHCl3 0.55 (0:2.3:1:0) 55 75
8 dl CHCl3 4 (0:3:1:0) 55 75

O

O

O

5

6
5
6

99 5
6

BnO BnO

HO

O
O

O
O

BnO

OBn OBn

OBn

OBn

OBn

OMeOMe

OBn

OMe

254 255-(2R)/255-(2S) 256-(2R)/256-(2S)

Entry Light source Solvent Time h Ratio 
(A:B:C:D)

Yield % Retention %

9 UV CHCl3 0.6 (15:6:1:0) 95 95

10 UV CHCl3 0.3 (11:3:1:0) 88 93
11 UV CHCl3 2.0 (1:0:0:0) 80 100

(continued)
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generally thought to be important, but there are reported examples of the influence

of stereoelectronic effects including the apparent preference of the attack at the

C–H bond adjacent to the ring oxygen in the reaction of furanose sugars (for

instance, to give 260 preferentially from β-D-fructofuranose) [120], in contrast to

the behavior with pyranose sugars, for which reaction with the C–H bonds appears

to be unselective [121] (Fig. 8.61). This selectivity evidently involves optimum

overlap between the developing radical center and the lone pair of electrons on the

adjacent ring oxygen, because it is also observed in the reactions of tert-BuO radical

with ethers [122]; the relatively high selectivity for the C–H bond adjacent to

oxygen in tetrahydrofuran compared with several other cyclic or acyclic examples

Table 8.8 (continued)
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257 258-(2R)/258-(2S) 259-(2R)/259-(2S)

Entry Light source Solvent Time h Ratio 
(A:B:C:D)

Yiled % Retention %

11 UV CHCl3 1.1 (0:1:1.2:0) 56 45
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is attributed to the relatively small dihedral angle (θ) between the C–H bond and the

p-type orbital on oxygen (261) [123].
The radical anion SO4

– can be generated by photolysis [124] or thermolysis

[125, 126] of the peroxydisulfate dianion as well as by the one-electron reduction of

peroxydisulfate [127] by low-valent transition metal ions. The use of (catalytic)

copper (II) and peroxydisulfate as an oxidant evidently involves similar

reactions [128].

In contrast with its reaction with HO. (from which radicals formed by C–H

abstraction are observed in relatively unselective fashion) [129], α-D-glucose reacts
with SO4

– to give a spectrum dominated by signals due to the C1, C2, C5, and C6

radicals (264, 265, 266, and 267; Table 8.9), the major signals being from the C2

(265) and C6 radicals (267) and the carbonyl conjugated species 268 formed via the

rapid acid-catalyzed rearrangement of the C2 species (see Table 8.9): there was

little or no evidence for the C3- or C4-derived species. It is not surprising that

reaction at C6 occurs readily (it is sterically and statistically favored) [129]. The

dominance of 265 perhaps reflects the stabilizing interaction (SOMO-σ*) between
the unpaired electron at C2 and the (eclipsing) β-OH bond (see 262 in Fig. 138)

which makes a contribution to the stabilization of the transition state; similar

interaction probably exists between the β-C–O bond in the C6-derived radical 505
and similarly for the C5-derived radical 266. The C1 radical benefits from conju-

gation to two α-oxygen atoms.

By comparison, the spectrum from β-D-glucose provides evidence for much

greater extent of attack at C1, to give 264, and less at C2, to give 27. For 264,
susceptibility of the axial C–H bond toward the H abstraction accelerated by

development of the overlap with the lone pair of electrons in a p-orbital on the

ring oxygen (cf. 263: see also [130]; with 263 (Table 8.9)) the equatorial β-OH
group cannot provide such assistance (Fig. 8.62).

Weaker signals in the spectrum obtained for β-D-glucose were also observed

from radicals obtained by abstraction of C3–H (270) as well as C5–H (266) and
C6–H (267) (see Table 8.9); signals were also observed for 273, which is formed by

elimination of water from 264. It is interesting to note the relatively low signal

intensity from the C5-derived species in the spectra from α- and β-D-glucose: this is
to some extent unexpected given the potentially stabilizing (and hence activating)
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Table 8.9 Structures of radicals observed from the reaction of SO4
– with some simple

carbohydrates
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effect of the α-oxygen in the ring and the eclipsing β-OH group at C6. It is presumed

that the β-C6–OH group does not fully exert its effect in the transition state (unlike

C1–O in the α-glycosyl radical shown in 262 and the two α-oxygens in 263) because
the appropriate conformation is not adopted until the radical is fully formed. This is

also true for the C6 radicals formed from α- and β-D-glucose.
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97. Herrera AJ, Rondón M, Suárez E (2007) Stereocontrolled photocyclization of 1,2-diketones

applied to carbohydrate models: a new entry to C-ketosides. Synlett 1851–1856
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Guérin, B., 211

Guida, W.C., 252

Guillerm, D., 87

Guillerm, G., 87

Guillerm-Dron, D., 6

Guindon, Y., 210–212

Guinosso, C., 181

Gupta, R.B., 68

Gurvich, L.G., 43

Guschlbauer, J.-J., 187

Guschlbauer, W., 187

Gustin, D.J., 165

Guthrie, J.P., 34–36, 39

Guthrie, R.D., 72

Gutowski, G.E., 187

Györgdeák, Z., 25, 27, 31

Györgydeak, M., 242

Gysel, U., 157

H
Ha, D., 203

Ha, T.-K., 157

Haapakka, K., 74

290 Author Index



Haasnoot, C.A.G., 187

Habash-Marino, M., 77, 128

Habhoub, N., 188

Hackett Bushweller, C., 38

Hada, M., 148

Hafter, R., 2

Hagedorn, H.W., 244

Hageman, H.J., 16

Hagopian, L., 63, 68

Haines, A.H., 141

Haines, S.A., 161

Haines, S.R., 245, 246

Halcomb, R.L., 154

Hall, A.N., 61

Hall, L.D., 182

Hall, R.H., 188

Hamill, R.L., 187

Hamor, T.A., 187

Hanessian, S., 216

Harada, T., 121, 122

Harayama, H., 210

Hargrave, K.D., 39, 237

Hariharan, P.C., 148

Harle, J., 167Harring, S.R., 164, 168

Harris, J.F., 54, 59

Hart, D.J., 165, 198, 203

Hartung, J., 217

Hasegawa, J., 148

Hashimoto, H., 208

Hashimoto, S.I., 133, 161

Hashimoto, Y., 161

Hausman, M.C., 269

Havinga, E., 17, 185, 186

Hawkinson, S.W., 187

Haworth, W.N., 53, 54, 61

Hayami, J-Y., 12

Hayashi, M., 161

Hayashida, M., 244

Hayday, K., 275

Hazell, R., 87, 128, 129

He, W., 164

Heck, M.-P., 92

Heckroth, H., 271

Hehre, E.J., 155

Hehre, W.J., 148, 185, 211, 212, 249

Heidt, L.J., 53, 61

Heiker, F.R., 214
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Heras-López, A., 164

Herrera, A.J., 271

Heuska, F.E., 187

Hideki, S., 93

Higashimura, H., 210

Higuchi, S., 187

Hillen, W., 187

Hinou, H., 165

Hinzen, B., 123

Hirosawa, C., 160

Hirst, E.L., 54, 61

Hocquemiller, R., 105

Hodgson, D.J., 187

Hoffman, R.A., 45, 185, 187

Hoffmann, H.M.R., 164

Hoffmann, M.R., 87, 88

Hoffmann, P., 207, 208

Hoffmann, R.W., 200, 249

Hojo, M., 166, 210

Hollenstein, R., 36

Hollingshead, S., 61

Holmes, D.S., 121

Holness, N.J., 13, 29

Holst, K.A., 61

Holzapfel, C.W., 164

Honda, Y., 148

Horton, D., 11, 24, 36, 56, 165, 166

Hoshino, M., 214

Hosokawa, S., 89

Hosomi, A., 93

Houk, K.N., 108, 206, 212

House, H.O., 7

Houshell, W.D., 109

Hratchian, H.P., 148

Hruska, F.E., 187

Huang, X., 70, 181

Huber, C.P., 187

Hug, P., 207

Huie, R.E., 275

Huitric, A.C., 36

Hull, A., 92

Hultberg, H., 256

Hume, F., 92

Hummel, C.W., 157, 165

Hutchins, R.O., 21, 22

Hutchinson, B.J., 238

Hwang, C.-K., 94, 165

I
Ichiba, N., 252, 254

Ichikawa, Y., 155, 165

Ide, H., 187

Ihmels, H., 271

Author Index 291



Iimori, T., 250, 251

Ikeda, H., 181

Ikeda, T., 153

Ikegami, S., 133, 250–254

Imsgard, F., 264, 269

Inaba, S., 242

Inch, T.D., 4

Ingold, C.K., 55

Ingold, K.U., 274

Ionescu, A.R., 92

Isbell, H.S., 14, 30, 54, 61

Ishida, M., 148

Ishido, Y., 91, 161, 233

Ishij, T., 68

Ishikawa, M., 93

Ishizu, A., 68

Isobe, M., 89, 93, 225, 229

Ito, Y., 165

Itoh, K.J., 105, 109, 161

Iyengar, S.S., 148

Izatt, R.M., 188

Izumi, M., 165

J
Jackson, H.J., 275

Jager, K.F., 208

Jager, V., 212

Jalluri, R.K., 183, 187

James, K., 25

James, M.N.G., 24

James, R.A., 157, 159, 165

Jao, L.K., 63

Jaramillo, C., 164

Jaramillo, J., 148

Jardetzky, C.D., 188

Jardetzky, O., 188

Jaurand, G., 165

Jeff, M., 275

Jeffery, E.A., 72

Jencks, W.P., 69, 87, 94

Jenks, W.P., 69

Jensen, A., 125, 126

Jensen, H.H., 87, 92, 96, 125, 126, 130,

131, 135

Jensen, J.H., 262

Jeon, H.B., 93

Jeremić, D., 2

Jiang, G.J., 182
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