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24-8 ESTER AND ETHER FORMATION: GLYCOSIDES

Because of their multiple hydroxy groups, sugars can be converted into alcohol derivatives.

Sugars can be esterified and methylated

Esters can be prepared from monosaccharides by standard techniques. Excess reagent will
completely convert all hydroxy groups, including the hemiacetal function. For example,
acetic anhydride transforms 𝛽-D-glucopyranose into the pentaacetate.
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The mechanism of osazone synthesis is complex and will not be discussed in detail 
here. Formally, it constitutes an oxidation at C2 by one equivalent of phenylhydrazine, 
which in turn is reduced by N–N bond rupture to the component amines. Once they are 
formed, the osazones do not continue to react with excess phenylhydrazine but are stable 
under the conditions of the reaction.

Historically, the discovery of osazone formation marked a signi! cant advance in the 
practical aspects of sugar chemistry. Sugars are well known for their reluctance to crystal-
lize from syrups. Their osazones, however, readily form yellow crystals with sharp melting 
points, thus simplifying the isolation and characterization of many sugars, particularly if 
they have been formed as mixtures or are impure.

Exercise 24-18

Compare the structures of the phenylosazones of d-glucose, d-mannose, and d-fructose. In what 
way are they related?

In Summary One equivalent of phenylhydrazine converts a sugar into the corresponding 
phenylhydrazone. Additional hydrazine reagent causes oxidation of the center adjacent to 
the hydrazone function to furnish the osazone.

24-8 ESTER AND ETHER FORMATION: GLYCOSIDES

Because of their multiple hydroxy groups, sugars can be converted into alcohol derivatives. 
This section explores the formation of simple esters and ethers of monosaccharides and also 
addresses selective reactions at the anomeric hydroxy group in their cyclic isomers.

Sugars can be esterifi ed and methylated
Esters can be prepared from monosaccharides by standard techniques (Sections 19-9, 20-2, and 
20-3). Excess reagent will completely convert all hydroxy groups, including the hemiacetal 
function. For example, acetic anhydride transforms !-d-glucopyranose into the pentaacetate.
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Williamson ether synthesis (Section 9-6) allows complete methylation.
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Notice that the hemiacetal function at C1 is converted into an acetal group. The acetal 
function can be selectively hydrolyzed back to the hemiacetal (see Section 17-7).
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Williamson ether synthesis allows complete methylation.

The hemiacetal function at C1 is converted into an acetal group. The acetal function can be
selectively hydrolyzed back to the hemiacetal.
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It is also possible to convert the hemiacetal unit of a sugar selectively into the acetal. 
For example, treatment of d-glucose with acidic methanol leads to the formation of the two 
methyl acetals. Sugar acetals are called glycosides. Thus, glucose forms glucosides.
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Because glycosides contain a blocked anomeric carbon atom, they do not show mutarota-
tion in the absence of acid, they test negatively to Fehling’s and Tollens’s reagents (they are 
nonreducing sugars), and they are unreactive toward reagents that attack carbonyl groups. Such 
protection can be useful in synthesis and in structural analysis (see Exercise 24-19). An exam-
ple (shown below) is the selective oxidation of the terminal hydroxy function of glucose when 
protected at C1 as the methyl pyranoside (see also Problem 62). After deprotection, this process 
results in glucuronic acid, and you can readily imagine the extension of the strategy to other 
“uronic” acids. Glucuronic acid plays an important role in the metabolism of drugs and other 
foreign materials in the body, and the presence of the reactive hemiacetal unit and the water-
solubilizing carboxy group are crucial for its function. A glycosyl transferase enzyme catalyzes 
displacement of the anomeric – OH by the targeted material, for example, the – OH group in 
acetaminophen (Section 22-9, Real Life 22-2). Such derivatization renders a drug highly water 
soluble to allow for rapid excretion through urination.
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ANIMATED MECHANISM: 
Methyl glycoside formation

Exercise 24-19

The same mixture of glucosides is formed in the methylation of d-glucose with acidic methanol, 
regardless of whether you start with the ! or " form. Why?
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It is also possible to convert the hemiacetal unit of a sugar selectively into the acetal. For
example, treatment of D-glucose with acidic methanol leads to the formation of the two methyl
acetals. Sugar acetals are called glycosides. Thus, glucose forms glucosides.
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ANIMATED MECHANISM: 
Methyl glycoside formation

Exercise 24-19

The same mixture of glucosides is formed in the methylation of d-glucose with acidic methanol, 
regardless of whether you start with the ! or " form. Why?

Because glycosides contain a blocked anomeric carbon atom, they do not show mutarotation
in the absence of acid, they test negatively to Fehling’s and Tollens’s reagents (they are
nonreducing sugars), and they are unreactive toward reagents that attack carbonyl groups.
Such protection can be useful in synthesis and in structural analysis.
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The selective oxidation of the terminal hydroxy function of glucose happens when protected
at C1 as the methyl pyranoside. After deprotection, glucuronic acid forms and plays an
important role in the metabolism of drugs and other foreign materials in the body, and the
presence of the reactive hemiacetal unit and the water-solubilizing carboxy group are crucial
for its function. A glycosyl transferase enzyme catalyzes displacement of the anomeric –OH
by the targeted material (e.g. in acetaminophen). Such derivatization renders a drug highly
water soluble to allow for rapid excretion through urination.
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Neighboring hydroxy groups in sugars can be linked as cyclic ethers

The presence of neighboring pairs of hydroxy groups in the sugars allows for the formation
of cyclic ether derivatives. For example, it is possible to synthesize five- or six-membered
cyclic sugar acetals from the vicinal (and also from some 𝛽-diol) units by treating them with
carbonyl compounds.
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Neighboring hydroxy groups in sugars can be linked 
as cyclic ethers
The presence of neighboring pairs of hydroxy groups in the sugars allows for the formation 
of cyclic ether derivatives. For example, it is possible to synthesize ! ve- or six-membered 
cyclic sugar acetals from the vicinal (and also from some !-diol) units by treating them 
with carbonyl compounds (Section 17-8).
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Such processes work best when the two OH groups are positioned cis to allow a relatively 
unstrained ! ve- or six-membered ring to form. Cyclic acetal and ether formation is often 
employed to protect selected alcohol functions. The remaining hydroxy moieties can then be 
converted into leaving groups, transformed by elimination, or oxidized to carbonyl compounds. 
For example, an important step in the commercial synthesis of vitamin C (Section 22-9 and 
margin) is the selective oxidation of the C1 hydroxy group of l-sorbose to the corresponding 
carboxylic acid (2-keto-l-gulonic acid; see also Problem 63 of Chapter 23). To accomplish this 
task, all other alcohol functions have to be protected in the form of two adjacent acetal units.
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Exercise 24-20

Draw the structure of methyl "-d-arabinofuranoside.

Exercise 24-21

Methyl "-d-glucopyranoside consumes two equivalents of HIO4 to give one equivalent each of 
formic acid and dialdehyde A (shown in the margin). An unknown aldopentose methyl furanose 
reacted with one equivalent of HIO4 to give dialdehyde A, but no formic acid. Suggest a structure 
for the unknown. Is there more than one solution to this problem? A
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Such processes work best when the two OH groups are positioned cis to allow a relatively
unstrained five- or six-membered ring to form. Cyclic acetal and ether formation is often
employed to protect selected alcohol functions.

The remaining hydroxy moieties can then be converted into leaving groups, transformed by
elimination, or oxidized to carbonyl compounds.
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An important step in the commercial synthesis of vitamin C is the selective oxidation of the
C1 hydroxy group of L-sorbose to the corresponding carboxylic acid (2-keto-L-gulonic
acid). To accomplish this task, all other alcohol functions have to be protected in the form
of two adjacent acetal units.
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24-9 STEP-BY-STEP BUILDUP AND DEGRADATION OF SUGARS

Larger sugars can be made from smaller ones and vice versa, by chain lengthening and
chain shortening.

Cyanohydrin formation and reduction lengthens the chain

To lengthen the chain of a sugar, an aldose is first treated with HCN to give the
corresponding cyanohydrin. Because this transformation forms a new stereocenter, two
diastereomers (epimers) appear.

Separation of the diastereomers and partial reduction of the nitrile group by catalytic
hydrogenation in aqueous acid gives the aldehyde groups of the chain-extended sugars.

In this hydrogenation, a modified palladium catalyst (similar to the Lindlar catalyst) allows
selective reduction of the nitrile to the imine, which hydrolyzes under the reaction conditions.
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In Summary The various hydroxy groups of sugars can be esteri! ed or converted into 
ethers. The hemiacetal unit can be selectively protected as the acetal, also called a glycoside. 
Finally, the various diol units in the sugar backbone can be linked as cyclic acetals, depend-
ing on steric requirements.

CH2Br
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HO
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HO

Exercise 24-22

Suggest a synthesis of the compound shown in the margin from d-galactose. (Caution: You will 
need protecting groups. Hint: Consider a strategy that uses cyclic acetals for protection.)

24-9 STEP-BY-STEP BUILDUP AND DEGRADATION OF SUGARS

Larger sugars can be made from smaller ones and vice versa, by chain lengthening and 
chain shortening. These transformations can also be used to structurally correlate various 
sugars, a procedure applied by Fischer to prove the relative con! guration of all the stereo-
centers in the aldoses shown in Figure 24-1.

Cyanohydrin formation and reduction lengthens the chain
To lengthen the chain of a sugar, an aldose is ! rst treated with HCN to give the correspond-
ing cyanohydrin (Section 17-11). Because this transformation forms a new stereocenter, two 
diastereomers (epimers) appear. Separation of the diastereomers and partial reduction of the 
nitrile group by catalytic hydrogenation in aqueous acid then gives the aldehyde groups of 
the chain-extended sugars.

Sugar Chain Extension Through Cyanohydrins

Step 1. Cyanohydrin formation
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Step 2. Reduction and hydrolysis (only one diastereomer is shown)
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In this hydrogenation, a modi! ed palladium catalyst (similar to the Lindlar catalyst, Sec-
tion 13-6) allows selective reduction of the nitrile to the imine, which hydrolyzes under the 
reaction conditions. The special catalyst is necessary to prevent the hydrogenation from pro-
ceeding all the way to the amine (Section 20-8). The preceding chain-lengthening sequence 
is an improved and shortened version of what is known as the Kiliani-Fischer* synthesis of 

*Professor Heinrich Kiliani (1855–1945), University of Freiburg, Germany; Professor Emil Fischer (see 
Section 5-4).
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This chain-lengthening sequence is an improved and shortened version of what is known as
the Kiliani-Fischer synthesis of chain-extended sugars. In the late 1800s, Kiliani
demonstrated that addition of cyanide to an aldose gives the cyanohydrin, which, upon
hydrolysis, is converted into the chain-extended aldonic acid.

Fischer subsequently succeeded in converting this aldonic acid into an aldose by lactone
formation followed by reduction (for Fischer’s reduction method).

Ruff degradation shortens the chain

This procedure removes the carbonyl group of an aldose and converts the neighboring
carbon into the aldehyde function of the new sugar.

The Ruff degradation is an oxidative decarboxylation. The sugar is first oxidized to the
aldonic acid by aqueous bromine. Exposure to hydrogen peroxide in the presence of ferric
ion then leads to the loss of the carboxy group and oxidation of the new terminus to the
aldehyde function of the lower aldose.

During this process, the stereochemistry of the hydroxy carbon next to the carbonyl is lost.
Consequently, two epimeric aldoses at that center will give the same new sugar.



11

The oxidative decarboxylation takes place by means of two one-electron oxidations. The first
gives a carboxy radical, which is unstable and rapidly loses CO2. The resulting hydroxy-
substituted radical is oxidized again to give the aldehyde.

Ruff degradation gives low yields because of the sensitivity of the products to the reaction
conditions. Nevertheless, the procedure is useful in structural elucidations.
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In nature, carbohydrates are produced primarily by a reac-
tion sequence called photosynthesis (see also Section 9-11). 
In this process, sunlight impinging on the chlorophyll of 
green plants is absorbed. The photochemical energy thus 
obtained is used to convert carbon dioxide and water into 
oxygen and the polyfunctional structure of carbohydrates.

REAL LIFE: NATURE 24-1 Biological Sugar Synthesis

The detailed mechanism of this transformation is com-
plicated and takes many steps, the ! rst of which is the 
absorption of one quantum of light by the extended ! sys-
tem (Section 14-11) of chlorophyll (chloros, Greek, green, 
and phillon, Greek, leaf).

Real Life 18-1 described an aldol-based biosynthesis 
of carbohydrates, and Real Life 23-2 introduced thiamine 
pyrophosphate (TPP) in its role in the metabolism of 
glucose to produce biochemical energy. Here we illustrate 
another biochemical sequence that uses thiamine catalysis 
to interconvert ketoses.

In ketose interconversion, the enzyme transketolase 
employs a molecule of thiamine to catalyze the transfer of 
a (hydroxymethyl)carbonyl unit from xylulose to erythrose, 
producing fructose in the process.

Mechanistically, the deprotonated thiazolium ion ! rst 
attacks the carbonyl group of the donor sugar (xylulose) to 
form an addition product, in a way completely analogous to 
addition to aldehydes (Section 23-4). Because the donor 

sugar contains a hydroxy group next to the reaction site, this 
initial product can decompose by the reverse of the addition 
process to an aldehyde (glyceraldehyde) and a new thiamine 
intermediate. This new intermediate attacks another aldehyde 
(erythrose) to produce a new addition product. The catalyst 
then dissociates as TPP, releasing the new sugar molecule 
(fructose).

The cycle of photosynthesis, carbohydrate interconver-
sion, and carbohydrate metabolism is a beautiful example 
of how nature reuses its resources. First, CO2 and H2O are 
consumed to convert solar energy into chemical energy and 
O2. When an organism needs some of the stored energy, it is 
generated by conversion of carbohydrate into CO2 and H2O, 
using up roughly the same amount of O2 originally liberated.
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Ruff degradation gives low yields because of the sensitivity of the products to the reaction 
conditions. Nevertheless, the procedure is useful in structural elucidations (Exercise 24-25). 
Fischer originally carried out such studies to establish the relative con! gurations of the mono-
saccharides (the Fischer proof). The next section will describe some of the logic behind his 
approach to the problem.

Mechanism
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chain-extended sugars. In the late 1800s, Kiliani demonstrated that addition of cyanide to an 
aldose gives the cyanohydrin, which, upon hydrolysis (Sections 19-6 and 20-8), is converted 
into the chain-extended aldonic acid. Fischer subsequently succeeded in converting this aldonic 
acid into an aldose by lactone formation (Sections 19-9 and 24-4) followed by reduction 
(Section 20-4; for Fischer’s reduction method, see Problem 62 at the end of this chapter).

Exercise 24-24 Try It Yourself

What are the chain-extension products of d-arabinose?

Ruff degradation shortens the chain
Whereas the preceding approach synthesizes higher sugars, complementary strategies 
degrade higher sugars to lower sugars one carbon at a time. One of these strategies is the 
Ruff* degradation. This procedure removes the carbonyl group of an aldose and converts 
the neighboring carbon into the aldehyde function of the new sugar.

The Ruff degradation is an oxidative decarboxylation. The sugar is " rst oxidized to the 
aldonic acid by aqueous bromine. Exposure to hydrogen peroxide in the presence of ferric 
ion then leads to the loss of the carboxy group and oxidation of the new terminus to the 
aldehyde function of the lower aldose. During this process, the stereochemistry of the 
hydroxy carbon next to the carbonyl is lost. Consequently, two epimeric aldoses at that 
center will give the same new sugar.

Solved Exercise 24-23 Working with the Concepts: Sugar Synthesis

What are the products of chain extension of d-erythrose?

Strategy
As the text above indicates, Kiliani-Fischer chain extension adds a new formyl group to C1 of an 
aldose, converting the original formyl function into that of a secondary alcohol. Find d-erythrose 
in Figure 24-1 and identify the sugar(s) that should result from operation of this process.

Solution
• d-Erythrose is a four-carbon aldose. Addition of a formyl substituent to C1 leaves C2, C3, and 

C4 unchanged, while changing the original carbonyl group to that of a secondary alcohol. The 
emerging new stereocenter may form with either the R or S con" guration.

• Figure 24-1 shows that both d-ribose and d-arabinose have " ve carbons, and in both of them 
the “bottom” three carbons (C3, C4, and C5) are identical in structure and stereochemistry to the 
corresponding three carbon atoms (C2, C3, and C4) in d-erythrose. d-Ribose and d-arabinose 
differ only at C2, the new stereocenter. They are the products of d-erythrose chain extension.

*Professor Otto Ruff (1871–1939), University of Danzig, Germany.

Br2,  H2O
Fe3!, H2O2,
H2O

"CO2

Ruff Degradation of Sugars
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lost

The oxidative decarboxylation takes place by means of two one-electron oxidations. The 
" rst gives a carboxy radical, which is unstable and rapidly loses CO2. The resulting hydroxy-
substituted radical is oxidized again to give the aldehyde (see next page).
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24-10 RELATIVE CONFIGURATIONS OF THE ALDOSES: AN EXERCISE IN
STRUCTURE DETERMINATION

Imagine that we have been presented with 14 jars, each filled with one of the aldoses in
Figure 24-1, each labeled with a name, but no structural formula. How would we establish
the structure of each substance without using spectroscopy?

Fischer made one assumption that the dextrorotatory enantiomer of 2,3-dihydroxypropanal
(glyceraldehyde) had the D (and not the L) configuration. This assumption was proved
correct only after a special kind of X-ray analysis was developed in 1950.

We begin with chain extension of D-glyceraldehyde, obtaining a mixture of D-erythrose and
D-threose.

The structures of the aldotetroses and aldopentoses can be determined from the
optical activity of the corresponding aldaric acids
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This was the challenge faced by Fischer over a century ago. In an extraordinary display 
of scienti! c logic, Fischer solved this problem by interpreting the results of a combination 
of carefully thought out synthetic manipulations, designed to convert the aldoses he had 
available to him into one another and into related substances. Fischer made one assumption: 
That the dextrorotatory enantiomer of 2,3-dihydroxypropanal (glyceraldehyde) had the d 
(and not the l) con! guration. This assumption was proved correct only after a special kind 
of X-ray analysis was developed in 1950, long after Fischer’s time. Fischer’s was a lucky 
guess; otherwise, all the structures of the d sugars in Figure 24-1 would have had to be 
changed into their mirror images. Fischer’s goal was to establish the relative con! gurations 
of all the stereoisomers—that is, to associate each unique sugar with a unique relative 
sequence of stereocenters.

The structures of the aldotetroses and aldopentoses can be 
determined from the optical activity of the corresponding 
aldaric acids
Beginning with the structure of d-glyceraldehyde, we shall now set out to prove unam-
biguously the structures of the higher d aldoses. We shall use Fischer’s logic, although not 
his procedures, because most of these aldoses were unavailable in his time. (Consult Fig-
ure 24-1 as required while following these arguments.) We begin with chain extension of 
d-glyceraldehyde, obtaining a mixture of d-erythrose and d-threose. Oxidation of d-erythrose 
with nitric acid gives optically inactive meso-tartaric acid, which tells us that d-erythrose 
must have structure 1, with both –OH groups on the same side in the Fischer representation. 
In contrast, oxidation of d-threose forms an optically active acid. Thus, d-threose must have 
the opposite stereochemistry at C2 (structure 2). Both must have the same (R) con! guration 
at C3, the carbon derived from the C2 stereocenter of our starting material, d-glyceraldehyde. 
The difference is at C2: d-Erythrose is 2R; d-threose, 2S.

Now that we know the structures of d-erythrose and d-threose, we continue as follows. 
Chain extension of d-erythrose (Exercise 24-23) gives a mixture of two pentoses: d-ribose 
and d-arabinose. Their con! gurations at C3 and C4 must be the same as those of C2 and 
C3 in d-erythrose; they differ at C2, the new stereocenter created in the lengthening 
procedure. Nitric acid oxidation of d-ribose gives an optically inactive (meso) acid; thus 
d-ribose has structure 3. d-Arabinose oxidizes to an optically active acid; it must have 
structure 4.

Chain  extension
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Proceeding in the same way from d-threose, chain extension gives a mixture of d-xylose 
and d-lyxose. The oxidation product of d-xylose is meso; therefore d-xylose has structure 5. 
The optically active oxidation product of d-lyxose con! rms its structure as 6.
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Chain  extension
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This was the challenge faced by Fischer over a century ago. In an extraordinary display 
of scienti! c logic, Fischer solved this problem by interpreting the results of a combination 
of carefully thought out synthetic manipulations, designed to convert the aldoses he had 
available to him into one another and into related substances. Fischer made one assumption: 
That the dextrorotatory enantiomer of 2,3-dihydroxypropanal (glyceraldehyde) had the d 
(and not the l) con! guration. This assumption was proved correct only after a special kind 
of X-ray analysis was developed in 1950, long after Fischer’s time. Fischer’s was a lucky 
guess; otherwise, all the structures of the d sugars in Figure 24-1 would have had to be 
changed into their mirror images. Fischer’s goal was to establish the relative con! gurations 
of all the stereoisomers—that is, to associate each unique sugar with a unique relative 
sequence of stereocenters.

The structures of the aldotetroses and aldopentoses can be 
determined from the optical activity of the corresponding 
aldaric acids
Beginning with the structure of d-glyceraldehyde, we shall now set out to prove unam-
biguously the structures of the higher d aldoses. We shall use Fischer’s logic, although not 
his procedures, because most of these aldoses were unavailable in his time. (Consult Fig-
ure 24-1 as required while following these arguments.) We begin with chain extension of 
d-glyceraldehyde, obtaining a mixture of d-erythrose and d-threose. Oxidation of d-erythrose 
with nitric acid gives optically inactive meso-tartaric acid, which tells us that d-erythrose 
must have structure 1, with both –OH groups on the same side in the Fischer representation. 
In contrast, oxidation of d-threose forms an optically active acid. Thus, d-threose must have 
the opposite stereochemistry at C2 (structure 2). Both must have the same (R) con! guration 
at C3, the carbon derived from the C2 stereocenter of our starting material, d-glyceraldehyde. 
The difference is at C2: d-Erythrose is 2R; d-threose, 2S.

Now that we know the structures of d-erythrose and d-threose, we continue as follows. 
Chain extension of d-erythrose (Exercise 24-23) gives a mixture of two pentoses: d-ribose 
and d-arabinose. Their con! gurations at C3 and C4 must be the same as those of C2 and 
C3 in d-erythrose; they differ at C2, the new stereocenter created in the lengthening 
procedure. Nitric acid oxidation of d-ribose gives an optically inactive (meso) acid; thus 
d-ribose has structure 3. d-Arabinose oxidizes to an optically active acid; it must have 
structure 4.
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Proceeding in the same way from d-threose, chain extension gives a mixture of d-xylose 
and d-lyxose. The oxidation product of d-xylose is meso; therefore d-xylose has structure 5. 
The optically active oxidation product of d-lyxose con! rms its structure as 6.
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Oxidation of D-erythrose with nitric acid gives optically
inactive meso-tartaric acid, which tells us that D-erythrose
must have structure 1, with both –OH groups on the same
side in the Fischer representation.

In contrast, oxidation of D-threose forms an optically active
acid. Thus, D-threose must have the opposite
stereochemistry at C2 (structure 2).

Both must have the same (R) configuration at C3, the
carbon derived from the C2 stereocenter of our starting
material, D-glyceraldehyde.

The difference is at C2: D-Erythrose is 2R; D-threose, 2S.
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This was the challenge faced by Fischer over a century ago. In an extraordinary display 
of scienti! c logic, Fischer solved this problem by interpreting the results of a combination 
of carefully thought out synthetic manipulations, designed to convert the aldoses he had 
available to him into one another and into related substances. Fischer made one assumption: 
That the dextrorotatory enantiomer of 2,3-dihydroxypropanal (glyceraldehyde) had the d 
(and not the l) con! guration. This assumption was proved correct only after a special kind 
of X-ray analysis was developed in 1950, long after Fischer’s time. Fischer’s was a lucky 
guess; otherwise, all the structures of the d sugars in Figure 24-1 would have had to be 
changed into their mirror images. Fischer’s goal was to establish the relative con! gurations 
of all the stereoisomers—that is, to associate each unique sugar with a unique relative 
sequence of stereocenters.

The structures of the aldotetroses and aldopentoses can be 
determined from the optical activity of the corresponding 
aldaric acids
Beginning with the structure of d-glyceraldehyde, we shall now set out to prove unam-
biguously the structures of the higher d aldoses. We shall use Fischer’s logic, although not 
his procedures, because most of these aldoses were unavailable in his time. (Consult Fig-
ure 24-1 as required while following these arguments.) We begin with chain extension of 
d-glyceraldehyde, obtaining a mixture of d-erythrose and d-threose. Oxidation of d-erythrose 
with nitric acid gives optically inactive meso-tartaric acid, which tells us that d-erythrose 
must have structure 1, with both –OH groups on the same side in the Fischer representation. 
In contrast, oxidation of d-threose forms an optically active acid. Thus, d-threose must have 
the opposite stereochemistry at C2 (structure 2). Both must have the same (R) con! guration 
at C3, the carbon derived from the C2 stereocenter of our starting material, d-glyceraldehyde. 
The difference is at C2: d-Erythrose is 2R; d-threose, 2S.

Now that we know the structures of d-erythrose and d-threose, we continue as follows. 
Chain extension of d-erythrose (Exercise 24-23) gives a mixture of two pentoses: d-ribose 
and d-arabinose. Their con! gurations at C3 and C4 must be the same as those of C2 and 
C3 in d-erythrose; they differ at C2, the new stereocenter created in the lengthening 
procedure. Nitric acid oxidation of d-ribose gives an optically inactive (meso) acid; thus 
d-ribose has structure 3. d-Arabinose oxidizes to an optically active acid; it must have 
structure 4.
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Proceeding in the same way from d-threose, chain extension gives a mixture of d-xylose 
and d-lyxose. The oxidation product of d-xylose is meso; therefore d-xylose has structure 5. 
The optically active oxidation product of d-lyxose con! rms its structure as 6.
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Chain extension of D-erythrose gives a mixture of two pentoses: D-ribose and D-arabinose.
Their configurations at C3 and C4 must be the same as those of C2 and C3 in D-erythrose;
they differ at C2, the new stereocenter created in the lengthening procedure.

Nitric acid oxidation of D-ribose gives an optically inactive (meso) acid; thus D-ribose has
structure 3.

D-Arabinose oxidizes to an optically active acid; it must have structure 4.
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Proceeding in the same way from D-threose, chain extension gives a mixture of D-xylose
and D-lyxose.

The oxidation product of D-xylose is meso; therefore D-xylose has structure 5.

The optically active oxidation product of D-lyxose confirms its structure as 6.
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This was the challenge faced by Fischer over a century ago. In an extraordinary display 
of scienti! c logic, Fischer solved this problem by interpreting the results of a combination 
of carefully thought out synthetic manipulations, designed to convert the aldoses he had 
available to him into one another and into related substances. Fischer made one assumption: 
That the dextrorotatory enantiomer of 2,3-dihydroxypropanal (glyceraldehyde) had the d 
(and not the l) con! guration. This assumption was proved correct only after a special kind 
of X-ray analysis was developed in 1950, long after Fischer’s time. Fischer’s was a lucky 
guess; otherwise, all the structures of the d sugars in Figure 24-1 would have had to be 
changed into their mirror images. Fischer’s goal was to establish the relative con! gurations 
of all the stereoisomers—that is, to associate each unique sugar with a unique relative 
sequence of stereocenters.

The structures of the aldotetroses and aldopentoses can be 
determined from the optical activity of the corresponding 
aldaric acids
Beginning with the structure of d-glyceraldehyde, we shall now set out to prove unam-
biguously the structures of the higher d aldoses. We shall use Fischer’s logic, although not 
his procedures, because most of these aldoses were unavailable in his time. (Consult Fig-
ure 24-1 as required while following these arguments.) We begin with chain extension of 
d-glyceraldehyde, obtaining a mixture of d-erythrose and d-threose. Oxidation of d-erythrose 
with nitric acid gives optically inactive meso-tartaric acid, which tells us that d-erythrose 
must have structure 1, with both –OH groups on the same side in the Fischer representation. 
In contrast, oxidation of d-threose forms an optically active acid. Thus, d-threose must have 
the opposite stereochemistry at C2 (structure 2). Both must have the same (R) con! guration 
at C3, the carbon derived from the C2 stereocenter of our starting material, d-glyceraldehyde. 
The difference is at C2: d-Erythrose is 2R; d-threose, 2S.

Now that we know the structures of d-erythrose and d-threose, we continue as follows. 
Chain extension of d-erythrose (Exercise 24-23) gives a mixture of two pentoses: d-ribose 
and d-arabinose. Their con! gurations at C3 and C4 must be the same as those of C2 and 
C3 in d-erythrose; they differ at C2, the new stereocenter created in the lengthening 
procedure. Nitric acid oxidation of d-ribose gives an optically inactive (meso) acid; thus 
d-ribose has structure 3. d-Arabinose oxidizes to an optically active acid; it must have 
structure 4.

Chain  extension

HNO3HNO3
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OH 

OH H

H

CH2OH

OH H H H

CHO
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(D-Ribose)

OH 

OH H

H

OH H

COOH

COOH COOH

COOH
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(Not optically active)

OH 

OH H

H

CH2OH

HO

CHO

Structure 4 
(D-Arabinose)

OH 

OH H

H

HO

Optically active

Proceeding in the same way from d-threose, chain extension gives a mixture of d-xylose 
and d-lyxose. The oxidation product of d-xylose is meso; therefore d-xylose has structure 5. 
The optically active oxidation product of d-lyxose con! rms its structure as 6.

HNO3HNO3

OH H

CH2OH

OH H

CHO

Structure 5
(D-Xylose)

Structure 6
(D-Lyxose)

OH H

OH H H H

COOH

COOH COOH

COOH
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(Not optically active)

OH H

CH2OH

HO

CHO

HHOHHOHHO

OH H

HO

HHO

Optically active

D-Threose

Chain  extension
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Symmetry properties also define the structures of the aldohexoses

The four aldopentoses can extend the chain to give four pairs of aldohexoses, each pair
distinguished from the others by the unique sequence of stereocenters at C3, C4, and C5.
The members of each pair are epimers and differ only in their configuration at C2.

The structural assignment for the four sugars obtained from D-ribose and D-lyxose,
accomplished by oxidation to the corresponding aldaric acids. Both D-allose and D-
galactose give optically inactive oxidation products, in contrast with D-altrose and D-talose,
which give optically active dicarboxylic acids.
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Symmetry properties also defi ne the structures 
of the aldohexoses
We now know the structures of the four aldopentoses and can extend the chain of each of 
them. This process gives us four pairs of aldohexoses, each pair distinguished from the 
others by the unique sequence of stereocenters at C3, C4, and C5. The members of each 
pair are epimers and differ only in their con! guration at C2.

The structural assignment for the four sugars obtained from d-ribose and d-lyxose, 
respectively, is again accomplished by oxidation to the corresponding aldaric acids. Both 
d-allose and d-galactose give optically inactive oxidation products, in contrast with d-altrose 
and d-talose, which give optically active dicarboxylic acids.

OH 

OH H

H

CH2OH

OH H H

OH H

CHO

OH H

CHO

D-Allose
(From D-ribose) (From D-lyxose)

(Both give meso dicarboxylic acids) (Both give optically active dicarboxylic acids)

(From D-lyxose)(From D-ribose)

OH 

OH H

H

CH2OH

OH H

CHO

D-Altrose

OH H

CH2OH

HO

HHO

HHO

D-Galactose

H

CHO

OH H

CH2OH

HO

HHO

HHO

 D-Talose

The structural assignments of the four remaining hexoses (with structures 7–10) cannot 
be based on the approach taken so far, because all give optically active diacids upon oxida-
tion. We join the actual strategy devised by Fischer to solve a problem that had become 
substantially more complicated. He found that chain extension of d-arabinose gave a mix-
ture of d-glucose and d-mannose, one of which must have structure 7 and the other struc-
ture 8. Displaying synthetic creativity decades ahead of his time, he developed a procedure 
to exchange the functionalities at C1 and C6 of a hexose—converting C1 to a primary 
alcohol and C6 to an aldehyde. Carrying out this procedure starting with both d-glucose 
and d-mannose, he found that the result of C1/C6 exchange in glucose was a new sugar, 
which did not exist in nature and was given the name gulose. On the other hand, exchange 
of C1 and C6 in mannose returned mannose, unchanged. Examination of structures 7 and 
8 reveals why this is so and gives us a glimpse of Fischer’s genius. If we perform a C1/C6 
exchange in 8 and then rotate the resulting Fischer projection by 1808, we realize that the 
initial and ! nal structures are identical: The exchange procedure gives the original sugar 
back. Thus 8 is identi! ed as the structure of d-mannose, and 7, in which C1/C6 exchange 
gives a new structure, must correspond to d-glucose.

OH H

CH2OH

OH H

CH2OH

OH HOH H

7
(D-Glucose)

New sugar
(Gulose)

8
(D-Mannose)

Same as 8

C1/C6
exchange

CHO

HHO

H OHOH H

CHO

HHO
C1/C6

exchange
Rotate
by 180!

OH H

CH2OH

OH H

CHO

HHO

HHO

OH H

CH2OH

OH H

CHO

HHO

HHO

OH H

CH2OH

OH H

CHO

HHO

HHO

Exercise 24-26

Was the gulose that Fischer synthesized from d-glucose a d-sugar or an l-sugar? (Caution: In a 
very uncharacteristic oversight, Fischer himself got the wrong answer at ! rst, and that confused 
everybody for years.)
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The structural assignments of the four remaining hexoses (with structures 7–10) cannot be
based on the approach taken so far, because all give optically active diacids upon oxidation.

Fischer found that chain extension of D-arabinose gave a mixture of D-glucose and D-
mannose, one of which must have structure 7 and the other structure 8.

He developed a procedure to exchange the functionalities at C1 and C6 of a hexose—
converting C1 to a primary alcohol and C6 to an aldehyde.

Starting with both D-glucose and D-mannose, he found that the result of C1/C6 exchange in
glucose was a new sugar, which did not exist in nature and was given the name gulose.

On the other hand, exchange of C1 and C6 in mannose returned mannose, unchanged. If
we perform a C1/C6 exchange in 8 and then rotate the resulting Fischer projection by 180o,
we realize that the initial and final structures are identical: The exchange procedure gives
the original sugar back.
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Symmetry properties also defi ne the structures 
of the aldohexoses
We now know the structures of the four aldopentoses and can extend the chain of each of 
them. This process gives us four pairs of aldohexoses, each pair distinguished from the 
others by the unique sequence of stereocenters at C3, C4, and C5. The members of each 
pair are epimers and differ only in their con! guration at C2.

The structural assignment for the four sugars obtained from d-ribose and d-lyxose, 
respectively, is again accomplished by oxidation to the corresponding aldaric acids. Both 
d-allose and d-galactose give optically inactive oxidation products, in contrast with d-altrose 
and d-talose, which give optically active dicarboxylic acids.
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(Both give meso dicarboxylic acids) (Both give optically active dicarboxylic acids)

(From D-lyxose)(From D-ribose)
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D-Galactose
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HO

HHO
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 D-Talose

The structural assignments of the four remaining hexoses (with structures 7–10) cannot 
be based on the approach taken so far, because all give optically active diacids upon oxida-
tion. We join the actual strategy devised by Fischer to solve a problem that had become 
substantially more complicated. He found that chain extension of d-arabinose gave a mix-
ture of d-glucose and d-mannose, one of which must have structure 7 and the other struc-
ture 8. Displaying synthetic creativity decades ahead of his time, he developed a procedure 
to exchange the functionalities at C1 and C6 of a hexose—converting C1 to a primary 
alcohol and C6 to an aldehyde. Carrying out this procedure starting with both d-glucose 
and d-mannose, he found that the result of C1/C6 exchange in glucose was a new sugar, 
which did not exist in nature and was given the name gulose. On the other hand, exchange 
of C1 and C6 in mannose returned mannose, unchanged. Examination of structures 7 and 
8 reveals why this is so and gives us a glimpse of Fischer’s genius. If we perform a C1/C6 
exchange in 8 and then rotate the resulting Fischer projection by 1808, we realize that the 
initial and ! nal structures are identical: The exchange procedure gives the original sugar 
back. Thus 8 is identi! ed as the structure of d-mannose, and 7, in which C1/C6 exchange 
gives a new structure, must correspond to d-glucose.
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7
(D-Glucose)

New sugar
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(D-Mannose)

Same as 8
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CH2OH

OH H

CHO

HHO

HHO

OH H

CH2OH

OH H

CHO

HHO

HHO

Exercise 24-26

Was the gulose that Fischer synthesized from d-glucose a d-sugar or an l-sugar? (Caution: In a 
very uncharacteristic oversight, Fischer himself got the wrong answer at ! rst, and that confused 
everybody for years.)
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With the synthesis of gulose, one of the two remaining hexoses (the products of chain 
lengthening of d-xylose) was identi" ed as structure 9. By process of elimination, the other, 
d-idose, could be assigned structure 10, thus completing the exercise.

H

OH H

CH2OH

CHO

CH2OH

CHO

HHO

9

10

OH H

OH H

OH H

OH H

HO

HHO

Exercise 24-27

Fischer proved that his structural reasoning was correct by comparing the nitric acid oxidation of 
d-glucose to that of his synthetic gulose. What do these two reactions produce?

Exercise 24-28

In the preceding discussion, we assigned the structures of d-ribose and d-arabinose by virtue of 
the fact that, upon oxidation, the " rst gives a meso diacid, the second an optically active diaste-
reomer. Could you arrive at the same result by 13C NMR spectroscopy?

In Summary Step-by-step one-carbon chain lengthening or shortening, in conjunction with 
the symmetry properties of the various aldaric acids, allows the stereochemical assignments 
of the aldoses.

24-11 COMPLEX SUGARS IN NATURE: DISACCHARIDES

A substantial fraction of the natural sugars occur in dimeric, trimeric, higher oligomeric 
(between 2 and 10 sugar units), and polymeric forms. The sugar most familiar to us, so-called 
table sugar, is a dimer.

Sucrose is a disaccharide derived from glucose and fructose
Sucrose, ordinary table sugar (see Chapter Opening), is one of the few natural chemicals 
consumed in unmodi" ed form (water and NaCl are examples of others). Its average yearly 
consumption in the United States is about 77 pounds per person. Sugar is isolated from 
sugar cane and sugar beets, in which it is particularly abundant (about 14–20% by weight), 
although it is present in many plants in smaller concentrations. World production is about 
168 million tons a year.

Sucrose has not been considered in this chapter so far, because it is not a simple mono-
saccharide; rather, it is a disaccharide composed of two units, glucose and fructose. The 
structure of sucrose can be deduced from its chemical behavior. Acidic hydrolysis splits it 
into glucose and fructose. It is a nonreducing sugar. It does not form an osazone. It does 
not undergo mutarotation. These " ndings suggest that the component monosaccharide units 
are linked by an acetal bridge (Section 17-7) connecting the two anomeric carbons; in this 
way, the two cyclic hemiacetal functions block each other. X-ray structural analysis con-
" rms this hypothesis: Sucrose is a disaccharide in which the !-d-glucopyranose form of 
glucose is attached to "-d-fructofuranose in this way.

Sucrose, a !-D-fructofuranosyl-"-D-glucopyranoside

HOCH2

CH2OH

HO

OH

O
OH

CH2OH

CH2OH

OH

!

"

or

Acetal

Acetal

CH2OH
OHO

HO H
HO

CH2OH
O

O
O

HO
HO H

HO

O

Sucrose has a speci" c rotation of 166.5. Treatment with aqueous acid decreases the 
rotation until it reaches a value of 220. The same effect is observed with the enzyme 

Sucrose is a pure chemical com-
pound and forms large crystals 
from saturated aqueous solutions.

Both anomeric carbons in 
sucrose are parts of acetal 
functional groups.
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With the synthesis of gulose, one of the two remaining hexoses (the products of chain 
lengthening of d-xylose) was identi" ed as structure 9. By process of elimination, the other, 
d-idose, could be assigned structure 10, thus completing the exercise.
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Exercise 24-27

Fischer proved that his structural reasoning was correct by comparing the nitric acid oxidation of 
d-glucose to that of his synthetic gulose. What do these two reactions produce?

Exercise 24-28

In the preceding discussion, we assigned the structures of d-ribose and d-arabinose by virtue of 
the fact that, upon oxidation, the " rst gives a meso diacid, the second an optically active diaste-
reomer. Could you arrive at the same result by 13C NMR spectroscopy?

In Summary Step-by-step one-carbon chain lengthening or shortening, in conjunction with 
the symmetry properties of the various aldaric acids, allows the stereochemical assignments 
of the aldoses.

24-11 COMPLEX SUGARS IN NATURE: DISACCHARIDES

A substantial fraction of the natural sugars occur in dimeric, trimeric, higher oligomeric 
(between 2 and 10 sugar units), and polymeric forms. The sugar most familiar to us, so-called 
table sugar, is a dimer.

Sucrose is a disaccharide derived from glucose and fructose
Sucrose, ordinary table sugar (see Chapter Opening), is one of the few natural chemicals 
consumed in unmodi" ed form (water and NaCl are examples of others). Its average yearly 
consumption in the United States is about 77 pounds per person. Sugar is isolated from 
sugar cane and sugar beets, in which it is particularly abundant (about 14–20% by weight), 
although it is present in many plants in smaller concentrations. World production is about 
168 million tons a year.

Sucrose has not been considered in this chapter so far, because it is not a simple mono-
saccharide; rather, it is a disaccharide composed of two units, glucose and fructose. The 
structure of sucrose can be deduced from its chemical behavior. Acidic hydrolysis splits it 
into glucose and fructose. It is a nonreducing sugar. It does not form an osazone. It does 
not undergo mutarotation. These " ndings suggest that the component monosaccharide units 
are linked by an acetal bridge (Section 17-7) connecting the two anomeric carbons; in this 
way, the two cyclic hemiacetal functions block each other. X-ray structural analysis con-
" rms this hypothesis: Sucrose is a disaccharide in which the !-d-glucopyranose form of 
glucose is attached to "-d-fructofuranose in this way.

Sucrose, a !-D-fructofuranosyl-"-D-glucopyranoside
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Sucrose has a speci" c rotation of 166.5. Treatment with aqueous acid decreases the 
rotation until it reaches a value of 220. The same effect is observed with the enzyme 

Sucrose is a pure chemical com-
pound and forms large crystals 
from saturated aqueous solutions.

Both anomeric carbons in 
sucrose are parts of acetal 
functional groups.

With the synthesis of gulose, one of the two remaining
hexoses (the products of chain lengthening of D-xylose)
was identified as structure 9.

By process of elimination, the other, D-idose, could be
assigned structure 10.
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24-11 COMPLEX SUGARS IN NATURE: DISACCHARIDES

Sucrose, ordinary table sugar, is one of the few natural chemicals consumed in unmodified
form (water and NaCl are examples of others). Its average yearly consumption in the United
States is about 77 pounds per person.

Sugar is isolated from sugar cane and sugar beets, in which it is particularly abundant
(about 14–20% by weight), although it is present in many plants in smaller concentrations.
World production is about 168 million tons a year.

Sucrose is a disaccharide derived from glucose and fructose

The structure of sucrose can be deduced from its chemical behavior. Acidic hydrolysis splits
it into glucose and fructose.

It is a nonreducing sugar. It does not form an osazone. It does not undergo mutarotation.
These findings suggest that the component monosaccharide units are linked by an acetal
bridge connecting the two anomeric carbons; in this way, the two cyclic hemiacetal functions
block each other.
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With the synthesis of gulose, one of the two remaining hexoses (the products of chain 
lengthening of d-xylose) was identi" ed as structure 9. By process of elimination, the other, 
d-idose, could be assigned structure 10, thus completing the exercise.
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Exercise 24-27

Fischer proved that his structural reasoning was correct by comparing the nitric acid oxidation of 
d-glucose to that of his synthetic gulose. What do these two reactions produce?

Exercise 24-28

In the preceding discussion, we assigned the structures of d-ribose and d-arabinose by virtue of 
the fact that, upon oxidation, the " rst gives a meso diacid, the second an optically active diaste-
reomer. Could you arrive at the same result by 13C NMR spectroscopy?

In Summary Step-by-step one-carbon chain lengthening or shortening, in conjunction with 
the symmetry properties of the various aldaric acids, allows the stereochemical assignments 
of the aldoses.

24-11 COMPLEX SUGARS IN NATURE: DISACCHARIDES

A substantial fraction of the natural sugars occur in dimeric, trimeric, higher oligomeric 
(between 2 and 10 sugar units), and polymeric forms. The sugar most familiar to us, so-called 
table sugar, is a dimer.

Sucrose is a disaccharide derived from glucose and fructose
Sucrose, ordinary table sugar (see Chapter Opening), is one of the few natural chemicals 
consumed in unmodi" ed form (water and NaCl are examples of others). Its average yearly 
consumption in the United States is about 77 pounds per person. Sugar is isolated from 
sugar cane and sugar beets, in which it is particularly abundant (about 14–20% by weight), 
although it is present in many plants in smaller concentrations. World production is about 
168 million tons a year.

Sucrose has not been considered in this chapter so far, because it is not a simple mono-
saccharide; rather, it is a disaccharide composed of two units, glucose and fructose. The 
structure of sucrose can be deduced from its chemical behavior. Acidic hydrolysis splits it 
into glucose and fructose. It is a nonreducing sugar. It does not form an osazone. It does 
not undergo mutarotation. These " ndings suggest that the component monosaccharide units 
are linked by an acetal bridge (Section 17-7) connecting the two anomeric carbons; in this 
way, the two cyclic hemiacetal functions block each other. X-ray structural analysis con-
" rms this hypothesis: Sucrose is a disaccharide in which the !-d-glucopyranose form of 
glucose is attached to "-d-fructofuranose in this way.

Sucrose, a !-D-fructofuranosyl-"-D-glucopyranoside
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Sucrose has a speci" c rotation of 166.5. Treatment with aqueous acid decreases the 
rotation until it reaches a value of 220. The same effect is observed with the enzyme 

Sucrose is a pure chemical com-
pound and forms large crystals 
from saturated aqueous solutions.

Both anomeric carbons in 
sucrose are parts of acetal 
functional groups.

Sucrose has a specific rotation of +66.5. Treatment with aqueous acid decreases the
rotation until it reaches a value of -20. The phenomenon, known as the inversion of
sucrose, is related to mutarotation of monosaccharides.

It includes three separate reactions: (I) hydrolysis of the disaccharide to the component
monosaccharides 𝛼-D-glucopyranose and 𝛽-D-fructofuranose; (II) mutarotation of 𝛼-D-
glucopyranose to the equilibrium mixture with the 𝛽 form; and (III) mutarotation of 𝛽-D-
fructofuranose to the slightly more stable 𝛽-D-fructopyranose.
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invertase. The phenomenon, known as the inversion of sucrose, is related to mutarotation 
of monosaccharides. It includes three separate reactions: hydrolysis of the disaccharide to 
the component monosaccharides !-d-glucopyranose and "-d-fructofuranose; mutarotation 
of !-d-glucopyranose to the equilibrium mixture with the " form; and mutarotation of 
"-d-fructofuranose to the slightly more stable "-d-fructopyranose. Because the value for 
the speci" c rotation of fructose (292) is more negative than the value for glucose (152.7) 
is positive, the resulting mixture, sometimes called invert sugar, has a net negative rotation, 
inverted from that of the original sucrose solution.

Inversion of Sucrose

Sucrose

!-D-Glucopyranose
18%

OH

CH2OH

CH2OH

OH

CH2OH
O

O

HO
HO H

HO CH2OH
OHO

HO H !

OH
HO

H!,  H2O
or invertase

O

"-D-Glucopyranose "-D-Fructofuranose "-D-Fructopyranose

HOCH2

CH2OH

HO

OH

O

CH2OHOH

CH2OH
OHO

HO OH
! !

H
HO

OH

OHO
OH

HO

32% 16% 34%

The noncaloric, edible fat substitute olestra (Real Life 21-1) consists of a mixture of 
sucroses esteri" ed with seven or eight fatty acids obtained from vegetable oils, such as 
hexadecanoic (palmitic) acid. The fatty acids shield the sucrose core of olestra so effectively 
that it is completely immune to attack by digestive enzymes and passes through the digestive 
tract unchanged.

Solved Exercise 24-29 Working with the Concepts: Practicing Sugar Chemistry

Write the products (if any) of the reaction of sucrose with excess (CH3)2SO4, NaOH.

Strategy
The chemistry of disaccharides and other more complex carbohydrates is largely the same as that 
of monosaccharides. Identify the functional groups present and consider processes comparable to 
those described earlier for simple sugars.

Solution
• Dimethyl sulfate is a reagent that is commonly used to convert alcohols into methyl ethers via 

the Williamson ether synthesis (Sections 9-6 and 22-8). (Iodomethane would be equally effective 
but is more costly.)

• As illustrated by the example in Section 24-8, dimethyl sulfate methylates all free –OH groups 
in a molecule, converting them into –OCH3 groups by SN2 processes. Carrying out this reaction 
with sucrose gives as the product

CH2OCH3

CH3OCH2
CH2OCH3

CH3O

OCH3

OCH3

CH3O
CH3O

O

O

H

O

For the follow-up Exercise 24-30, see p. 1101.

Caramel!

Sucrose is unstable at 
temperatures $1608C (3208F) 
and thermolyzes to the brown 
candy that we appreciate as 
caramel. Caramel contains 
a myriad of decomposition 
products formed by 
simultaneous cleavage of 
sucrose to glucose and fructose, 
dehydrations, fragmentations 
(such as retroaldol additions), 
isomerizations through enols 
(apply the last three reactions 
to glucose and see what you 
get), and polymerizations. Two 
of the odorants that have been 
identi" ed in the mixture are 
shown below.

O

OHO CHO

Furan-2-
carbaldehyde

(Almond flavor)

2-Hydroxy-
3,4-dimethyl-

2-cyclopentenone
(Sweet, burnt aroma)

Because the value for the specific rotation of fructose (-92) is more negative than the value
for glucose (+52.7), the resulting mixture, sometimes called invert sugar, has a net
negative rotation, inverted from that of the original sucrose solution.
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Maltose (malt sugar) is a dimer of glucose in which the hemiacetal oxygen of one glucose
molecule (in the 𝛼 anomeric form) is bound to C4 of the second. It is also obtained in 80%
yield by enzymatic (amylase) degradation of starch.

In this arrangement, one glucose retains its unprotected hemiacetal unit with its distinctive
chemistry. Maltose is a reducing sugar; it forms osazones, and it undergoes mutarotation.

Maltose is hydrolyzed to two molecules of glucose by aqueous acid or by the enzyme
maltase. It is about one-third as sweet as sucrose.
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Acetals link the components of complex sugars
Sucrose contains an acetal linkage between the anomeric carbons of the component sugars. 
One could imagine other acetal linkages with other hydroxy groups. Indeed, maltose (malt 
sugar), which is obtained in 80% yield by enzymatic (amylase) degradation of starch (to be 
discussed in the next section), is a dimer of glucose in which the hemiacetal oxygen of one 
glucose molecule (in the ! anomeric form) is bound to C4 of the second.

CH2OH
OHO

HO H H

H

O
OH

HO
1

2
3

4

OH

CH2OH
O

OH

!-Maltose, an "-D-glucopyranosyl-!-D-glucopyranose

In this arrangement, one glucose retains its unprotected hemiacetal unit with its distinctive 
chemistry. For example, maltose is a reducing sugar; it forms osazones, and it undergoes 
mutarotation. Maltose is hydrolyzed to two molecules of glucose by aqueous acid or by the 
enzyme maltase. It is about one-third as sweet as sucrose.

Exercise 24-30 Try It Yourself

Write the products (if any) of the reaction of sucrose with (a) 1. H1, H2O, 2. NaBH4; and 
(b) NH2OH.

Exercise 24-31 Try It Yourself

Draw the structure of the initial product of "-maltose when it is subjected to (a) Br2 oxidation; 
(b) phenylhydrazine (3 equivalents); (c) conditions that effect mutarotation.

Another common disaccharide is cellobiose, obtained by the hydrolysis of cellulose (to 
be discussed in the next section). Its chemical properties are almost identical with those of 
maltose, and so is its structure, which differs only in the stereochemistry at the acetal 
linkage—" instead of !.
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!-Cellobiose, a !-D-glucopyranosyl-!-D-glucopyranose

Aqueous acid cleaves cellobiose into two glucose molecules just as ef! ciently as it hydrolyzes 
maltose. However, enzymatic hydrolysis requires a different enzyme, "-glucosidase, which 
speci! cally attacks only the "-acetal bridge. In contrast, maltase is speci! c for !-acetal units 
of the type found in maltose.

After sucrose, the most abundant natural disaccharide is lactose (milk sugar). It is found 
in human and most animal milk (about 5% solution), constituting more than one-third of 
the solid residue remaining on evaporation of all volatiles. Its structure is made up of galactose 
and glucose units, connected in the form of a "-d-galactopyranosyl-!-d-glucopyranose. 
Crystallization from water furnishes only the ! anomer.
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Cellobiose is obtained by the hydrolysis of cellulose. Its chemical properties are almost
identical with those of maltose, which differs only in the stereochemistry at the acetal
linkage—𝛽 instead of 𝛼.

Aqueous acid cleaves cellobiose into two glucose molecules just as efficiently as it
hydrolyzes maltose.

However, enzymatic hydrolysis requires a different enzyme, 𝛽-glucosidase, which
specifically attacks only the 𝛽-acetal bridge. In contrast, maltase is specific for 𝛼-acetal
units of the type found in maltose.
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Acetals link the components of complex sugars
Sucrose contains an acetal linkage between the anomeric carbons of the component sugars. 
One could imagine other acetal linkages with other hydroxy groups. Indeed, maltose (malt 
sugar), which is obtained in 80% yield by enzymatic (amylase) degradation of starch (to be 
discussed in the next section), is a dimer of glucose in which the hemiacetal oxygen of one 
glucose molecule (in the ! anomeric form) is bound to C4 of the second.
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!-Maltose, an "-D-glucopyranosyl-!-D-glucopyranose

In this arrangement, one glucose retains its unprotected hemiacetal unit with its distinctive 
chemistry. For example, maltose is a reducing sugar; it forms osazones, and it undergoes 
mutarotation. Maltose is hydrolyzed to two molecules of glucose by aqueous acid or by the 
enzyme maltase. It is about one-third as sweet as sucrose.

Exercise 24-30 Try It Yourself

Write the products (if any) of the reaction of sucrose with (a) 1. H1, H2O, 2. NaBH4; and 
(b) NH2OH.

Exercise 24-31 Try It Yourself

Draw the structure of the initial product of "-maltose when it is subjected to (a) Br2 oxidation; 
(b) phenylhydrazine (3 equivalents); (c) conditions that effect mutarotation.

Another common disaccharide is cellobiose, obtained by the hydrolysis of cellulose (to 
be discussed in the next section). Its chemical properties are almost identical with those of 
maltose, and so is its structure, which differs only in the stereochemistry at the acetal 
linkage—" instead of !.
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!-Cellobiose, a !-D-glucopyranosyl-!-D-glucopyranose

Aqueous acid cleaves cellobiose into two glucose molecules just as ef! ciently as it hydrolyzes 
maltose. However, enzymatic hydrolysis requires a different enzyme, "-glucosidase, which 
speci! cally attacks only the "-acetal bridge. In contrast, maltase is speci! c for !-acetal units 
of the type found in maltose.

After sucrose, the most abundant natural disaccharide is lactose (milk sugar). It is found 
in human and most animal milk (about 5% solution), constituting more than one-third of 
the solid residue remaining on evaporation of all volatiles. Its structure is made up of galactose 
and glucose units, connected in the form of a "-d-galactopyranosyl-!-d-glucopyranose. 
Crystallization from water furnishes only the ! anomer.
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After sucrose, the most abundant natural disaccharide is lactose (milk sugar). It is found in
human and most animal milk (about 5% solution). Its structure is made up of galactose and
glucose units. Crystallization from water furnishes only the 𝛼 anomer.

Lactose contains an unprotected hemiacetal unit and is therefore a reducing sugar that
undergoes mutarotation. The first step of its degradation in the body is hydrolysis of the
glycosidic bond by the enzyme lactase to give galactose and glucose.

Lack of this enzyme causes lactose intolerance, a condition that is associated with
abdominal cramps and diarrhea after the consumption of milk and other dairy products.
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Lactose contains an unprotected hemiacetal unit and is therefore a reducing sugar that 
undergoes mutarotation. The ! rst step of its degradation in the body is hydrolysis of the 
glycosidic bond by the enzyme lactase to give galactose and glucose. Lack of this enzyme 
causes lactose intolerance, a condition that is associated with abdominal cramps and diarrhea 
after the consumption of milk and other dairy products.
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Crystalline !-lactose, a "-D-galactopyranosyl-!-D-glucopyranose

In Summary Sucrose is a dimer derived from linking !-d-glucopyranose with "-d- 
fructofuranose at the anomeric centers. It shows inversion of its optical rotation on hydro-
lysis to its mutarotating component sugars. The disaccharide maltose is a glucose dimer in 
which the components are linked by a carbon–oxygen bond between an ! anomeric carbon 
of a glucose molecule and C4 of the second. Cellobiose is almost identical with maltose 
but has ! " con! guration at the acetal carbon. Lactose has a "-d-galactose linked to glucose 
in the same manner as in cellobiose.

Got lactose?

24-12 POLYSACCHARIDES AND OTHER SUGARS IN NATURE

Polysaccharides are the polymers of monosaccharides. Their possible structural diversity 
exceeds that of alkene polymers (Sections 12-14 and 12-15), particularly in variations of 
chain length and branching. Nature, however, has been remarkably conservative in its con-
struction of such macromolecules. The three most abundant natural polysaccharides—
cellulose, starch, and glycogen—are derived from the same monomer: glucose.

Cellulose and starch are glucose polymers
Cellulose is a poly-"-glucopyranoside linked at C4, containing about 3000 monomeric units 
and having a molecular weight of about 500,000. It is largely linear.
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Cellulose

Individual strands of cellulose tend to align with one another and are connected by multiple 
hydrogen bonds. The development of so many hydrogen bonds is responsible for the highly 
rigid structure of cellulose and its effective use as the cell-wall material in organisms. Thus, 
cellulose is abundant in trees and other plants. Cotton ! ber is almost pure cellulose, as is 
! lter paper. Wood and straw contain about 50% of the polysaccharide.

Like cellulose, starch is a polyglucose, but its subunits are connected by !-acetal 
linkages. It functions as a food reserve in plants and (like cellulose) is readily cleaved by 
aqueous acid into glucose. Major sources of starch are corn, potatoes, wheat, and rice. 
Hot water swells granular starch and allows the separation of the two major components: 
amylose (!20%) and amylopectin (!80%). Both are soluble in hot water, but amylose 
is less soluble in cold water. Amylose contains a few hundred glucose units per molecule 

Cell walls (like those depicted in a 
leaf of moss) rely on cellulose for 
rigidity.
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24-12 POLYSACCHARIDES AND OTHER SUGARS IN NATURE

Polysaccharides are the polymers of monosaccharides. Their possible structural diversity
exceeds that of alkene polymers, particularly in variations of chain length and branching.

The three most abundant natural polysaccharides— cellulose, starch, and glycogen—are
derived from the same monomer: glucose.

Cellulose and starch are glucose polymers 

Cellulose is a poly-𝛽-glucopyranoside linked at C4, containing about 3000 monomeric units
and having a molecular weight of about 500,000. It is largely linear.
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Lactose contains an unprotected hemiacetal unit and is therefore a reducing sugar that 
undergoes mutarotation. The ! rst step of its degradation in the body is hydrolysis of the 
glycosidic bond by the enzyme lactase to give galactose and glucose. Lack of this enzyme 
causes lactose intolerance, a condition that is associated with abdominal cramps and diarrhea 
after the consumption of milk and other dairy products.
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Crystalline !-lactose, a "-D-galactopyranosyl-!-D-glucopyranose

In Summary Sucrose is a dimer derived from linking !-d-glucopyranose with "-d- 
fructofuranose at the anomeric centers. It shows inversion of its optical rotation on hydro-
lysis to its mutarotating component sugars. The disaccharide maltose is a glucose dimer in 
which the components are linked by a carbon–oxygen bond between an ! anomeric carbon 
of a glucose molecule and C4 of the second. Cellobiose is almost identical with maltose 
but has ! " con! guration at the acetal carbon. Lactose has a "-d-galactose linked to glucose 
in the same manner as in cellobiose.

Got lactose?

24-12 POLYSACCHARIDES AND OTHER SUGARS IN NATURE

Polysaccharides are the polymers of monosaccharides. Their possible structural diversity 
exceeds that of alkene polymers (Sections 12-14 and 12-15), particularly in variations of 
chain length and branching. Nature, however, has been remarkably conservative in its con-
struction of such macromolecules. The three most abundant natural polysaccharides—
cellulose, starch, and glycogen—are derived from the same monomer: glucose.

Cellulose and starch are glucose polymers
Cellulose is a poly-"-glucopyranoside linked at C4, containing about 3000 monomeric units 
and having a molecular weight of about 500,000. It is largely linear.
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Cellulose

Individual strands of cellulose tend to align with one another and are connected by multiple 
hydrogen bonds. The development of so many hydrogen bonds is responsible for the highly 
rigid structure of cellulose and its effective use as the cell-wall material in organisms. Thus, 
cellulose is abundant in trees and other plants. Cotton ! ber is almost pure cellulose, as is 
! lter paper. Wood and straw contain about 50% of the polysaccharide.

Like cellulose, starch is a polyglucose, but its subunits are connected by !-acetal 
linkages. It functions as a food reserve in plants and (like cellulose) is readily cleaved by 
aqueous acid into glucose. Major sources of starch are corn, potatoes, wheat, and rice. 
Hot water swells granular starch and allows the separation of the two major components: 
amylose (!20%) and amylopectin (!80%). Both are soluble in hot water, but amylose 
is less soluble in cold water. Amylose contains a few hundred glucose units per molecule 

Cell walls (like those depicted in a 
leaf of moss) rely on cellulose for 
rigidity.
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Individual strands of cellulose tend to align with one another and are connected by multiple
hydrogen bonds. The development of so many hydrogen bonds is responsible for the highly
rigid structure of cellulose and its use as the cell-wall material. Cellulose is abundant in trees
and other plants. Cotton fiber is almost pure cellulose, as is filter paper. Wood and straw
contain about 50% of the polysaccharide.

Like cellulose, starch is a polyglucose, but its subunits are connected by 𝛼-acetal linkages.
It functions as a food reserve in plants and (like cellulose) is readily cleaved by aqueous acid
into glucose. Major sources of starch are corn, potatoes, wheat, and rice.

Hot water swells granular starch and allows the separation of the two major components:
amylose (∼20%) and amylopectin (∼80%). Both are soluble in hot water, but amylose is
less soluble in cold water.

Amylose contains a few hundred glucose units per molecule (molecular weight, 150,000–
600,000). Its structure is different from that of cellulose, even though both polymers are
unbranched. The difference in the stereochemistry at the anomeric carbons leads to the
strong tendency of amylose to form a helical polymer arrangement.
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In contrast with amylose, amylopectin is branched, mainly
at C6, about once every 20 to 25 glucose units.
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(molecular weight, 150,000–600,000). Its structure is different from that of cellulose, even 
though both polymers are unbranched. The difference in the stereochemistry at the anomeric 
carbons leads to the strong tendency of amylose to form a helical polymer arrangement (not 
the straight chain shown in the formula). Note that the disaccharide units in amylose are 
the same as those in maltose.
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In contrast with amylose, amylopectin is branched, mainly at C6, about once every 
20 to 25 glucose units. Its molecular weight runs into the millions.
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Glycogen is a source of energy
Another polysaccharide similar to amylopectin but with greater branching (1 per 10 glucose 
units) and of much larger size (as much as 100 million molecular weight) is glycogen. This 
compound is of considerable biological importance because it is one of the major energy-
storage polysaccharides in humans and animals and because it provides an immediate source 
of glucose between meals and during (strenuous) physical activity. It is accumulated in the 
liver and in rested skeletal muscle in relatively large amounts. The manner in which cells 
make use of this energy storage is a fascinating story in biochemistry.

A special enzyme, glycogen phosphorylase, ! rst breaks glycogen down to give a deriv-
ative of glucose, !-d-glucopyranosyl 1-phosphate. This transformation takes place at one 
of the nonreducing terminal sugar groups of the glycogen molecule and proceeds step by 
step—one glucose molecule at a time. Because glycogen is so highly branched, there are 
many such end groups at which the enzyme can “nibble” away, making sure that, at a 
time of high-energy requirements, a suf! cient amount of glucose becomes available 
quickly.

Usain Bolt degrading glycogen.
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(molecular weight, 150,000–600,000). Its structure is different from that of cellulose, even 
though both polymers are unbranched. The difference in the stereochemistry at the anomeric 
carbons leads to the strong tendency of amylose to form a helical polymer arrangement (not 
the straight chain shown in the formula). Note that the disaccharide units in amylose are 
the same as those in maltose.
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In contrast with amylose, amylopectin is branched, mainly at C6, about once every 
20 to 25 glucose units. Its molecular weight runs into the millions.
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Glycogen is a source of energy
Another polysaccharide similar to amylopectin but with greater branching (1 per 10 glucose 
units) and of much larger size (as much as 100 million molecular weight) is glycogen. This 
compound is of considerable biological importance because it is one of the major energy-
storage polysaccharides in humans and animals and because it provides an immediate source 
of glucose between meals and during (strenuous) physical activity. It is accumulated in the 
liver and in rested skeletal muscle in relatively large amounts. The manner in which cells 
make use of this energy storage is a fascinating story in biochemistry.

A special enzyme, glycogen phosphorylase, ! rst breaks glycogen down to give a deriv-
ative of glucose, !-d-glucopyranosyl 1-phosphate. This transformation takes place at one 
of the nonreducing terminal sugar groups of the glycogen molecule and proceeds step by 
step—one glucose molecule at a time. Because glycogen is so highly branched, there are 
many such end groups at which the enzyme can “nibble” away, making sure that, at a 
time of high-energy requirements, a suf! cient amount of glucose becomes available 
quickly.

Usain Bolt degrading glycogen.
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Glycogen is a source of energy 

Another polysaccharide similar to amylopectin but with greater branching (1 per 10 glucose
units) and of much larger size (as much as 100 million molecular weight) is glycogen.

This compound is of considerable biological importance because it is one of the major
energy-storage polysaccharides in humans and animals and because it provides an
immediate source of glucose between meals and during (strenuous) physical activity.

It is accumulated in the liver and in rested skeletal muscle in relatively large amounts.

A special enzyme, glycogen phosphorylase, first breaks glycogen down to give a derivative of
glucose, 𝛼-D-glucopyranosyl 1-phosphate. This transformation takes place at one of the
nonreducing terminal sugar groups of the glycogen molecule and proceeds step by step—
one glucose molecule at a time.

Because glycogen is so highly branched, there are many such end groups at which the
enzyme can “nibble” away.
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Phosphorylase cannot break !-1,6-glycosidic bonds. As soon as it gets close to such a 
branching point (in fact, as soon as it reaches a terminal residue four units away from that 
point), it stops (Figure 24-4). At this stage, a different enzyme comes into play, transferase, 
which can shift blocks of three terminal glucosyl residues from one branch to another. One 
glucose substituent remains at the branching point. Now a third enzyme is required to 
remove this last obstacle to obtaining a new straight chain. This enzyme is speci! c for the 
kind of bond at which cleavage is needed; it is !-1,6-glucosidase, also known as the de-
branching enzyme. When this enzyme has completed its task, phosphorylase can continue 
degrading the glucose chain until it reaches another branch, and so forth.

Cell-surface carbohydrates mediate cell-recognition processes
For multicellular organisms to function, each of the great variety of cells must be able to 
recognize and interact speci! cally with other cells and with various chemical species. These 
speci! c interactions are described as cell-recognition processes. Cell recognition usually 
involves noncovalent binding, commonly by means of hydrogen bonds, with molecules on 
the exterior surface of the cell. After binding takes place, movement of extracellular mate-
rial into the interior of the cell may occur.
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Phosphorylase cannot break 𝛼-1,6-glycosidic bonds. As soon as it gets close to such a
branching point, it stops.

At this stage, a different enzyme comes into play, transferase, which can shift blocks of
three terminal glucosyl residues from one branch to another. One glucose substituent
remains at the branching point.

Now a third enzyme is required to remove this last obstacle to obtaining a new straight
chain. This enzyme is specific for the kind of bond at which cleavage is needed; it is 𝛼-1,6-
glucosidase, also known as the de-branching enzyme.

When this enzyme has completed its task, phosphorylase can continue degrading the
glucose chain until it reaches another branch, and so forth.
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Cell recognition is central to virtually every cell function. Examples of recognition in 
cell–cell interactions include the response of the immune system to invasion by “foreign” 
cells, infection of cells by bacteria or viruses, and fertilization of ova by sperm. Certain 
bacteria, such as cholera and pertussis (“whooping cough”), do not invade cells directly, 
but the toxins they produce bind to cell surfaces and are subsequently “escorted” inside.

These recognition processes are based on carbohydrates that are present on cell sur-
faces. The carbohydrates are linked either to lipids (glycolipids; Section 20-5) or to 
proteins (glycoproteins; Chapter 26) that are embedded in the cell wall (Figure 24-5). 
Glucosyl cerebroside is the simplest of the glycolipids and illustrates key features of this 
class of compounds: a polar carbohydrate “head” that resides on the cell surface, attached 
to two virtually nonpolar “tails” that embed in the cell membrane. Differences in carbo-
hydrate composition at the “head” give rise to the different functions that these species 
display. For example, cholera toxin binds speci! cally to a glycolipid called GM1 penta-
saccharide. This substance is found naturally at the surface of the cells of the intestine 
that are responsible for water absorption. The result is disruption of this function and 
severe diarrhea.

Glucosyl cerebroside
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Figure 24-4 Steps in the degra-
dation of a glycogen side chain. 
Initially, phosphorylase removes 
glucose units 1 through 5 and 
15 through 17 step by step. The 
enzyme is now four sugar units 
away from a branching point (10). 
Transferase moves units 6 through 
8 in one block and attaches 
them to unit 14. A third enzyme, 
!-1,6-glucosidase, debranches 
the system at glucose unit 10, 
by removing glucose 9. A straight 
chain has been formed and 
phosphorylase can continue its 
degradation job.
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Cell-surface carbohydrates mediate cell-recognition processes

For multicellular organisms to function, each of the great variety of cells must be able to
recognize and interact specifically with other cells and with various chemical species.

These specific interactions are described as cell-recognition processes.

Cell recognition usually involves noncovalent binding, commonly by means of hydrogen
bonds, with molecules on the exterior surface of the cell. After binding takes place,
movement of extracellular material into the interior of the cell may occur.

Cell recognition is central to virtually every cell function. Examples of recognition in cell–cell
interactions include the response of the immune system to invasion by “foreign” cells,
infection of cells by bacteria or viruses, and fertilization of ova by sperm.

Certain bacteria, such as cholera and pertussis (“whooping cough”), do not invade cells
directly, but the toxins they produce bind to cell surfaces and are subsequently “escorted”
inside.
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The human blood groups—O, A, B, and AB—are each characterized by different 
oligosaccharides on the red blood cell surface. When an incompatible blood type is intro-
duced by transfusion, the body’s immune system produces antibodies that bind to the 
oligosaccharides on the surfaces of the foreign red cells, causing them to clump together. 
The result is widespread clogging of blood vessels and death. Type O cells are “coated” 
with a hexasaccharide whose structure is common to all four blood groups; therefore, 
type O cells are not recognized as “foreign” by any recipient, regardless of blood type. 
In type A and type B blood cells, two different additional saccharides are linked to the 
type O hexasaccharide. It is this “seventh” saccharide that triggers the immune response. 
Therefore, persons of types A and B cannot donate to each other, and neither can donate 
to someone of type O. By contrast, type AB cells contain both the type A and type B 
saccharides, and therefore individuals with type AB blood can receive transfusions from 
any donor without risk of immune system reaction.

Oddly enough, the biological purpose (if any) of the blood cell surface oligosaccharides 
is a mystery. Some scientists speculate that the presence of different blood groups (and the 
associated antibodies) may play a role in inhibiting viral infection: Viruses transmitted 
between persons with different blood groups might have a greater likelihood of being rec-
ognized as “foreign” and destroyed by the recipient’s immune system. Nevertheless, people 
with a rare genetic abnormality that prevents their blood cells from forming any surface 
oligosaccharides are still capable of living normal, healthy lives.

Modifi ed sugars may contain nitrogen
Many of the naturally occurring sugars have a modi! ed structure or are attached to 
some other organic molecule. In one large class of sugars, at least one of the hydroxy 
groups has been replaced by an amine function. They are called glycosylamines when 

Figure 24-5 Schematic drawing 
illustrating carbohydrate recogni-
tion at the cell surface, enabling 
cell–cell binding, in addition to 
adhesion of other species, such as 
microbes (bacteria, viruses, and 
bacterial toxins). The sugar chains 
can be linked to proteins (red 
ribbons).
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An Amino Deoxysugar Drug

The galactose mimic migalastat 
is a drug in clinical trials for 
the treatment of the rare Fabry 
disease. The ailment originates 
from a genetic mutation that 
prevents the proper folding of 
the enzyme !-galactosidase A. 
This enzyme catalyzes the 
hydrolysis of lipid galactose 
glycosides, and its absence 
causes lipid to accumulate in 
blood vessels and other tissues, 
impairing function. Migalastat 
acts by chaperoning the 
evolution of the correct enzyme 
conformation.
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These recognition processes are based on carbohydrates that are present on cell surfaces.
The carbohydrates are linked either to lipids (glycolipids) or to proteins (glycoproteins)
that are embedded in the cell wall.

Glucosyl cerebroside is the simplest of the glycolipids and a polar carbohydrate “head” that
resides on the cell surface, attached to two virtually nonpolar “tails” that embed in the cell
membrane. Differences in carbohydrate composition at the “head” give rise to the different
functions that these species display.

For example, cholera toxin binds specifically to a glycolipid called GM1 penta-saccharide.
This substance is found naturally at the surface of the cells of the intestine that are
responsible for water absorption. The result is disruption of this function and severe
diarrhea.
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Cell recognition is central to virtually every cell function. Examples of recognition in 
cell–cell interactions include the response of the immune system to invasion by “foreign” 
cells, infection of cells by bacteria or viruses, and fertilization of ova by sperm. Certain 
bacteria, such as cholera and pertussis (“whooping cough”), do not invade cells directly, 
but the toxins they produce bind to cell surfaces and are subsequently “escorted” inside.

These recognition processes are based on carbohydrates that are present on cell sur-
faces. The carbohydrates are linked either to lipids (glycolipids; Section 20-5) or to 
proteins (glycoproteins; Chapter 26) that are embedded in the cell wall (Figure 24-5). 
Glucosyl cerebroside is the simplest of the glycolipids and illustrates key features of this 
class of compounds: a polar carbohydrate “head” that resides on the cell surface, attached 
to two virtually nonpolar “tails” that embed in the cell membrane. Differences in carbo-
hydrate composition at the “head” give rise to the different functions that these species 
display. For example, cholera toxin binds speci! cally to a glycolipid called GM1 penta-
saccharide. This substance is found naturally at the surface of the cells of the intestine 
that are responsible for water absorption. The result is disruption of this function and 
severe diarrhea.
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Figure 24-4 Steps in the degra-
dation of a glycogen side chain. 
Initially, phosphorylase removes 
glucose units 1 through 5 and 
15 through 17 step by step. The 
enzyme is now four sugar units 
away from a branching point (10). 
Transferase moves units 6 through 
8 in one block and attaches 
them to unit 14. A third enzyme, 
!-1,6-glucosidase, debranches 
the system at glucose unit 10, 
by removing glucose 9. A straight 
chain has been formed and 
phosphorylase can continue its 
degradation job.
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The human blood groups—O, A, B, and AB—are each characterized by different
oligosaccharides on the red blood cell surface. When an incompatible blood type is
introduced by transfusion, the body’s immune system produces antibodies that bind to the
oligosaccharides on the surfaces of the foreign red cells, causing them to clump together.
The result is widespread clogging of blood vessels and death.

Type O cells are “coated” with a hexasaccharide whose structure is common to all four
blood groups; therefore, type O cells are not recognized as “foreign” by any recipient,
regardless of blood type. In type A and type B blood cells, two different additional
saccharides are linked to the type O hexasaccharide. It is this “seventh” saccharide that
triggers the immune response. Therefore, persons of types A and B cannot donate to each
other, and neither can donate to someone of type O. By contrast, type AB cells contain both
the type A and type B saccharides, and therefore individuals with type AB blood can receive
transfusions from any donor without risk of immune system reaction.

Some scientists speculate that the presence of different blood groups (and the associated
antibodies) may play a role in inhibiting viral infection: Viruses transmitted between persons
with different blood groups might have a greater likelihood of being recognized as “foreign”
and destroyed by the recipient’s immune system.
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Modified sugars may contain nitrogen

Many of the naturally occurring sugars have a modified structure or are attached to some
other organic molecule.

In one large class of sugars, at least one of the hydroxy groups has been replaced by an
amine function. They are called glycosylamines when the nitrogen is attached to the
anomeric carbon and amino deoxy sugars when it is located elsewhere.
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the nitrogen is attached to the anomeric carbon and amino deoxy sugars when it is 
located elsewhere.

-D-Glucopyranosylamine!
(A glycosylamine) (An amino deoxy sugar)

2-Amino-2-deoxy-D-glucopyranose

CH2OH
HO

HO
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NH2

O
CH2OH

HO
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When a sugar is attached by its anomeric carbon to the hydroxy group of another complex 
residue, it is called a glycosyl group. The remainder of the molecule (or the product 
after removal of the sugar by hydrolysis) is called the aglycon. An example is adriamycin, 
a member of the anthracycline family of antibiotics. Adriamycin and its deoxy analog 
 daunomycin have been remarkably effective in the treatment of a wide variety of human 
cancers. They now constitute a cornerstone of combination cancer chemotherapy (see also 
p. 763). The aglycon part of these systems is a linear tetracyclic framework incorporating an 

In 1918 an in! uenza strain of unprecedented virulence 
jumped from its normal avian hosts to humans. By the time 
the outbreak subsided a year later, this “! u” killed as many 
as 100 million people—the numbers were so staggering that 
only estimates are possible—nearly 5% of the world’s popu-
lation. The ! u virus is a simple entity, its biochemistry gov-
erned by a half-dozen or so segments of RNA (Chapter 26) 
that control the synthesis of a handful of proteins. Two 
 proteins in particular, hemagglutinin (HA) and neuramini-
dase (NA), determine the virus’s ability to bind to and infect 
cells and to reproduce by release of new virus particles from 
infected cells, respectively.

In! uenza viruses mutate rapidly, giving rise to strains that 
generate modi" ed versions of HA and NA. The ! u responsible 
for the 1918–1919 pandemic is labeled H1N1. In all, 16 forms 
of HA and 9 of NA have been identi" ed. The H5N1 strain is 
of most current concern: It infects vast populations of birds 
worldwide, especially in Southeast Asia. At present, H5N1 
rarely jumps to humans, but, like H1N1, it is highly lethal 
when it does. The fear that a mutant variety of H5N1 will gain 
the ability of human-to-human transmission has sparked con-
siderable research into vaccines to prevent infection, as well as 
antiviral drugs that inhibit the function of viral proteins such 
as NA once infection has occurred. The vaccine route is made 
more dif" cult by the tendency of the virus to mutate in almost 
every reproductive cycle. The antiviral strategy relies on the 
known biochemistry of a carbohydrate that occurs naturally in 
the blood and tissues of all vertebrate animals: sialic acid.

Sialic acid describes not one but a group of compounds, 
N- or O-substituted derivatives of neuraminic acid, a mono-
saccharide with a nine-carbon backbone. These compounds 
have essential biological functions in the blood, in the brain 
(especially for learning and memory), and elsewhere. The 
term “sialic acid” is often used to refer to the most common 
member of the family, N-acetylneuraminic acid (Neu5Ac). 
Sialic acid also protects organisms from invading pathogens; 
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paradoxically, however, its presence on cell surfaces facili-
tates the binding of HA of the in! uenza virus, which leads 
to infection.

In the 1970s, studies identi" ed a sialic acid derivative, 
DANA, that bound to NA and inhibited viral reproduction. 
An X-ray crystal structure study of the DANA–NA complex 
showed that the hydroxy group at C4 of the bound derivative 
was located close to a negatively charged carboxylate ion 
that was essential for NA activity. Carboxylic acids have a 
pKa of about 4 (Section 19-4); therefore, at the nearly neutral 
pH of the body’s ! uids, an acid will be in the form of its 
conjugate base. In an effort to make this binding stronger, a 
group of Australian chemists converted the C4 hydroxy into 
an amino group, which would be mostly protonated at pH ! 
7 (Section 21-4). The amine analog was found to bind to and 
inhibit NA 100 times more strongly. In a " nal modi" cation, 
this substituent was converted to a guanidino function, 

Emergency hospital ward set up during the 1918 
Spanish ! u pandemic at the US Army’s Camp 
Funston in Kansas, USA.
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When a sugar is attached by its anomeric carbon to the hydroxy group of another complex
residue, it is called a glycosyl group. The remainder of the molecule (or the product after
removal of the sugar by hydrolysis) is called the aglycon.

An example is adriamycin, a member of the anthracycline family of antibiotics. Adriamycin
and its deoxy analog daunomycin have been remarkably effective in the treatment of a wide
variety of human cancers. They now constitute a cornerstone of combination cancer
chemotherapy. The aglycon part of these systems is a linear tetracyclic framework
incorporating an anthraquinone moiety (derived from anthracene). The amino sugar is
called daunosamine.

An unusual group of antibiotics, the aminoglycoside antibiotics, is based on oligosaccharide
structures. Of particular therapeutic importance is streptomycin (an antituberculosis agent),
isolated in 1944 from cultures of the mold Streptomyces griseus. The molecule consists of
three subunits: the furanose streptose, the glucose derivative 2-deoxy-2-methylamino-L-
glucose (an example of the rare L form), and streptidine, which is actually a hexasubstituted
cyclohexane.
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anthraquinone moiety (derived from anthracene; see Section 15-5). The amino sugar is 
called daunosamine.
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O NH O C O NH2, which is a far stronger base than a simple 
amine, because the positive charge of its conjugate acid is 
highly delocalized by resonance (Section 21-6). This com-
pound became the drug zanamivir, now marketed as Relenza 
by the GlaxoSmithKline pharmaceutical company. Relenza 
is quite likely to be the front-line antiviral compound in the 
worldwide effort to prepare for a bird ! u outbreak.

Relenza is the result of a process now commonly fol-
lowed by pharmaceutical companies called rational drug 
design. Sophisticated software packages model both the 
three-dimensional shape and the surface charge distribution 

NH
 B of target molecules, such as NA. These models are in turn 

employed to “design” drug “candidates” that have comple-
mentary shapes and charge distributions, so that they will 
“dock” with the target in a way that inhibits its function. 
This strategy enables chemists to identify optimal structural 
features of a potential drug candidate before actually going 
into the lab to synthesize the molecule. The graphic below 
displays schematically the process that led from sialic acid 
to the drug Relenza, based on the experimental and compu-
tational evaluations of the attraction of each drug-candidate 
structure to the carboxylate ion and other groups in the 
critical region of the neuraminidase (NA) target molecule.
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