Carbohydrates
A carbohydrate is a large biological molecule consisting of carbon, hydrogen, and oxygen
atoms, usually with a hydrogen:oxygen atom ratio of 2:1.

Glycosides
Acetal derivatives formed when a monosaccharide reacts with an alcohol in the presence of an acid catalyst are
called glycosides. This reaction is illustrated for glucose and methanol in the diagram below. In naming of glycosides,
the "ose" suffix of the sugar name is replaced by "oside", and the alcohol group name is placed first. As is generally
true for most acetals, glycoside formation involves the loss of an equivalent of water. The diether product is stable to
base and alkaline oxidants such as Tollen's reagent. Since acid-catalyzed aldolization is reversible, glycosides may
be hydrolyzed back to their alcohol and sugar components by aqueous acid.
The anomeric methyl glucosides are formed in an equilibrium ratio of 66% alpha to 34% beta. From the structures in
the previous diagram, we see that pyranose rings prefer chair conformations in which the largest number of
substituents are equatorial. In the case of glucose, the substituents on the beta-anomer are all equatorial, whereas
the C-1 substituent in the alpha-anomer changes to axial. Since substituents on cyclohexane rings prefer an
equatorial location over axial (methoxycyclohexane is 75% equatorial), the preference for alpha-glycopyranoside
formation is unexpected, and is referred to as the anomeric effect.

Glycosides abound in biological systems. By attaching a sugar moiety to a lipid or benzenoid structure, the solubility
and other properties of the compound may be changed substantially. Because of the important modifying influence of
such derivatization, numerous enzyme systems, known as glycosidases, have evolved for the attachment and
removal of sugars from alcohols, phenols and amines. Chemists refer to the sugar component of natural glycosides
as the glycon and the alcohol component as the aglycon.

Two examples of naturally occurring glycosides and one example of an amino derivative are displayed above. Salicin,
one of the oldest herbal remedies known, was the model for the synthetic analgesic aspirin. A large class of
hydroxylated, aromatic oxonium cations called anthocyanins provide the red, purple and blue colors of many flowers,
fruits and some vegetables. Peonin is one example of this class of natural pigments, which exhibit a pronounced pH
color dependence. The oxonium moiety is only stable in acidic environments, and the color changes or disappears
when base is added. The complex changes that occur when wine is fermented and stored are in part associated with
glycosides of anthocyanins. Finally, amino derivatives of ribose, such as cytidine play important roles in biological
phosphorylating agents, coenzymes and information transport and storage materials.

Disaccharides
When the alcohol component of a glycoside is provided by a hydroxyl function on another monosaccharide, the
compound is called a disaccharide. Four examples of disaccharides composed of two glucose units are shown in the
following diagram. The individual glucopyranose rings are labeled A and B, and the glycoside bonding is circled in
light blue. Notice that the glycoside bond may be alpha, as in maltose and trehalose, or beta as in cellobiose and
gentiobiose. Acid-catalyzed hydrolysis of these disaccharides yields glucose as the only product. Enzyme-catalyzed
hydrolysis is selective for a specific glycoside bond, so an alpha-glycosidase cleaves maltose and trehalose to
glucose, but does not cleave cellobiose or gentiobiose. A beta-glycosidase has the opposite activity.
In order to draw a representative structure for cellobiose, one of the glucopyranose rings must be rotated by 180º, but
this feature is often omitted in favor of retaining the usual perspective for the individual rings. The bonding between
the glucopyranose rings in cellobiose and maltose is from the anomeric carbon in ring A to the C-4 hydroxyl group on
ring B. This leaves the anomeric carbon in ring B free, so cellobiose and maltose both may assume alpha and beta
anomers at that site (the beta form is shown in the diagram). Gentiobiose has a beta-glycoside link, originating at C-1
in ring A and terminating at C-6 in ring B. Its alpha-anomer is drawn in the diagram. Because cellobiose, maltose and
gentiobiose are hemiacetals they are all reducing sugars (oxidized by Tollen's reagent). Trehalose, a disaccharide
found in certain mushrooms, is a bis-acetal, and is therefore a non-reducing sugar. A systematic nomenclature for
disaccharides exists, but as the following examples illustrate, these are often lengthy.

•
•
•
•

Cellobiose : 4-O-β-D-Glucopyranosyl-D-glucose (the beta-anomer is drawn)
Maltose : 4-O-α-D-Glucopyranosyl-D-glucose (the beta-anomer is drawn)
Gentiobiose : 6-O-β-D-Glucopyranosyl-D-glucose (the alpha-anomer is drawn)
Trehalose : α-D-Glucopyranosyl-α-D-glucopyranoside

Although all the disaccharides shown here are made up of two glucopyranose rings, their properties differ in
interesting ways. Maltose, sometimes called malt sugar, comes from the hydrolysis of starch. It is about one third as
sweet as cane sugar (sucrose), is easily digested by humans, and is fermented by yeast. Cellobiose is obtained by
the hydrolysis of cellulose. It has virtually no taste, is indigestible by humans, and is not fermented by yeast. Some
bacteria have beta-glucosidase enzymes that hydrolyze the glycosidic bonds in cellobiose and cellulose. The
presence of such bacteria in the digestive tracts of cows and termites permits these animals to use cellulose as a
food. Finally, it may be noted that trehalose has a distinctly sweet taste, but gentiobiose is bitter.
Disaccharides made up of other sugars are known, but glucose is often one of the components. Two important
examples of such mixed disaccharides are displayed above. Lactose, also known as milk sugar, is a galactoseglucose compound joined as a beta-glycoside. It is a reducing sugar because of the hemiacetal function remaining in
the glucose moiety. Many adults, particularly those from regions where milk is not a dietary staple, have a metabolic
intolerance for lactose. Infants have a digestive enzyme which cleaves the beta-glycoside bond in lactose, but
production of this enzyme stops with weaning. Cheese is less subject to the lactose intolerance problem, since most
of the lactose is removed with the whey. Sucrose, or cane sugar, is our most commonly used sweetening agent. It is
a non-reducing disaccharide composed of glucose and fructose joined at the anomeric carbon of each by glycoside
bonds (one alpha and one beta). In the formula shown here the fructose ring has been rotated 180º from its
conventional perspective.

Polysaccharides
As the name implies, polysaccharides are large high-molecular weight molecules constructed by joining
monosaccharide units together by glycosidic bonds. They are sometimes called glycans. The most important
compounds in this class, cellulose, starch and glycogen are all polymers of glucose. This is easily demonstrated by
acid-catalyzed hydrolysis to the monosaccharide. Since partial hydrolysis of cellulose gives varying amounts of
cellobiose, we conclude the glucose units in this macromolecule are joined by beta-glycoside bonds between C-1 and
C-4 sites of adjacent sugars. Partial hydrolysis of starch and glycogen produces the disaccharide maltose together

with low molecular weight dextrans, polysaccharides in which glucose molecules are joined by alpha-glycoside links
between C-1 and C-6, as well as the alpha C-1 to C-4 links found in maltose. Polysaccharides built from other
monosaccharides (e.g. mannose, galactose, xylose and arabinose) are also known, but will not be discussed here.
Over half of the total organic carbon in the earth's biosphere is in cellulose. Cotton fibers are essentially pure
cellulose, and the wood of bushes and trees is about 50% cellulose. As a polymer of glucose, cellulose has the
formula (C6H10O5)n where n ranges from 500 to 5,000, depending on the source of the polymer. The glucose units in
cellulose are linked in a linear fashion, as shown in the drawing below. The beta-glycoside bonds permit these chains
to stretch out, and this conformation is stabilized by intramolecular hydrogen bonds. A parallel orientation of adjacent
chains is also favored by intermolecular hydrogen bonds. Although an individual hydrogen bond is relatively weak,
many such bonds acting together can impart great stability to certain conformations of large molecules. Most animals
cannot digest cellulose as a food, and in the diets of humans this part of our vegetable intake functions as roughage
and is eliminated largely unchanged. Some animals (the cow and termites, for example) harbor intestinal
microorganisms that breakdown cellulose into monosaccharide nutrients by the use of beta-glycosidase enzymes.
Cellulose is commonly accompanied by a lower molecular weight, branched, amorphous polymer
called hemicellulose. In contrast to cellulose, hemicellulose is structurally weak and is easily hydrolyzed by dilute acid
or base. Also, many enzymes catalyze its hydrolysis. Hemicelluloses are composed of many D-pentose sugars, with
xylose being the major component. Mannose and mannuronic acid are often present, as well as galactose and
galacturonic acid.

Starch is a polymer of glucose, found in roots, rhizomes, seeds, stems, tubers and corms of plants, as microscopic
granules having characteristic shapes and sizes. Most animals, including humans, depend on these plant starches for
nourishment. The structure of starch is more complex than that of cellulose. The intact granules are insoluble in cold
water, but grinding or swelling them in warm water causes them to burst.
The released starch consists of two fractions. About 20% is a water soluble material called amylose. Molecules of
amylose are linear chains of several thousand glucose units joined by alpha C-1 to C-4 glycoside bonds. Amylose
solutions are actually dispersions of hydrated helical micelles. The majority of the starch is a much higher molecular
weight substance, consisting of nearly a million glucose units, and called amylopectin. Molecules of amylopectin are
branched networks built from C-1 to C-4 and C-1 to C-6 glycoside links, and are essentially water insoluble.
Representative structural formulas for amylose and amylopectin are shown above. The branching in this diagram is
exaggerated, since on average, branches only occur every twenty five glucose units.
Hydrolysis of starch, usually by enzymatic reactions, produces a syrupy liquid consisting largely of glucose. When
cornstarch is the feedstock, this product is known as corn syrup. It is widely used to soften texture, add volume,
prohibit crystallization and enhance the flavor of foods. Glycogen is the glucose storage polymer used by animals. It
has a structure similar to amylopectin, but is even more highly branched (about every tenth glucose unit). The degree
of branching in these polysaccharides may be measured by enzymatic or chemical analysis.

Ketoses
If a monosaccharide has a carbonyl function on one of the inner atoms of the carbon chain it is classified as a ketose.
Dihydroxyacetone may not be a sugar, but it is included as the ketose analog of glyceraldehyde. The carbonyl group
is commonly found at C-2, as illustrated by the following examples (chiral centers are colored red). As expected, the
carbonyl function of a ketose may be reduced by sodium borohydride, usually to a mixture of epimeric products. DFructose, the sweetest of the common natural sugars, is for example reduced to a mixture of D-glucitol (sorbitol) and
D-mannitol, named after the aldohexoses from which they may also be obtained by analogous reduction. Mannitol is
itself a common natural carbohydrate.
Although the ketoses are distinct isomers of the aldose monosaccharides, the chemistry of both classes is linked due
to their facile interconversion in the presence of acid or base catalysts. This interconversion, and the corresponding
epimerization at sites alpha to the carbonyl functions, occurs by way of an enediol tautomeric intermediate.

Because of base-catalyzed isomerizations of this kind, the Tollens' reagent is not useful for distinguishing aldoses
from ketoses or for specific oxidation of aldoses to the corresponding aldonic acids. Oxidation by HOBr is preferred
for the latter conversion.
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