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20.5: Amines and Amides

&b Learning Objectives

o Describe the structure and properties of an amine
e Describe the structure and properties of an amide

Amines are molecules that contain carbon-nitrogen bonds. The nitrogen atom in an amine has a lone pair of electrons and three
bonds to other atoms, either carbon or hydrogen. Various nomenclatures are used to derive names for amines, but all involve the
class-identifying suffix —ine as illustrated here for a few simple examples:
CHg—.ll\i—H CHs —N—CHjs CHg—ixli—CH3
H H CHz

methyl amine dimethyl amine trimethyl amine

Figure 20.5.1) is one such heterocyclic amine. A heterocyclic compound contains atoms of two or more different elements in its
ring structure.
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Figure 20.5.1: The illustration shows one of the resonance structures of pyridine.

X DNA in Forensics and Paternity

The genetic material for all living things is a polymer of four different molecules, which are themselves a combination of three
subunits. The genetic information, the code for developing an organism, is contained in the specific sequence of the four
molecules, similar to the way the letters of the alphabet can be sequenced to form words that convey information. The
information in a DNA sequence is used to form two other types of polymers, one of which are proteins. The proteins interact to
form a specific type of organism with individual characteristics.

A genetic molecule is called DNA, which stands for deoxyribonucleic acid. The four molecules that make up DNA are called
nucleotides. Each nucleotide consists of a single- or double-ringed molecule containing nitrogen, carbon, oxygen, and
hydrogen called a nitrogenous base. Each base is bonded to a five-carbon sugar called deoxyribose. The sugar is in turn bonded
to a phosphate group (—POi_) When new DNA is made, a polymerization reaction occurs that binds the phosphate group of
one nucleotide to the sugar group of a second nucleotide. The nitrogenous bases of each nucleotide stick out from this sugar-
phosphate backbone. DNA is actually formed from two such polymers coiled around each other and held together by hydrogen
bonds between the nitrogenous bases. Thus, the two backbones are on the outside of the coiled pair of strands, and the bases
are on the inside. The shape of the two strands wound around each other is called a double helix (Figure 20.5.2).

It probably makes sense that the sequence of nucleotides in the DNA of a cat differs from those of a dog. But it is also true that
the sequences of the DNA in the cells of two individual pugs differ. Likewise, the sequences of DNA in you and a sibling differ
(unless your sibling is an identical twin), as do those between you and an unrelated individual. However, the DNA sequences
of two related individuals are more similar than the sequences of two unrelated individuals, and these similarities in sequence
can be observed in various ways. This is the principle behind DNA fingerprinting, which is a method used to determine
whether two DNA samples came from related (or the same) individuals or unrelated individuals.
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Figure 20.5.2: DNA is an organic molecule and the genetic material for all living organisms. (a) DNA is a double helix
consisting of two single DNA strands hydrogen bonded together at each nitrogenous base. (b) This detail shows the hydrogen
bonding (dotted lines) between nitrogenous bases on each DNA strand and the way in which each nucleotide is joined to the
next, forming a backbone of sugars and phosphate groups along each strand. (c) This detail shows the structure of one of the
four nucleotides that makes up the DNA polymer. Each nucleotide consists of a nitrogenous base (a double-ring molecule, in
this case), a five-carbon sugar (deoxyribose), and a phosphate group.

Using similarities in sequences, technicians can determine whether a man is the father of a child (the identity of the mother is
rarely in doubt, except in the case of an adopted child and a potential birth mother). Likewise, forensic geneticists can
determine whether a crime scene sample of human tissue, such as blood or skin cells, contains DNA that matches exactly the
DNA of a suspect.

Like ammonia, amines are weak bases due to the lone pair of electrons on their nitrogen atoms:

H +
. . !
H—N—H + H* ——> |H—N—H
H H
ammonia a-mmonium ion
H +
CH;—N—H + H* ——> [CH;—N—H
H H
methyl amine meth-yl ammonium ion

The basicity of an amine’s nitrogen atom plays an important role in much of the compound’s chemistry. Amine functional groups
are found in a wide variety of compounds, including natural and synthetic dyes, polymers, vitamins, and medications such as
penicillin and codeine. They are also found in many molecules essential to life, such as amino acids, hormones, neurotransmitters,
and DNA.
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20.5.1: Addictive Alkaloids

Since ancient times, plants have been used for medicinal purposes. One class of substances, called alkaloids, found in many of
these plants has been isolated and found to contain cyclic molecules with an amine functional group. These amines are bases. They
can react with H30" in a dilute acid to form an ammonium salt, and this property is used to extract them from the plant:

R;N+H,0" +ClI” — [Ry,NH']CI” +H,0
The name alkaloid means “like an alkali.” Thus, an alkaloid reacts with acid. The free compound can be recovered after extraction
by reaction with a base:

[R;NH"]CI” +OH™ — R;N+H,0+Cl”

The structures of many naturally occurring alkaloids have profound physiological and psychotropic effects in humans. Examples of
these drugs include nicotine, morphine, codeine, and heroin. The plant produces these substances, collectively called secondary
plant compounds, as chemical defenses against the numerous pests that attempt to feed on the plant:

/C=O o=
CH3 CH3

codeine heroin

Figure 20.5.3).

Figure 20.5.3: Poppies can be used in the production of opium, a plant latex that contains morphine from which other opiates, such
as heroin, can be synthesized. (credit: Karen Roe)

Amides are molecules that contain nitrogen atoms connected to the carbon atom of a carbonyl group. Like amines, various
nomenclature rules may be used to name amides, but all include use of the class-specific suffix -amide:
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Amides can be produced when carboxylic acids react with amines or ammonia in a process called amidation. A water molecule is
eliminated from the reaction, and the amide is formed from the remaining pieces of the carboxylic acid and the amine (note the
similarity to formation of an ester from a carboxylic acid and an alcohol discussed in the previous section):

o o}
CH3—CH,—C—OH + H—N—CH; ————> CHs—CH,—C—N—CH; + H,0

H H

carboxylic acid amine amide water

The reaction between amines and carboxylic acids to form amides is biologically important. It is through this reaction that amino
acids (molecules containing both amine and carboxylic acid substituents) link together in a polymer to form proteins.

20.5.2: Proteins and Enzymes

Proteins are large biological molecules made up of long chains of smaller molecules called amino acids. Organisms rely on proteins
for a variety of functions—proteins transport molecules across cell membranes, replicate DNA, and catalyze metabolic reactions, to
name only a few of their functions. The properties of proteins are functions of the combination of amino acids that compose them
and can vary greatly. Interactions between amino acid sequences in the chains of proteins result in the folding of the chain into
specific, three-dimensional structures that determine the protein’s activity.

Amino acids are organic molecules that contain an amine functional group (~NHj), a carboxylic acid functional group (-COOH),
and a side chain (that is specific to each individual amino acid). Most living things build proteins from the same 20 different amino
acids. Amino acids connect by the formation of a peptide bond, which is a covalent bond formed between two amino acids when
the carboxylic acid group of one amino acid reacts with the amine group of the other amino acid. The formation of the bond results
in the production of a molecule of water (in general, reactions that result in the production of water when two other molecules
combine are referred to as condensation reactions). The resulting bond—between the carbonyl group carbon atom and the amine
nitrogen atom is called a peptide link or peptide bond. Since each of the original amino acids has an unreacted group (one has an
unreacted amine and the other an unreacted carboxylic acid), more peptide bonds can form to other amino acids, extending the
structure. (Figure 20.5.4) A chain of connected amino acids is called a polypeptide. Proteins contain at least one long polypeptide

chain.
Amino acid Amino acid
H H o] H H (o]
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Figure 20.5.4: This condensation reaction forms a dipeptide from two amino acids and leads to the formation of water.
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Enzymes are large biological molecules, mostly composed of proteins, which are responsible for the thousands of metabolic
processes that occur in living organisms. Enzymes are highly specific catalysts; they speed up the rates of certain reactions.
Enzymes function by lowering the activation energy of the reaction they are catalyzing, which can dramatically increase the rate of
the reaction. Most reactions catalyzed by enzymes have rates that are millions of times faster than the noncatalyzed version. Like
all catalysts, enzymes are not consumed during the reactions that they catalyze. Enzymes do differ from other catalysts in how
specific they are for their substrates (the molecules that an enzyme will convert into a different product). Each enzyme is only
capable of speeding up one or a few very specific reactions or types of reactions. Since the function of enzymes is so specific, the
lack or malfunctioning of an enzyme can lead to serious health consequences. One disease that is the result of an enzyme
malfunction is phenylketonuria. In this disease, the enzyme that catalyzes the first step in the degradation of the amino acid
phenylalanine is not functional (Figure 20.5.5). Untreated, this can lead to an accumulation of phenylalanine, which can lead to
intellectual disabilities.

Figure 20.5.5: A computer rendering shows the three-dimensional structure of the enzyme phenylalanine hydroxylase. In the
disease phenylketonuria, a defect in the shape of phenylalanine hydroxylase causes it to lose its function in breaking down
phenylalanine.

20.5.3: Kevlar

Kevlar (Figure 20.5.6) is a synthetic polymer made from two monomers 1,4-phenylene-diamine and terephthaloyl chloride (Kevlar
is a registered trademark of DuPont). Kevlar’s first commercial use was as a replacement for steel in racing tires. Kevlar is
typically spun into ropes or fibers. The material has a high tensile strength-to-weight ratio (it is about 5 times stronger than an equal
weight of steel), making it useful for many applications from bicycle tires to sails to body armor.
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Figure 20.5.6: This illustration shows the formula for polymeric Kevlar.

The material owes much of its strength to hydrogen bonds between polymer chains (refer back to the chapter on intermolecular
interactions). These bonds form between the carbonyl group oxygen atom (which has a partial negative charge due to oxygen’s

electronegativity) on one monomer and the partially positively charged hydrogen atom in the N-H bond of an adjacent monomer in
the polymer structure (dashed lines in Figure 20.5.7). There is additional strength derived from the interaction between the
unhybridized p orbitals in the six-membered rings, called aromatic stacking.
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Figure 20.5.7: The diagram shows the polymer structure of Kevlar, with hydrogen bonds between polymer chains represented by
dotted lines.

protect armored fighting vehicles and aircraft carriers. Civilian applications include protective gear for emergency service
personnel such as body armor for police officers and heat-resistant clothing for fire fighters. Kevlar based clothing is considerably
lighter and thinner than equivalent gear made from other materials (Figure 20.5.8).

Figure 20.5.8: (a) These soldiers are sorting through pieces of a Kevlar helmet that helped absorb a grenade blast. Kevlar is also
used to make (b) canoes and (c) marine mooring lines. (credit a: modification of work by “Cla68”/Wikimedia Commons; credit b:
modification of work by “OakleyOriginals”/Flickr; credit c: modification of work by Casey H. Kyhl)

In addition to its better-known uses, Kevlar is also often used in cryogenics for its very low thermal conductivity (along with its
high strength). Kevlar maintains its high strength when cooled to the temperature of liquid nitrogen (—196 °C).

The table here summarizes the structures discussed in this chapter:
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Compound Structure of Compound Example
Name and Functional Group (red) — YR
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b J >
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acl R—C—O0—H 3
H oM
ester . CH4CO,CH,CH 2 ethyl acetate
R—C—O—R' 3C00H0H;, M Y
R—N—H R—N—H R—N—R"
amine | | | C,HgNH, ,v > ethylamine
H R R N
HoN
amide R—C—N—R' CH;CONH, ’&J acetamide
H

Summary

The addition of nitrogen into an organic framework leads to two families of molecules. Compounds containing a nitrogen atom
bonded in a hydrocarbon framework are classified as amines. Compounds that have a nitrogen atom bonded to one side of a
carbonyl group are classified as amides. Amines are a basic functional group. Amines and carboxylic acids can combine in a
condensation reaction to form amides.

Glossary

amine
organic molecule in which a nitrogen atom is bonded to one or more alkyl group

amide
organic molecule that features a nitrogen atom connected to the carbon atom in a carbonyl group
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