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Bioorganic Chemistry

The key experiment of F.Woehler has 
shown decisively that to produce a car-
bon containing, that is organic com po-
und, we do not need neither the liver 
of a human being or ani mal nor living 
orga nism as a whole. The subsequent 
investi gations of Woehler’s followers, 
which synthesized in artificial condi-
tions other carbon con taining chemicals, 
have confirmed his con ceptions. Thence 
it became evi dent that any organic com-
pound can be produced extra living cells, 
that is in con ditions “in vitro”, i.e. “in vit-
reous flask”.

Bioorganic Chemistry is the part (the 
subdivision) of organic chemistry that 
deals with the carbon compounds, which 
are present in the living organisms – the 
so-called biomolecules. Bioorganic che mistry also studies organic chemicals 
that are applied in medicine as phar maceutical drugs. That is why, bioorganic 
chemistry is the scientific basis for such biomedical sciences and academic 
disciplines as biological chemistry (biochemistry) and pharmacology. 

For today the number of different chemicals, synthesized in laboratories 
and isolated from various inorganic sources or living organisms, is enormous. 
There are about 100 000 inorganic substances, which is small in numbers 
com paring with the vast array of carbon compounds. The number of or-
ganic chemicals recorded for today equals about ten million substances 
and includes both biomolecules and those do not present in nature but 
synthe sized artificially and used in various fields of medicine and tech  nics 
(N. A. Tyukavkina, Yu. I. Baukov, 2005). 

The large, practically unlimited amount of carbon containing chemicals 
is due to the ability of carbon to catenation, which is the ability of the ele-
ment to make up chains or rings formed by the same atoms bonded to 
each other.

F. Wӧhler. German chemist  
(1800–1882)
Through his pioneer works on the syn-
thesis of urea from inorganic precursors 
F. Wöhler put an end to “vis vitalis” con-
cept which inaugurated the birth of bio-
organic chemistry and biochemistry
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1.2. Chemical formulae. Molecular and structural 
formulae. Isomerism. Molecular models 

Chemical formulae are the graphic symbols that depict atomic struc-
ture of molecules. There are molecular formulae and structural formulae of 
chemical compounds. 

Molecular formulae. A molecular formula of any chemical tells us how 
many atoms of each element are included into the molecule of definite com-
pound. 

For example: 
C2H6 ['si: 'tu: 'eitʃ 'siks] – this molecular formula shows that the molecule 

of ethane consists of two carbon atoms and six hydrogen atoms;
C3H8 ['si: 'θri: 'eitʃ 'eit] – this molecular formula shows that the molecule of 

propane consists of three carbon atoms and eight hydrogen atoms.
Structural formulae. Structural formulae show us how the atoms, which 

constitute the molecule of organic compound, are bound together. Chemi-
cal bonds that link individual atoms are represented by lines set out in the 
plane of drawing. The structural formulae can be represented as displayed 
structural formulae, which show all the atoms and bonds, and abbreviated 
structural formulae. 

For example, displayed structural formulae of ethane and propane are:

H—C—C—H H—C—C—C—H

H H

H H

H H H

H H H
Ethane Propane

and abbreviated formulae of these compounds are:

CH3—CH2—CH3CH3—CH3

or even: 

CH3 CH2 CH3CH3 CH3
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We can also draw a skeletal formula of a compound which shows the 
carbon skeleton shape clearly. For example, the skeletal formulae of propane, 
butane, pentane and cyclopentane are as follows:

Propane Pentane CydopentaneButane

The single lines in skeletal formulae represent single bonds and the car-
bon atoms are at the corners of the zigzags.

Isomerism. Isomers
It was established long time ago that the compounds with the same 

molecular formula sometimes can have different chemical and physical prop-
erties that is due to the difference in the arrangement of their atoms inside 
molecule. This phenomenon is called isomerism, and the molecules, which 
represent such structural characteristics, are isomers.

Isomer. An isomer is a molecule, which has the same molecular formula 
and molecular weight as another molecule, but a distinctive molecular struc-
ture. For example, ethanol and dimethyl ether are isomers since they have 
the same molecular formula (C2H6O) and the same molecular weight (46) but 
can be represented by different structural formulae and show quite different 
chemical and physical properties:

dimethyl ether

ethanol{ H3C—CH2—OH

{ H3C—O—CH3

C2H6O

There are two types of isomerism: structural isomerism and stereo
isomerism.

Structural isomerism. Structural (or constitutional) isomers are cha racte-
rized by different organization of atoms bonding inside a molecule. Shown 
above ethanol and dimethyl ether are typical representatives of isomers, which 
differ in the pattern of their atoms and bonds sequences, that is characteristic 
to structural isomers.
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Stereoisomerism. In the molecules of stereoisomers atoms are bonded in 
the same order but are arranged differently in space. The examples of such 
isomers are stereoisomers of such biomolecules as monosaccharides and 
amino acids. The structure of these compounds would be examined in the 
subsequent chapters.

Molecular models 
The atoms, which constitute mole cules of stereoisomers, are differently 

arranged in three-dimensional space. But none of the structural formulae 
represents the three-dimensional shape of the molecule. To achieve this, dif-
ferent kinds of molecular models are applied. The widespread type of these 
are ball-and-stick models (Figure 1.1).

Stereochemical formulae
Notice that the ball-and-stick model shows the tetrahedral arrangement 

of the hydrogen atoms (or any other atoms) around the carbon atoms. To 
depict these spatial interrelations on the two-dimensional surface (of paper, 
blackboard or computer screen) the special types of displayed structural 
formulae are used. These are called stereochemical formulae. The stereo-
chemical formula of ethane is presented in Figure 1.2.

To make up the stereochemical formula of a molecule the special pat terns 
of chemical bonds drawing are used:

bonds which lie on the plane of paper.

bonds directed into the plane of paper;

bonds directed out of the plane of paper;

H
H

Fig. 1.1. Ballandstick model of ethane

H

C
C H

Fig. 1.2. The stereo chemical 
formula of ethane

H H

H H

H HC C

H

H
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1.3. Chemical bonds. Electronic structure  
of carbon-containing compounds

Valence of carbon

The characteristic feature of any chemical element is its valence. The va-
lence is an ability of the atom of any specific element to bind to other atoms 
in the process of chemical bonds forming. The quantitative measure of the 
valence of any atom is the number of hydrogen atoms, which can be maxi-
mally joined to the atom in question. According to this notion the valence of 
hydrogen is regarded as the basic unit of valence that is one.

The valence of carbon in organic compounds equals four. It means that 
carbon can bind four atoms of hydrogen or form four single covalent bonds 
with other univalent elements.

What is covalent bond?
To answer the question we need to consider the conception of chemical 

bonding more carefully.
Сhemical bonding
The chemical bond is the link that joins together two atoms in a molecule. 

There are two major kinds of bonds, that are present in organic compounds. 
They are covalent bonds and ionic bonds. 

Covalent bonds
Covalent bond is formed by a pair of electrons shared between two 

atoms.
The atoms, between which covalent bonds are made up, can be repre-

sented by atoms of carbon (carbon – carbon bonding) or atoms of carbon 
and some other elements (hydrogen, oxygen, nitrogen, phosphorus, sulphur). 
The covalent bonding is a prevalent type of chemical linkage in organic 
compounds. 

Single bonds. σ-bonds
The covalent bond that is formed by one pair of electrons (single bond) 

is depicted by a single line:

—С : С— = —С—С—
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According to certain peculiarities of their electronic construction, the 
single covalent bonds in the molecules of organic compounds are referred 
to as σ-bonds (sigma-bonds). 

The σ-bond is formed by the overlap of two atomic orbitals, one on each 
carbon atom. The bond lies mainly in the region placed directly between 
two atoms nuclei. Owing to this, σ-bonds give the greatest possible electron 
density between the nuclei of atoms which are bonded.

Look at some examples of organic compounds containing single covalent 
bonds (sigma bonds):

H—С—С—H H—С—O—H

H HH

H HH
Ethane Methanol

An atom, that has all of its valences filled with single bonds, is called 
saturated atom. Thus in the examples shown above, all carbon atoms are 
saturated, and such chemicals are saturated organic compounds. 

The covalent single bonds formed between individual carbon atoms 
(C—C bonds) are rather strong from the viewpoint of energy needed for their 
cleavage or bond dissociation (347 kJ/mol) that accounts for the ability of 
carbon to catenation. Moreover, the single bond energies made up by carbon 
with any other elements are about as strong: C—H (414 kJ/mol), C—O (335 
kJ/mol), C—Cl (326 kJ/mol). 

Multiple bonds
Apart from the single bonds there are in organic compounds the multiple 

bonds – double and triple.
Double bonds. The double bonds are formed in a process of sharing two 

pairs of electrons between two atoms: 

С : : С = С С
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For example:

СH2 СH2 СH2 СH—СH3

Ethene Propene

Triple bonds. The triple bonds are formed in a process of sharing three 
pairs of electrons between two atoms. 

—С  C— = —С  C—
For example:

H—С  C—H
acetylene

π-bonds
double and triple bonds include into their electronic composition the so-

called π-bonds (pi-bonds). π-bonds are formed as a result of a sideways 
overlap between two atomic orbitals. Any carbon-carbon double bond is com-
posed of two different types of bonds, the σ-bond and the π-bond (Figure 1.3).

Fig. 1.3. The formation of π-bonds in ethene molecules as the result of side-to-side 
overlap of pzelectrons

C C C C C C

H H H

pZ pZ

H H H
π σ

H H HH H H

Accordingly, the triple bonds are made up of one σ-bond and two π-bonds. 
As far as the overlapping of atomic orbitals in π-bonds is less than in σ-bonds, 
the levels of energy needed to break π-bonds are much lower. Owing to this, 
the organic compounds having double and triple C—C bonds (alkenes and 
alkynes correspondingly) are more susceptible to chemical reactants. 

The atoms, that are attached to other atoms by double or triple bonds, 
are called unsaturated atoms. Accordingly, the chemicals which contain un-
saturated carbon atoms are unsaturated compounds.
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Ionic bonds
Ionic bonds are formed as the result of the action of electrostatic forces 

of attraction between two oppositely charged ions. Appropriate to remind 
that ions are formed when atoms lose or gain electrons. Atoms are electrically 
neutral and ions are charged. Positively charged ions are called cations and 
negatively charged – anions. 

A typical ionic compound is sodium chloride. The charged ions are formed 
as the result of losing one electron by sodium atom and gaining this electron 
by chlorine atom. Thereafter the ionic bond is formed: 

Na  +  Cl  Na+ + Cl–

Na+ + Cl–  Na+Cl–

e–

The ionic bonding in organic compounds is present in the molecules of 
carboxylic acids salts named carboxylates:

R—C R—C + Na+

O O

O–Na+ O–

For example, in the molecule of sodium acetate there are carboxylate 
anion (acetate) and sodium cation:

CH3—C CH3—C + Na+

O O

O–Na+ O–

In water solutions the compounds having ionic bonds are subjected to 
electrolytic dissociation, giving rise to free anions and cations (see equations 
above).
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1.4. Classification of organic compounds.  
Functional groups

As shown above, carbon atoms can produce strong covalent C—C bonds 
thus forming long straight (unbranched), branched and cyclic chains. Owing 
to this, the number of conceivable organic compounds is practically unli mited. 
For that reason the framing of rational rules for classifying and naming of 
organic compounds is the task of great importance. 

Classification of organic compounds
The comprehensive classification of organic compounds presented below 

includes three ample divisions. This partition is based on the characteristics of 
the covalent backbone of organic compounds which consist of carbon atoms 
and occasionally of some other chemical elements (heteroatoms).

These divisions are:
1. Acyclic compounds. Acyclic compounds (or aliphatic compounds) 

are organic chemicals that have open chains of carbon atoms. The acyclic 
compounds can be represented by unbranched or branched chains of atoms.

For example:

CH3—CH2—CH2—CH2—CH2—CH3

CH2 CH2 CH2 CH—CH2—CH3

Hexane

Ethene But-1-ene (butene-1)

4-Ethyl-3-methylheptane

CH3—CH2—CH—CH—CH2—CH2—CH3

CH3 

CH3 

CH2

This class of organic chemicals is represented mostly by numerous hy-
drocarbons that is the compounds which consist of atoms of carbon and 
hydrogen only and their derivatives. The molecules of acyclic hydrocarbons 
can be saturated (called alkanes – hexane and 4ethyl3methylheptane) or 
unsaturated – alkenes (ethene, butene1) in the examples above, alkadienes 
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and alkynes. More elaborately the structure and properties of different kinds 
of hydrocarbons are to be discussed in the Chapter 2.

2. Carbocyclic compounds. Carbocyclic (ring) compounds – organic 
chemicals that include chains of carbon atoms closed in a ring. Depending 
on certain distinctions in the structure of carbon rings (especially their satura-
tion), carbocyclic compounds can be in turn divided into alicyclic (i.e. aliphatic 
cyclic) and aromatic hydrocarbons (arenes).

For example, cyclopentane, cyclohexane and methylcyclohexane repre sent 
alicyclic hydrocarbons, benzene is the key representative of aromatic hydro-
carbons, naphthalene is polycyclic aromatic hydrocarbon, and benzoic acid 
is aromatic carboxylic acid:

C

C

CH2
H2C

H2C

H2

H2

Cyclopentane

C

C

CH2

CH2H2C

H2

H2

H2C

Cyclohexane Methylcyclohexane

CH3

Benzene Benzoic acid Naphthalene

COOH

3. Heterocyclic compounds. Heterocyclic compounds (or simply hete ro
cycles) are organic chemicals that have certain heteroatoms (predomi-nantly 
N, O or S) included in the structure of their cycles. 

The examples of heterocyclic compounds are five-membered pyrrole and 
thiophene and six-membered pyridine:

Benzene Benzoic acid Naphthalene

N
H

N S
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Functional groups. Classes of organic compounds

Chemical reactions, which organic molecules can undergo, depend in 
a great deal upon the presence of the particular functional group. 

The point is that the carbon atom, forming the backbone of organic mol-
ecule, has the ability to bind with the atoms different from hydrogen. When 
this happens, the properties of the organic molecule change essentially. When 
we substitute another atom or a group of atoms for a hydrogen atom which 
is initially present in the structure of any hydrocarbon molecule, we call this 
atom or group a functional group.

According to the occurrence of the particular functional group, organic 
molecules are divided into definite classes presented in Table 1.1.

Table 1.1. Functional groups and classes of organic compounds

Functional 
group

Name of class 
of compound Typical examples

—X
X = F, Cl, Br, I Halogenoalkanes C2H2—Cl (chloroethane)

—OH Alcohols, phenols C2H5—Cl (ethanol)
C6H5—Cl (phenol)

 C O
Aldehydes, 
ketones

CH3—CHO (methanal, formaldehyde)
CH3—CO—CH3 (propanone, acetone)

—COOH Carboxylic acids CH3—COOH (ethanoic acid, acetic acid)

—CO—OR’ Esters CH3—CO—O—C2H5 (ethyl ethanoate,
ethyl acetate)

—NH2 Amines CH3—NH2 (methylamine)

—CO—NH2 Amides CH3—CO—NH2 (ethanamide)
C6H5—CO—NH2 (benzamide)

—NO2 Nitrates C6H5—NO2 (nitrobenzene)

—SH Thiols HO—CH2—CH2—SH (2-mercapto ethanol)

Thus, a functional group is an atom or a group of atoms which determines 
the set of chemical properties an organic molecule possesses. Moreover, it is 
usually a functional group that provides the reaction site of the molecule of 




