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Program of course “MEDICAL CHEMISTRY”
for the first-year students of the School of Medicine

Module 1. “Acid-base equilibria and complex formation in biological liquids”.
1. Biogenic s- and p- block elements: biological role, application in medicine.
2. Biogenic d- block elements: biological role, application in medicine.
3. Chemical bonding.
4. Solutions. Electrolytic dissociation.
5. Acid-base equilibrium in biological liquids.
6. Dissociation of water, pH scale. Buffer solutions. 
7. Colligative properties of solutions.

Practice for Module 1: 4 seminars, 4 tests, 4 praxis and final test.

Module 2. “Equilibrium in biological systems at the phase interface”.
1. Chemical thermodynamics. Thermochemistry.
2. Kinetics of biochemical processes.
3. Electrochemical phenomena in biological processes.
4. Colloidal solutions and colloid stability.
5. Electric double layer and electrokinetic phenomena. Adsorption. Chromatography.
6. Properties of polymer solutions.

Practice for Module 2: 4 seminars, 4 tests, 4 praxis and final test.
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Grades for Modules

33

Type of the work Points

Test 15
4 tests × 15 = 60

Praxis 15
4 praxis × 15 = 60

Final Test 80
1 Final Test × 80 = 80

In total: 200

Grading for the Module No. 1 is according to the “Two-level Grade”.
Final Graded Credit according to the “Four-level Grade” is calculated as average 

points of two Modules (No. 1 and No. 2) and placed to the student’s Diploma 
Appendix.

Points Module No. 1
(Two-level Grade)

Final Graded Credit
(Four-level Grade)

200 – 180 credit excellent

179 – 150 credit good

149 – 120 credit satisfactorily

119 – 0 not credited unsatisfactorily
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LLectureecture topicstopics
√√ Fundamentals of chemistry.
√√ Classification of chemical elements.
√√ Classification of biogenic elements.
√√ Periodic law and Periodic table.
√ Three important atomic properties: the atomic and ionic radii, the 
ionization energy, and the electron affinity.
√√ Chemical bond.
√√ Ionic bond. Ionic bond. 
√√ Covalent bond.Covalent bond.
√√ Electronegativity of the elements and the type of the bond. 
√√ Coordination compounds.
√√ Structure of coordination compounds.Structure of coordination compounds.
√√ Stability constants. Stability constants. 
√√ CoordinatCoordinationion compounds in living systems.compounds in living systems.
√√ Amino acids and their derivatives as Amino acids and their derivatives as ligandsligands..
√√ Nucleic acids and their derivatives as Nucleic acids and their derivatives as ligandsligands..
√√ CoordinationCoordination compoundscompounds ofof FeFe in living systems.in living systems.
√√ CoordinationCoordination compoundscompounds ofof FeFe andand MgMg in living systems.in living systems.
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Chemistry is the study of matter, its composition, structure and properties, 
and the chemical changes it undergoes. 

Matter is   anything that occupies space and has mass.
A substance is   a form of matter that has a definite (constant) 

composition and distinct properties.  Examples are water, ammonia, sugar, 
gold, oxygen, and etc.

Substances can be either elements or compounds. An   element is   a 
substance that cannot be separated into simpler substances by chemical 
means. 

The symbols of some elements are derived from their Latin names – for example, Au from   
aurum  (gold), Fe from   ferrum (iron), and Na from   natrium (sodium) – whereas most of them 
come from their English names.

On the basis of  atomic theory, we can define an atom as  the basic 
unit of an element that can enter into chemical combination. 

Atoms actually possess internal structure; that is, they are made up of 
electrons, protons, and neutrons.

FFundamentalsundamentals of chemistry of chemistry 
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The atomic numberThe atomic number (Z) is (Z) is the number of protonsthe number of protons in the nucleus of each in the nucleus of each 
atom of an element. As atom is a neutral particle atom of an element. As atom is a neutral particle the number of protons is the number of protons is 
equal to the number of electronsequal to the number of electrons, so the atomic number also shows the , so the atomic number also shows the 
number of electrons in the atom. number of electrons in the atom. 

The mass numberThe mass number (A) of an atom is (A) of an atom is the total number of neutrons and the total number of neutrons and 
protonsprotons present in the nucleus of an  atom of an element. present in the nucleus of an  atom of an element. The number of The number of 
neutronsneutrons in an atom is equal to  the difference between the mass number in an atom is equal to  the difference between the mass number 
and the atomic number. and the atomic number. 

A  moleculeA  molecule is an aggregate of at least two atoms in a definite is an aggregate of at least two atoms in a definite 
arrangement held together by arrangement held together by chemical  forceschemical  forces (also called (also called chemical bondschemical bonds). ). 
A molecule may contain atoms of the same element or atoms of twoA molecule may contain atoms of the same element or atoms of two or more or more 
elements joined in a fixed ratio. elements joined in a fixed ratio. 

An ionAn ion is an atom or a group of atoms that has is an atom or a group of atoms that has a net positive or negative a net positive or negative 
chargecharge. The loss of one or more electrons from a neutral atom results . The loss of one or more electrons from a neutral atom results in a  in a  
cationcation, an ion with , an ion with a net positive chargea net positive charge. The acceptance of . The acceptance of electron(selectron(s) by ) by 
an atom results in an atom results in an anionan anion, a particle with , a particle with a net negative chargea net negative charge..

FFundamentalsundamentals of chemistry of chemistry 
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FigureFigure 11. . The atom. The atom. 
TheThe protonsprotons andand neutronsneutrons ofof anan atomatom areare packedpacked inin anan
extremelyextremely smallsmall nucleusnucleus.. ElectronsElectrons areare shownshown asas ‘‘cloudsclouds’’
aroundaround thethe nucleusnucleus..

FFundamentalsundamentals of chemistry of chemistry 
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Classification of chemical elementsClassification of chemical elements
√√ naturalnatural and and artificialartificial;;
√√ metalsmetals and and nonmetalsnonmetals;;
√√ according to the structure of outeraccording to the structure of outer energyenergy levellevel ((incompletelyincompletely filledfilled

subshellssubshells)): : ss--, , pp--, , dd-- and  and  ff--elements;elements;
√√ according to distribution on Earth's crust (widespread and rareaccording to distribution on Earth's crust (widespread and rare). Of the ). Of the 

83 elements that are found in nature, 12 make up 99.7% of Earth83 elements that are found in nature, 12 make up 99.7% of Earth’’s crust by s crust by 
mass. They are, in decreasing order of natural abundance, oxygenmass. They are, in decreasing order of natural abundance, oxygen (O), (O), 
silicon (silicon (SiSi), aluminum (Al), iron (Fe), calcium (Ca), magnesium (Mg), sodiu), aluminum (Al), iron (Fe), calcium (Ca), magnesium (Mg), sodium m 
(Na), potassium (K), titanium (Ti), hydrogen (H), phosphorus (P)(Na), potassium (K), titanium (Ti), hydrogen (H), phosphorus (P), and , and 
manganese (manganese (MnMn); ); 

√√ radioactive elements (atomic nuclei are unstable), e.g. astatinradioactive elements (atomic nuclei are unstable), e.g. astatine (At),  e (At),  
polonium (Po);polonium (Po);

√√ according to  importance for according to  importance for humanhuman and animal organisms and animal organisms 
((organogenicorganogenic and biogenic).and biogenic).
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FigureFigure 22. . NNaturalatural abundanceabundance of the elements . of the elements . 
(a)(a) Natural abundance of the elements in percent by Natural abundance of the elements in percent by 

mass. mass. 
(b)(b) Abundance of elements in the human body in percent Abundance of elements in the human body in percent 

by mass.by mass.

For example, oxygen’s abundance is 45.5 percent. This means that in a 
100 g sample of Earth’s crust there are, on the average, 45.5 g of the 
element oxygen.
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Classification of biogenic elementsClassification of biogenic elements
√√ ChemicalChemical elementselements essentialessential toto lifelife formsforms cancan bebe brokenbroken downdown intointo fourfour
majormajor categoriescategories: : 

1) 1) bulkbulk elementselements (H, C, N, O, P, S); (H, C, N, O, P, S); 
2) 2) macromineralsmacrominerals ((NaNa, K, , K, MgMg, , CaCa, , ClCl); ); 
3) 3) tracetrace elementselements ((FeFe, , ZnZn, , CuCu); ); 
4) 4) ultratraceultratrace elementselements, , comprisedcomprised ofof nonmetalsnonmetals (F, I, (F, I, SeSe, , SiSi, , AsAs, B) , B) andand

metalsmetals ((MnMn, , MoMo, , CoCo, , CrCr, V, , V, NiNi, , CdCd, , SnSn, , PbPb, , LiLi). ). 

√√ Biological eBiological essentialityssentiality of these elements of these elements hashas beenbeen defineddefined byby certaincertain
criteriacriteria: : 

1) 1) aa physiologicalphysiological deficiencydeficiency appearsappears whenwhen thethe elementelement isis removedremoved fromfrom
thethe dietdiet; ; 

2) 2) thethe deficiencydeficiency isis relievedrelieved byby thethe additionaddition ofof thatthat elementelement toto thethe dietdiet; ; 
3) a 3) a specificspecific biologicalbiological functionfunction isis associatedassociated withwith thethe elementelement..
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BioelementsBioelements can be can be dividedivided for d for 
physiologicalphysiological processprocesseses as following:as following:
√√ Elements for Elements for physiologicalphysiological processprocesseses in in bioliquidsbioliquids (C, H, O, N, P, (C, H, O, N, P, ClCl, K, , K, 

Na, Ca, Mg).Na, Ca, Mg).
√√ Elements  for Elements  for metabolismmetabolism (Fe, Zn, Cu, Mo, Co, I).(Fe, Zn, Cu, Mo, Co, I).
Of special interest are the trace elements, such as iron (Fe), copper (Cu), zinc 

(Zn), iodine (I), and cobalt (Co), which together make up about 0.1 percent of the 
body’s mass. These elements are necessary for biological functions such as 
growth, transport of oxygen for metabolism, and defense against disease. There is 
a delicate balance in the amounts of these elements in our bodies. Too much or too 
little over an extended period of time can lead to serious illness, retardation, or 
even death.

√√ Elements Elements decreasdecreasinging generationgeneration and and growthgrowth of of microorganismmicroorganismss (As, (As, SbSb, , 
Ag).Ag).

√√ Elements for regulation of Elements for regulation of redoxredox reactionsreactions ((MnMn, Cu, Cr)., Cu, Cr).



13131313

Periodic law and Periodic tablePeriodic law and Periodic table
Recognition of periodic regularities in physical 

and chemical behavior and the need to organize 
the large volume of available information about the 
structure and properties of elements and their 
compounds led to the development of the periodic 
law by Russian chemist D.I.Mendeleev. 

The modern periodic law: the physical and
chemical properties of elements are periodic
functions of their atomic numbers.

Visual expression of the periodic law is the 
periodic table – a chart in which elements having 
similar chemical and physical properties are grouped 
together. 

Russian chemist Russian chemist 
D.I.MendeleevD.I.Mendeleev

The periodic table is a handy tool that correlates the properties of the
elements in a systematic way and helps us to make predictions about
chemical behavior.
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IUPAC – International Union of Pure and Applied Chemistry
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Periodic Table of elements: the 1Periodic Table of elements: the 1--18 group 18 group 
designation has been recommended by the IUPACdesignation has been recommended by the IUPAC
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Periodic TablePeriodic Table
√√ InIn modern periodic tablemodern periodic table the elements are arranged by atomic the elements are arranged by atomic 

number number in horizontal rowsin horizontal rows called called periodsperiods and and in vertical columnsin vertical columns known known 
as as groups or familiesgroups or families, according to similarities in their chemical , according to similarities in their chemical 
properties. properties. 

√√ All elements can be divided into three categories All elements can be divided into three categories –– metals, metals, 
nonmetals, and metalloids. nonmetals, and metalloids. 

√√ Elements are often referred collectively by their group number Elements are often referred collectively by their group number (Group (Group 
1A, Group 2A, and so on). However, for convenience, some element1A, Group 2A, and so on). However, for convenience, some element
groups have been given special names. groups have been given special names. 

Group 1A elementsGroup 1A elements (Li, Na, K, (Li, Na, K, RbRb, Cs, and Fr) are called , Cs, and Fr) are called alkali alkali 
metals. metals. 

Group 2A elementsGroup 2A elements (Be, Mg, Ca, (Be, Mg, Ca, SrSr, , BaBa, and Ra) are called , and Ra) are called alkaline alkaline 
earth metals. earth metals. 

Elements in Group 7AElements in Group 7A (F, (F, ClCl, Br, I, and At) are known as , Br, I, and At) are known as halogens.halogens.
Elements in Group 8AElements in Group 8A (He, (He, NeNe, , ArAr, Kr, , Kr, XeXe, and , and RnRn) are called ) are called noble noble 

gases (or rare gases). gases (or rare gases). 
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Three important atomic propertiesThree important atomic properties

The fitness of an element for The fitness of an element for a biological rolea biological role is a consequence of is a consequence of 
electronic structureelectronic structure. . 

We now need to understand We now need to understand how electronic structure affects atomic how electronic structure affects atomic 
and ionic radii, and the thermodynamic ability of an atom to reland ionic radii, and the thermodynamic ability of an atom to release or ease or 
acquire electrons to form ions or chemical bonds.acquire electrons to form ions or chemical bonds.

Three important atomic propertiesThree important atomic properties: : 
√√ the atomic and ionic radii, the atomic and ionic radii, 
√√ the ionization energy, the ionization energy, 
√√ and the electron affinity. and the electron affinity. 

These properties are of great significance in chemistry and biolThese properties are of great significance in chemistry and biology, ogy, 
for they are controls on the number and types of chemical bonds for they are controls on the number and types of chemical bonds the the 
atom can form. atom can form. 

Indeed, we can use these properties to reveal an important reasoIndeed, we can use these properties to reveal an important reason n 
for the unique role of carbon in biology.for the unique role of carbon in biology.
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Atomic and ionic radiiAtomic and ionic radii
The atomic radius of an element is half the distance between theThe atomic radius of an element is half the distance between the

centers of neighboring atoms in a solidcenters of neighboring atoms in a solid (such as Cu) or, for nonmetals, in a (such as Cu) or, for nonmetals, in a 
homonuclearhomonuclear molecule (such as Hmolecule (such as H22 or Sor S88). ). 

If there is one single attribute of an element that determines If there is one single attribute of an element that determines its its 
chemical propertieschemical properties (either directly, or indirectly through the variation of (either directly, or indirectly through the variation of 
other properties), then it is other properties), then it is atomic radiusatomic radius..

In general, In general, atomic radii decrease from left to right across a period atomic radii decrease from left to right across a period 
and increase down each group. and increase down each group. 

The ionic radius of an element is its share of the The ionic radius of an element is its share of the 
distance between neighboring ions in an ionic solid. distance between neighboring ions in an ionic solid. 
That is, the distance between the centers of a That is, the distance between the centers of a 
neighboring neighboring cationcation and anion is the sum of the two and anion is the sum of the two 
ionic radii. ionic radii. 
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TableTable lists the radii of some ions that play important roles in lists the radii of some ions that play important roles in 
biochemical processes.biochemical processes.

Atomic and ionic radiiAtomic and ionic radii
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Ionization energyIonization energy
The minimum energy necessary to remove an electron from a many-electron 

atom is its first ionization energy,  I1. The  second ionization energy,  I2, is the 
minimum energy needed to remove a second electron (from the singly charged 
cation):

The ionization energy of an element plays a central role in determining 
the ability of its atoms to participate in bond formation. 

After atomic radius, it is the most important property for determining an 
element’s chemical characteristics.
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The electron affinity, Eea, is the difference in energy between a neutral 
atom and its anion. 

It is the energy released in the process
E(g) + e−(g) → E−(g)   Eea = E(E) − E(E−) 

The electron affinity is positive if the anion has a lower energy than the 
neutral atom.

Electron affinityElectron affinity

Further analysis of ionization energies and electron affinities can begin 
to tell us why carbon is an essential building block of complex biological 
structures. 

Among the elements in Period 2, C has intermediate values of the ionization 
energy and electron affinity, so it can share electrons (that is, form covalent bonds) 
with many other elements, such as H, N, O, S, and, more importantly, other C 
atoms. 

As a consequence, such networks as long carbon–carbon chains (as in lipids) 
and chains of peptide links can form readily. Because the ionization energy and 
electron affinity of C are neither too high nor too low, the bonds in these covalent 
networks are neither too strong nor too weak. 

As a result, biological molecules are sufficiently stable to form viable organisms 
but are still susceptible to dissociation (essential to catabolism) and rearrangement 
(essential to anabolism). 
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Chemical bond
Atoms of most elements can interact with one another to form 

compounds.
The forces that hold these atoms together in compounds are 

called chemical bonds.
When atoms interact to form a chemical bond, only their outer 

electronic shells are in contact. For this reason, when we study 
chemical bonding, we are concerned with the valence electrons 
of the atoms.

! ! ! In general, the bonding of the atoms lowers the potential 
energy of the reacting particles. As the electron configuration and 
the strength of the nucleus-electron attraction determine the 
properties of an atom, the type and strength of chemical bonds 
determine the properties of a forming substance.
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Ionic bond
An ionic bond is the electrostatic force that holds ions together in an ionic

compound. 

For example, the reaction between lithium and fluorine to form lithium fluoride. 
The electronic configuration of lithium is 1s22s1, and that of fluorine is 1s22s22p5. 
When lithium and fluorine atoms come in contact with each other, the outer 2s1

valence electron of lithium is transferred to the fluorine atom. After this process 
the ions with stable electronic configurations are formed. The lithium cation (Li+) 
has electronic configuration like helium atom, 1s2; the fluorine anion (F–) – like 
neon, 1s22s22p6. The ionic bond in LiF is formed by the electrostatic attraction 
between the positively charged lithium ion and the negatively charged fluoride 
ion. The compound itself is electrically neutral.
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Ionic bond
Ionic bonding occurs between elements when the energy required to remove 

the outer shell electrons (the ionization energy) of one of reacting elements is 
relatively low. Elements with such low ionization energies are metals. Non-
metals generally contain more than three electrons in the outer shells of their 
atoms and have high tendency to accept electrons from another atoms. 
Consequently substances formed by typical metals and nonmetals are ionic.

In the formation of an ionic compound such as LiF or CaO, it is not only the 
electron transfer leads to formation of a stable substance. Much more energy 
lowering value corresponds to the process of interaction of the gaseous ions giving 
a crystalline solid.

The lattice energy is defined as the energy needed to separate the ions in one 
mole of a solid substance to give a gaseous ions. For example, this value for NaF
equals 910 kJ/mol, for NaCl: 788 kJ/mol, for CsI: 613 kJ/mol. 

The lattice energy indicates the strength of ionic interactions, which 
influences melting point, hardness, solubility, and other properties of ionic crystalls.
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Covalent bond
When two or more non-metals combine their atoms have to share 

electrons forming common electronic pair and achieving the stable electronic 
configuration of a noble gas. This type of bonding is called covalent bonding. 

So, in this type of chemical bond two electrons are shared by two atoms.
For the simplicity, the shared pair of electrons is often represented in the 

molecule by a single line. Thus, the covalent bond in the hydrogen molecule can 
be written as H–H, in hydrogen chloride molecule as H–Cl. 

In a covalent bond, each electron in a shared pair is attracted to the nuclei of 
both atoms. This attraction holds the two atoms in the molecule together and is 
responsible for the formation of covalent bonds in other molecules. ! Covalent 
bonding between many-electron atoms involves only the valence electrons. 
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Covalent bond

OH H C OO  C C
H

H

H

H
N N  

 

If two atoms are held together by one electron pair, the bond is called a single
bond. 

Sometimes, more than one pair of electrons is shared. For example, oxygen gas 
molecule, O2. Here, each oxygen shares two pairs of electrons to achieve the
electron configuration of neon. The structural formula of oxygen molecule is written 
as O = O. 

If two atoms share two pairs of electrons, the covalent bond is called a double
bond. Double bonds exist in molecules of carbon dioxide and ethylene. In a 
molecular structure, where three pairs of electrons are shared, the bond is called a 
triple bond, for example in nitrogen molecule, N2.

! For the predicting whether compounds are ionic or covalent we use general rule:
metal + non-metal → ionic bonding,
non-metal + non-metal → covalent bonding.
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Electronegativity of the elements 
and the type of the bond

In a molecule like H2, in which the atoms are identical, the electrons to 
be equally attracted by two hydrogen nucleus. However, if we have the 
covalently bonded HF molecule, the H and F atoms do not share the 
bonding electrons equally, because H and F atoms are characterized by 
different ability to attract electrons. The bond in HF is called a polar 
covalent bond, because the electrons are shifted in the vicinity of the 
fluorine atom.

A property of atoms that helps us distinguish a nonpolar covalent bond 
from a polar covalent bond is electronegativity, ! the ability of an atom to 
attract toward itself the electrons in a chemical bond. 

An atom such as fluorine, which has a high electron affinity (tends to 
pick up electrons easily) and a high ionization energy (does not lose 
electrons easily), has a high electronegativity. On the other hand, 
sodium has a low electron affinity, a low ionization energy, and a low 
electronegativity.
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Electronegativity
Electronegativity is a relative value, showing that an element’s 

electronegativity can be measured only in relation to the electronegativity of other 
elements.

L. Pauling proposed a method for calculating relative electronegativities of 
most elements. These values are shown in Table. There is no sharp distinction 
between a polar covalent bond and an ionic bond, but the following general rule
is helpful in distinguishing between them: an ionic bond forms when the 
electronegativity difference between the two bonding atoms is 1.7 or more.
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Coordination compoundsCoordination compounds
A complex ionA complex ion is an ion containing is an ion containing a central metal a central metal 

cationcation bonded to bonded to one or more molecules or ionsone or more molecules or ions. Complex . Complex 
ions are crucial to many chemical and biological processes.ions are crucial to many chemical and biological processes.

Transition metalsTransition metals have a particular tendency to form have a particular tendency to form 
complex ions because they have complex ions because they have incompletely filled incompletely filled dd--
subshellssubshells. . 

This property enables them to act effectively in reactions This property enables them to act effectively in reactions 
with many molecules or ions that serve as electron donors. with many molecules or ions that serve as electron donors. 

For example, a solution of cobalt (II) chloride is pink For example, a solution of cobalt (II) chloride is pink 
because of the presence of the Co(Hbecause of the presence of the Co(H22O)O)66

2+2+ ions. When ions. When HClHCl
is added, the solution turns blue as a result of the formation is added, the solution turns blue as a result of the formation 
of of the complex ion CoClthe complex ion CoCl44

22--::
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Coordination compoundsCoordination compounds
A coordination compound  typically consists of a complex ion and counter ion. 

[Note that some coordination compounds such as Fe(CO)5 do not contain complex 
ions.] 

Our understanding of the nature of coordination compounds stems from the 
classic work of Alfred Werner*,  who prepared and characterized many coordination 
compounds. In 1893, at the age of 26, Werner proposed what is now commonly 
referred to as Werner’s coordination theory.

The valences of the elements in cobalt (III) chloride and in ammonia seem to be 
completely satisfied, and yet these two substances react to form a stable compound 
having the formula CoCl3⋅6NH3. To explain this behavior, Werner postulated that 
most elements exhibit two types of valence:  primary valence and secondary 
valence. 

In modern terminology, primary valence corresponds to the oxidation number
and secondary valence to the coordination number of the element. In CoCl3⋅6NH3, 
according to Werner, cobalt has a primary valence of 3 and a secondary valence of 
6.

* Alfred Werner (1866* Alfred Werner (1866––1919). Swiss chemist. Werner started as an organic chemist but b1919). Swiss chemist. Werner started as an organic chemist but became interested in ecame interested in 
coordination chemistry. For his theory of coordination compoundscoordination chemistry. For his theory of coordination compounds, Werner was awarded the Nobel Prize in , Werner was awarded the Nobel Prize in 
Chemistry in 1913.Chemistry in 1913.
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Coordination compoundsCoordination compounds
Today we use the formula [Co(NH3)6]Cl3 to indicate that the ammonia 

molecules and the cobalt atom form a complex ion; the chloride ions are 
not part of the complex but are held to it by ionic forces. Most, but not all, 
of the metals in coordination compounds are transition metals.

The molecules or ions that surround the metal in a complex ion aThe molecules or ions that surround the metal in a complex ion are re 
called called ligandsligands. Every . Every ligandligand has at least has at least one unshared pairone unshared pair of valence of valence 
electrons, as these examples show:electrons, as these examples show:

Thus, the metalThus, the metal--ligandligand bonds are usually bonds are usually coordinate covalent bondscoordinate covalent bonds. The . The 
atom in a atom in a ligandligand that is bound directly to the metal atom is known as the that is bound directly to the metal atom is known as the 
donor atomdonor atom. . For example, nitrogen is the donor atom in the [Cu(NHFor example, nitrogen is the donor atom in the [Cu(NH33))44]]2+2+

complex ion.complex ion.
The  coordination numberThe  coordination number in coordination compounds is defined as  the in coordination compounds is defined as  the 

number of donor atoms surrounding the central metal atom in a conumber of donor atoms surrounding the central metal atom in a complex ion. mplex ion. 
For example, the coordination number of AgFor example, the coordination number of Ag++ in [Ag(NHin [Ag(NH33))22]]++ is 2, that of Cuis 2, that of Cu2+2+

in [Cu(NHin [Cu(NH33))44]]2+2+ is 4, and that of Feis 4, and that of Fe3+3+ in [Fe(CN)in [Fe(CN)66]]33-- is 6. is 6. 
The most common coordination numbers are 4 and 6, but coordinatiThe most common coordination numbers are 4 and 6, but coordination on 

numbers such as 2 and 5 are also known.numbers such as 2 and 5 are also known.
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Coordination compoundsCoordination compounds
Depending on the number of donor atoms Depending on the number of donor atoms 
present, present, ligandsligands are classifiedare classified asas
√√ monodentatemonodentate, , 
√√ bidentatebidentate,   ,   
√√ polydentatepolydentate.  .  

BidentateBidentate and and polydentatepolydentate ligandsligands are also are also 
called  called  chelating agentschelating agents because of their because of their 
ability to hold the metal atom like a claw ability to hold the metal atom like a claw 
(from the Greek  (from the Greek  chelechele, meaning , meaning ““clawclaw””).).

One example is One example is ethylenediamineethylenediamine--
tetraacetatetetraacetate ion (EDTA), a ion (EDTA), a polydentatepolydentate ligandligand
used to treat metal poisoning (Figure 3). Six used to treat metal poisoning (Figure 3). Six 
donor atoms enable EDTA to form a very stable donor atoms enable EDTA to form a very stable 
complex ion with lead. In this form, it is complex ion with lead. In this form, it is 
removed from the blood and tissues and removed from the blood and tissues and 
excreted from the body. EDTA is also used to excreted from the body. EDTA is also used to 
clean up spills of radioactive metals.clean up spills of radioactive metals.

Figure 3. EDTA complex of lead. 
The complex bears a net charge 
of -2 because each O donor atom 
has one negative charge and the 
lead ion carries two positive 
charges. Only the lone pairs that 
participate in bonding are shown. 
Note the octahedral geometry 
around the Pb2+ ion. 
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Coordination compoundsCoordination compounds
Another important property of coordination compounds is the oxidation 

number of the central metal atom. The net charge of a complex ion is the 
sum of the charges on the central metal atom and its surrounding ligands. 
In the [PtCl6]2- ion, for example, each chloride ion has an oxidation 
number of   -1, so the oxidation number of Pt must be +4. If the ligands do 
not bear net charges, the oxidation number of the metal is equal to the 
charge of the complex ion. Thus, in [Cu(NH3)4]2+ each NH3 is neutral, so 
the oxidation number of Cu is +2.

Naming Coordination Compounds
The rules for naming coordination compounds are as follows:
1. The cation is named before the anion, as in other ionic compounds. 

The rule holds regardless of whether the complex ion bears a net positive 
or a negative charge. For example, in K3[Fe(CN)6] and [Co(NH3)4Cl2]Cl 
compound, we name the K+ and [Co(NH3)4Cl2]+ cations first, respectively.

2. Within a complex ion the ligands are named first, in alphabetical 
order, and the metal ion is named last.
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3. The names of anionic 3. The names of anionic ligandsligands end with the letter  end with the letter  oo, whereas a neutral , whereas a neutral 
ligandligand is usually called by the name of the molecule. The exceptions ais usually called by the name of the molecule. The exceptions are Hre H22O O 
(aqua), CO (carbonyl), and NH(aqua), CO (carbonyl), and NH33 (ammine). Table lists some common (ammine). Table lists some common 
ligandsligands..
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4. When several ligands of a particular kind are present, we use the 
Greek prefixes di-, tri-, tetra-, penta-, and hexa- to name them. Thus, the 
ligands in the cation [Co(NH3)4Cl2]+ are “tetraamminedichloro.” (Note that 
prefixes are ignored when alphabetizing ligands.) If the ligand itself 
contains a Greek prefix, we use the prefixes bis (2), tris (3), and tetrakis
(4) to indicate the number of ligands present. For example, the ligand
ethylenediamine already contains  di; therefore, if two such ligands are 
present the name is bis(ethylenediamine).

5. The oxidation number of the metal is written in Roman numerals 
following the name of the metal. For example, the Roman numeral III is 
used to indicate the +3 oxidation state of chromium in [Cr(NH3)4Cl2]+, 
which is called tetraamminedichlorochromium (III) ion.

6. If the complex is an anion, its name ends in -ate. For example, in 
K4[Fe(CN)6]  the anion [Fe(CN)6]4- is called hexacyanoferrate (II) ion. Note 
that the Roman numeral II indicates the oxidation state of iron. Table gives 
the names of anions containing metal atoms.

The inner sphere of the complexes are shown in the brackets, the 
outside of brackets – outer sphere.
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The names of anions containing metal atoms:
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Structure of Coordination Structure of Coordination 
CompoundsCompounds

In studying the geometry of coordination compounds, we often find that 
there is more than one way to arrange ligands around the central atom. 
Compounds rearranged in this fashion have distinctly different physical and 
chemical properties. 

Figure 4  shows four different geometric arrangements for mFigure 4  shows four different geometric arrangements for metal atoms etal atoms 
with with monodentatemonodentate ligandsligands..

Figure 4.   Common geometries of complex ions. 
In each case, M is a metal and L is a monodentate ligand.
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In these diagrams, we see that In these diagrams, we see that structure and coordination numberstructure and coordination number of the of the 
metal atom relate to each other as follows:metal atom relate to each other as follows:

Stereoisomers are  compounds that are made up of the same types and 
numbers of atoms bonded together in the same sequence but with different 
spatial arrangements. 

There are two types of stereoisomers: geometric isomers and optical 
isomers. Coordination compounds may exhibit one or both types of
isomerism. 

Note, however, that many coordination compounds do not have 
stereoisomers.
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Geometric IsomersGeometric Isomers
Geometric isomers are  stereoisomers that cannot be interconverted

without breaking a chemical bond. Geometric isomers usually come in 
pairs. We use the terms ‘cis’ and ‘trans’ to distinguish one geometric 
isomer of a compound from the other. 

Cis means that two particular atoms (or groups of atoms) are adjacent 
to each other, and  trans means that the atoms (or groups of atoms) are 
on opposite sides in the structural formula. The cis and trans isomers of 
coordination compounds generally have quite different colors, melting 
points, dipole moments, and chemical reactivities. 

ciscis--tetraamminedichlorocobalttetraamminedichlorocobalt (III) chloride (left) (III) chloride (left) 
and and 
transtrans--tetraamminedichlorocobalttetraamminedichlorocobalt (III) chloride (III) chloride 
(right)(right)
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Note that although the types of bonds are the same in both isomers (two 
Pt—N and two Pt—Cl bonds), the spatial arrangements are different. 

Figure 5 shows the cis and  trans isomers of diamminedichloroplatinum (II).

Figure 5. The (a) cis and (b) trans isomers of diamminedichloroplatinum
(II). 

Note that the two Cl atoms are adjacent to each other in the cis isomer 
and diagonally across from each other in the trans isomer.
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Optical isomersOptical isomers
Optical isomers are nonsuperimposable mirror images. 

(“Superimposable” means that if one structure is laid over the other, the 
positions of all the atoms will match.) 

Like geometric isomers, optical isomers come in pairs. However, the 
optical isomers of a compound have  identical physical and chemical 
properties, such as melting point, boiling point, dipole moment, and chemical 
reactivity toward molecules that are not optical isomers themselves. Optical 
isomers differ from each other in their interactions with plane-polarized light.

Figure 6 shows the cis and trans isomers of 
dichlorobis(ethylenediamine)cobalt (III) ion and their images. Careful 
examination reveals that the  trans isomer and its mirror image are 
superimposable, but the  cis isomer and its mirror image are not. Therefore, 
the  cis isomer and its mirror image are optical isomers.
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Figure 6. The (a) cis and (b) trans isomers of 
dichlorobis(ethylenediamine)cobalt (III) ion and their mirror images.

If you could rotate the mirror image in (b) 90° clockwise about the 
vertical position and place the ion over the trans isomer, you would find
that the two are superimposable. 

No matter how you rotated the cis isomer and its mirror image in (a), 
however, you could not superimpose one on the other.
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Stability constantsStability constants

1
[ML]

[M][L]
K = 2

2
[ML ]

[ML][L]
K = 3

3
2

[ML ]
[ML ][L]

K =

M + L → ML,
ML + L → ML2,
ML2 + L → ML3.

3
3 3

[ML ]
[M][L]

β =

3 1 2 3K K Kβ = ⋅ ⋅the overall stability constant is used 

For these steps stability constants is determined by the expressions:

For the overall process of ML3 formation 
M + 3L → ML3,

Thermodynamic stability of complex ion can be characterized by 
stability or formation constant which is a thermodynamic property and 
may be determined in terms of equilibrium species concentrations. In 
general the complexation process may be described by stepwise
formation process as shown (charges omitted for the simplicity):
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CoordinatCoordinationion compounds compounds 
in living systemsin living systems

CoordinationCoordination compoundscompounds playplay importantimportant rolesroles inin the living on the the living on the 
EarthEarth.. TheyThey areare essentialessential inin thethe storagestorage andand transporttransport ofof oxygenoxygen, , asas
electronelectron transfertransfer agentsagents andand asas parts of enzymesparts of enzymes, , etcetc. . As a As a ligandsligands in these in these 
compounds may be present different organic molecules: carbohydracompounds may be present different organic molecules: carbohydrates tes 
and polysaccharides, and polysaccharides, aminoacidsaminoacids and proteins, nucleotides and nucleic and proteins, nucleotides and nucleic 
acids.acids.

Amino acidsAmino acids contain a central carbon, called contain a central carbon, called theacarbontheacarbon, to which a , to which a 
hydrogen atom and three hydrogen atom and three substituentsubstituent groups are attached: the amine group groups are attached: the amine group 
((––NHNH22), a carboxylic acid group (), a carboxylic acid group (––COOH), a side chain (COOH), a side chain (––R) group is R) group is 
unique for each amino acid. The general formula of amino acids iunique for each amino acid. The general formula of amino acids iss

NH2 C COOH

H

R
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Amino acids and their derivatives Amino acids and their derivatives 
as as ligandsligands

PolypeptidesPolypeptides are formed through are formed through 
the polymerization of any combination the polymerization of any combination 
of the 20 naturally occurring amino of the 20 naturally occurring amino 
acids. Relatively short polypeptide acids. Relatively short polypeptide 
chains have important hormonal  chains have important hormonal  
functions in biological species. functions in biological species. 

ProteinsProteins are classified as are classified as 
polypeptide chains exceeding 50 polypeptide chains exceeding 50 
amino acids in length, whereas amino acids in length, whereas 
enzymeenzyme molecules usually contain molecules usually contain 
more than 100 amino acid residues.more than 100 amino acid residues.

Metal ion bonding modes to 
amino acid residues in proteins
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Nucleic acids and their derivatives Nucleic acids and their derivatives 
as as ligandsligands

Nucleic acidsNucleic acids may be divided on two groups: ribonucleic acids (RNA)may be divided on two groups: ribonucleic acids (RNA)
and deoxyribonucleic acid (DNA). and deoxyribonucleic acid (DNA). 

Nucleic acidsNucleic acids are polymeric molecules formed by are polymeric molecules formed by nucleotides.nucleotides.
The The nucleotide moleculenucleotide molecule includes nitrogenous base, sugar, and includes nitrogenous base, sugar, and 

phosphate unit. phosphate unit. 
Nitrogenous base plus sugar moiety are called Nitrogenous base plus sugar moiety are called nucleosidesnucleosides..

Nitrogenous bases of nucleic acids, common metal binding sites on 
nucleobases are indicated by arrows.
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Nucleic acids and their derivatives Nucleic acids and their derivatives 
as as ligandsligands

Nucleotides: adenosine triphosphate (ATP), deoxyguanosine
monophosphate (dGMP) and deoxythymidine diphosphate (dTDP)

Ribose and Ribose and deoxyribosedeoxyribose
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CoordinationCoordination compoundscompounds ofof FeFe in in 
living systemsliving systems

The porphine molecule forms an
important part of the hemoglobin structure. 
Upon coordination to a metal, the H+ ions
that are bonded to two of the four nitrogen
atoms in porphine are displaced. Complexes
derived from porphine are called porphyrins, 
and the iron-porphyrin combination is called 
the heme group. The iron in the heme group 
has an oxidation number of +2; it is 
coordinated to the four nitrogen atoms in the 
porphine group and also to a nitrogen donor 
atom in a ligand that is attached to the 
protein. The sixth ligand is a water molecule, 
which binds to the Fe2+ ion on the other side 
of the ring to complete the octahedral 
complex. 

Possible ways for molecular oxygen
to bind to the heme group in hemoglobin
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CoordinationCoordination compoundscompounds ofof FeFe andand
MgMg in living systemsin living systems

The heme group in hemoglobin. The Fe2+ ion is 
coordinated with four N atoms of the porfirine cycle and 
nitrogen atom of the heme group. The ligand below the 
porphyrine is the histidine group, which is attached to the 
protein. The sixth ligand is a water molecule.

The heme group in cytochrome c. The ligands above
and below the porphyrin are the methionine group and
histidine group of the protein, respectively. 

The chlorophyll molecule, which is necessary for plant 
photosynthesis, also contains the porphyrin ring, but in 
this case the metal ion is Mg2+ rather than Fe2+.

The porphyrin structure in chlorophyll. The dotted lines 
indicate the coordinate covalent bonds. The electron-
delocalized portion of the molecule is shown in color. 
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