13.COORDINATION COMPOUNDS

Addition Compounds :
They are formed by the combination of two or more stable compounds in stoichiometric ratio.These
are
(1) Double salts and (2) Coordination compounds

Double salts :
Those addition compounds which lose their identity in solutions
eg. K,SO,,AL(SO,),
Coordination Compounds :
Those addition compounds which retain their identity (i.e. doesn’t lose their identity) in solution are
Fe(CN), + 4KCN —— Fe(CN), . 4KCN or K, [Fe(CN)4] (aq.) ——— 4K* (aq.) + [Fe(CN)]* (aq.)

Central Atom/lon :
In a coordination entity—the atom/ion to which are bound a fixed number of ligands in a definite geometrical
arrangement around it.

Ligands :
The neutral molecules, anions or cations which are directly linked with central metal atom orion in the coordination
entity are called ligands.

Chelate ligand :
Chelate ligand is a di or polydentate ligand which uses its two or more donor atoms to bind a single metal ion
producing a ring.
Ambidentate Ligand :
Ligands which can ligate through two different atoms present in it
/O - .
M« N;§O nitrito-N ; M < O—N=0 nitrito-O

M« SCN thiocyanato orthiocyanato-S ; M<«NCS isothiocyanato orthiocyanato-N

Coordination Number :
The number of ligand donor atoms to which the metal is directly attached.

Oxidation number of Central Atom :
The oxidation number of the central atom is defined as the charge it would carry if all the ligands are removed
along with the electron pairs that are shared with the central atom. [Fe(CN) ]* is +3 and it is written as Fe(lll).
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Denticity and Chelation :

Table : 1
Common Monodentate Ligands
Common Name IUPAC Name Formula
methyl isocyanide methylisocyanide CH3;NC
tripheny| phosphine triphenyl phosphine/triphenyl phosphane PPh;

pyridine pyridine CsHsN (py)
ammonia ammine NH;
methyl amine methylamine MeNH,
water aqua or aquo HO
carbonyl carbonyl CcO
thiocarbonyl thiocarbonyl Cs
nitrosyl nitrosyl NO
fluoro fluoro or fluorido™ F~
chloro chloro or chlorido* cr-
bromo bromo or bromido* Br-
iodo iodo or iodido* r
cyano cyanido or cyanido-C* (C-bonded) CN~
isocyano isocyanido or cyanido-N* (N-bonded) NC~
thiocyano thiocyanato-S(S-bonded) SCN™
isothiocyano thiocyanato-N(N-bonded) NCS™
cyanato (cyanate) cyanato-O (O-bonded) OCN~
isocyanato (isocyanate) cyanato-N (N-bonded) NCO™
hydroxo hydroxo or hydroxido* OH~
nitro nitrito—N (N-bonded) NO,~
nitrito nitrito—O (O—bonded) ONO~
nitrate nitrato NO;™
amido amido NH,~
imido imido NHZ
nitride nitrido N3
azido azido N3~
hydride hydrido H™
oxide oxido 0%
peroxide peroxido 0%
superoxide superoxido O,
acetate acetato CH,COO~
sulphate sulphato Sl
thiosulphate thiosulphato $,04?
sulphite sulphito 5052
hydrogen sulphite hydrogensulphito HSO,;~
sulphide sulphido or thio s*
hydrogen sulphide hydrogensulphido or mercapto HS™
thionitrito thionitrito (NOS)~
nitrosylium nitrosylium or nitrosonium NO*
nitronium nitronium NO,"

* The 2004 IUPAC draft recommends that anionic ligands will end with-ido.




Table : 2

Common Chelating Amines

Chelating Common Name IUPAC Name Abbreviation Formula
Points
bidentate ethylenediamine 1,2-ethanediamine/ en NH,,CH,CH,NH,
ethane-1,2-diamine
bidentate propanediamine 1.2-propanediamineg pn NH,~CH-CH,~NH,
CH,
tridentate diethylenetriamine [N-{Z-aminoethyl)-1 dien NH,CH,CH,NHCH,CHNH,
2-ethanediamine
or diethylenetriamine
tetradenate triethylenetetraamine [N, N'-bis-(2-aminoethyl}-1, trien NH,CH,CH,NHCH,CH,NHCH,CH,NH,
2-ethanediamine
or triethylenetetraamine tren
triaminotriethylamine B,B".B"-tris(2-aminoe- NH,CH,CH;NCH,CH,NH,
thyl) amine.
CH,CH,NH,
pentadentate tetrasthylenepentaamine 1,4,7,10 pentaazatridecane NH,CH,CH,NHCH,CH,NHCH,CHNHCH,CH,NH,
or tetracthylenepentaamine - h :
} o "O0CH.C, CH,CO0™
hexadentate  ethylenediaminetetraacetate  1,2-ethanediyl (dinitrilo)  gpyTA
tetraacetate NCH,CH,N
or ethylenediaminetetraacetate “OOCH.C CH,COO™
Table : 3
Common Multidentate (Chelating) Ligands
Common Name IUPAC Name Abbreviation| Formula Structure
o -0
2,4-pentanediono _ LR
acetylacetonato acac CH3COCHCOCH A ¥
or acetylacetonato 3 3 HD/ c/ \GH
3 i :
N M
2,2"-bipyridine 2,2"-bipy ridy| bipy C1oHgN> M
: =N N :
1,10-phenanthroline/
phenanthroline 1,10-diaminophenanthrene phen,o-phen [CyoHgN, (j O
O, A
oxalato oxalato ox C,042 O;c C\f\o—
S
dialky Idithiocarbamato dialkylcarbamodithioato dtc S,CNR,™ A}c—_—_:N/R
7 N
1,2-ethanediylbis "~p et
1,2-bis(diphenylphophine)ethane (dipheyIphosphene) dppe Ph,PC,H4PPhH, Ph— \](!: ICI/‘ ~Fh
. . [N T
o-pheny lenebis 1,2-pheny lenebis ) Mo P ke
(dimethylarsine) (dimethylarsene) diars CoHa(AS(CHa)2)2 Lo
) ) butanedienedioxime _
dimethylgly oximato or dimethylglyoximato DMG HONC(CH3)C(CH3)NO
i i
1,2-ethanediyl “OCH,C /CHZCO’
ethylenediaminetetraacetato (dinitrilo)tetraacetato EDTA (TOOCCH,),NCH,CH,oN(CH,COO0T), CH.SHNT
or ethylenediaminetetraacetato OﬁHp/ \CH;ﬁO
] o

pyrazoly Iborato

hydrotris-
(pyrazo-1-yl)borato




Homoleptic and heteroleptic complexes

Complexes in which a metal is bound to only one type of donor groups, e.g., [Cr(NH,),]**, are known as
homoleptic. Complexes in which a metal is bound to more than one type of donor groups, e.g., [Co(NH,) Br,]*,
are known as heteroleptic.

Nomenclature of Coordination Compounds
Writing the formulas of Mononuclear Coordination Entities :

0
(ii)

(iii)
)

“
)

(vil)

The central atom is placed first.

The ligands are then placed in alphabetical order. The placement of a ligand in the list does not depend
on its charge.

Polydentate ligands are also placed alphabetically. In case of abbreviated ligand, the first letter of the
abbreviation is used to determine the position of the ligand in the alphabetical order.

The formula for the entire coordination entity, whether charged or not, is enclosed in square
brackets. When ligands are polyatomic, their formulas are enclosed in parentheses. Ligands
abbreviations are also enclosed in parentheses.

There should be no space between the ligands and the metal within a coordination sphere.

When the formula of a charged coordination entity is to be written without that of the counterion, the
charge is indicated outside the square brackets as a right superscript with the number before the sign.
For example, [Co(H,0O) J**, [Fe(CN) J* etc.

The charge of the cation(s) is balanced by the charge of the anion(s).

Writing the name of Mononuclear Coordination Compounds :

0
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Like simple salts the cation is named first in both positively and negatively charged coordination
entities.

The ligands are named in an alphabetical order (according to the name of ligand, not the prefix) before
the name of the central atom/ion.

Names of the anionic ligands end in —o and those of neutral ligands are the same except aqua for H,O,
ammine for NH_, carbonyl for CO, thiocarbonyl for CS and nitrosyl for NO. But names of cationic
ligands end in—ium.

Prefixes mono, di, tri, etc., are used to indicate the number of the one kind of ligands in the coordination
entity. When the names of the ligands include a numerical prefix or are complicated or whenever the
use of normal prefixes creates some confusion, it is set off in parentheses and the second set of
prefixes is used.

2 di bis 3 tri tris
4 tetra tetrakis 5 penta pentakis
6 hexa hexakis 7 hepta heptakis

Oxidation state of the metal in cation, anion or neutral coordination entity is indicated by Roman
numeral in the parentheses after the name of metal.

If the complex ion is a cation, the metal is named same as the element. For example, Co in a complex
cation is called cobalt and Pt is called platinum. If the complex ion is an anion, the name of the metal
ends with the suffix - ate. For example, Co in a complex anion, [Co(SCN),]*- is called cobaltate. For
some metals, the Latin names are used in the complex anions.

iron (Fe) ferrate lead (Pb) plumbate
silver (AQ) argentate tin (Sn) stannate
gold (Au) aurate

The neutral complex molecule is named similar to that of the complex cation.



Werner's Theory :

According to Werner most elements exhibit two types of valencies : (a) Primary valency and (b) Secondary
valency.

@) Primary valency :
This corresponds to oxidation state of the metal ion. This is also called principal, ionisable or ionic valency. It
is satisfied by negative ions and its attachment with the central metal ion is shown by dotted lines.
(b) Secondary or auxiliary valency :
Itis also termed as coordination number (usually abbreviated as CN) of the central metal ion. It is non-ionic or
non-ionisable (i.e. coordinate covalent bond type). In the modern terminology, such spatial arrangements are
called coordination polyhedra and various possibilities are
CN.=2 linear CN.=3 Triangular
CN.=4 tetrahedral or square planar CN.=6 octahedral.

Effective Atomic Number Rule given by Sidgwick :
Effective Atomic Number (EAN) = Atomic no. of central metal — Oxidation state of central metal + No. of
electrons donated by ligands.

Valence bond theory :
The model utilizes hybridisation of (n-1) d, ns, np or ns, np, nd orbitals of metal atom orion to yield a set of
equivalent orbitals of definite geometry to account for the observed structures such as octahedral, square
planar and tetrahedral, and magnetic properties of complexes. The number of unpaired electrons, measured by
the magnetic moment of the compounds determines which d-orbitals are used.

Table : 5
Coordiantion number of metal | Type of hybridisation | Shape of complex
4 sp® Tetrahedral
4 dsp? Square planer
5 sp’d Trigonal bipyramidal
6 sp°d’ Octahedral
6 d’sp® Octahedral

Coordination Number Six :
In the diamagnetic octahedral complex, [Co(NH,),]**, the cobalt ion is in +3 oxidation state and has the
electronic configuration represented as shown below.

[CoNH). AL b L]

d?sp® hybrid orbital
The complex [FeF ] is paramagnetic and uses outer orbital (4d) in hybridisation (sp°d?) ; it is thus called as
outer orbital or high spin or spin free complex. So,

[FeF J- (AT T T ] [elele] [EIR[ T 1]

sp®d? hybrid orbitals

Coordination Number Four :
Inthe paramagnetic and tetrahedral complex [NiCl,]*-, the nickel is in +2 oxidation state and the ion has the
electronic configuration 3d®. The hybridisation scheme is as shown in figure.

[NiCL > AKNAREN

sp® hybrid orbitals
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Similarly complex [Ni(CO),] has tetrahedral geometry and is diamagnetic as it contains no unpaired electrons.
The hybridisation scheme is as shown in figure.

[Ni(CO),] AL AL AL

dsp? hybrid orbitals
It suffers from the following shortcomings :

A number of assumptions are involved.

There is no quantitative interpretation of magnetic data.

It has nothing to say about the spectral (colour) properties of coordination compounds.

It does not give a quantitative interpretation of the thermodynamic or kinetic stabilities of coordination compounds.
It does not make exact predictions regarding the tetrahedral and square-planar structures of 4-coordinate
complexes.

It does not distinguish between strong and weak ligands.

Magnetic Properties of Coordination Compounds :

Magnetic Moment = /n(n7+2) Bohr Magneton ; n = number of unpaired electrons

For metal ions with upto three electrons in the d-orbitals like Ti*, (d') ; V* (d? ; Cr* (d°) ; two vacant
d-orbitals are easily available for octahedral hybridisation. The magnetic behaviour of these free ions and their
coordination entities is similar. When more than three 3d electrons are present, like in Cr>* and Mn®* (d*) ; Mn?
and Fe®* (d°) ; Fe? and Co®** (d°) ; the required two vacant orbitals for hybridisation is not directly available (as
a consequence of Hund’s rules). Thus, for d*, d® and d® cases, two vacant d-orbitals are only available for
hybridisation as a result of pairing of 3d electrons which leaves two, one and zero unpaired electrons respectively.

Crystal Field Theory :

The crystal field theory (CFT) is an electrostatic model which considers the metal-ligand bond to be ionic
arising purely from electrostatic interaction between the metal ion and the ligand.
(a) Crystal field splitting in octahedral coordination entities :
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Free metal ion

Figure showing crystal field splitting in octahedral complex.
The crystal field splitting, A, depends upon the fields produced by the ligand and charge on the metal ion.



Ligands can be arranged in a series in the orders of increasing field strength as given pelow :

I-<Br < SCN-< ClI-< 8% <F-< OH < C,0,7 <H,0 < NCS- < edta* < NH, <en < NO,~< CN-< CO
Such a series is termed as spectrochemical series. It is an experimentally determined series based on the
absorption of light by complexes with different ligands.

Calculation of Crystal Field stabilisation energy (CFSE)

Formula: CFSE =[- 0.4 (n) ’tZg + 0.6 (n) eg] Ay +*nP.

where n & n” are number of electron(s) in tog & ey orbitals respectively and A, crystal field splitting energy for
octahedral complex. *n represents the number of extra electron pairs formed because of the ligands in comparison
to normal degenerate configuration.

(b) Crystal field splitting in tetrahedral coordination entities :

Intetrahedral coordination entity formation, the d orbital splitting is inverted and is smaller as compared to the
octahedral field splitting. For the same metal, the same ligands and metal-ligand distances, it can be shown
that A, = (4/9)A,.
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Splitting of d orbitals
Free metal ion. in tetrahedral crystal
field.

Figure showing crystal field splitting in tetrahedral complex.

COLOUR IN COORDINATION COMPOUNDS :
According to the crystal field theory the colour is due to the d-d transition of electron under the influence of
ligands. We know that the colour of a substance is due to the absorption of light at a specific wavelength in the
visible part of the electromagnetic spectrum (400 to 700 nm) and transmission or reflection of the rest of the
wavelengths.
Limitations of crystal field theory

m It considers only the metal ion d-orbitals and gives no consideration at all to other metal orbitals (such
ass, p, p, and p, orbitals).

(¥4) It is unable to account satisfactorily for the relative strengths of ligands. For example it gives no
explanation as to why H,O is a stronger ligand than OH-in the spectrochemical series.

3) According to this theory, the bond between the metal and ligands are purely ionic. It gives no account
on the partly covalent nature of the metal ligand bonds.

(C)) The CFT cannot account for the w-bonding in complexes.

STABILITY OF COORDINATION COMPOUNDS :
The stability of a coordination compound [ML, ] is measured in terms of the stability constant (equilibrium
constant) given by the expression,
B, = [ML,JIM(H,0) JILI"

forthe overall reaction :

M(H,0), + nL =——= ML +nHO
By convention, the water displaced is ignored, as its concentration remains essentially constant. The above
overall reaction takes place in steps, with a stability (formation) constant, K,, K, K,, ...... K, for each step as
represented below :



M(H,0), + L =— ML(H,O) , +H0
K, =I[ML(H,O),_1/{IMH,0) IIL]}
ML _, (HO)+L<=——=ML +HO
K, =ML I/{ML_, (HO) L]}
M(H,0), +nL =—=ML_+nH,O
B, =K XK, xK,x...... x K,
B., the stability constant, is related to thermodynamic stability when the system has reached equilibrium.

ISOMERISM :

(1)
A

(B)

©

(D)

(E)

(F)

(2).

STRUCTURAL ISOMERISM :

lonisation isomerism :

This type of isomerism occurs when the counterion in a coordination compound is itself a potential ligand and
can displace a ligand which can then become the counterion.

[Co(NH,),SO,INO, and [Co(NH,),NO, ]SO,

Solvate / hydrate isomerism :

It occurs when water forms a part of the coordination entity or is outside it.

Complex Reaction with AgNO, Reaction with conc. H,SO (dehydrating agent)
[Cr(H,0)]CI, in the molar ratio of 3:1 No water molecule is lost or no reaction
[CrCI(H,0),.]CI.H,O in the molar ratio of 2:1 one mole of water is lost per mole of complex
[CrCL(H,0),ICI.2H,O in the molar ratio of 1:1 two mole of water are lost per mole of complex

Linkage isomerism :

In some ligands, like ambidentate ligands, there are two possible coordination sites. In such cases, linkage
isomerism exist. e.g.,

For example : [Co(ONO)(NH,);] Cl, & [CO(NO,) (NH,);] Cl, .

Coordination isomerism :

Coordination compounds made up of cationic and anionic coordination entities show this type of isomerism
due to the interchange of ligands between the cation and anion entities. Some of the examples are :
[Co(NH,) J[Cr(CN)] and [Cr(NH,) J(Co(CN),]

Ligand isomerism :

Since many ligands are organic compounds which have possibilities forisomerism, the resulting complexes
can show isomerism from this source.

Polymerisation isomerism :

Considered to be a special case of coordination isomerism, in this the various isomers differ in formula weight

from one another, so not true isomers in real sense.
Stereoisomerism

Geometrical Isomerism
Geometrical isomerism is common among coordination compounds with coordination numbers 4 and 6.

Coordination Number Four :

Tetrahedral Complex : The tetrahedral compounds can not show geometrical isomerism as we all know that
all four positions are equivalent in tetrahedral geometry.

Square Planar Complex :

cl NH, cl NH,
\Pt/ ~ Pt/
Cl/ \NHJ NHH/ ¢

cis—~ trans—
Geometrical isomers (cis and trans) of Pt(NH,).Cl, .



Square planar complex of the type Ma,bc (where a,b,c are unidentates) shows two geometrical isomers.

a b a o]

M M

cis— trans—

Square planar complex of the type Mabcd (where a,b,c,d are unidentates) shows three geometrical isomers.

a b a d gz b

M M M

aTc aTb aTd

Coordination Number Six :
Geometrical isomerism is also possible in octahedral complexes.

o —T a |

NH,_| _Cl NH,_| _NH,
/Co\ /Co\
NH{ | NH, NH? | NH,
NH, Cl

cis— trans—

Geometrical isomers (cis and trans) of [Co(NH,),CL]*

Number of possible isomers and the spatial arrangements of the ligands around the central metal ion for the
specific complexes are given below.

] Complexes containing only unidentate ligands
(i) Ma_b, - 2 ; (i) Ma,bc - 2
(i) Ma b,
({)] Compounds containing bidentate ligand and unidentate ligands.
0] M(AA)a b — Two geometrical isomers are possible.
b a
A a A a
M M
A a A b
a a
bTa aTa

(i) M(AA)a b, — Three geometrical isomers are possible.



A A
b a A a
M M M
A b A b Al a
a b b
ala aTb bTb
Note : With [M(AA)b,], only one form is possible. M(AA)abcd have six geometrical isomers.
(i) M(AA),O, — Two geometrical isomers are possible.
CI

f\l/
\ J \J

Geometrical isomers (cis and trans) of [CoCl.(en),]

Optical Isomerism :
A coordination compound which can rotate the plane of polarised light is said to be optically active.

Octahedral complex :
Optical isomerism is common in octahedral complexes involving didentate ligands. For example, [Co(en),]**
has d and 7 forms as given below.

I
oY ! en \
3+ ! 3+
en/_\Co — | N — Co /\en
l
en ! en
dextro mirror laevo

d and ¢ of [Co(en),]*
Square planar complex :
Square planar complexes are rarely found to show the optical isomerism. The plane formed by the four
ligating atoms and the metal ion is considered to be a mirror plane and thus prevents the possibility of
chirality.

Organometallic compounds
Metal Carbonyls :

Compounds of metals with CO as aligand are called metal carbonyls.
They are of two types.

(a) Monomeric : Those metal carbonyls which contain only one metal atom per molecule are called monomeric
carbonyls. For examples :[Ni(CO),] (sp?, tetrahedral) ; [Fe(CO)s] (dsp?, trigonal bipyramidal).

(b) Polymeric : Those metal carbonyls which contain two or more than two metal atoms per molecule and they
have metal-metal bonds are called polymeric carbonyl. For example : Mn, (CO),,, Co,(CO),, etc.



The M— C = bond is formed by the donation of a pair of electrons from a filled d orbital of metal into the vacant
antibonding * orbital of carbon monoxide. Thus carbon monoxide acts as ¢ donor (OC — M) and a & acceptor
(OC « M), with the two interactions creating a synergic effect which strengthens the bond between CO and
the metal as shown in figure.

Synergic bonding
Sigma (o) bonded organometallic compounds :
(a) Grignard’sReagent R -Mg - Xwhere R is a alkyl or aryl group and X is halogen.
(b) (CHy), Sn, (C,Hy), Pb, Al, (CH,), Al, (C,H5), etc.

Pie (n)-bonded organometallic compounds :
These are the compounds of metal with alkenes, alkynes, benzene and other ring compounds.

« H H

H H |~
bl Q AL
T
Zeise's salt : K [PtCl, (n2—C,H,)] < - H/C\H K Méjé“D
c c d%/o\%
™TH  H

Ferrocene and bis(benzene)chromium :

’

Fe (n5-CgHy), and  Cr(n®-CgzHy), Cr



