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Introduction about transition element

What is a Transition Element?

Strictly a transition element is one whose element or at least one common
oxidation state has an incomplete d-subshell (IUPAC).

IUPAC (International Union of Pure a nd Applied Chemistry)

The term 'transition’ arises from the elements' supposed transitional positions
between the metallic elements of groups 1 and 2 and the predominantly non-metallic
elements of groups 13 to 18. Typically, the transition elements are transition metals in
view of their typical metallic properties.

Most of the elements exhibit a typical silvery metallic appearance, but gold and
copper are unique in their reddish coloration and mercury is the only metal which is
liquid at ambient temperatures. Compounds of the transition elements account for the
majority of coloured inorganic materials, and many pigments are relatively simple
derivatives of these elements; however, not all transition-element compounds are
coloured. The transition elements comprise groups 3 to 12 and are found in the

central region of the standard periodic table.
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The transition elements contain of four transition series which are all metals and
are characterized by electrons being assigned to d orbitals. Stated differently, the d-
transition elements contain electrons in both the ns and (n - 1)d orbitals, but not in the
np orbitals. The first transition series, Sc through Zn, has electrons in the 4s and 3d

orbitals, but not in the 4p orbitals. They are referred to as

First transition series:  »Sc through s0Zn  contain 3d*™° ,4s™?
Second transition series: soY through 4sCd  contain 4d*™°, 5s'
Third transition series:  7;Lu and 7,Hf through gHg  contain 5d**° 65

Fourth transition series: 10sLr and 10:Rf through 13,Cn contain 6d*°, 75

The electron configurations of the transition elements are presented in Table 1-1.

Table 1-1. The electronic configurations of the transition elements.

Scandium [Ar]3d 457 Yitrium [Kr]4d'5s° Lanthanum [Xe]5d'6s°
Titanium |Ar]3d 2452 Zirconium  [Kr]dd?5s? Hafnium [Xe]df5d 65
Vanadium [Ar]3d 45 MNiohium [Kr]dd*5s! Tantalum [Xe]df 54 s’
Chromium  [Ar|3d 45! Molybdenum [Kr}4d*5s' Tungsten [Xel4f*5d"6s"
Manganese [Ar]3ed 4s” Technetium  [Krldd™5s° Rhenium [Xeldj*5a"0s"
Iron [Ar]3ed®ds® Ruthenium [Kr]dd 55! Osmium [Xeldf*5d%s1
Cobalt [Ar]3ed'4s° Rhodium [Kr]4d¥5s! Iridium [Xeldf*5d765*
Mickel [Ar]3d®4s? Palladium [KrlddMss" Platinum [Keldf3d%s!
Copper [Ar]3d 45" Silver [Kr]4d'"55" Gold [Xel4f'5d 65"
Zinc [Ar]3d 45t Cadmium [Kr)dd"5s? Mercury [Keldf ' 5d 6s*

Coordination chemistry

Coordination compounds, as the term is usually used in inorganic chemistry,
include compounds composed of a metal atom or ion and one or more ligands
(atoms, ions, or molecules) that formally donate electrons to the metal. This
definition includes compounds with metal-carbon bonds, called organometallic

compounds.
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The name coordination compound comes from the coordinate covalent bond,
Such bonds are often represented by arrows that point from the electron pair donor
(Lewis base) to the acceptor (Lewis acid).

H c a H Cl
| R R [o.
H_:TT + B —_— H—j:\—*ﬂ_—(_,_]:
H :Cl: H Cl’
AIMImonia, boron wichloride,
a Lewis base a Lewis acid
. :Cl: i
:Cl:
y a’ ol
LN i :_ .- B~ - ] . ""--_-.-L- — .
2 G 4 N a=— 1~
Cl R
L
chloride ion, dn(IV) chloride, hexachlorostannare(TV) ion
a Lewis base a Lewis acid

Most d-transition metal ions have vacant d orbitals that can accept shares in
electron pairs. Many act as Lewis acids by forming coordinate covalent bonds in
coordination compounds (coordination complexes, or complex ions). Complexes
of transition metal ions or molecules include cationic complexes (e.g., [Cr(OH,)e]*,
[Co(NH3)e]**, [Ag(NHs),]"), anionic complexes (e.g., [Ni(CN4)]*, [MnCls]*), and
neutral complexes (e.g., [Fe(CO)s], [Pt(NH3).Cl,]). Complexes may contain all of
the same type of ligand, in which case they are termed homoleptic such as

[Co(NH3)e]**, or they may contain a variety of ligand types, whereby they are
described as heteroleptic such as [Pt(NH3),Cl;].
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History of bonding in TM complexes

Problem occurs because in a compound with formula CoCl3.6NH3 and looking at
advances in organic bonding theory only three other atoms should be attached to
Co - compare to 'normal’ salts such as FeCls
Co was expected to have a 'valence' of three
If the chlorides are assigned this role then what happens to six NH3?

From observation of the following reactions

Caolour Formula Product  Electrolyte
Yellow CoCl,. 6 IWNH; + eMCess Ag‘ — 3 Azl 3:1
Purple CoCl;, SNH;  + excess Ag'  — 2 AgCl 2:1
Green CoCli, 4NH:  + excess Ag — AgCl 1:1

Chain Theory
One theory, proposed first by C. W. Blomstrand (1826-1894) and developed

further by S. M. Jorgensen(~1837-1914), was that the nitrogens could form chains
much like those of carbon (and thus could have a valence of 5) and that chloride ions
attached directly to cobalt were bonded more strongly than those bonded to nitrogen.

e.g. CoCl3.6NH; with three available chlorides

Co— NH;—NH;—NH;—NH;— Cl
“\NH,—Cl
egCOC|34N H;
cl
Co— NH;—NH,—NH;—NH;—Cl
ci

Werner's coordination theory

Alfred werner (1866-1919) suggested all six ammonias coordinate to Co in

octahedral fashion and allowed for ' looser ' bonding of some chlorides .

4



lectures in coordination chemistry

Dr.Hayder Al-Hmedawi

CoCl3.6NHjs actually [Co(NHs)e]Cl; and CoCls;.4NH; actually [CoCly(NH3),]ClI

Werner defined valency for the metal

*Primary valency - Satisfied by negative ions (ClI) - we call this oxidation state

*Secondary valency - Satisfied by negative ions or neutral molecules (or some

combination) - we call this coordination number.
The series of compounds in Table (below) illustrates how both the chain theory

and Werner's coordination theory predict the number of ions to be formed by a series

of cobalt complexes. Blomstrand's theory allowed dissociation of chlorides attached

to ammonia but not of chlorides attached directly to cobalt. Werner's theory also

included two kinds of chlorides. The number of chlorides attached to the cobalt (and

therefore unavailable as ions) plus the number of ammonia molecules totaled six. The

other chlorides were considered less firmly bound and could therefore form ions in

solution.
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(non-electrolyte)
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Sidgwick's electronic concept of coordination bond

In 1916 Lewis introduce a concept of two-electron bond between two atoms in a
molecule. According to this concept a covalent bond between two atoms of a
molecule by the sharing of an electron pair. Sidgwick (1927)extended this Lewis
concept of covalent bond and introduced a new concept of coordinate bond which is
also sometimes called polar or dative bond. According to this Sidgwick concept the
ligand donate the electron pair to the central metal atom ion and thus form a
coordinate bond, M«L, which indicates that the ligand ,L(donor) has donated an
electron pair to the metal ion ,M(accept).This concept is based on the fact that all the
ligands contain at least one lone pair of electrons. Thus on the basis of Sidgwick
concept, the structure of the complex ion,[Co(NH3)]**, can be shown as given

below:

3+
NH 3
HSN\iO/NHS
/I ~
NH 3

H3N NH

Coordination bond formed is not very different from a covalent bond. The only

difference lies in the mode of its formation.

Limitation of Sidgwick's concept of coordination bond

The donation of one electron pair by each of the ligands to the central metal ion to
form, M«L coordinate bond in complexes accumulates negative charge on the
central metal ion which is most unlikely .for example in ,[Co(NH3)s]** ,six NH;
molecules donate half share of 12 electrons (six negative charge) to Co** ion and thus
3+ charge on cobalt atom is reduced to -3.Such an accumulation of negative charge

on the central metal atom is unlikely. Pauling suggested that the accumulation of
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undue negative charge on the central metal ion can be prevented, if it is assumed that

the metal-ligand bond has some ionic character (Electroneutrality principle)

Electroneutrality principle

Pauling’s electroneutrality principle is an approximate method of estimating the
charge distribution in molecules and complex ions. It states that the distribution of
charge in a molecule or ion is such that the charge on any single atom is within the
range +1 to -1 (ideally close to zero).
Consider the complex ion [Co(NHs)e]*". Figure below (a) gives a representation of
the complex which indicates that the coordinate bonds are formed by lone pair
donation from the ligands to the Co(lll) centre. It implies transfer of charge from
ligand to metal, and (Fig. b) shows the resulting charge distribution. This is clearly
unrealistic, since the cobalt(l11) centre becomes more negatively charged than would
be favourable given its electropositive nature. At the other extreme, we could
consider the bonding in terms of a wholly ionic model (Fig. c): the 3+ charge remains
localized on the cobalt ion and the six NH3 ligands remain neutral. However, this
model is also flawed. Experimental evidence shows that the [Co(NHs)s]*" complex
ion remains as an entity in aqueous solution, and the electrostatic interactions implied
by the ionic model are unlikely to be strong enough to allow this to happen. Thus,
neither of the extreme bonding models is appropriate.
If we now apply the electroneutrality principle to [Co(NH;)s]**, then, ideally, the net
charge on the metal centre should be zero. That is, the Co®" ion may accept a total of
only three electrons from the six ligands, thus giving the charge distribution shown in
(Fig. d). The electroneutrality principle results in a bonding description for the
[Co(NH3)e]*" ion which is 50% ionic (or 50% covalent).



3+ Uyt
NH; - NH; NH; _  NH;
J + + i 2+
HN___ 1 - NH; HN__ |3 NH; HN 3. NH; HN 0 _ NHj
HN = Co__ _=Co__ Co ~_=Co
¥ NH; HN ™ ~ NH; H:N NH; HN 7 ™ NH;
+ + oy :
+ & ot
NH; NH; NH; NH;
L — 1y
124
(a) (b) () (d)

The complex cation [CO(NH_;){,]”: (a) a conventional diagram showing the donation of lone pairs of electrons from ligands to metal
ion; (b) the charge distribution that results from a 100% covalent model of the bonding; (c) the charge distribution that results from a 100%
ionic model of the bonding; and (d) the approximate charge distribution that results from applying the electroneutrality principle.

A second way to remove electron density from a metal center is called back-
bonding. If a metal atom has electron density in its d-orbitals, the electron density
may be transferred to a ligand through the latter’s m orbitals, e.g. CO. The central
metal ion also form a n-bond with the ligand(M — L) such as M—CO.

7 bonding is also called .n back-bonding, with electrons from d orbitals of the

metal donated back to the ligands( transfer of negative charge away from the metal
ion).

n-bonding

This feeding of electron density into © * orbitals on the ligand affects bond lengths in
the complex. The M-C bond will shorten, while the C-O bond will lengthen. This can

be easily seen using VB resonance structures:

M «—:C=0:7 <« MZCTzfj:
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Effective atomic number(EAN) rule or 18-electron rule.

On the basis of his concept of coordination bond, Sidgwick suggested that after
the ligands have donated a certain number of electrons to the central metal ion
through L—M bonding, the total number of electrons on the central metal ion
,including those gained from ligands in the bonding, is called the effective atomic
number (EAN) of the central metal ion and in many cases this total number of
electrons(i.e., EAN) surrounding the coordinate metal ion is equal to the atomic
number of the inert gas which follows the central metal atom in the periodic table
.This is called Effective Atomic Number(EAN)Rule. When the EAN is
36(Kr),54(Xe) or 86(Rn), the rule is said to be followed.

To calculate EAN of the central metal atom in complexes

EAN of the central metal atom/ion in a given complex ion is given by:

EAN=(z-x) + n Xy
Z=atomic number of the central metal atom, x= oxidation state of the central metal

ion, n=number of ligands and y= number of electrons donated by one ligand.

Examples on EAN rule:
1- [Co(NH3)e]*"
Co*"=24e
6NH;=12¢
EAN=36e
Or EAN=(27-3) +6x2= 36e I.e., This metal ion obey EAN rule

2- [Ag(NH3),]""
Ag-=46e
2NH;=4e
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EAN=50e This metal ion does not obey EAN rule
Or EAN=(47-1) +2x2=50e

3- Ni(CO), EAN=(28-0) +4x2=36e  This metal ion obey EAN rule

4- [CIMn(CO)s] EAN=(25-1) +5x2(CO)+1x2(Cl)= 36e This metal ion obey
EAN rule or

Mn** =24e
5C0=10e
Cl=2e

Total =36e

5- [Mn,(CO)4(]

/ \
C Mn n—
Mn=25e / \
OC CO OC CO
5C0=10e
Mn-Mn=1e
EAN =36e
6- COZ(CO)S
co
ocC co
Co=27e OC>C{—\C0/—CO
3CO=6e(terminal) oc/ \Cé \co
2Up-CO=2e(bridging)
Co-Co=1e

Total= 36e obey of EAN rule

10
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Oxidation State

Oxidation state is a frequently used concept which apportions charges and

electrons within complex molecules and ions. The oxidation state of a metal is
defined as the formal charge which would be placed upon that metal in a purely ionic
description. For example, the metals in the gas phase ions Mn®*" and Cu" are assigned
oxidation states of 3+ and 1+ respectively. These are usually denoted by placing the
formal oxidation state in Roman numerals in parentheses after the element name; the
ions Mn** and Cu* are examples of manganese(111) and copper(l).

It is usually easy to define the oxidation state for simple compounds of the
transition metals. In the case of neutral compounds, we assign charges as if the
compound were ionic. Thus, MnCl, is regarded as (Mn?*, 2CI') and is correctly
described as manganese (I1) chloride. Similarly, WO3 as (W®*, 30,) is tungsten(V1)
oxide. Since ligands which bear no formal charges in an ionic formulation may be
ignored, [Cr(H,0)sCls] is a chromium(l1l) compound, and Ni(OH), and NiBr,, are
nickel(I1) compounds.

Problems with the assignment of oxidation state can arise with even apparently
simple compounds. Consider, for example, Fe3O,4. If the compound were ionic, we
would have four O ions. In order for the entire compound to be neutral, the three
iron atoms must possess an overall charge of +8. The ensuing assignment of an
oxidation state of +8/3 to each iron is not particularly meaningful. A compound of
this type is best regarded as a mixed oxidation state oxide, (FeO + Fe,O3) or
Fe(I)Fe,(111)QO4, in which there are both iron(11) and iron(l11) centres.

Cations and anions are treated in an exactly similar manner, remembering to take
the overall charge of the species into account. If only neutral ligands are present, the
oxidation state of the metal ion is equal to the overall charge on the ion. Thus,
[Fe(H,0)s]** and [Ni(NHs)s]* are iron(l11) and nickel(11) complexes respectively. If
charged ligands are present, formal charges are assigned on the basis of an ionic

description. Thus, the ion [Ni(CN),]* is treated as containing a cationic nickel centre

11
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and four anionic cyanides. Since the four cyanides give a total charge of -4, the nickel
must be assigned a charge of +2 in order for the ion to possess an overall charge of -
2, and it is therefore a nickel(11) complex. Similarly, [MnO,] is treated as (Mn'",
40,7) and is a manganese(VI1I) compound.

It is quite possible for a metal centre to possess a zero or negative oxidation state.
Thus, the species [Cr(CO)s] and [Fe(CO)s* are chromium(O) and iron(-2)

complexes.

Oxidation states of first row transition-metals

Available oxidation states

SR ]
W W W W

—
8]

Mn —3 —2 -1

W
= & & B & &
h
)]
~l

93]

Cu

93]

 © ¢ © o © O © ©o ©
—

—
(IS T O SR IS R (S B S B N ]
W

n

Common oxidation states are shaded. Note the pattern in maximum oxidation states.
NB - in the 2™ and 3" row. Ru and Os can attain the +VTII state as MO,

Other method

Table 1-5. The oxidation states of first row transition-metals.

Sc Ti Vv Cr Mn Fe Co Ni Cu Zn
0 and lower N v N N N v v
+ N N T Y
2 VoW W W W W W W
BoW W W Y W W
+ N A R
+5 WooW v v
+6 W4
+7 W
v Known

V¥ Commonest oxidation states

12
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Type of ligands

1- Monodentate (one-toothed) - bind by donating one lone pair. The majority of
ligands are either neutral or anionic. Those which coordinate to a metal ion
through a single atom are described as monodentate or unidentate. Examples
of such ligands : water (H,O), ammonia (NHs) and chloride (CI). A more

extensive listing of common ligands is found in Table 3.

2- Polydentate (many-toothed) - bond through more than one donor atom
Ligands which interact with a metal ion through two or more donor atoms are of
particular importance in coordination chemistry. a didentate (or bidentate) ligand
interacts with metals through two donor atoms, a tridentate (or terdentate) through
three, and so on.

If two or more of the donor atoms are interacting with the same metal centre,
the ligands are described as chelating and the complexes as chelates. It is generally
found that there is an extra stability associated with complexes which contain
chelating ligands - the so-called chelate effect .

In Table 4 there are list some common polydentate ligands together with the
abbreviations by which they are commonly known. Once again, note that both neutral
and anionic ligands are found, and that the range of donor atoms is great. A new
feature of these polydentate ligands is that they may contain mixtures of different
donor atoms within the same ligand. Note also that a range of cyclic ligands is
known, each of which provides a central cavity for a metal ion. The study of such

macrocyclic or encapsulating ligands is of considerable current interest.

13
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Table (3)Some typical monodentate ligands and representative complexes that they form

Monodentate ligands Donor atom Example

0+ O [MnO,]

Halides, F~, Cl-, Br—, I~ F. Cl, Br, 1 [NiCl,]*-, [CrFg]*-

H- H [ReH,]*

NCS- Nor S [Cr(NH,)5(NCS)}?*
[Cr(NH;)s(NCS)}**

NO,- N or O [Co(NH,)s(NO,)]?*
[Co(NH,)s(ONO)|**

RS 5 [Fe(SPh),]-

N~ C [Fe(CN)gJ*-

HO- 0 [Zn(OH).J*

H0 0 [Mn(H,0),]*

NH; N [Co(NH;)el™

phosphines, PR, P [Pt{PMe),]

S
| pyridine, py
-

N N [Ni(py)sl*
CcO C [Mn(CO)s]-
RCN N [Ru(NH;)s(NCMe)]**
(CH;).S S [Pt{(CH;),8 },Cl,]

14
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Table (4)Some typical polydentate ligands and their complexes .

Polydentate ligands Donor atoms Example
Didentare
=
acetylacetonate, .
0. pentane-2,4-dionate, 0.0 [Crlacac),]
acac
oxalaio,
0 D OX 0,0 [Fe(ox),]*
0
glycinato,
HN o 0- Bl N.O [Cugly).)
H.NCH.CH.NH,
1.2-diaminoethane. N,N' [Colen) ™

ethylenediamine, en.

Ph,PCH;CH,PPh;
bisidiphenylphosphino)-ethane, dppe PP [Fe(dppe)(CO)]
Ashle,
@: ;ﬁg:ﬂﬁﬂi”mm“}' AsAg’ [CrCly(diars)|
AsMe,
Ph Ph
-5 [ 5.5 [Re(S.C:Phy)s]
i L
/ ==\ 2,2-bipyridine, NN (Mn(bpy)l
o 2,2 dipyridyl,
—N N4 bipy, bpy
1,10-phenanthroline, ~ N.N' [Ru{phen);]*

phen

15
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Table (4) continued

Polydentate ligands Donor atoms Example

Tridentate

H:-NCHyCH.NHCH;CH.NH-
Diethylenetriamine, 1.4,7-riazaheptlane, NONLN [Coldien),] ™
bisi2-aminoethyl)amine, dien.

N.N'N" [Critpy)a]™

2,26' 2" 1erpyridine,
terpyridyl, tpy, terpy

Macrocvelic
o™
O L8]
E j 18-crown-6 Q. [Ki18-crown-6)]
0 0
k/o\)

1,4,8,11-terazacyelo- NN N [Ni{cyclam]*

E j tetradecane, cyclam

Nomenclature

Organic (and some inorganic) ligands are frequently named with older trivial
names rather than with IUPAC (International Union of Pure and Applied Chemistry)
names. The IUPAC names are more correct, but trivial names and abbreviations are

still commonly used. Tables 5, 6, and 7 list some of the common ligands.
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Table (5)common monodentate ligands

Common Name TUPAC Name Formula
fluoro fluore F
chloro chloro (&
bromo bromo Br

iocle indo I
arido azido Ny~
CYANGD cyano CN™
thiccyano thioeyanato-3 (S-bonded) SCN™
ishiocyano thipevanato-M (N-bonded) NOS™
hydroxo hydroxo OH
agua agua Hal
carbonyl carbonyl Co
thiocarbonyl thiccarhony] Cs
nitrosyl nitrosy| NO™
nitre nitrito-M (M-bonded) Nk
ntrito nitrito-0 (O-honded ) OMNO~
methy] isocyanide methylisocyanide CH;NC
phosphine phosphiane PR,
pyridine pyridine Y
ammine anmmine NH;
methylamine methylamine MeMH-
amido amido NH:™

Table (6) common chelating ligands

Chelating

Poinis Common Name HIPAC Name Abbreviation  Formula
monodentate ammine, methylamine ammine, methylamine NHy, CH4NH,
bidentate ethylenediamine 1.2-ethanediamine cn NH;CH2CHaMNH A

tridentate

tetradentate

pentadentate

hexadentate

diethylenetriaming
iethylenstetraamine

BB -
wiaminetriethylamine

tetracthylenepentamine

ethylenediaminetetraacetate

2,2 -dizminodiethylamine  dien
or 1.4, 7-riazaheptane
1,47, 0-etraazadecane trien

BB’ B"-tris(2- ren
aminoethy jamine

14,710,135~
pentaazalridecane
1. 2-ethanediyl
(dinitrilo)
fefraacelale

EDTA
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Table (7)common multidentate ligands (chelating) ligands

Common Naine TUPAC Name Abbreviation  Formula and Structure
0O 0
acerylacetonato 2 4-pentanediono acuc CH3COCHCOCH;~ {:l L (.lf
H.C” ™ C7 T CH,
3 H 3
N N
22" bipyridine 22" hipyridy] bipy CroHsN, ©_©
N N
L, i0-phenanthroline 1, 10-diaminophenanthrene phen, a-phen C1aHgN;
phenanthroline
O
| o2 N, A0
oxalato oxalato Ox Caly - lc—Cci -
o o
S_\ /R
dialkyldithiocarbamato dialkylcarbamodithioato dic S:CNR>™ — VC==N
& N
5 R
Ph‘xp p /Ph
1.2-bis 1.2-ethanediylbis dppe PhsPC;H,PPhs Ph/ . / ™Ph
(diphenylphosphinojethans (diphenylphosphane) C—C
H2 HE
Me Me
T s A
s-phenylenehis 1,2-phenylenebis diars CoHa(As(CH)2) 0 S
{dimethylarsing) (dimethylarsane) Me Me
H_lC\C . /CH1
- - o o NO- NG
dimethylglyoximato butanediene dioxime DMG HONCCICHLC(CH5INO | |
0\ O
H
elhylenediaminetetraacetato 1, 2-ethanediyl EDTA (TOOCCH2):NCH;CHN(CHLCO0 ),
(dinitrilojretraacetato
I N |-
OCHz('_' CH,CO
NCH2CTH2N
~
UCHEC CH2C0

pyrazolythorato

hydrowris-(pyrazo-1-yljboravo

18
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Nomenclature rules
1. The positive ion (cation) comes first, followed by the negative ion (anion). This is
also the common order for simple salts.
Examples: diamminesilver(l) chloride, [Ag(NHs),]ClI
potassium hexacyanoferrate(l11), Ks[Fe(CN)s]

2. The inner coordination sphere is enclosed in square brackets in the formula. Within

the coordination sphere, the ligands are named before the metal, but in formulas the

metal ion is written first.

Examples: tetraamminecopper(l1) sulfate, [Cu(NHs)4]SO4
hexaarnminecobalt(l11) chloride, [Co(NH3)s]Cls

3. The number of ligands of one kind is given by the following prefixes. If the ligand
name includes these prefixes or is complicated, it is set off in parentheses and the

second set of prefixes is used.

di bis

tri tris
tetra tetrakis
penta pentakis
hexa hexakis
hepta heptakis
octa octakis
nona nonakis
daca decakis

Examples:  dichlorobis(ethylenediamine)cobalt(111), [Co(NH,CH,CH,NH,),Cly]*
tris(bipyridine)iron(11), [Fe(CsHsN-CsH4N)3] ™

4- Ligands are named in alphabetical order (according to the name of the ligand, not
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the prefix), although exceptions to this rule are common. An earlier rule gave anionic
ligands first, then neutral ligands, each listed alphabetically.
Examples: tetraamminedichlorocobalt(I11), [Co(NH3).Cl,]"
(tetraammine is alphabetized by a and dichloro by c, not by the
prefixes)
amminebromochloromethylamineplatinum(ll),[Pt(NH3)BrC1(CH3;NH,)]

5. Anionic ligands are given an o suffix. Neutral ligands retain their usual name.

Coordinated water is called agua and coordinated ammonia is called ammine.

Examples: chloro, C1° methylamine, CHsNH;
bromo, Br ammine, NHs (the double m distinguishes NH3
sulfato, SO, from alkyl amines)
aqua, H)0O

6. Two systems exist for designating charge or oxidation number:

a. The Stock system puts the calculated oxidation number of the metal ion as a

Roman numeral in parentheses after the name of the metal. This is the more common

convention, although there are cases in which it is difficult to assign oxidation

numbers.

b. The Ewing-Bassett system puts the charge on the coordination sphere in

parentheses after the name of the metal.

In either case, if the charge is negative, the suffix -ate is added to the name of the

coordination sphere.

Examples:  tetraammineplatinum(l1) or tetraammineplatinum(2+), [Pt(NHz)4]*
tetrachloroplatinate(ll) or tetrachloroplatinate(2-), [PtCL,]*
hexachloroplatinate(IV) or hexachloroplatinate(2-),  [PtC1e]*
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7. The prefixes cis- and trans- designate adjacent and opposite geometric locations.
Examples: cis- and trans-diamminedichloroplatinum(Il), [PtC1,(NHz);]

cis- and trans-tetraamminedichlorocobalt(111), [CoCIl,(NH3)4]"

HN. €L HN H,N_ I\H——l SRS ::}_I

Pl. P'L CO "\‘ ,-"’

'f‘ » " . < ™ - / L CD
HN Cl Cl NH | X ans

N 3 HN" 4 TNH; HN rlq N,

Ly frany 1

trans cis
green vinlet

8. Bridging ligands between two metal ions have the prefix p-
Examples: tris(tetraammine-p-dihydroxocobalt)cobalt(6+),
[Co(Co(NH3)4(OH)z)s 17
K -amido- p -hydroxobis(tetramminecobalt)(4+),

[(NH3),Co(OH)(NH2)Co(NH3),] ™

B : o NH: I
H NH '.|i H,J \JI"IE 3 ey, (l_jo'&\ NH3
"'l. | N I:L “']}.jj N PfHSI(E,I HIO{(%H‘NHB
1. :' 3 s T ey, L
Co Co

H;I\f l ““0/' | “NH, e o T ~on

NH'], NHBH HD:...‘ | & NH3
| P

NH3 py NH;

9. When the complex is negatively charged, the names for the following metals are
derived from the sources of their symbols, rather than from their English names:
iron (Fe) ferrate lead (Pb) plumbate
silver (Ag) argentate tin(Sn) stannate

gold(Au) aurate

Examples: tetrachloroferrate(l11) or tetrachloroferrate(1-), [FeC1l4]

dicyanoaurate(l) or dicyanoaurate(1-), [Au(CN),]
21
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Isomerism In Coordination Compounds

Isomers are different compounds that have the same molecular formula; they
have the same number and kinds of atoms arranged differently. The term isomers
comes from the Greek word meaning “equal weights.” Because their structures are

different, isomers have different physical and chemical properties.

There are two major classes of isomers: structural (constitutional) isomers and

stereoisomers. For coordination compounds, each can be further subdivided as

follows.

Structural Isomers Stereoisomers

1. ionization isomers 1. geometric (positional) isomers
2. hydrate isomers 2. optical isomers

3. coordination isomers

4. linkage isomers

Differences between structural isomers involve either more than one
coordination sphere or different donor atoms on the same ligand. They contain
different atom-to-atom bonding sequences. Simple stereoisomers of coordination
compounds involve only one coordination sphere and the same ligands and donor
atoms. Before considering stereoisomers, we will describe the four types of structural

isomers.

Structural (Constitutional) Isomers

1- lonization (lon-lon Exchange) Isomers
Non-coordinated and coordinated ionic ligands are exchanged. For example, red-
violet [Co(NH3)sBr]SO,4 and red [Co(NH3)sSO4]Br are ionization isomers.
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Br > [ 080, ik
H.,N I H,N
Yo~ N et NH, 50 2 ! T~Co— NH; Br
HN-— | = T HN"— | ™
3] NH, 2 NH,
NH, NH,
[ColINH;)sBr] S0y [ColNH;3)5504]Br
pentaamminebromocobalyTIT) pentaamminesul farocobal 11T}
sulfate bromide
A B

In structure A the SO4 % ion is free and is not bound to the cobalt(l1l) ion. A
solution of A reacts readily with a solution of barium, BaCl,, to precipitate BaSOy,
but does not react readily with AgNOs. In structure B the SO4 > ion is bound to the
cobalt(l11) ion and so it does not react with BaCl, in aqueous solution. The Br™ ion is
free, however, and a solution of B reacts with AgNOj; to precipitate AgBr. Equimolar
solutions of A and B also have different electrical conductivities. The sulfate
solution, A, conducts electric current better because its ions have 2+ and 2-charges
rather than 1+ and 1-. Other examples of this type of isomerism include:

[Pt(NH3)4Cl;]Br, and [Pt(NH3)4Br,]Cl,
[Pt(NH3)4SO4](OH), and [Pt(NH3)4(OH).]SO,
[Co(NH3)sNO,]SO, and [Co(NH3)sSO4]NO,
[Cr(NH3)sSO4]Br  and [Cr(NH3)sBr]SO,

2- Hydrate Isomers

In some crystalline complexes, water can be inside and outside the coordination
sphere. The standard example is CrC1;.6 H,O, which can have three distinctly
different [Cr(H,0)6]C13
[CrC1(H.0)s]C1, .H,O (blue-green), and [CrC1,(H,0),]C1.2H,0 (dark green). A

fourth isomer, [CrC13(H,0)s] (yellow-green) also occurs at high concentrations of

crystalline  compounds, now known as (violet),

HCI .The three cationic isomers can be separated by cation ion exchange from
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commercial CrC13.6H,0, in which the major component is [CrCI;(H,0),]CI1.2H,0 in
the trans configuration.

3- Coordination isomerism

Examples of a complete series of coordination isomers require at least two metal
ions and sometimes more. The total ratio of ligand to metal remains the same, but the
ligands attached to a specific metal ion change. This is best described by example.

For the empirical formula Pt(NHs),C1,, there are three possibilities:

[Pt(NH3).C1;]
[ Pt(NH3)sCI][Pt(NHs)Cls] (This compound apparently has not been
reported, but the individual ions are known.)
[Pt(NHs)4] [PtCl4] (Magnus' green salt, the first platinum
ammine, was discovered in 1828.)
Other examples are possible with different metal ions and with different
oxidation states:
[Co(en)s][Cr(CN)s] and [Cr(en)s][Co(CN)e]
[Pt(NH3)4][PtC1ls]  and [Pt(NH3),C1,][PtC1,]
Pt(Il)  Pt(IV) Pt(IV) Pt(I1)
4- Linkage (ambidentate) isomerism
Some ligands can bond to the metal through different atoms. The most common
early examples were thiocyanate, SCN-, and nitrite, NO,-. Class (a) metal ions (hard
acids) tend to bond to the nitrogen of thiocyanate and class (b) metal ions (soft acids)
bond through the sulfur, but the differences are small and the solvent used influences
the bonding.
Compounds of rhodium and iridium with the general formula
[M(PPh3),(CO)(NCS),] form M - S bonds in solvents of large dielectric constant and
M-N bonds in solvents of low dielectric constant, as shown in Figure (1)(a). There

are also compounds with both M-SCN (thiocyanato) and M-NCS (isothiocyanato)
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[isothiocyanatothiocyanato(1-diphenylphosphino-3-dimethylaminopropane)
palladium(l1); Figure (1)(b)].

M-NCS combinations are linear and M-SCN combinations are bent at the S atom

in all thiocyanate complexes. This bend means that the MSCN isomer has a larger
steric effect, particularly if it can rotate about the M-S bond.
The nitrite isomers of [ Co(NHz)sNO,]™ was studied by Jorgensen and Werner, who
observed that there were two compounds of the same chemical formula but of
different colors. A red form of low stability converted readily to a yellow form. The
red form was thought to be the M-ONO nitrito isomer and the yellow form the M-
NO, nitro isomer, based on comparison with compounds of similar color. In a more
recent example, the stable O-N-Ru form of [Ru(NO)s(OH)]? is in equilibrium with
the metastable N-O -Ru form .

As(CHs)y an-i \.-'El'lt_ﬁ of low AsS(CeHs s
| T dielectric constant | o

SCN—Pd—NCS

MNCS—Pd —5CN :
Solvents of high
AS(CgHsly  dielectric constant As(CgH )3

(a)

(CH;),N-—"
S
ST\ETN_ﬁd_PtCE'HS}z
178.6° ]‘??_ﬁ‘-’( <
107 .35
3
e
N 173.0°
()
2+ 2
NHL N MNH
| i'- H-:"/{J v | q‘-"NH?
HN—Co—N = H3N—Co—0—N
- | \.D R4 I
H;N' NH, HiN' NH, ¢
vellow red

{c)

[O— N-—Ru(NO)(OH)]? s [N— O-— Rui{NO), (OH]*

Stable form Metastable form
{dl

Figure shows Linkage (Ambidentate) isomers

25



lectures in coordination Chemistry ...........ccovvvriiiiiiiiininiiieeenaenn, Dr.Hayder Al-Hmedawi

STEREOISOMERS

Compounds that contain the same atoms and the same atom-to-atom bonding

sequences, but that differ only in the spatial arrangements of the atoms relative to the
central atom, are stereoisomers. Complexes with only simple ligands can exist as
stereoisomers only if they have coordination number 4 or greater. The most common
coordination numbers among coordination complexes are 4 and 6, and so they will be

used to illustrate stereoisomerism.

1- Geometric (cis-trans) Isomers
In geometric isomers, or cis-trans isomers, of coordination compounds, the
same ligands are arranged in different orders within the coordination sphere.
Geometric isomerism occurs when atoms or groups of atoms can be arranged on two
sides of a rigid structure. Cis means “adjacent to” and trans means “on the opposite

side of.” Cis- and transdiamminedichloroplatinum( 1) are shown below.

cl - H.N :
i NH, ) -
gg— Y~ a—" ~.
' NH, ' NH,
cis trans
pale vellow dark yellow

Cl—Pt—ClI angle = 90° Cl—Pt—Cl angle = 180°
N—Pt—N angle = 90° N—Pt—N angle = 180°

cis-diamminedichloroplatinum(TI), rrans-diamminedichloroplatinum(II),
ais-[Pt(NH;),Cl,] mrans-[Pt(NH;),Cl, |
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In the cis isomer, the chloro groups are closer to each other (on the same side
of the square) than they are in the trans isomer. The ammine groups are also closer
together in the cis complex.

Geometric isomerism is possible for octahedral complexes. For example,
complexes of the type MA4B, can exist in two isomeric forms. Consider as an
example the complex ion [Co(NH;)4Cl,]". The two like ligands (CI) can be either cis
or trans to each other. These two complexes are different colors: solutions and salts

of the cis isomer are violet and those of the trans isomer are green.

NH, - NH, +

cl - NH, H,N cl

L e S VO SCo—

. ) v — ] T
l N H-{ ] ':\THE.
I NH, | NH,
cir-retraamminedichlorocobal 11T} ion, - o -
ar-[Co{NH;),Cly] srams-tetraamminedichlorocobaldTIT) jon,
: - trams-[ColINHL),,Cly )+

Complexes type [M(ANA).;B;] involving bidentate ligands ANA, such as

ethylenediamine, can also exhibit this kind of isomerism, as shown below.

I cl I cl 1
./{-FN -_""‘-J — a ,ff-_N --""‘-J — Prl
I — 00— i - [ o
No— | "‘----..1\'4 N— | "“'--N ) /'I
N__--"”j Cl
cis-Isomer frans-isomer
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Octahedral complexes with the general formula MA3B3 can exhibit another type
of geometric isomerism, called mer—fac isomerism. This can be illustrated with the
complex ion [Pt(NH3)sCls]™. In one isomer the three similar ligands (e.g., the CI°
ligands) are mutually cis to each other; this is called the fac isomer (for facial). In the

other isomer, two of the same ligands (e.qg., the CI" ligands) are mutually trans to each

other; this is called the mer isomer.

i Cl |

Sae-wriamminetrichloroplatinum(TV) ion,
Sfac-[PoINH 3 Cli )™

Complexes of the type [MA;B,C,] can exist in several isomeric forms. Consider as

an example [Cr(OH,),(NH3),Br,]". First, the members of all three pairs of like ligands

Dr.Hayder Al-Hmedawi

H,N

cl—

mer-triamminetrichloroplatinum(TV) ion,

Cl

meer-[ Py NH ) Cl

may be either trans to each other (A) or cis to each other (B).

Br NH,

Br

OH,

erams-diammine-rrans-diaqua-mrans-
dibromochromium(I11) ion
A

NH,

_ OH,

NH,

s-diammine-gs-diaqua-cis-
dibromochromium(II1) ion

I
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