Trigonal bipyramidal

For eXample
(refer to VSEPR Theory !)

F

90°

Fin,,,,, ]_:—l F

1200
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Example: Ru(CO),(PPh,),

Which possible structures can we draw from this compound
and which one is most likely to form ?

D
)

fOJ 1)
W .




Popular example: Iron Pentacarbonyl

Organic reactions on Cyclobutadiene:

I
CO—II:e-CO
CO

(L) N

1

Cl

O

S ol

AICI,

|
CO—II:e-CO
CO

CH,

123



Compare d%and d>

Both kinds of electron configuration result in zero CFSE.
What is the difference ?



Draw the energy level diagram for both answers and state if
high- or lowspin

Which of the following compounds has a CFSE of 0.04, associated

A. [PtFe]
B. [Fe(CN)g]*

-




UV/VIS Spectroscopy

LIght absorption by electron transfers

126



Visible Colours

Approximate
wavelength
ranges / nm

Red 700-620 Green
Orange 620-580 Blue
Yellow 580-560 Violet
Green 560-490 Red
Blue 490-430 Orange
Violet 430-380 Yellow

Colour of light
transmitted

Colour of light
absorbed




e, molar
absorptivity

UV-visible spectrum of [Ti(OH;)s]**

wavelength of
/ absorption
¢ corresponds to
“ 493 nm

30 28 24 22 20 18 16
wave number (1000 cr’)

How to convert between cmand nm ?
Why do we use wavenumber v instead of wavelength A ?

128



Question

Which colour will theSomplex have ?

How many electron transitions are happening and why ?

How will the colour change if we add ammonia to the
aqueous solution ? And why ?



Compare 2 Ni-
Compou nds 8140010150 ??E-’&Velmgth[nm] 3150

Ni(H20)6 (2+) 2 s i 2 2
Colour- A29—T1g(F), Eg A29—sT1g(P)
'.—.4"'
= I!'.-'!mg—:!"l'zg
P
>
= —
Ni(NH3)6 (2+): 50
Colour: g 02510 (F)
§4 s.“:‘.zg—}ng
. 2 2
A 29— T1a[ P)
Which compound absorbs
light at higher energy ? 0 : : : :
10 15 20 25 30

Wavenumber x10° [cm ]



Jahn-Teller
g EffEL

Xy The Jahn-Teller effect is generally
= T only important for odd number
occupancy of the e, level.
A The effect of Jahn-Teller
distortions is best documented
for Cu(ll) complexes (with 3
Xy electrons in the e, level) where
. AN tog Xz yz .
%2 yz E? the result is that most complexes
- [ — are found to have elongation
z elongation z compression along the z-axis.
2 long 4 short 2 short 4 long
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Complexes

Q

e .. 9

%o
@

* A central metal atom bonded to a group of
molecules or ions is a metal complex.

» If it's charged, it's a complex ion.
» Compounds containing complexes are coordinafigi.

ation

com pO un d S. Compounds




Complexes

* The molecules or ions coordinating to the metal
are the ligands.

* They are usually anions or polar molecules.
* The must have lone pairs to interact with metal

:0O—H :N—H :Cli~ :C=N:"
H H Chemistry of

Coordination
Compounds




A chemical mystery:
Same metal, same

TABLE 24.1 Properties of Some Ammonia Complexes of Cobalt(III)

Original Ions per “Free” C1~ Ions  Modern
Formulation @ Color Formula Unit per Formula Unit Formulation

CoCl3*6 NH;  Orange 4 3 [Co(NH3)6]Cls
COC13‘5 NH3 Purple 3 2 [CO(NH3)5C1]C12
CoCl34 NH;  Green 2 | trans-[Co(NH3),4Cl,]|Cl
COC13‘4 NH3 Violet 2 | CiS-[CO(NH3)4C12]C1

 Many coordination compounds are brightly
colored, but again, same metal, same ligands,
different colors.

Chemistry of
Coordination
Compounds



Werner’s Theory

Co(lll) oxidation state

e Coordination # is 6

* suggested in 1893 that metal ions have primary and
secondary valences.
— Primary valence equal the metal’s oxidation number

— Secondary valence is the number of atoms directly
bonded to the metal (coordination number)



Werner’s Theory

* The central metal and the ligands directly bonded
to it make up the coordination sphere of the
complex.

* In CoCl;-6 NH,, all six of the ligands are NH,and

the 3 chloride ions are outside the coordination
sphere.

TABLE 24.1 Properties of Some Ammonia Complexes of Cobalt(III)

Original Ions per “Free” C1~ Ions  Modern
Formulation @ Color Formula Unit per Formula Unit Formulation

CoCl3*6 NH3  Orange 4 3 [Co(NH3)6]Cl5

CoCl35NH;  Purple 3 2 [Co(NH3)5Cl]Cl,

CoCl;-4 NH;  Green 2 1 trans-[Co(NH3),Cl,JCl ~ Chemistry of
CoCl3-4 NH;  Violet 2 1 cis-[Co(NH,),ClL,JC1 ~ Coordination

Compounds



Werner's Theory

In CoCl,-5 NH,the five NH,groups and one
chlorine are bonded to the cobalt, and the other
two chloride ions are outside the sphere.

TABLE 24.1 Properties of Some Ammonia Complexes of Cobalt(III)

Original Ions per “Free” C1~ Ions  Modern

Formulation @ Color Formula Unit per Formula Unit Formulation

COC13'6 NH3 Orange 4 3 [CO(NH3)6]C13

CoCl3*5NH;  Purple 3 2 [Co(NH3)5Cl]Cl,

CoCl3-4NH;  Green 2 1 trans-[Co(NH3),Cl,JCl ~ Chemistry of
CoCl3+4 NH;  Violet 2 1 cis-[Co(NH3)4CL]Cl1 Coordination

Compounds



Werner’s Theory

Werner proposed putting all molecules and ions
within the sphere in brackets and those “free”
anions (that dissociate from the complex ion when
dissolved in water) outside the brackets.

TABLE 24.1 Properties of Some Ammonia Complexes of Cobalt(III)

Original Ions per “Free” C1~ Ions  Modern

Formulation = Color Formula Unit per Formula Unit /Fomu'l'mtm\

CoCl3*6 NH3  Orange 4 3 [Co(NH3)6]Cl3

CoCl3*5NH;  Purple 3 2 [Co(NH;3)5Cl]Cl, _
CoCl3-4NH;  Green 2 1 trans-[Co(NHj),Cl,]Cl/ Chemistry of
CoCl3+4 NH;  Violet 2 1 cis-[Co(NH3)4Cl]Cl Coordination

~— Compounds



Gree

Werner’s Theory

* This approach correctly
predicts there would be two
forms of CoCl,- 4 NH.,.

— The formula would be written
[Co(NH,),CL]CI.

— One of the two forms has the two
chlorines next to each other.

— The other has the chlorines
opposite each other.

Chemistry of
Coordination
Compounds



What is Coordination?

 When an orbital from a ligand with lone
pairs in it overlaps with an empty orbital
from a metal

Sometimes called a
coordinate covalent
L bond

So ligands must have lone pairs of electrons.

Chemistry of
Coordination
Compounds



Metal-Ligand Bond

 This bond is formed between a Lewis acid

and a Lewis base.

— The ligands (Lewis bases) have nonbonding

electrons.

— The metal (Lewis acid) has empty orbitals.

H
Ag ™ (ag) + 2:N—H(ag) —

H

H H
H—N:Ag:N—H

H H

(aq)
Chemistry of

Coordination
Compounds



Metal-Ligand Bond

The metal's coordination
ligands and geometry can
greatly alter its properties,
such as color, or ease of
oxidation.

Chemistry of
Coordination
Compounds




Oxidation Numbers

£2 + 4(0) = +2
UL
[Cu(NH;)4]""

Knowing the charge on a complex ion and the
charge on each ligand, one can determine
the oxidation number for the metal.

Chemistry of
Coordination
Compounds



Oxidation Numbers

Or, knowing the oxidation number on the
metal and the charges on the ligands, one
can calculate the charge on the complex ion.

Example: Cr(lll)(H,0),Cl,

+3 + 4(0) + 2(—1) = +1

VoL

CI(H20)4C12

Chemistry of
Coordination
Compounds



Coordination Number

e The atom that

supplies the lone
pairs of electrons for
the metal-ligand bond
Is the donor atom.

* The number of these
atoms is the
coordination number.

Chemistry of
Coordination
Compounds



NH; 3+

H;N

H;3N

Co NH,

NH;

NH; _

Coordination Number

* Some metals, such as
chromium(lll) and
cobalt(lll), consistently
have the same
coordination number (6
In the case of these two
metals).

* The most commonly
encountered numbers
are 4 and 0.

Chemistry of
Coordination
Compounds



Geometries

 There are two

common geometries NH, B
for metals with a ,;Q@_%(
coordination number gl

of four: B -
— Tetrahedral Tetrahedral Square planar

— Square planar
Why square planar? We’'ll get to that

Chemistry of
Coordination
Compounds



3+

Geometries

a+

By far the most-
encountered
geometry, when the
coordination number
IS SiX, IS octahedral.

Chemistry of
Coordination
Compounds



Polydentate Ligands

gt

* Some ligands have two
or more donor atoms.

* These are called
polydentate ligands or
chelating agents.

* In ethylenediamine,
NH,CH,CH,NH,,
represented here as en,
each N is a donor atom.

* Therefore, enis
_ bidentate.
[CO(en)3]3+ Chemistry of

Coordination
Compounds




CoEDTA ™

Wraps around the
central atom like an
octopus

Polydentate
Ligands

Ethylenediaminetetraacetate,

mercifully abbreviated EDTA,
has six donor atoms.

:(”): :(”):
~:0—CCH, CH,C—Q:™ oy O
NCH,CH,N = N—N
. - - j \ _7of
-O_CCH2 CHzc_O O O ion
| I i
:O: - -

[EDTAT*~



Polydentate Ligands

Ligand Type Examples

Monodentate Hzij: Water F :” Fluoride ion [:C=N:]" Cyanide ion [O— H] Hydroxide ion
‘:NH; Ammonia Cl :7 Chloride ion [S= Cc=N ] Thiocyanate ion [O =N= O !]” Nitrite ion
or LOI‘«J
Bidentate . oy .
O, O, 50 =
AN 7" [
H,C—CH, O O c—C
/ \ 28 / \ LR . /C \ &
HZ]'.\.] NHZ N N N. y N .Q- .Q- .Q. ‘Q.
Ethylenediamine (en) Bipyridine Ortho-phenanthroline Oxalate ion Carbonate ion
(bipy) (o-phen)
Polydentate :0: :0: :0: 5-
ool | ..
HzC_CHZ CHZ_CHZ :Q_P__O_P—O—P—Q
I X I I I
HoN NH NH, 0 10 i)
Diethylenetriamine Triphosphate ion
[ :(“): :?I): 14
:0—C—CH, /CHZ—C—Q:
:N—CH,—CH,—N
s o N o
?Q—ﬁ_CHz CI—Iz—i:—Q:
. O HO

Ethylenediaminetetraacetate ion (EDTA*)

cuemistry of

Chelating agents generally form more stable  coorination
. ompounds
complexes than do monodentate ligands.



Chelating Agents

— —5-

Na5c") | 01‘30 | e

* Bind to metal ions removing them from solution.

* Phosphates are used to tie up Cazand Mg#in hard
water to prevent them from interfering with

detergents. Chernistry of
Coordination

Compounds



Chelating Agents

* Porphyrins are
complexes containing a
form of the porphine
molecule shown at
right.

* Important biomolecules
like heme and
chlorophyll are
porphyrins. Chemity of

Coordination
Compounds



Chelating Agents

Porphines (like
chlorophyll a) are
tetradentate ligands.

|

CH, COOCH;

COOC20H39 Chemistry of

Coordination
Compounds



Nomenclature of

Name in Name in
Ligand Complexes Ligand Complexes
Azide, N3~ Azido Oxalate, C,04%" Oxalato
Bromide, Br™ Bromo Oxide, O Oxo
Chloride, C1™ Chloro Ammonia, NHj; Ammine
Cyanide, CN™ Cyano Carbon monoxide, CO Carbonyl
Fluoride, F~ Fluoro Ethylenediamine, en Ethylenediamine
Hydroxide, OH™ Hydroxo Pyridine, CsHsN Pyridine
Carbonate, CO3~ Carbonato Water, H,O Aqua

* The basic protocol in coordination nomenclature
Is o name the ligands attached to the metal as
prefixes before the metal name.

« Some common ligands and their names are sy of
listed above. Coordination

Compounds



Nomenclature of
* As always tr%%(a)rgg %?%E'c?a lon appears first;
the anion isCemapeunds

 Ligands are listed alphabetically before the metal.
Prefixes denoting the number of a particular ligand
are ignored when alphabetizing.

Cation Anion

[Co(NH;)5C1]Cl, Pentaamminechlorocobalt(III) Chloride

5 NH; g Cobalt in
ligands ligand  +3 oxidation

Chemistry of
state

Coordination
Compounds



Nomenclature of

 The names O %ﬁ\)lgrqgrl]lgaatr#gs%nd in “0”; the

endings of t&ompeumdﬂal ligands are not
changed.

* Prefixes tell the number of a type of ligand in the
complex. If the name of the ligand itself has such
a prefix, alternatives like bis-, tris-, etc., are used.

Cation Anion
.

[Co(NH3)5Cl[Cl,  Pentaamminechlorocobalt(III) Chloride
| | |
| |
5 NHj; Ll Cobalt in
ligands ligand +3 oxidation
state

Chemistry of
Coordination
Compounds



Nomenclature of Coordination Compounds

* |If the complex is an anion, its ending is changed to
-ate.

* The oxidation number of the metal is listed as a
Roman numeral in parentheses immediately after

the name of the metal.

Cation Anion
Na,[MoOCl,] Sodium Tetrachlorooxomolybdate(IV
4Cl~ Oxide, O*~ Molybdenum Chemistry of
ligands ligand in +4 oxidation Coordination

state Compounds



[Cr(OH,)g]?"

Halide K[FeCl,]

Ammonia [Ag(NH,),]*

Cyanide [Ni(CN),]*

Hexaaquachromium(lll)

Potassium tetrachloroferrate

Diamminesilver(l)

Tetracyanonickelate(ll)




pyridine Ru(py),Cl, Tetrapyridineruthenium(Il)
dichloride

Ethylene [Co(en),]3* Tris(1,2-
diamine diaminoethane)cobalt(lIl)

Bipyridine  [Ru(bipy),]3* Tris(2,2’-
(bipy) bipyridyl)ruthenium(lil)

8-hydroxyquinolinato




Isomers

~ Isomers
(same formula, different properties)

Structural isomers
(different bonds)

Coordination- Linkage
sphere isomers isomers

Isomers have the same molecular formula, but
their atoms are arranged either in a different order
(structural isomers) or spatial arrangement
(stereoisomers).




Structural Isomers

If a ligand (like the NO,
group at the bottom of the
complex) can bind to the

metal with one or another
atom as the donor atom,
linkage isomers are

formed. ™ ™
20 %° 299
“C @ ‘o el

@ 0 o
Ch try of

Coordination
Nitro isomer Nitrito iSexgounds



Structural Isomers

« Some isomers differ in what ligands are
bonded to the metal and what is outside
the coordination sphere; these are
coordination-sphere isomers.

* Three isomers of CrCl,(H,O),are
—The violet [Cr(H,O)(]Cl,,

—The green [Cr(H,O).CI|CI,-H,O, and
—The (also) green [Cr(H,0),CL]CI -2 H,O.

Coordination
Compounds




Geometric isomers

» With these geometric
Isomers, two chlorines
and two NH,groups

are bonded to the
platinum metal, but are
clearly different.

—cis-Isomers have like groups on the same side.
—trans-Isomers have like groups on opposite sides.

# of each atom the same
Bonding the same Chemistry of

Coordination

Arrangement in space different Compounds



Stereoisomers

Mirror Mirror

Mirror image of left hand
is identical to right hand

Left hand

» Other stereoisomers, called optical isomers or
enantiomers, are mirror images of each other.

» Just as a right hand will not fit into a left glove,
two enantiomers cannot be superimposedon
emistry o
each other. Coordination

Compounds



Enantiomers

A molecule or ion that exists as a pair of
enantiomers is said to be chiral.

N | N
I
N(_- _______ Cl j g---.-.)N
// \CO // ’ : ,/, \CO /I, /
N<—->c1' e =l >\I
|
N | N Chemistry of
Coordination

Compounds



Enantiomers

* Most of the physical properties of chiral
molecules are the same, boiling point,
freezing point, density, etc.

* One exception is the interaction of a chiral
molecule with plane-polarized light.

Polarizing
Unpolarized filter Angle of
light o rotation of
p plane of

polarization
Rotated Y

polarized light : f

. Optically active
Polarizer Polarized solution

axis ; W
llght 1 :

Analyzef |



Enantiomers

* |f one enantiomer of a chiral compound is placed in a
polarimeter and polarized light is shone through it,
the plane of polarization of the light will rotate.

* |If one enantiomer rotates the light 32° to the right,
the other will rotate it 32° to the left.

Polarizing
Unpolarized filter Angle of
light ; rotation of
I plane of
v, polarization
W —r | ‘IIIll\ Rotated Y
. polarized light |
Light _

source

) Optically active
Polarizer  Polarized solution ’ ‘

axis light | Chemistry of
Coordination

Compounds

Analyzer !



Copyright © 2006 Pearson Prentice Hall, Inc.

Chemistry of
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Compounds
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Chemistry of
Coordination
Compounds



Polarizing
Unpolarized filter Angle of

light L = rotation of
plane of

&
f polarization
; T o—] Rotated ﬁ
[ifslie Il polarized light VA
13 I 7
source [l ll |
il gt
, Optically active 1l b
Polar'lzer Polarized solution H
axis light Iig
|

Analyzer
Copyright © 2006 Pearson Prentice Hall, Inc.

Chemistry of
Coordination
Compounds



Explaining the properties of
transition metal coordination
complexes

1. Magnetism
2. color

Chemistry of
Coordination
Compounds



Metal complexes and color

The ligands of a metal complex effect its color

Copyright © 2006 Pearson Prentice Hall, Inc.

Chemistry of

Addition of NH, ligand to Cu(H,0),changes its color "

ounds



Why does anything have color?

R O Y
— I
|
600 nm 500 nm 400 nm

Wavelength
Copyright © 2006 Pearson Prentice Hall, Inc.

Light of different frequencies give different colors

We learned that elements can emit light of different
frequency or color.

But these coordination complexes are not emitting light

i Chemistry of
They absorb light. Coordination
Compounds

How does that give color?



Light can bounce off an object or
get absorbed by object

Chemistry of
Coordination
Compounds



Complimentary color wheel

If one color absorbed, the color opposite is perceived.

Absorb Orange 650 nm nm
See Blue R A "\ Y
Absorb Red
See Green _Z_(S)g_gg_ Sehi s
V G
430 nm 490 nm

Copyright © 2006 Pearson Prentice Hall, Inc.
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A precise measurement
of the absorption
Narrow beam SpeCtrum of
P e Compoundsoigeritical - Graphicl display
Slit '

= light of monochromatic of spectrum
( # / /light o
Source of | [ =
visible light Prism | Sample e
Detector

Copyright © 2006 Pearson Prentice Hall, Inc.
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Metal complexes and color

But why do different ligands on same metal give

Different colors?
Why do different ligands change absorption?

Chemistry of
nation

Addition of NH, Iigandr to Cu(H,O),changes its color

Anurinht A YNNAE Daarcean Drantina all lna



Model of ligand/metal bonding. Electron pair

comes from ligand Bond very polarized.

Assumption: interaction pure electrostatic.

Bond dipole

Empty hybrid  Filled sp° Resulting molecular orbital
orbital on metal hybrid orbital * of o bond between metal
on ammonia and ammonia

Copyright © 2006 Pearson Prentice Hall, Inc.
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