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Complexes

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

 |f the complex bears a
charge, it is a complex ion.

 Compounds containing
complexes are
coordination compounds.

Cherdstry of

Coordination
Congon:
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Complexes

 The molecules or ions coordinating with the
metal are the ligands.

e They are usually anions or polar molecules.

Cher;:‘stry of

Coordination
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Coordination Compounds

Original Ions per “Free” Cl Ions Modern

Formulation Color Formula Unit per Formula Unit Formulation

CoCl3:6 NH3 Orange 4 3 [Co(NH3)6]Cl3
CoCl3:5NH3; Purple 3 2 [Co(NH3)5CI]Cl,
CoCl3+4 NH; Green 2 1 trans-[Co(NH3),Cl,]Cl
CoCl;-4 NH;3; Violet g 1 cis-[Co(NH3),4Cl,]ClI

 Many coordination compounds are brightly
colored.

 Different coordination compounds from the same

metal and ligands can give quite different

Cherﬁstry of

numbers of ions when they dissolve. Coglfic"

Co S
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Werner’s Theory

« Alfred Werner suggested in
1893 that metal ions exhibit
what he called primary and
secondary valences.

— Primary valences were the
oxidation number for the metal

(+3 on the cobalt at the right). . o
— Secondary valences were the @ Q},O
coordination number, the Q@ 1 @
number of atoms directly o’
bonded to the metal (6 in the T @ 1 Chenfstry of

complex at the right). Green Coord'iat,_ion

G S
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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 1ons are outside the coordination

sphere.

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 > [Co(NH3)6]Cl5

CoCl3-5NHj3 Purple B3 2 [Co(NHj3)5Cl]Cl,

CoCl;-4NH;  Green 2 1 trans-[Co(NH;3)4CLICl  Chemlistry of
CoCl3-4 NH3 Violet 2 |

CiS—[CO(NH3)4C12]C1 Coordination
Coi*" S
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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.

Properties of Some Ammonia Complexes of Cobalt(III)

Original Ions per “Free” Cl Ions Modern

Formulation  Color Formula Unit per Formula Unit Formulation

CoCl3-6 NH; Orange 4 3 [Co(NH3)6]Cl5
CoCl3:5NH3 Purple e 2 [Co(NH3)5Cl1]Cl,
CoCl3-4NH3z Green 2 1 trans-[Co(NH3),4Cl5]Cl
CoCl3-4 NH; Violet 2 1 cis-[Co(NH3)4Cl,]Cl

Cherdstry of

Coordination
Congon:
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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.

Properties of Some Ammonia Complexes of Cobalt(III)

Original Ions per “Free” C1 lons Modern

Formulation  Color Formula Unit per Formula Unit For

CoCl3-6 NH; Orange 4 3 [Co(NH3)6]Cl5
CoCl3:5NH3 Purple 3 2 [Co(NH3)5Cl1]Cl,
CoCl3-4NH3z Green 2 1 trans-[Co(NH3),4Cl5]Cl
CoCl3-4 NH; Violet 2 1 cis-[Co(NH3)4Cl,]Cl

Cherdstry of

Coordination
Congon:
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Werner’s Theory

e 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.

Cherﬂst_ry of

Coordination
Congon:
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Metal-Ligand Bond

 This bond iIs 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+(aq) + 2:N—H(ag) —
H

H H
H—N:Ag:N—H
H H

(a9)

Cherdstry of

Coordination
Congon:

© 2009, Prentice-Hall, Inc.



Metal-Ligand Bond

The coordination of the ligand
with the metal can greatly
alter its physical properties,
such as color, or chemical
properties, such as ease of
oxidation.

Cherﬂst_ry of
C

oordination
Congon:
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Oxidation Numbers

+2 + 4(0) = +2

\ L/

[Cu(NH3),])?

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

Cherﬁstry of

Coordination
Congon:
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Oxidation Numbers

+3 + 4(0) + 2(~1) = +1

VoL

Cr(H,0),Cl,

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

Cherﬂst_ry of

Coordination
Congon:
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Coordination Number

NH,

e The atom of the
ligand that supplies
the nonbonding
electrons for the
metal-ligand bond is
the donor atom.

e The number of these

atoms Is the
coordination number.

Cherﬂst_ry of

Coordination
Congon:
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Coordination Number

HN

H;N

Co NH,

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

e The most commonly
encountered numbers

are 4 and 6. cheny o

Coordination
Congon:
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Geometries

« There are two
common geometries
for metals with a
coordination number
of four:

— Tetrahedral
— Square planar

Cherést__ryof
Coordination

00
ﬁ

S
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H3N,

NH;

H,N

=

NH, _

3+

Geometries

HiN

NH,

H,N

NH;

NH,

NH,

3+

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

Cherﬂst_ry of

Coordination
Congon:
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Polydentate Ligands

Some ligands have two i
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, en Is
bidentate 823:%‘-@%3:

Co S
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Polydentate Ligands

Ethylenediaminetetraacetate,
mercifully abbreviated EDTA,
has six donor atoms.

CoEDTA™ "
—:O—CCH CH,C—O:~ O O
e 2\ s 2 e \ /
NCH;_CHZN\ = N—N
~:0—CCH, CH,C—O:~ ‘o/ \0—
| |l Cherist_ry of
:0: :0: C

: oordination
EDTAT Compeine

© 2009, Prentice-Hall, Inc.



Polydentate Ligands

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

Ligand Type Examples

Monodentate Hz‘C‘N Water ::Ff:_ Fluoride ion [:C=N: Cyanide ion [!(:j—H]_ Hydroxide ion
:NH; Ammonia :¢:l: Chloride ion [[(8=C=N:] Thiocyanate ion [O=N=O] Nitrite ion
or Lord
Bidentate . W |2 2
.0, 0. HOH -
- ‘\\ x .
s OO O [=<] [
H,N NH, NN N. N Ko Ko 07 o
Ethylenediamine {en) Bipyridine Ortho-phenanthroline Oxalate ion Carbonate ion
(bipy) (0-phen)
Polydentate HeE Heok Ho HENN Ci
| Il Il
H,C—CH, CH,—CH. O—P—0—rP—0—P—0
-l G e I I |
HoN N NH; 00 0r O
Diethylenetriamine Triphosphate ion
:(ﬁ): :ﬁ):
:0—C—CH; CH,—C—0
‘N—CH;—CH;—N
O—(ﬁ—CHz CHz—(ﬂ”—O
o 8]

Ethylenediaminetetraacetate ion (EDTAY")

Cherﬂst_ry of

Coordination
Congon:

© 2009, Prentice-Hall, Inc.




Chelating Agents

* Therefore, they can
render metal ions
n Inactive without actually

O O O .
| | [ removing them from

O—P—0—P—0—P—0 solution.

O O O  Phosphates are used to
tie up Ca®* and Mg4* in
hard water to prevent
them from interfering
with detergents.

Cherﬁstry of

Coordination
Congon:
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Chelating Agents

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

e Important biomolecules
like heme and
chlorophyll are
porphyrins.

Chenlistry of

Coordination
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Chelating Agents

Porphines (like
chlorophyll a) are
tetradentate ligands.

|
CH2 COOCH3 Chemlistry of

| Coordination
COOC20H39 Cw
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Nomenclature of Coordination

Compounds

Some Common Ligands

Name in

Name in

Ligand Complexes Ligand Complexes
Azide, N5~ Azido Oxalate, C,04%" Oxalato
Bromide, Br™~ Bromo Oxide, 0%~ Oxo

Chloride, C1™ Chloro Ammonia, NH; 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

e The basic protocol in coordination nomenclature
IS to name the ligands attached to the metal as

prefixes before the metal name.

¢« Some common ligands and their names are

listed above.

Cherﬁstry of

Coordination
Congon:
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Nomenclature of Coordination
Compounds

e As is the case with ionic compounds, the name of
the cation appears first; the anion is named last.

e Ligands are listed alphabetically before the metal.

Prefixes denoting the number of a particular ligand
are ignored when alphabetizing.

Cation Anion

[Co(NH;)sCl[Cl,  Pentaamminechlorocobalt(III) Chloride

[ ' '1
| |I |

Cherﬂst_ry of
C

oordination
Congon:

5 NH; Cl™ Cobalt in
ligands ligand  +3 oxidation
state
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Nomenclature of Coordination
Compounds

 The names of anionic ligands end in “0”; the
endings of the names of neutral 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(NH;3)5C1]Cl, Pentaamminechlorocobalt(IIT) Chloride

[ ' '1
| |I |

" ' | Chenlstry of
5 NH, Cl- Cobalt in ergstry o

Coordination
ligands ligand  +3 oxidation A &l .
state il
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Nomenclature of Coordination
Compounds

 |f the complex is an anion, its ending Is changed to

-ate.

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

the name of the metal.

Nay[MoOCly]

Cation

Sodium

Anion

Tetrachlorooxomolybdate(1V)

4C1 Oxide, 027 Molybdenum Cherﬂstry of
ligands  ligand in +4 oxidation Coordination
state G unds
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lsomers

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

Chenlistry of
C

oor tion
Congo:
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Nitro isomer Nitrito isomer l




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.

e Three isomers of CrC

ne violet [Cr(H,0),]C
ne green [Cr(H,0):C

ne (also) green [Cr(F

3(H,O)¢ are

3

]Cl, « H,0, and

Cherdstry of

Coordination
Congon:
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Stereoisomers

« 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-lsomers have like groups on opposite sides.

Cherﬂst_ry of
C

oordination
Congon:
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Stereoisomers

Mirror Mirror

Mirror image of left hand

Left hand is identical to right hand

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

e Just as a right hand will not fit into a left glove,
two enantiomers cannot be superimposed on __ Loy of
each other. Coord'liat_ion

Co S
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Enantiomers

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

N | N
I
N/ ------- Cl | CI\N
,”, \Co/f"’, : z’f \Co/»";r
N= DA ey
I
\N | N

Cherdstry of

Coordination
Congon:
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Enantiomers

e The physical properties of chiral molecules
are the same except in instances where the
spatial placement of atoms matters.

 One example Is the interaction of a chiral
molecule with plane-polarized light.

Polarizing
En}ll:-olarized f%lter Angle of
ight rotation of
| plane of
- ‘ ll polarization
T “m “Ill y T Rotated
L.-.-vh I ‘ ‘I ~' polarized light
VU =
4 iy Wl
) , Optically active |
Polar‘lzer Pol_atrlzed solution
axis light 4 Cherﬂstry of
Analyzer ' '

Coordination
Congon:
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Enantiomers

 |f one enantiomer of a chiral compound is placed in a
polarimeter and polarized light is shone through 1it,
the plane of polarization of the light will rotate.

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

Polarizing
Unpolarized filter Angle of
light b rotlation ?f
| plane o
- ‘ . ll polarization
M T “m “Ill y T Rotated
.--ﬂ«h - I ‘ ‘I ~' polarized light
e | lW \l 72
source } m} ilﬂ/’)" |
vy / .
) Optically active Nz |
F Olar_lzer Polarized solution
axis i
hght | Cherﬂstry of
Analyzer ' '

Coordination
Congon:
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Complexes and Color

 Many complexes are richly colored.

* The color arises from the fact that the
complex absorbs some wavelengths of visible
light and reflects others.

Cherﬂst_ry of

Coordination
Congon:
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Complexes and Color

This complex ion
appears violet in
color because it
absorbs light at the
center of the visible
spectrum.

Absorbance

400 500 600 700

Chenlstry of
Co ation
Wavelength (nm) C S
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Energy

Complexes and Color

Interactions between electrons on a ligand
and the orbitals on the metal cause
differences in energies between orbitals In

the complex.

Y g
T AT
Cherﬂst_ry of
Coordination
[CrF >~ [Cr(HgO)e** [Cr(NH;))** [Cr(CN)gJ°~ M

Green Violet Yellow Yellow
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Complexes and Color

Some ligands (such as fluoride) tend to make
the gap between orbitals larger, some (like
cyano groups) tend to make it smaller.

55
B
=
A g
I 7

Cherﬂst_ry of

. - - . Coordination

[CrE,) [Cr(HO)q] [Cr(NHz)q] [Cr(CN)g] Cﬁ!&%

Green Violet Yellow Yellow
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Complexes and Color

The larger the gap, the shorter the
wavelength of light absorbed by electrons
jumping from a lower-energy orbital to a

higher one.
G
5
A T
W
Cherﬂ.st_ry_ of
[CrFglP [Cr(HgO)]** [Cr(NH;)q]>* [Cr(CN)g]>~ ((::%O;*rd at'Iosn

Green Violet Yellow Yellow
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Complexes and Color

Thus, the wavelength of light observed in the
complex is longer (closer to the red end of the

spectrum).
G
5
A T
W
Cherﬂ.st_ry_ of
[CrFglP [Cr(HgO)]** [Cr(NH;)q]>* [Cr(CN)g]>~ ((::%O;*rd at'Iosn

Green Violet Yellow Yellow
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Complexes and Color

As the energy gap gets smaller, the light
absorbed is of longer wavelength, and
shorter-wavelength light is reflected.

55
B
=
A g
I 7

Cherﬂst_ry of

. - - . Coordination

[CrE,) [Cr(HO)q] [Cr(NHz)q] [Cr(CN)g] Cﬁ!&%

Green Violet Yellow Yellow
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