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History

What Is coordination compound?

Coordniantion compounds include compound
composed of a and
that formally donate electrons to the metal.

More specifically, a transition metal sorrounded by
neutral molecules or anions with a definite geometry.

What is ligand?

Ligand can be a

>

o *O*@.
electron donor, Lewis Base, nucleophile (org. term)

electroﬂ acceptor, Lewis acid, electrophile (org. term)
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‘ History

Prussian blue ( . Preul3ischblau or Berliner Blau, in Berlin
blue) is a dark used in and formerly in . Prussian
blue was discovered by accident by painter Heinrich Diesbach in Berlin in
1704-5, which is why it is also known as Berlin blue. (Diesbach was attempting
to create a paint with a red hue.) It has several different chemical names, these
being iron(lll) ferrocyanide, ferric ferrocyanide, iron(lll) hexacyanoferrate(ll),
and ferric hexacyanoferrate. Commonly and conveniently it is simply called "PB.

Aureolin (sometimes called Cobalt Yellow) is a pigment used in oil and
watercolor painting. Its color index name is PY40 (40th entry on list of yellow
pigments). It was first made in 1851 and its chemical composition is

Copper(ll) sulfate ("sulphate" in most Commonwealth nations) is the chemical
compound with the formula CuSO,. This salt exists as a series of compounds
that differ in their degree of hydration. The anhydrous form is a pale green or
gray-white powder, while the pentahydrate, the most commonly encountered
salt, is bright blue. This hydrated copper sulfate occurs in nature as the mineral
called chalcanthite. The archaic name for copper(ll) sulfate is "blue vitriol"

or "bhiiestone"
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History

What Is coordination compound?

Coordination complexes were known - although not understood
In any sense - since the beginning of chemistry, e.g. Prussian
blue, Aureolin. and copper vitriol.

The key breakthrough occurred when Alfred \Werner proposed,
Inter alia, that Co(lll) bears six ligands in an octahedral geometry.

The theory allows one to understand the difference between
coordinated and ionic chloride in the cobalt ammine chlorides
and to explain many of the previously inexplicable isomers.

He resolved the first coordination complex into optical isomers,
overthrowing the theory that chirality was necessarily associated
with carbon compounds.




History

What is ligand?

In chemistry, a ligand is an atom, ion, or molecule that generally
donates one or more of its electrons through a coordinate
covalent bond to one or more central atoms or ions (these
ligands act as a Lewis base).

The ligands that are directly bonded to the metal (that is, share
electrons), are called "inner sphere" ligands.

If the inner-sphere ligands do not balance the charge of the
central atom, this may be done by simple ionic bonding with
another set of counter ions (the "outer-sphere" ligands).

The complex of the metal with the inner sphere ligands is then
called a complex ion (which can be either cationic or anionic).
The complex, along with its counter ions, is called a coordination
compound. The size of a ligand is indicated by its cone angle.
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Organometallic chemistry is the study of chemical compounds
containing

Organometallic chemistry combines aspects of inorganic
chemistry and organic chemistry.

Organometallic compounds find practical use in stoichiometric
and catalytically active compounds.

Electron counting is key in understanding organometallic
chemistry. The 18-electron rule is helpful in predicting the
stabilities of organometallic compounds. Organometallic
compounds which have 18 electrons (filled s, p, and d orbitals)
are relatively stable. This suggests the compound is isolable, but
It can result in the compound being inert.




Nomenclature
— Common Monodentate Ligands

_ _ #}o] 2 A}bo] o} 1= (thiocyano)
Ambidentate Ligand | spejssio] o bo] ol isothioeyano)

#EY IUPAC HE &84
&5 2 Z(fluorn) 5 2 2(fluoro) F-
£ 2 Z(chlom) £ 2 2(chloro) Cl-
B 2 7 (bromo) H 2 ¥ (broma) Br~
o}o] 9 E(iodo) olo] £ E(iodo) 1~
o}2] & (azido) o}A] & (azido) N3~
Abo] S} (eyano) Aol obic(eyano) N
so] 2 Alelepd| o] E-S (5-FH ) SCN ~
#o] & Alo]ofy] o] E-N (N-Z 3h) NCS ™
8}o] =& A (hydroxo) 8te] =& sx(hydroxo) OH"
o5t ol{aqua) o} FoHaqua) H:0
7+ 1. g (carbonyl) 7} 5. (carbonyl) CO
#}o] 2.7} 8. (thiocarbonyl) #}e) 2 7} 5. (thiocarbonyl) CS
1}o] E £ 4 (nitrosyl) v}o) & 2 A(nitrosyl) NO ™
‘ 1}a] E 2 (nitro) o] EZ-N (N-A%H NG, ™
o] E g}l e] & (nitrito) el Eele] B0 (0-F 8 ONO ~
g ofe]LAle]elrteol= o g ofo] Ale] ol o] E CHyCN
{methyl isocyanide) (methylisocyanate)
X 2= ¥l (phosphine) i 25| 2l(phosphane) PR3
7 2] T (pyridine) 5 2] A (pyridine) py
¢} ol (ammine) ¢+l fammine) NH;
of| © o} %1 (methylamine) ] © o} 91 (methylamine) MeNH;
o} o] & (amido) o} o] T (amido) NH; ~




Nomenclature

— Common Chelating Amines
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Nomenclature

— Common Multidentate (chelating) Ligands
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Nomenclature
— Bridging Ligands
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Nomenclature
— Modern Ligands (Porphyrin)

Porphyrin coordinated to magnesium: chlorophvyll

Porphyrin
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Nomenclature
— Modern Ligands

Salen

Q:DH HD:@ Grubbs' Catalyst 2" Generation

Jacobsen epoxidation

R R
— M=
A
KMH
Fa ] 0] Fa
Rh Fhk

Salen ligand with M as a metal




Mirkin's Weak-Link

Nomenclature
— Modern Ligands (Weak-Link Approach)

smwmwms S = strong binding group
W = weak binding group
R = aromatic group

@ L = ancillary ligand

antle Closed” Macmcycle Sllpped-Closed Macrocycle
S@éwmw "l Y
s w—_ R W S
/
| |
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Monomer
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“Open” Macrocycle
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2 di bis 7 hepta heptakis
NomenCIatu re 3 tri tris & octa  octakis

4 tetra terakis Q9 nona nonakis

5

— Nomenclature Rules

penta pentakis 10 deca decakis
6 hexa hexakis

| ; ; o
1. Cation comes first, followed by anion

|Ag(NH,),|Cl : diamminesilver(l) chloride
K;[Fe(CN),|: potassium hexacyanoferrate(111)

2. The inner coordination sphere is enclosed in
square brackets in the formula.
Nomenclature: Ligand — Metal
Formula: Metal — Ligand

[Cu(NH,),]S0, : tetraamminecopper(ll) sultate
[Co(NH,),|CL,: hexaamminecobalt(II) chloride

3. Prefixe

|Co(en),Cl,|" : dichlorobis(ethylenediamine)cobalt(11)

g

|[Fe(bipy),]-" : tris(bipyridine)iron(1l)




Nomenclature
— Nomenclature Rules

4. Ligands are named in alphabetical order. (not prefix)
[Co(NH,),Cl,]": tetraamminedichlorocobalt(11I)
Pt(NH,)BrCI{(CH,NH,): amminebromochloromethylamineplatinum(II)

5. Anionic ligands are given an  suffix.

Neutral ligands retain their name.
Water is called aqua.
Ammonia is called amine.
6. Designating charge or oxidation number
. oxidation number of the metal as a
Roman nummeral in parentheses.
. charge on the coordination
sphere in parentheses

[Pt(NH,),|* : tetraammineplatinum(ll)  tetraammineplatinum(2+)
|PtC1, |*: tetrachloroplatinate(ll)  tetrachloroplatinate(2-)
[PtCl,]*: hexachloroplatinate(1V)  hexachloroplatinate(2-)




Nomenclature
— Nomenclature Rules

/. The prefixs cis- and trans- designate adjacent and

opposite

H.N. Cl H,N.,  C
' ‘ J;P‘ll\
anN’ ta a” CNH,

Cif frans

8. Bridging ligands between metal ions have the prefix

72l 9-6 ojoo|=gt Slo|E2
A 2T} Ci2| =R A
g 9= u-0l0|E-u-30|EE A

‘ ' NH
saEEtaEEEe ) (o N |3 K2 O NH,
amido-p-hydroxobis(tetraamminecobalt) T Col . Ca
(NH;,T* . * NH; H NH;

_1-i+

9. When the complexs Is negatively chared.
special names: iron(Fe) ferrate lead(Pb) plumate
silver(Ag) argentate tin(Sn) stannate
gold(Au) aurate




Isomerism

Are the bonds between the same atoms?

Yes

l

Stereo or configurational isomers
Are the molecule has a mirror plane?

Yes

l

v
No

l

v
No

l

Structural or
constitutional isomers

l

Diastereomers or
geometric isomers

Enantiommers or
optical isomers

lonization isomers,
Linkage isomers,
Coordination isomers,
Hydrate isomers




Isomerism - Stereoisomers

4 CN ; Square planar

Cl NH, Cl NH,
N S N
Pt Pt
VAN PARN
Cl NH, NH, I
. Cis and trans
H, H,
s ”««i{f?ﬁ—{!:ycm
H C—=N-""\y_¢"
H O H, “cH, o
e Chiral isomers
H H, H }-I
H C—N_ _N-C.cH,
f N | A 4 CN : Tetrahedral

C—N" "SNN—C H H.N e
C 7w N \cu, Only one structure 3




Isomerism - Stereoisomers

4 CN ; Square planar

Cisplatin, cisplatinum or cis-

CK P diamminedichloroplatinum(ll)
Pt (CDDP) is a platinum-based
N
Cl NH, chemotherapy drug used to treat

various types of cancers,

Cis and]| It was the first member of its class,

Antitumor agent: cisplatin which now also includes carboplatin
- ' and oxaliplatin.

Chelate can induce the cis structure

Oxaliplatin 0 Carboplatin



Isomerism - Stereoisomers

4 CN ; Tetrahedral Cl
Only one structure

With four different ligands oP'With i
chelating ligands

Three? s YO

Je'

HM}L':HIHI!"-.-




Isomerism - Stereoisomers

6 CN : Octahedron

Cl

7

N

)
N.. | _\N
b

N

facial and

meridional

H

N
HZN/\/ V\NHZ

diethylenetriamine



Isomerism - Stereoisomers

6 CN ; Octahedron, Triethylentetraamine

H
N NH
HZN/\/ V\N/\/ 2
H
H-\\ N
X N x N
) )
A N N1 N
N—" X
N N X
/r—-l /— —
N | X N. X N_ | N
( "Co; ( “Co’ ( “Co”
N N PR
N X N __-N —
NN X X

o B trans



Isomerism - Stereoisomers

Number of Dossible Isomers

T T

S¥st ﬁﬁﬂﬁﬁ,-l ﬂl‘éﬁﬁ-rﬂ H% Glﬁﬂﬁlﬁ-l .
S84 2x| o|MdEx<e ?}Ulé UI“""HP’"H T
Mag I 0
Masb ] 0
Mﬂ4b2 2 0]
Maab; 2 0
Magbc 2 0
Ma;bed 5 1
Masbcde 15 6
Mabcdef 30 i5
Masb,c, 6 |
Mazbgcl{f 8 2
Ma;hgt 3 (0
M{AANBC)de 10 5
M(AB)(AB)cd 11 5
M{ABXCD)ef 20 10
M{AB); 4 2
M{ABA)cde 9 3
M(ABC), 11 3
M{ABBA)cd 7 3
M{ABCBA)d 7 3

= AR 5719 APEE FaolE YPEol, ARAZ F718 AL & A YUEo|oh



Isomerism — Stereoisomers:
Combination of Chelate Rings (A, A)

Handedness of chelate Rings

Al = A
=3 B
v J Lambda
{a)

32 9-12 28zl age \ /\
MEIZ JIXE Z2HEE. @) & = T U U &
&AM (left-handed) Z27H2{2t & 2
g0 Yo ofs B0l L
M 2% (b) LE L&Y (ighthanded) 4y Zo A
Zeyye & BREY YO pg e



Isomerism — Stereoisomers:
Combination of Chelate Rings (A, A)

[Co(en),]3*

A el A

N N N~ N
(\ M‘) (h\‘ aiq"N _N_ M 2 h!;\ (I\PLN N. | N
T Lo NT N N“ | "N N

E:j L p -

21 9-13 AZMAT 2EZMAKR] Z30|E.



Isomerism — Stereoisomers:
Combination of Chelate Rings (A, A)

Procedure for Determining Handedness
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Isomerism — Stereoisomers:
Combination of Chelate Rings (A, A)

CoEDTA-

Not coplanar, not connected at the same atom

K.
UP“-BJL: R1: 2, X8, R4, R5
NN R2: X1, X3, R4, R5
O |\~
> 0-R,
AN NN
N.J N N_ TN
..-*E-ﬂ:-‘ ) AN
N7 LN N7 SN
N N_/ A A A

A\ A AAN, ANAA, or AN A



Isomerism — Stereoisomers: Lighad Ring
Conformation

Chelate Ring Conformation (A, 8)

Fx) ethyvlenediamine (en) :

Ist line — conneting atoms bonded to the metal
2nd line — conneting two carbon atoms

st =2 2nd : counterclockwise =2 A
Ist = 2nd : clockwise = &

12l 9-16 a0l 12lel S
2 7xE,
. 3
[Colen); ] AIA-[Cofen),

A666-[Co(en), |+
more stable in calculation

actually, in solution A € -2 ¢ intercoversion

In soln. 064 1s most abundant in A form




Isomerism — Stereoisomers: Lighad Ring
Conformation

6 CN ; Octahedron, Triethylentetraamine

"
N P T
H

N N
X.. -\‘1 ss X, !N ss
;Cﬂ;h:] A r_;f:n‘ ) A
X N N__| _°N

N—" X
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I x N WD r WD
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] B trans



Isomerism — Stereoisomers: Lighad Ring
Conformation

6 CN ; Octahedron, Triethylentetraamine

b, 4
N TN

( ff.ln“‘ Chelate Ring Conformation (A, &)

trans

181 9-17  EgHA-[CoX, (wien)] *
o 7101& #=.



Isomerism — Constitutional Isomers:
Hydrate Isomers

Hydrate Isomers: having water as either a
ligand or an added part of the crystal structure

o
HO ~ _~ OH, Ho — | _ o,
r y Cr - Cl-
H,0 ™ | Uu2 H,0 OH,
Ot O | o

violet HO ~ | - O @ green
L.r — Tetraaquadichlorochromium(I11)
| lq(J OH, -
- - chloridedihydrate

OH,

blue-green



Isomerism — Constitutional Isomers:
lonization Isomerism

lonization Isomers: Exchange of ions between
Inside and outside coordination sphere

NH, - NH; F
™ o Z NH, ~. NH,
- NH,

NH,
"~ NH. NH_:

?\1113



Isomerism — Constitutional Isomers:
Coordination Isomerism

Coordination Isomers: require at least two
metal

[CD(en);}FJr [CI‘(CN){}F‘ lP‘[(N H3)4J2+[PtC1hJ2‘
|Cr(en); ] [Co(CN),]* [Pt(NH3)4C12JE_[PtCl4F'



Isomerism — Constitutional Isomers:

Linkage (ambidentate) Isomerism

Linkage Isomers: Compounds containing

ambidentate ligand

thiocyanate

nitrite

; 3 g7t :
AS(CgHy)s oy AS(CeHy);
NCS—Pd —SCN SCN—Pd —NCS
| #3 A2} |
) (a) ) )
thiocyano Isothiocyano
ECHJJET
§-—C = N Pd— P(C4Hy),
I 78.6% ) ?j.rlf,clr/_;!:
107.3°M
C
o
N 173.00
(k)
2+ 2
NlHJ-,NH }D : i"“llil'lj.,i'-..q:;|.;1= j ’
- . n g .
HN—Co—N == H,N—Co—O0—N
i Y _d ,
HN Ny, O HiN' NH, =
e gt HeH
. (el . .
NnIitro NnItrito

[N— O — Ru(NO),(OH)}*
& A8 4

J—N—Ru(NO),(OH)]* —

T g
(d)



Coordination Numbers and Structures

Structures vs Properties.

Factors for Structures

1. Number of Bonds

Bond formation is usually
exothermic.

So stabllity

VSEPR

Occupancy of d orbitals
Square-planar vs Tetrahedral
Steric Effects

Crystal Packing Effects
Crystalline Lattice vs Solution

s

Pl e

What is common thing?
Which one is a dominant factor?

CN

Geometries

Rare

Linear

Trigonal-plane

Tetrahedron, Square-plane

Trigonal bipyramid, Square pyramid

Octahedron, Trigonal prosm

N[O o] A W N[

Pentagonal bipyramid, Capped trigonal prism,
Capped octahedron

Known up to 16 CN




Coordination Numbers and Structures

Oxidation States of Transition Metals

Sc | Ti | V]Cr|[Mn| Fe ] Co| Ni|[Cul]Zn
=0 0 0 0 0 0 0 0
N 0 0 0 0 0 0 O
-2 0 0O 0 O | O OO0 ] 0]O
3 | O 0 0 O 0 O O 0 0
4 O 0 0 O 0 0 0
3 0 0 0 0
6 O 0 0
-7 O

O : most common
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Coordination Numbers and Structures
CN=12 and 3

CN =1, Rare

Il Mg

1 g EEI 21 22 23 24 25 2B 27 28 29
Ca SC Ti Cr fn Fe Co M Cu

a7 38 39 flEl 41 42 44 45 flE

Fh Sr Er Nl:n hrh:u ___________ Ru Rh F'd Ag

55 55

Cs Ela

Zn

48
d
?’2 73 ?’4 Fi= 7B ?’F 78
Ta Fe Os Pt Au

Po % A

..... WL."""QE.""J?&"""."""“"."""“"."""“"!HE"“"!Hﬁ". Sl
g2 |[ 63 | B¢ | &5 g [ 6o [ 7o [ 7
= Eu 5d Th Er Tm b Lu

TTor © s & o8 & o7 o0 E 101 § 102 § 103

w Pu e Am E Cm B OBk Frn & hd Mo Lr




Coordination Numbers and Structures
CN=12 and 3

CN = 2, Rare, Linear (D.,,)

Mostly d1° metals, Ag(l), Cu(l), Au(l), Hg(ll)
d®, db, d’

1

2
He
3 4 5 B 7 5 3 | 1o
Uil ee B | ¢ N ol F I ne
=N IETH IEEH ECH IREE IEE
Al sl r s | o | &
19 zu | 21 || 22 " 23 || 24 " o5 || 2? 0 31 32 33 34 35 6

i Zn Ga Ge .ﬂxs Se Eir br

[ ||_ Examples of CN = 2 a4 | 50 51 52 53 54
. e . Sn SI:: Te X
H,N—Ag — ‘*H_l B4 % g5 % 65
| F"f' E" :.-f".fl-.:i-ﬁt.-:L-Erl-:
o] e e

RN TR Lo g e g
NC—Hg —CN
B5 || 66 || 57 | 68 || &9 | 70 || 71
CN— Au— Th Dy Ho Er Tm b Lu
OF E 97 £ 93 £ 99 £ 100 £ 101 E 102 & 103

[Mn{N(SiMePh,),),] F om i Bk £ of EEs ¥ Pm

Large Ligands can induce a linear arrangement



Coordination Numbers and Structures
CN=12 and 3

CN = 3, Rare, Trigonal planar (D)

Mostly d?0, a

PPh,. N(SiMe,),.

Bulky enough, Steric effect vs Electroic structure

T8l 9-24  K.Au.PSeq. M| 71X
ME2 LOE FES 'Kz AuE £
ghal= sittE. 224 EAE T
Au, 2 T 2, S EH2 DM
P. [P2Ses]* ™ 0|20 Au(l) 0|2
My a2y == HEs)
Aulll) O|2E HHALE F==2
AYEIC) o FEE 2 AFE 2%
2 olMA K™ 0|28 EES=
7l ZY(channe)S 0|FHM HE
5|0 4 S 0|FCt

(K. Chordroudis, T. J. McCarthy, 1
2| 0 M. G. Kanatzidis 2| [norg
Chem. 1996, 35, 3451 0| A &5ED

il

o S

K mjo




Coordination Numbers and Structures
CN=4

CN =4, Tetrahedral (T,) Squre-planar(D,;)
Tetrahedral (T,) ; very common,

: O

F O C
F” \ 07\ oC” N\ N7
T T Oy
8 9-25 HAHA 7= 7t



Coordination Numbers and Structures
CN=4

CN = 4, Tetrahedral (T,) Squre-planar(D,;)
Squre-planar(D,;,) : mostly d® (Pd(ll), Pt(ll), Ni(ll), Ag(lll),

Ir(1) Rh(N)
H4N Cl

N

"'l,"- 1 - 1 - 1 -1 - 1 -1

HNT e © @
(2

A e L O o]
le ;C . NH, Cl NH, c
Pd ‘[ G, & &
a’ o ‘ Hoa mda  fhda
55 NH, NH,
(b) 2Cs:=! on, CH,

e

i f
E CH, CH,
H

" oac i Th I_E"_a._l U oo & Pu ¥y

= Bctin




Coordination Numbers and Structures
CN=4

CN = 4, Tetrahedral (T,) Squre-planar(D,;)
Squre-planar(D,;,) : mostly d® (Pd(ll), Pt(ll), Ni(ll), Ag(lll),

Ir(1) Rh(l))

Tetrahedral vs Square-planar
Counterion, Crystal Packing

e i,

M X

"-) [NiBr,(P(C H,),(CH,C,H,),]

AE is not big. Ciittllll ,and D, in the same




Coordination Numbers and Structures
CN=5

CN = 5, Trigonal bipyramid (D), Square pyramid (C,,)

CcO : P
Fe(CO), s>
' ! 180.6 pm .
CO _ o ]
e — C
co” ‘L 183.3 pm B |
Cd 3
crystal BCNMR in solu é @:\7 N3

[CuCla)? INHCNG
fa) (b}

Fluxional behavior.

[NICN 3 PPhiOEL), ]




Coordination Numbers and Structures

CN=6

CN = 6, Octahedral (O,) most common

H2 '_}3-1-
H“/C\CH
H, N 2 NO, I
.v*\-z ' NH-} OZN‘\‘ ‘ ;,'NOE
He. oy O
H,C N7 | \?{HQ 0N {o,NO,
H, i CH 2
H?_CHZ
2 9-28 HEHH Txo| F
sigies. [Colen)I** [Co(NOy)g1*
Fol3 3 =57

=L,
=

O3 929 FHBHA Azt
27247,



Coordination Numbers and Structures

CN = 6, Octahedral (O,) to Trigonal Prism (D)

trigonal elongation and 60° rotation
: trigonal antiprism (D,,) : trigonal prism (D, )

Usually with three bidentate ligands

Tt Interactions between adjacent sulfur atoms



Coordination Numbers and Structures
CN=7

CN = 7, Pentagonal bipyramid (O,), Capped
trigonal prism, Capped octahedron

S
| 0
0 C | °
F F Nod NeuiC, PO —
T N ;. I - — [
A L i N~ ~c—cC N e
Fcnpak| Fappsfl  C—N~—0 o/ FTEN WA
\ G I S R, U
/ N ONG I'ne_t—c Bri-f"Br &y
F R c—c Y Br” |
|| C
C
|
S

Capped trigonal prism Pentagonal bupyramid Capped octahedron



Coordination Numbers and Structures
CN =8

CN = 8, Square antiprism, Dodecahedron

Eight coordination IS rare in
the first row transition
metals

Central ion must be
large in order to
accommodate eight-
coordination

Compressed Square antiprism



Coordination Numbers and Structures

CN = 8, known up to 16, not common

8 9-33 = HiSI$E JHRIE
1| SIEHEE. (a) [CeNOsk] ™. Lt
0| E3|0|Enivae) 2|Zt=E7} 5 A}
2| 2|7F=2 ZEh (T. A. Beinnecke
2} 1. Delgaudio 2| Inorg. Chem.
1968. 7. 7150 A L E) (b)
[ReH9]2-, ¥ F &L Z2[F
(capped trigonal prism) 5. (S. C.
Abrahams, A. P, Ginsberg, 12|10 K.
Knox 2| Inorg. Chem. 1964, 3, 5580}
M 25)gh




Multimetallic Compexes

Without direct M-M bond

@ With direct M-Mm bond

(h



