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History

Structure, description, nomenclature

How to stabilize them — HSAB, chelate effect, isolobality
Electron count — ligand types X, L; 18e rule

Central metal atom — spectroscopic terms, splitting

A A T o

Bonding theories, explanation of properties (colour, magnetism):
1. Crystal Field Theory (CFT)
2.  Molecular orbitals

7. Ligand properties changed by coordination

8. Reactivity
1. ligand substitution
2. Redox reactions

9. More centres — metal-metal bond, clusters
10. Applications
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Early history — once upon a time...

Compound known from ancient times (Persia, Egypt,

1500 B.C.):

alizarin dye (red) (1,2-dihydroxyanthraquinone)

a vegetable red dye used for leather, wool, cotton, silk

(Turkey red), “redcoats”

The red dye was isolated from the roots of plants of the
madder genus (morena barvirskd, garance des
teinturiers, Rubia tinctorum) and treated with alum

(KAI(SO,),-12H,0) => formation of a more stable AI(III)

complex of alizarin

The alizarin component
became the first natural
dye to be synthetically
duplicated, in 1868 by
German chemists Carl
Gréabe and Carl
Liebermann, from BASF

Rubia tinctorum

0O
s0¢s

OH

Johannes Vermeer, Christ in the
House of Martha and Mary, 1654-
56. The red blouse of Mary is
painted in madder lake

https://upload.wikimedia.org/wikipedia/commo
ns/thumb/b/b1/Rubia_tinctorum_002.JPG/330

px-Rubia_tinctorum_002.JPG




Early history — once upon a time...

e 1597 [Cu(NH,),]**, Andreas Libavius, 1st documented observation:
bronze (Cu, Sn alloy) + Ca(OH), + NH,CI = blue solution
the colour caused by [Cu(NH,),]** ions; analytical proof

e 1704 Prussian blue Fe,[Fe(CN)]; Johann Conrad Dippel

1st isolated coordination compound, use: pigment
berlinska modr, bleu de Prusse (bleu de Berlin)

prepared from potassium hydrogen tartarate, potassium nitrate, charcoal, dried
bovine blood, calcinated FeSO,, HCI.

* 1760 use of sparingly soluble K,[PtCl,] to refine platinum

e 1798 B.M.Tassaert - ammoniacal solutions of cobalt chloride or nitrate
develop a brownish mahogany colour. Without isolation.

[Co(NH;)],(C,0,); was isolated by Leopold Gmelin in 1822, also cyanido
complexes K;[Fe(CN)], M;[Co(CN),], M,[Pt(CN),].

@O0




History — compounds with names

Early 19th century

e Vauquelin‘s salt [Pd(NH,),][PdCI,] e 4% 1, 4

* Magnus’ green salt [Pt(NH,),][PtCl,], T A i
tetraammineplatinum(ll) tetrachloroplatinate(ll) T,';.J? |
(! isolated cation: colourless; anion: red)

+ Zeise's salt, 1825, K[Pt{n?-C,H,)Cl;H,0 & -
1st organometallic compound, \J}H /Pf !
potassium trichloro(ethene)platinate(ll) H/ Cl

original synthesis: PtCl, + PtCl, refluxed in EtOH, resulting black product extracted by a
water soln. of KCl + HCI| => pale yellow product

later synthesis: C,H, + K,[PtCl,] in diluted HCI

1844 cis- and trans-[PtCl,(NH,),]

@O0




Coordination compounds in context

1743 *Lavoisier; 13 elements known

1774 law of conservation of mass

1799 law fo definite proportions 1798 Tassaert observed Co + ammonia

(Proust)

1808 Dalton — atomic theory 1822 solid [Co(NH;).],(C,0,); Gmelin

1830 radical theory of organic
molecules (Liebig, Wohler, Berzelius) 1851 more complexes of Co with NH,

1852 fixed valence concept 1896 atoms are composed from protons and

1854 C is always tetravalent, Kekulé ' electrons
1902 experimental proof of electron

. (Thompson)
1860 Congress in Karlsruhe — symbols 1913 Bohr‘s model of atom

of elements, branches of chemistry

1859 spectroscope (Bunsen, Kirchhoff]

1862 Blomsted-Jgrgensen chain theory

1869 periodic table, 60 elements applied to Co ammine complexes

1884 Arrhenius —dissocianion of 1884 Jgrgensen — further improvement

electrolytes in solution

coordination theory (NP 1913)

1892 Werner (age 26) proposed his
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Early coordination compounds — properties to explain

e unusual stoichiometry — exceeding the valence number typical
for the given metal

 variety of colours (green and violet [Co(en),Cl,]Cl)
e chirality

 strange magnetic behaviour (paramagnetic [CoF¢]*~ and
diamagnetic [Co(CN)¢]*")

Complex compounds = 2 stable compounds with saturated valences
form a new stable compound

Evaluated properties — indirect data (first crystallographic confirmation in 1921):
v' colour

v" molar conductivity

v’ precipitation of the chloride anion (gravimetry, AgCI)

Hypotheses:
1. Blomstrand, Jgrgensen — chains (like carbon)
2. Werner — violation of the fixed valence rule
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Cobalt ammine complexes

1852 — Edmond Frémy invented a colour-based naming scheme

1856 — O. W. Gibbs and F. A.Genth published data about 35 cobalt-ammine cations

Co(NO,), 4NH, brown flavo complex cis-[Co(NH,),(NO,),]NO,
Co(NO,);- 4NH, yellow croceo complex trans-[Co(NH,),(NO,),]NO,
CoCl;- 6NH, yellow luteo complex [Co(NH;)]Cl,

CoCI(H,0) - 5NH; rose-red roseo complex [Co(NH,)s(H,0)]Cl,

CoCl;- 5NH, purple purpureo complex  [Co(NH,)sCI]Cl,

CoCl;- 4NH, green praseo complex trans-[Co(NH,),Cl,]Cl
CoCl;- 4NH, violet violeo complex cis-[Co(NH,),Cl,]Cl

Source: Marusak, R.A., Doan K., Cummings S.D., Integrated gonraach

to coordination chemistry, Wiley, 2007 @ ® @




Chain representations

conductiv | precip.Cl

/NH3——NH3--CI
NH,—NH,—Cl
Blomstrand - upper
luteo high 3
Jorgensen - lower 8
(1) CoCl; - 6NH;  Co—NH,;—NH,—NH,;—NH;—Cl
NH,—Cl
o purpureo medium 2
/
(2) CoCly - SNH;  Co-NH;—NH,—NH,—NH;—Cl
74 praseo low 1
(3) CoCly - 4NH;  Co-NH,—NH,—NH;—NH;—Cl
Cl
cl

(4) IrCl, - 3NH, Ir<—NH3—-NH3-——NH3——C1

Cl




Werner — higher valence

g N
NHS\ \;‘ / NH3
\\\ | - o
(1) CoCl; - 6NH e
NH;;I /II “NH,
|
' NH,
cl
\\\ t ~ A
(2) CoCl, - SNH, Q=—73Coc =0
// | ~
NH, | NH,
|
NH,
cl
\\ H /’
(3) CoCl, - 4NH, s L
NH; ‘: “NH,
1
Cl
cl
NH?’\ :\ //Cl
\\\l /
(4) IrCl, - 3NH, . %
- | i
NH3 1 NH3
|
Cl

Two type of valences:

e Haupvalenz — primary
valence (oxid. state
compensation), full
line

— ionizable

* Nebenvalenz -
secondary valence
(coordination
number), dashed line

— fixed in space

Both valences must
be saturated

@O0




Orientation in space - isomers

e Coordination number 4
Two possible geometries — tetrahedron or square

Number of predicted isomers:

stoichiometry TETRAHEDRON SQUARE
[MAB.] / T
A \
LN i
[MA,B,] A B B B A
/ ! \
B TN B | A A A B

Experimental example: cis- and trans-[PtCl,(NH,),] => square geometry
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Orientation in space - isomers

e Coord. number 6 - theoretical number of isomers:

Stoichiometry

The Number of Actual versus Predicted Isomers for Three Different
Geometries of Coordination Number 6 (Ref. 2)

Hexagonal Trigonal
planar prism Octahedral
1 1
6 "2
b hld w3
5
4 * &
No. of predicted isomers (numbers in No. of
parentheses indicate position of the actual
Formula B ligands) isomers
MA B One One Dine
MA B, Three Three Two
(1,2) (1,2) =
(1,3 1,4 - {1,6)
(1,4) (1,6)
MA B, Three Three | @ Two
(1,2,3) (1,2,3) 3253
(1,2,4) (1,2,4) (1,2,6)
1,3,5) (1,2,6) NEGATIVE EVIDENCE

Source: Rodgers, G. E.: Descriptive Inorganic, Coordination, and Solid.State Chemistry, Brooks/CoI‘ @ @ @ '



Chelates

Experimental result: 2 isomers of [CoCl,(en),]Cl — (cis) and green (trans)
H,
C Cr
1 \
Werner's \(0\ / CH,
: XWHN -/
solution %i/,,, | NH;
Co.
o | \N\Hz
HzN\ CH,
C
Hy
Cl CHy—CH, c) EH—CH;
‘ i« Hy, \ H, 7 H H
Jagrgensen'’s Co H——N-\——H—/N———Cl Col N—N—N—"N—-c
solution CI®  CHy2CH, cl

CH,—CH,
.. chirality is due to the presence of carbon..”

Figure 2.2 Isomeric structures of CoCls - (en), as predicted by Wemer’s Coordination Theory
(VILVIII) and Jorgensen’s Chain Theory (IX,X).

Source: Marusak, R.A., Doan K., Cummings S.D., Integrated
to coordination chemistry, Wiley, 2007 @




1st chiral compound without C

e Alfred Werner, Sophie Matissen,
1914

FIGURE 3.13 e

. {Co[Co(0H)2(NH3)4]3}Bre, a
chiral coordination compound
containing no carbon, resolved
by Werner and Matissen.

Chirality (optical activity)
IS not conditioned by the
presence of carbon.

Brg

A positive proof for
octahedral arrangement
of the hexacoordinated
species.

Source: Rodgers, G. E.: Descriptive Inorganic, Coordination, and Solid.State Chemistry, Brooks/Cole 2002 @ @ @




Further steps to understanding

% 1916: G. N. Lewis — general theory of the covalent bond

e metal —ligand interaction described in terms of Lewis acid — base
interaction

% 1926: I. |. Chernyaev (Cerfiajev) — formulation of trans-effect
in ligand substitution

¢ 1931: L. Pauling — valence bond theory
based on hybrid orbitals

¢ 1929: Hans Albert Bethe — crystal field model for ionic solids
1930 — 1940: J. H. Van Vleck — Theory of the Crystal Field
since 1950 — the CFT used also for coordination compounds

¢ 1937: Ryutaro Tsuchida published the ,spectrochemical
series”

¢ since 1960: compounds with M—M bond, up to quadruple
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Important milestones

* 1888 Ludwig Mond synthesized [Ni(CO),]

Production of pure Ni

1952 ferrocene, [Fe(n>-C.H.)], 1st sandwich complex (abbrev. fc)
(Pauson, Kealy; Wilkinson)
discovered accidentally, thanks to an unsuccessful synthesis of fulvalene:

2 CSHSMgX + 4 Fe3t==> C5H4:C5H4 + 2HX +4 Fe?t + 2Mg2+

¢

e 1955 Ziegler — Natta catalyst (Ti based; alkene polymerization)

 Biocoordination chemistry
— crystal structure of myoglobin and haemoglobin — M. Perutz, J. Kendrew

— cis-[PtCl,(NH;),], cisplatin, cytotoxicity discovered by B. Rosenberg, 1965

e after 1970 — photochemistry of coordination compounds aimed
to water splitting and H, production — Ru(ll) compounds
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Uverejnéné materialy jsou uréeny studentiim Vysoké skoly chemicko-technologické v
Praze jako studijni material. Néktera textova i obrazova data v nich obsazena jsou
prevzata z verejnych zdroju. V pripadé nedostatecnych citaci nebylo cilem autorky
zameérné poskodit autora/y pavodniho dila.

S pripadnymi vyhradami se prosim obracejte na autorku tohoto vyukového materialu,
aby bylo mozno zjednat napravu.

<4 4> <

The published materials are intended for students of the University of Chemistry and
Technology, Prague as a study material. Some text and image data contained therein
are taken from public sources. In the case of insufficient quotations, the author's
intention was not to intentionally infringe the possible author(s) rights to the original
work.

If you have any reservations, please contact the author(s) of the specific teaching
material in order to remedy the situation.
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Nomenclature of coordination
compounds

IUPAC Red Book, Nomenclature of Inorganic Chemistry —IUPAC
Recommendations 2005, N. G. Connelly, T. Damhus, R. M. Hartshon, A. T.
Hutton (Eds.), Royal Society of Chemistry, Cambridge, U.K., ISBN O-
85404-438-8

https://www.iupac.org/fileadmin/user upload/databases/Red Book 20

05.pdf
http://www.chem.gmul.ac.uk/iupac/

Brief Guide to the Nomenclature of Inorganic Chemistry, IUPAC, Pure
Appl. Chem. 87, 1039-1049 (2015)

™o EUROPEAN UNION
: *; European Structural and Investing Funds
* * Operational Programme Research,

= F MINISTRY OF EDUCATION,
Development and Education YOUTH AND SPORTS
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Key terms

coordination entity — square brackets; central atom first
examples: [Co(NH;)¢]3*, [PtCl,]%, [Fe5(CO),,]

central atom
ligand
coordination polyhedron

B//BH\B ? i B\
) ”’*\\ A / A /B
7 <N

B
\‘\\B'

B B B:
1. octahedral 2. square planar 3. tetrahedral
coordination coordination coordination
polyhedron polygon polyhedron
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Key terms — cont.

e coordination number — number of o-bonds between ligands
and the central atom (Zeise‘s salt — C.N. 4,not 5)

chelation

1.

bidentate chelation

H,C—CH, *

A

“N\_~/  CH,

Pt

/ “n—"CH:
HE

tridentate chelation

Cl

2.

HEC_CHE

HoN - NH__
Cl \CI

bidentate chelation

B HEC_CHE ]

H,c—HN - NA—cy,

| Pt |
H,C— " “\—CH:

H, Hy

tetradentate chelation

2+
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Key terms — cont.

e oxidation state

Formula Ligands Central atom
oxidation state

1. [Co(NH,)(*+ 6 NH, 1
2. [CoCly]* 4CI° I

3. [MnO,4]™ 4 0% VII
4. [MnFOx] 307 4+1 F VII
S. [Co(CN)sH]"~ SCN 41 H 11
6. [Fe(CO), >~ 4 CO 11

Notice: ligand = donor of 1 electron pair

Do not confuse oxidation number (Roman numeral) and overall charge (Arabic numerals)
ex: pentaammine(nitrito)cobalt(2+) contains Co(lll) central metal
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Describing the constitution of Names:
coordination compounds —
from drawing structure to

writing names and formulae

Identify central atom(s) ——

|dentify ligands ——

Formulae:
 [coordination entity]
 (polyatomic ligand) Anionic ligands
. require N ligand
e central atom first a4 | ame figands
special endings.
e ligand sequence: alphabetical order, l
regardless their charge
(different position of CH;CN and MeCN) The conventl.on ' Specify coordination mode
o . _ generally applicable. for each ligand
e jonic charge, oxidation numbers — n is used when contiguaus | -
. . - specify donor atom(s)
superscripts atoms are coordinated. | specify central atom(s)

e abbreviations, further details with
symbols of atom

[M(gly-kN); X5]. Ligand names are Order ligands and

alphabetically. |

ordered central atom(s)
(@lolon



e ligands are listed in alphabetical order

Producing names — simple ligands

e anionic ligands need special endings, -o.
-ide => ido, -ate => -ato, -ite => ito

 small molecules: aqua, ammine, carbonyl, nitrosyl (+ simple
numbering prefixes di-, tri-...), no brackets in names

e overall name of a complex anion: -ate (...ferrate (/atin!), cobaltate)

il NH; ik e o ol g b o
Structure T
b HiNi, | aNHs : @ e
1o be e 3CI - | o |
o ... 5 Re Re
named HNT | Yo, a? | o |
- NH3 _ i Cl '+
Central . :
cobalt(IlI) 2 % rhenium
atom(s) :
Identify ; .
ammonia — anmiine : 7o
and name chloride — chlorido
. water — aqua
ligands
Assemble pentaammineaqua= caesium bis(tetrachlorido=
name cobalt(lIIl} chloride rhenate)(Re—Re)(2-)
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Synonyms are possible, BUT each of them must be unambiguous

Ex.: K,[Fe(CN)]

e potassium hexacyanidoferrate(ll), or
e potassium hexacyanidoferrate(4-), or
e tetrapotassium hexacyanidoferrate

Compare:

[Pt(NH,),]** tetraammnineplatinum(ll) or tetraammineplatinum(2+) ion
[PtCl,]* tetrachloridoplatinate(ll) or tetrachloridoplatinate(2-) ion
[PtCl,(NH,),] diamminedichloridoplatinum(ll)

Oxidation state and charge needs to be distinguished:
[PtClg] >

[Cr(OH,)]**

[Cr(NCS),(NH,),]~

[Cr'CI4(OH,),]

[Fe™(CO),1*
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Connectivity — 1, n, K

e u-symbol of a bridging ligand,
* 1 —contiguous ligatin atoms, donation from bonding
electron system

» K — specifying of a coordination mode
thiocyanato-«S vs. thiocyanato-kN

Specification of the donor atom is not required:

* monodentate O-bound carboxylate groups

* monodentate C-bound cyanide (ligand name ‘cyanido’)
 monodentate C-bound carbon monoxide (ligand name ‘carbonyl’)
e monodentate N-bound nitrogen monoxide (ligand name ‘nitrosyl’)
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The kappa convention

 The k-term comprises the Greek letter k followed by the italicised element
symbol of the ligating atom. For more complicated ligands the k- term is
often placed within the ligand name following the group to which the k-
term refers. Multiple identical links to a central atom can be indicated by
addition of the appropriate numeral as a superscript between the k and
element symbols

e Multiplicative prefixes which apply to a ligand or portions of a ligand also
apply to the donor atom symbols. In some cases this may require the use
of an alternative ligand name.

* When the kappa descriptor is used for describing bridges, it counts all
donor atom-to-central atom bonds

Example: S /S=--__
<’ ]

MoCl,

NV
[

trichlorido( 1,4,8,12-tetrathiacyclopentadecane-x”S ' ***)molybdenum, or
trichlorido( 1,4,8,12-tetrathiacyclopentadecane-xS', 5%, 5% )molybdenum

1.4.5
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Compare names of the following compounds:
ligand = N,N'-bis(2-aminoethyl)ethane-1,2-diamine

Another example:

_ _ B i T
HEC_({“HE + Structure il THF 5
HN.  NH o e - e
N 7 CH, named HNT | o
/3 t\ CH '“'V”NHF'
— o — -
Cl NH Central cobalt(IID)
atom ‘
CH,CH,NH, .
- B Identify ethane-1.2-diamine
, _ , _ dane-1..-adi:
[N-(2-amino-kN-ethyl )-N'-(2-aminoethyl )ethane-1,2- and name peroxide — peroxido
diamine-k>N,N'] chloridoplatinum(II) ligands
Specify v 7
IiLq tin::r ethane-1.2-diamine-x"N
at:c:ms = N -peroxido
Assemble bis(ethane-1.2 -diamine-1’N=
name (N -peroxido)cobalt(III)
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Table 6: Producing

Structure
to be
named

names for complexes: complicated ligands

Central
atom

cobalt(IIT) — cobaltate(III)

platinum(IT)

Identify
and name
ligands

2.2'.2" 2" -(ethane-1,2-diyl=

dinitrilo)tetraacetate —

2.2'.2" 2" -(ethane-1,2-diyl=

dinitrilo)tetraacetato

chloride — chlorido
triphenylphosphane

Specify
ligating
atoms

2,2"2".2"-(ethane-1,2-diyl=

dinitrilo-x"N)tetraacetato-x

‘0

not required for chloride
triphenylphosphane-xkP

Assemble
name

barium [2.2".2".2" -(ethane-
1.2-diyldinitrilo-k"N)tetra=
acetato-ik” OJcobaltate(III)

dichloridobis(triphenyl=
phosphane-xP)platinum(IT)
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Bridging ligands

Bridging ligands are indicated by the Greek letter u appearing before the
ligand name and separated from it by a hyphen. e.g. ammine-pu-chlorido-
chlorido.

In names, a bridging ligand is cited before a corresponding non-bridging

ligand,

In formulae, it is placed after terminal ligands of the same kind. Thus, in

both names and formulae bridging ligands are placed further away from

thr central atoms than are terminal ligands of the same kind.

Cl Cl

i ]
Al.nﬂ'l.Cl“J:.Al
~~y S S
/TGN 07 "N OO
Cl Cl 57/ To—0" X,
di-p-chlorido-bis[di= i-peroxido-1xO0' 2k O*-bis(tri=
chloridoaluminium(IIT)] oxidosulfate)(2—)
[CLAI(1-C1),AICL] [05S(11-0,)S05 - N -
2 | 3
Al——C——Al
The bridging index n is placed as a right subscript, it indicates li
the number of coordination centres connected by a bridge - 4 -
(number 2 is not used). n-carbido-(trialuminiumsilicon)ate

©N0le




Modern name of the first fully ,,inorganic” chiral coordination
compound (see History)

/ H k‘xﬁ B+
BN |
Col _~ColNHy)s |
\ /
ta,
[Co{(p-OH),Co(NH;3), }5]"" Brg
Cobalt atoms:
— 1,2,3 identical;
— 4 central
Name:
dodecaammine-1k*N,2k*N,3k*N- _
hexa-p-hydroxido- NH,
1:4k%0;2:4k*0;3:4Kk*0O- - o
tetracobalt(6+) Notice: The kappa descriptor used for bridges counts all donor

atom-to-central atom bonds (here: 2 bridges, but 4 bonds)
GO0




Eta convention

A complementary notation, the eta (1) convention, is used to specify the number
(“hapticity’ ) of contiguous ligating atoms that are involved in bonding to one or more metals.
The need for this convention arises from the special nature of the bonding of unsaturated
hydrocarbons to metals via their m-electrons, and it is used only when there are several
contiguous atoms involved in the bond to the metal. The contiguous atoms of the

n-coordinated ligand are often the same element, but they need not be, and they may also be
atoms other than carbon. A - : T ;

@—\_fhﬂ =

M
cyclopenta-2.4-dien-1-yl-n2-ethene vinyl-nj°-cyclopentadienyl

The ligand name mn’-cyclopentadienyl, although strictly speaking ambiguous, is
acceptable as a short form of N -cyclopenta-2,4-dien-1-yl, due to common usage.

<

The symbol n! should not | H
be used, as the eta _Fe
! . oc”/
convention applies only to oC
the bonding of contiguous _
atoms in a ligand. dicarbonyl(n’-cyclopentadienido)(cyclopenta-2.4-dien-1-ido-xC")iron

or dicarbonyl(n’-cvclopentadienyl)(cyclopenta-2.4-dien-1-yl-xC")iron
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Eta convention

Compare the following examples:

H,C=CH,
(cyclopenta-2.4-dien-1-yl-kC!)(n2-ethene) (n>-cyclopentadienyl)(n2-ethene)

-
@ M—CH=CH, h!ﬂ
\"‘cHchg
(cyclopenta-2.4-dien-1-yl-xC!)(vinyl) (n°-cyclopentadienyl)(vinyl)
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Part II: Describing the configuration of
coordination compounds — from
drawing structure to writing names and
formulae

Once the constitution of a coordination entity
has been defined, it remains to describe the
spatial relationships between the structural
components of the molecule or ion.

Stereoisomers: differ only in the spatial

distribution of the components

1. enantiomers - mirror images; identical
properties (except in the presence of other
chiral entities)

2. diastereoisomers (= geometrical isomers) are
not mirror images; exhibit different physical,
chemical and spectroscopic properties

Y

Order ligands and

central atom(s)

Most structures will deviat
from ideal polyhedra.
The closest should be

chosen.

|dentify coordination
geometry and select

polyhedral symbol

Descnbe relative
configuration

CIP priority is used.

Determine absolute
configuration
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Constitution:

1. central atom(s)
2. ligands

3. bonding modes

Configuration:
1. coordination geometry - the overall shape of the molecule, e.g. octahedron

2. relative configuration - relative positions of the components of the

molecule (mutual position)
3. absolute configuration - identification of which enantiomer is being

specified (if the mirror images are non-superimposable).

1. COORDINATION GEOMETRY

Polyhedral symbol = an affix, before any other spatial features, enclosed in
parentheses and separated from the name by a hyphen
Constitution: one or more capital italic letters (denoting the idealized
geometry of the ligands around the coordination centre), and an arabic
numeral = coordination number

Ex.: (SP-4)-tetrachloroplatinate(ll)
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Coordination Polyhedra: Coordination Polvhedral
polvhedron number symbol
linear 2 L2
angular 2 A-2
trigonal plane 3 TP-3
trigonal pyramid 3 TPY-3
T-shape 3 TS§-3
tetrahedron 4 -4
square plane 4 SP-4
square pyramid < SPY4
see-saw 4 55-4
trigonal bipyramid 5 TBPY-5
square pyramid 5 SPY-5
octahedron 6 OC-6
trigonal prism 6 TPR-6
pentagonal bipyramid 7 PBPY-7
octahedron, face monocapped 7 OCF-T7
trigonal prism, square-face monocapped 7 TPRS-T
cube & CU-8
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cube Polyhedra: 8 CU-8
square antiprism 8 SAPR-8
dodecahedron 8 DD-8
hexagonal bipyramid 8 HBPY-8
octahedron, trans-bicapped 8 OCT-8
trigonal prism, trangular-face bicapped 8 TPRT-8
trigonal prism, square-face bicapped 8 TPRS-8
trigonal prism, square-face tricapped 9 TPRS-9
heptagonal bipyramid 9 HEPY-9

* Strictly, not all geometries can be represented by polyhedra.

Three-coordination

trigonal plane trigonal pyramid T-shape
/wl I
TP-3 TPY-3 T5-3
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Four-coordination

tetrahedron

CN4

un‘Frr”,“_”

T4

square pyramid

HWF

Five-coordination

CN 5 trigonal bipyramid

#ﬂ;wmm. o

TBPY-5

square plane

f;}. \\Q“
' 4, . o\\
’ oy .‘...'\
SP-4
SCe-5aw
55-4

square pyramid

RTRTTI
Illlll II"l || i

SPY-5 (

©Nole




CN6

Six-coordination

F/
-’?.flfrrf e iy
L) v

b

octahedron trigonal prism

w

oC-6 T'PR-6

Seven-coordination

pentagonal octahedron, face trigonal prism,
CN 7 bipyranud monocapped square-face monocapped
PRPY-T OCF-T TPRS-T

monocapped = + 1 appex
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CN9
CN38

trigonal prism,

Eight-coordination square-face tricapped
cube square dodecahedron hexagonal
antiprism bipyramid
i
i \
# Ll------
CU-8 SAPR-8 DD-8
octahedron, trigonal prism, trigonal prism, TPRS-9
trans-bicapped triangular-face bicapped square-face bicapped
heptagonal
bipyramid

TPRT-8 TPRS-8




2. DIASTEREOISOMERES

Common terms cis, trans; mer, fac
- when a particular geometry is present (OCT, SP)
- only 2 kinds of donor atom

General method — CONFIGURATION INDEX

- aseries of digits identifying the positions of the ligating atoms on the
vertices of the coordination polyhedron

- distinguishes between diastereoisomers.

- appears within the parentheses enclosing the polyhedral symbol.

Use of a priority number for each donor
based on the Cahn, Ingold and Prelog rules (the CIP rules). These priority numbers
are then used to form the configuration index for the compound.

Donor atoms that have a higher atomic number have higher priority than those
that have a lower atomic number.
The presence of polydentate ligands may require the use of primes on some of the

numbers in the configuration index.
[@NOIS,




Square planar systems (SP-4):

cis and trans are used commonly as prefixes to distinguish between stereoisomers of the
form [Ma,b,]

The configuration index : 1 digit after the polyhedral symbol (SP-4).

the priority number for the ligating atom trans to the ligating atom of priority
number 1

If there are two possibilities, the configuration index is the priority
number with the higher numerical value (the principle of trans maximum difference).

Priority sequence: a>b>c>d
Priority number sequence: 1 <2 <3 <4

a C
a b
M SP-42
M SP-4-4
b
o d
a b
M SP-4-3
d C
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Examples

O @

Cl NCMe
N S
E@}/P"\@

(SP-4-1)-(acetonitrile)dichlorido(pyridine )platinum(II)

@ @
Cl NCM
\Pt’f ) 2 possibilities
1) 3
ér/ H‘E i~ trans maximum difference

(SP-4-3)-(acetonitrile Jdichlorido(pyridine )platinum(II)

=
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Octahedral systems (OC-6):

cis and trans are used commonly as prefixes to distinguish between stereoisomers of the
form [Ma,b,]

The terms mer (meridional) and fac (facial) are used commonly to distinguish between
stereoisomers of complexes of the form [Mab;].

The configuration index : 2 digits after the polyhedral symbol (OC-6).
- The first digit is the priority number of the ligating atom trans to the ligating
atom of priority number 1

These two ligating atoms, the priority 1 atom and the (lowest priority)
atom trans to it, define the reference axis of the octahedron. Without
these axial ligands, we have a square => we continue like in SP-4
systems,

- the second digit of the configuration index is the priority number of the

ligating atom trans to the most preferred ligating atom in the plane that is

perpendici | . ©)
b b @) 2
/ .: — / : o
b b 2 ‘ 2 oce-12

) @ @ @




Octahedral coordination systems (OC-6)

@
) NO, (2)
OoN,,. wNHg
@) JJ
HN f’" ‘ \

NH,

@

mer-[Co(NH3)3(NO,)s]
((Jf—ﬁ—ll}—triamminetrinitrim—KHN—cabalt([H}

@
2 NO, (1)
HaNy, wNO;

@,P@J

@
fac-[Co(NH;3)5(NO,)s]

Q)
AsPh
5 3 ()
2on, 'f ‘ mmg’
L
MeCN” ‘ “SNeMe
3 - 3
@ g ©),
@

(OC-6-43)-bis(acetonitrile )JdicarbonyInitrosyl( triphenylarsane )chromium(14-)

((JC—ﬁ—12}—triamminetrinitritn—w:’NﬂnbaJt(IH}
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Square pyramidal coordination systems (SPY-4, SPY-5)

The configuration index of an SPY-5 system consists of two digits.

The first digit is the priority number of the ligating atom on the C4 symmetry axis
(the reference axis)

The second digit is the priority number of the ligating atom trans to the

ligating atom with the lowest priority number in the plane perpendicular to the C4
symmetry axis (= in the square).

@
D~ ®
_ / 7 SPY-5-43
&) @

@
AL

5 Br

@ @

BUtE F'hP""'-l.-.,l_l__ Pd Lttt F'F'h ButE
5" PPhBU,
O ®

{SF}’—S—]Ej—dihmmidmria[di—n:err—hu[yll[phenylJphnaphane]pa]Iadin‘-@ 010 ‘



Describing absolute configuration —
distinguishing between enantiomers

A chiral molecule lacks an improper axis of symmetry S..
Notice that S, = mirror plane; S, = centre of inversion.

Two well-established systems for distinguishing between two enantiomers
exist:

1. the R/S convention used for describing tetrahedral centres and the
closely related C/A convention used for other polyhedra. The R/S and
C/A conventions use the priority sequence.

2. based on the geometry of the molecule; this system makes use of the
skew-lines convention; it is usually applied only to octahedral

complexes. The two enantiomers are identified by the symbols A and A
in this system.

@O0




The R/S convention for tetrahedral centres

R =the cyclic sequence of priority numbers, proceeding from highest priority, is
clockwise when the viewer is looking down the vector from the tetrahedral
centre to the least preferred substituent (the substituent having the priority
number with the highest numerical value, i.e. 4).

S = anticlockwise

The C/A convention for other polyhedral centres

The same principles extended to geometries other than tetrahedral.
Trigonal bipyramidal centres:

the viewer looks down the reference axis
the more preferred donor atom is closer to the viewer
If the priority sequence of the three ligating atoms proceeds from the

highest priority to the lowest priority in a clockwise fashion => C
anticlockwise = A
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)

1) €
TBPY-5 @ @ @ @
| M >06 | n> ®
\ |- \ |
® @
@ 3
Chirality symbol = C Chirality symbol=A
SPY-5

©
ol @
/M/
@ ®

Chirality symbol = C

9

©

©)

@
,L

/@)

®

Chirality symbol = A
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OC-6

\e
—=

© ®

&

I

Chirality symbol =C

Hy Br
H,C™ N c:‘ P
o
HEEHH.’/ ‘ \Br
2 NHj

OC-6-32-C

7. 3,
@
® ® ®
.
® ® ®
@
Chirality symbol = A
@
@ ®
=
@ @
@.
Cl
0C, | wPMegPh
e
H” | \'F"MEEPh
PMe,Ph

@

Chirality symbol=C

OC-6-24-A




The skew-lines convention

The skew-lines convention applies for tris(bidentate) complexes, the cis-bis(bidentate)
octahedral structures and the conformations of certain chelate rings.

delta (A) lambda ()

Two skew-lines which are not orthogonal possess the property of having one, and only
one, normal in common. They define a helical system, as illustrated in Figures IR-9.1
(next slide). In Figure IR-9.1, one of the skew-lines, AA, determines the axis of a helix
upon a cylinder whose radius is equal to the length of the common normal, NN, to the
two skew-lines, AA and BB. The other of the skew-lines, BB, is a tangent to the helix at N
and determines the pitch of the helix. In Figure IR-9.2, the two skew-lines AA and BB are
seen in projection onto a plane orthogonal to their common normal.
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AA horizontal,at the back B
BB in the front \\\A

Figure IR-9.2

(a) Aor & (b} Aor A

KA
7z

A
(a)Aoréd (b)y A orA

Figure IR-9.1. Two skew lines AA and BB which are not orthogonal define a helical svstem. In the
Figure, AA is taken as the axis of a cylinder whose radius is determined by the common normal NN of
the two skew-lines. The line BB is a tangent to the above cylinder at its crossing point with NN and
defines a helix upon this cylinder. Cases (a) and (b) illustrate a righi- and left-handed helix,

respectively. @ @ @




Application of the skew-lines convention to bis(bidentate) octahedral complexes

{c)

Figure IR-9.3. Two orientations of a tris(bidentate) structure, (a) and (b), 1o show the chiral
relationship between these mwo species and the bis{bidentate) structure (c).

The skew-lines convention — chelate rings conformation

The line AA is defined as that line joining the 2 ligating atoms of the chelate ring.
The BB line is joining the two atoms which are neighbours to each of the ligating atom.
The Greek letters 6 and A are used for the right- and left-handed helices, respectively.

N. CH, N, CH,

M / M CH,
W N il N
N CH, N CH,
{a) (b}

Figure IR-9.4. o-Conformation of chelate rings: (a) five-membered; (b) six-membered.
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Priming convention

Bis(tridentate) complexes (i.e. octahedral complexes containing two identical linear
tridentate ligands) may exist in three stereoisomeric forms, and there will be more if the
tridentate ligands do not themselves contain some symmetry elements. The three isomers
of the simplest case are represented below (Examples 1, 2 and 3), along with their
polyhedral symbols and configuration indexes.

—_H
W m

:

e

0C-6-1"1 0C-6-2'1' 0C-6-11'

The need for the priming convention can be seen by considering what the configuration
indexes of Examples 1 and 3 would be in the absence of the priming convention. The two
ligands are identical and consist of two similar fragments fused together. If the primes are
ignored, the two complexes have the same distributions of ligating atoms. One way to
highlight the difference between these two examples is to note that, in Example 1, all the
donor atoms are trans to donors that are part of the other ligand. This is not true in Example
3. Using primes to indicate the groupings of donor atoms in particular ligands allows these
two stereoisomers to be distinguished from one another by their configuration indexes.
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Uverejnéné materialy jsou uréeny studentiim Vysoké skoly chemicko-technologické v
Praze jako studijni material. Néktera textova i obrazova data v nich obsazena jsou
prevzata z verejnych zdroju. V pripadé nedostatecnych citaci nebylo cilem autorky
zameérné poskodit autora/y pavodniho dila.

S pripadnymi vyhradami se prosim obracejte na autorku tohoto vyukového materialu,
aby bylo mozno zjednat napravu.

<4 4> <

The published materials are intended for students of the University of Chemistry and
Technology, Prague as a study material. Some text and image data contained therein
are taken from public sources. In the case of insufficient quotations, the author's
intention was not to intentionally infringe the possible author(s) rights to the original
work.

If you have any reservations, please contact the author(s) of the specific teaching
material in order to remedy the situation.
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Stabilization factors

 Lewis theory — HSAB principle
 Chelate and macrocyclic effects
 Electronic stabilization — 18 electron rule

EUROPEAN UNION

European Structural and Investing Funds Iﬁr
Operational Programme Research,

Development and Education e T o e T
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Acid Base Theories

 Brgnsted theory — PRESENCE OF A PROTON is necessary

— acid = proton donor
— base = proton acceptor

Acidity (basicity) can be quantified, K, K,, acids and bases sorted to strong,
moderate, fable

e Lewis theory — also for aprotic environment
— acid = electron pair acceptor
— base = electron pair donor

Acidity (basicity) is difficult to describe quantitatively; (Pearson, Drago),
most commonly a relative softness / hardness are compared

e (Usanovich theory — combines acidobazicity and redox)
— acid — electron acceptor ( = oxidation agent)
— base — electron donor
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HSAB principle:
A hard acid tends to combine with a hard base — HA:HB
A soft acid tends to combine with a soft base — SA:SB

Hard and Soft Acids and Bases“

Most often seen as Lewis bases

H Borderline

2.2 bases

Li Be

0.98 1.57 Hard acids Hard acids

Na Mg

093 1.31 Numbers below
: o B " o symbols: Pauling

082 100 136 154 163 166 electronegativities

Numbersin ():

Rb  Sr Y Zr Nb Mo oxidation numbers

082 095 122 133 16 2.167

Cs Ba Lu Hf Ta W
079 0.89 127 13 1.5 2.367?

Fr Ra
0.7 0.9

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb

1.10 1.12 1.13 1.14 117 1.20 1.22 1.25 1.24 1.25 Ex: G. Wulfsberg,
: Inorganic Chemistry,
Ac Th Pa U Np Pu Am Cm Bk cf Es Fm Md No University Science
1.1 1.3 1.5 1.38 1.36 1.28 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 Books, Sousalito, CA,
Hard acids 2000
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Characteristic properties of hard and soft Lewis acids and bases

" property | —hard sads | —softacds | oftbases | harabases

electronegativity 0,7-1,6 1,9-2,5 2,1-3,0 3,4-4,0
ionic radius [pm] <90 >90 > 170 ~ 120
charge > +3 <+2

Soft AB are better polarizable than hard AB; anion H™ behaves like a soft base.

‘ Examples

H*, alkali (1+), alkaline earths(2+), Fe?*, Co?*, In*, Sn?*, Cut, Irt, Rh*, Pd, Pt,
lanthanides(3+), Ce**, Th**, U, Zn%*, Ni%*, Cu?*, Ru, Ag, Au, Hg, Tl, Pb
ACID UO,2*, Ti#, Zr#*, Hf*, Sn**, VO2*,  Os, Ir3*, Rh3*, Bi

Cr3+, IVIn2+, Fe3+, CO3+, |n3+’. B3+, C4+

F~, O-donors (oxoanions, OH, Amines, NO,~, SO;%2~, H~, R7, CN-, I, SCN-,

carboxylates, ethers, R-C=0 etc.) CI-, Br- S-donors, C-donors,

BASE PR,, AsR,, CO, C,H,,
C6H6'
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Relative softness

Hard particles (both A and B) are only slightly polarizable.
Soft particles are better polarizable.

* influence of charge: oxidation state increases => hardness
* influence of size: smaller ions are harder
Symbiosis effect

Presence of a hard substituent or of a hard ligand increases
hardness of the respective centre (and vice versa)

EX.:
* PF;is harder than PPh,

 fragment [Co(NH;):]3* is harder than [Co(CN):]%: [COX(NH;):]*
is more stable for X = F~ than I7; [Col(CN):]>"is the most stable.
Bonding isomers: [Co (NH;)(NCS)]?* but [Co (CN):(SCN)]*~
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Attempts to quantify hardness / softness

Pearson, Parr — absolute hardness n,

difference in ionisation energy and electron affinity
n =% (IE — EA) =% (orbital energy of LUMO — orbital energy of HOMO)
softness 0 = 1/n (inverse of hardness)

lonization

Hard acids, bases:

LUMO ———,
frontier orbitals are far apart |
. ' A7
Soft acids, bases: RO Ay
' : - in " SOFT
frontier orbitals are close in energy T

HARD —

Figure 7.3 Definition of hardness and softness, from the gap
between the frontier orbitals HOMO and LUMO.

Drago’s equation — empirical
series of tabelated parameters E (electrostatic) and C (covalent)
for both acids (E,, C,) and bases (E;, Cp)

—AH, g =E, E; +C, C;
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Interaction between SA:SB, and HA:HB

LUMO
LUMO LUMO
Fm compare
LUMO i
é jf HOMO compare
ot | E
% ! _~""HOMO
HOMO
_ 1
HOMO
soft LA complex soft LB || hard LA complex hard LB

SA:SB => NEARLY
COVALENT BOND

HA:HB => VERY
POLAR BOND
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Application of HSAB approach

metal — ligand preferencies

geochemistry: differentiation of elements; lithophiles (HA:HA;
limestone CaCO,, bauxite AIO(OH)), chalcophiles (SA:SB;
galena PbS, cinnabar HgS)

solubility of halides, chalcogenides — those of softer cations
are less soluble (cf. solubility of Hg,Cl, and HgCl,)

colours: SA:SB are coloured due to charge transfer band

analytical chemistry — the qualitative analysis scheme for
metal ions (hydrogen sulphide method; sirovodikovy zptisob)

biochemistry — bonding environment for a given metal ion,
siderophores, metallothionein

medicinal chemistry — treatment of (heavy)metal poissoning,
diagnostic kits (Gd)

@O0




Chelate and macrocyclic effects

Formation of a complex ML,

stepwise process Equilibrium constant for each step

M+L — ML _ M
N Ky [M][L]
ML+L <= ML, ,
ML +L = ML, |
| ML, ]
! K, =
ML,_,+L = ML, [MLn—l][L]

K;>K,>K; ....K,

K. —individual stability constant (individual formation constant, step formation constant)
Higher K implies more stable complex.

B,, — global stability constant (global formation constant)

— [MmL] _: i | AG° =—RTIn B
B, [M][L]” g U a AG° = AH° — TAS®
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Chelate rings form much more stable complexes.

Examples:
1. Ni*(aq) + 6 NH;(aq) - [Ni(NH;)¢]**(aq) log B =8.61
Ni%*(aq) + 3 en (aq) - [Ni(en);]**(aq) log B = 18.28
the system with 3 chelate rings is 101° more stable
[Ni(NH;)c]**(aq) + 3 en (aq) = [Ni(en);]**(aq) + 6 NH, log B =9.67

For this system, AH°=—-12.1 kJ/mol, — TAS°=-43.0 kJ/mol
Both enthalpic and entropic (growing number of particles) reason

2. Cd?*(aq) + 4 MeNH,(aq) - [Cd(MeNH,),]**(aq) log B =6.52
Cd?*(aq) + 2 en (aq) - [Cd(en),]**(aq) log B =10.6

4 MeNH, —-57.3 -67.3 +20.1 —-37.2

2 en —56.5 +14.1 —-4.2 —60.7

Purely entropy-based chelate effect

Data taken from: F. A. Cotton, J. Wilkinson, C.A Murillo, M. Bochman, Advanced Inorganic Chemistry, 6th ed., Wil @ @ @




3. [Ni(en),(H,0),]**(aq) + tren(aq) - [Ni(tren)(H,0),]**(aq) + 2 en(aq)
[tren = N(CH,CH,NH,),] log B =1.88

AH° =+ 13.0 kJ/mol, — TAS°=—23.7 kJ/mol, AG°=-10.7 kJ/mol
Chelate effect overcomes a positive enthalpy change (higher number of rings)

SIZE OF THE RING IS IMPORTANT: 5 or 6 membered rings are the most favorable.

Macrocyclic effect

Cyclic vs. noncyclic ligand CHy——CH
2
CH——CH, / \ L,
L, CH,—N N CHz
CH,—NH NH——CH, / H : \
H,C CH,
H,C /CH2
H
CH,——NH, H,N——CH, CH—N N
\CHZ———CH/Z
Reaction with zinc(ll): L, L,
log K 11,25 15,34
Zn**(aq) + Li(aq) - [ZnL]**(aq) &
AH° [k]/mol] -44 .4 -61,9
AS° [J/deg mol] 66,5 85,8
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Irving — Williams series

A given ligand: so b
stability constants follow the size of the
central metal ion = electrostatic effect

(polarizing effect of the ion) 10
Different ligands: j 8
relative stability for a given ion and 2
ligands with different donor atoms does. g
not depend only on the polarizability of s s
the ligand (electrostatics) but also on 3 | o
the relative softness/hardness of the N
reaction partners. 4r g
2 —
i Ex: G. Wulfsberg,
5 \ | | 1 " Inqrga n.ic Ch?mistry,
B 1_;_:“__'___0 Mn Fe Co N _Cu 2zn University Science

S e | Books, Sousalito, CA,

2000 @ @ @




HSAB principle and chelate effect in medicine

Treatment of metal poisoning:
chelates; donor atoms according to the metal hardness/softness; soluble complex

Heavy metals: HS—CH, Light metals: HO O

soft acids \CH_SH hard acids HOOC O /‘ COOH

Hg?*, TI* / Be?*, AI?*

British Anti-Lewisite HZC\ Aurinetricarboxylic acid O

S-donor ligand OH O-donor ligand HOOC oy

Iron (congenital on = 5 on

metabolic disorder): HQN\/\/\/,{,\H/\)L PPN JV\H’H\/\/\/&

Desferrioxamine N ) \ﬂ/
o) OH o) o)

combined N, O-donor

Medical diagnostics: i

Gadolinium(+lIl) complexes for magnetic resonance O)H

. . - “\‘,\ =
imaging (MRI) — contrast agent e et N/\}
(@)

Requirements: stable complex (Gd3*(aq) is toxic), soluble 0 |\{Gd|\\]
in water, water molecule in the inner coordination
sphere 2=

OH,

Ligand: DTPA>", poly(carboxylic) acids o 0
DTPA = diethylenetriaminepentaacetate
ool




Electronic stabilization — 18 electron rule

e empirical rule
e organometallic compounds = the most covalent bond = SA:SB

e stoichiometry of carbonyls:
— [CO(CO)(—;]; [Fe(CO)S]r [Ni(CO)4]
— [Mn,(CO),,l, IMNn(CO),]*, [Mn(CO):]~

electronic reason,
problem of electron count — ionic or covalent model?
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Basic bonding scheme — 1 transition metal M, Zligands L, [ML/

9 metal AO
(empty)

/ antibonding
MO

9-/
nonbonding MO

/bonding
MO

/ AO from
| ligands (full)

number of common (M, L)
electrons in the complex:

minimum 2 7
maximum 2 (9 —-/+7) = 18
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Electron count in a complex: the covalent model

Total amount of electrons:
electrons from metal(s) + electrons from ligands + charge of the particle

Covalent model:
both M, L, are not charged (odd number of electrons may be present)

lonic model:
charged M, L (electron pairs)

Electrons from the metal:

e (COV) valence electrons, transition metals: orbitals (nd + (n+1)s), d™
* (ION) oxidation state

Electrons from the ligands:

e (COV) L- or X-type ligands

e (ION) 2 electrons from each donor
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Covalent model: L- and X-type ligands (M.L.H.Green)

e L supplies 2e

e X supplies le
e total ligand electrons: LX,

Total number of electrones N,:
e m electrons of the central metal N. =
=m-+2{ +x —
e / number of L-type ligands k 9
e x number of X-type ligands
e g charge of the particle

L-type ligands

N P...
/ L] R nyy R / \ : ¥ M _____ M ————— |
5 \R R \R H H IA |

2-electron donors, free electron pair




X-type ligands

‘H ‘Cl: e ‘R N
.e R \R R/ R
1-electron donors, single electron. .O—R =N
2nd step: subsequent donation from an electron pair
is possible.
Ligands of LX, type
X,type Xstype

according to the ground

..I: ‘.S.: .ﬁ_—R .... .
(.) . . N electronic state

Conjugated polyenes

cyclopentadienyl @ n>,L,X r]3,L2X @ k-N (n°),L,X Q
_ N

benzene | | n® L, n%L, §_( L >

: ferrocene,
L Fe g
M M : bis(cyclopenta-

CCD) dienyl)iron(Il)
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Ligands of LX, type — cont.
Chelating ligands Carbenes Bridging ligands
Hz C_CHZ HQC_CHZ . .E:l.. .‘Cl..
/ \ . / . C 1 ) ‘ / .
. . L,, Fischer 7N M M
MeZ?‘\ ”:-PM% O 0 Rz/ ~ tz o Xligand L ligand
> P yp
L X RS .
2 2 0. 0
ol /' 1\ M/ \M
I e X,, Schrock X ligand X ligand
2 I type

lonic model — different distribution of the same number of electrons

Ligands — always act as Lewis bases, supplying pairs of electrons. X-type ligands — anions X~
Metal — number of electrons depends on its oxidation state.

uncharged particle: [MLX,] (covalent model) —> [M**(L){X"),] (ionic model)
charged particle: [MLX ]9 (covalent model) —> [M**a*(L)(X"),] (ionic model)

Ex: Y. Jean, Les orbitales
moléculaires dans les
complexes, Editions de
I‘Ecole polytechnoque,

Palaiseau, 2003 @ @ @




Covalent and ionic
model — comparison of
the electron count of
ligands

Covalent model lonic model
Ligand (type) Number of Ligand Number of
electrons electrons
H, Cl, OR, NRy, CRs, le H-, CI-, OR~, NR;, 2e
CN (ligands X) CR;, CN™
CO, NR3, PR3, Hy, 2e CO, NRg3, PR3, Hy, 2e
R2C =CR3 (ligands L) R,C = CRa
0, S, NR (ligands X3) 2e 07=, 8=, NR* 4e
// \\ 4e // \\ 4e
n*-diéne (ligand Lo) n*-diéne
@ 5e 6 e
n°-Cp (ligand Ly X) 7°-Cp
6 e 6 e
nS-aréne (ligand L3) n8-aréne
p-Cl (ligand LX) 3e u-Cl™ 4e
p-O (ligand Xs) 2e pu-0% 4




Covalent and ionic model — identical results, DO NOT MIX THEM TOGETHER

[Ir(CO)(CI)(PPh;),]

covalent model
[Ir(L)5(X)] type

Ir 9e
3L 6e
1X le
total 16e

jonic model

[Ir*(CO)(CI7)(PPhj),]

Ir* 8e
4 ligands 8e
total 16e

Ir oxid. number +l, configuration d®

[Ni(CN)S]*-
covalent model
[Ni(X)s5]*

Ni 10e
5CN 5e
charge 3e
total 18e

ionic model
[(Ni#*)(CN")s]*-

Nij2* 8e
5CN- 10e
XXXXXXXXXXXX
total 18e

Ni oxid. number +Il, configuration d®

[Fe(n>-cp),]
covalent model

[Fe(L,X),] type

Fe 8e
2 cp 10e
total 18e

ionic model
[(Fe**)(cp™),]

Fe2* 6e
2 cp” 12e
total 18e

Fe oxidation number +llI, configuration d®

Oxidation number of the central metal ion:
from the covalent model

general formula [ML, X, ]9

oX.n.= xX+4g
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Bonding theories

Valence bond theory
Crystal field theory
Ligand field theory
Molecular orbitals
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Valence bond theory (VB)

e used also for main groups’ elements

e AO hybridisation on the central atom; overlap with AO’s of the
bonding partner

* localised pairs of bonding electrons

Coord. Geometry Hybridized AO Hybrid orbital Example
2 [-2 s, p, Sp Ag(NH3),]*
3 TP-3  s,p, P, sp? Hgl,]™
4 T-4  s,p, P, P, sp? FeBr,]*
4 SP-4  s,p, P, Ay sp2d [Ni(CN),]*
5 TBPY-5 s, p,, P, P,,d,, sp3d [CuCl]3
5 SPY-5 s, Py, Py P, Aoy sp3d Ni(CN);]*-
6 OC-6 s, Py, Py P,y oy Ay SP302 [Co(NH3)g]**
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Valence bond theory (VB)

higher hybrids
Coord. Geometry Hybridized AO Hybrid
Numb. orbital
6 TPR-6 S/ dxy' dxz' dyz' dx2-y2' dzZ sd® [ZrMe4]2_
or or
S, Py Py P iy 0y, sp3d?
7 PBPY_7 SI pxl pyl pzl ) dxz_y21 dzz Sp3d3 V(CN)7]4_
7 TPRS-7 S, pxl py} pz) dxy) dxz) dzz Sp3d3 :NbF7]2_
8 CU-8 s, Py, Py Py iy sy Ay By sp>d>f  [PaFg]*
8 DD-8 s, p,, Py P, ,dzz,dxy, d,,, dyz, sp3d? _:Mo(CN) .4
8 SAPR-8 s, p,, Py P, Ay, iy dyy iy sp3d*  [TaFg]*-
9  TPRS9 s,p, Py Py dy, dy,, dyy, sp®d>  [ReH,]”
dx2-y2' dzZ @ @@




Valence bond theory (VB)

Description of the bonding in a Cr3* (d®) octahedral complex:

Free ion:

e = e e M e e e e e e e e e e e e e e o e R M R M e e A

____________________________________________

empty orbitals

Complex:
L4 RYRYRR YRR YR YRR
I ! | « ¥ ¥ Iy yw 1% !+:
3d 3d%sp’
electrons of Cr(+I11) d?sp3 hybrid orbitals (= octahedral arrangement)
in 3d,,, 3d,,, and 3d,, orbitals filled by 6 electron pairs from 6 ligands
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Valence bond theory (VB)

Description of the bonding in a Fe3* (d°) octahedral complexes:
both high spin and low spin possibilities exist

Free ion: I I | I | —
3d 4s 4p
Low-spin complex: . .
3- . I 3 v AL AL AL AL AL AL
e.g. [Fe(CN)g] v TV TV TV TV TV TV TV
3d 3d%sp®
d?sp3 hybrid orbitals
igh-spi : S S S S S Y Y YR TR YT .
Ie-llgh[slen];:?mplex. T i i il __I_f___”m_l_i____I_fn__‘lr*| K
8. . y i

3d? hybrid orbital
The 4d orbitals are used to form the high- ZZ AO za\rlle t(:)rb:aauzed
spin arrangement => LOW PROBABILITY
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Valence bond theory (VB)

Description of the bonding in a Ni?* (d®) complexes:

tetrahedral, octahedral,and square planar geometries, different spin states

. AL AL AL A A v AL AL AL AL
Tetrahedral: TV % T TV TV TV T
3d sp®
: FLoAL AL A b AL AL AL AL AL AL
Octahedral: W T v T HHH - H
3d sp>d?
b4l AL AL T AL AL AL AL
Square planar: Ty T T Ty Y TV Ty
3d 2

sp? hybrid orbitals

| sp3d? hybrid orbitals

4d AOs have to be used

dsp? hybrid orbitals




Crystal field theory (CFT)

All interaction are purely electrostatic
in nature.

Central metal, ligands — point charges,
given geometry (symmetry).

Splitting of 5 degenerated d-orbitals by
effect of the surrounding ligands.

Common arrangement of an octahedral
(left) and tetrahedral (right) set of
ligands




Crystal field theory

Splitting of d-orbitals: tetrahedron, octahedron, from octahedron to square

A, = 4/90,
A, = 0,445,

t,
(dxy’ xz’d )

€

iy o

(dZZ’ x2 y2..)..

tetrahedron degenerated d

orbitals

A0
t _________________________ e
(dxy’ xz/ (dyZ’ XZ)
octahedron tetragonal bipyramid,

elongated, z-axis

1g

e
<
o

square

©Nole




Mulliken symbols

Mulliken Symbol

(subscript) g

(subscript) u

(subscript) 1

(subscript) 2

(superscript)

(superscript) "

Interpretation

Non-degenerate orbital;
symmetric to principal C,

Non-degenerate orbital;
unsymmetric to principal C,

Doubly degenerate orbital
Triply degenerate orbital

Symmetric with respect to
center of inversion

Unsymmetric with respect to
center of inversion

Symmetric with respect to
C, perp. to principal C,
Unsymmetric with respect to
C, perp. to principal C,
Symmetric with respect

to 0,

Unsymmetric with respect
to 0,
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Splitting of d-orbitals in an octahedral crystal field - CFT

The potential created by 6 point charges (O, symmetry) at a

p0|nt X, y’ z IS: eg z2=|0>
6 T K2y? = [|2> + |-2>] &
ez 1 6Dq
— _ d "
Viry.z) = e
: rl _] | i R
1=1 ' —_— (2] Y
d t2g ==
rij distance from the charge i to the point [x,,Z] i Tof - e ek Effect of Oy field
. in spherical symmetry
ze Ch d rge Of th € anion Figure 1.4 Splitting of the d orbitals in a crystal field of O, symmetry.

From this, energy difference of the split d-orbitals (octahedral field) is 10 D-q
where D = 3%%¢/, sandq = 2e<r>t/

2 4
_ 1, ze“<r>
therefore Dq = E(T)
where a internuclear distance between the metal and the anion
<r> average distance of the d-electron from its nucleus

more details: Figgis B. N., Hitchman M.a., Ligand Field Theory and its Applications, Wiley 2000 @ @ @




Geometries

Energy Levels of d Orbitals in Complexes of Various Geometries”

Largest

CN? Geometry d.: dy2_y dyy d,, dy. Splitting
2 Linear® 1.028 —0.628  —0.628 0.114 0.114 0.914
3 Trigonal? —0.321 0.546 0.546 —0.386 —0.386 0.867
4 Tetrahedral —0.267 —0.267 0.178 0.178 0.178 0.445
4 Square planar? —0.428 1.228 0.228 —-0.514 0514 1.000
5 Trigonal bipyramid® 0.707 —-0.082 —-0.082 -0.272 —-0.272 0.789
5 Square pyramid*® 0.086 0914 —-0.086 —-0457 —0457 0.828
6 Octahedron 0.600 0.600 —0.400 —-0.400 —0.400 1.000
6 Trigonal prism 0.096 —0.584 —0.584 0.536 0.536 0.680
7 Pentagonal bipyramid® 0.493 0.282 0.282 —-0.528  —0.528 0.810
8 Cube —-0.534  —-0.534 0.356 0.356 0.356 0.890
8 Square antiprism —-0.534 —-0.089 —0.089 0.356 0.356 0.445
9 Tricapped trigonal prism  —0.225  —0.038  —0.038 0.151 0.151 0.189

12 Icosahedron 0.000 0.000 0.000 0.000 0.000 0.000

4 Units of A,, the octahedral crystal field splitting, assuming the same overall charge density and
distance. [Adapted from J. E. Huheey, E. A. Keiter, and R. L. Keiter, Inorganic Chemistry: Principles of
Structure and Reactivity, 4th ed., Harper-Collins, New York, 1993, p. 405.]

b Coordination number = CN.
¢Ligands lie along z axis.

4 Ligands lic in xy plane.

¢ Pyramid base in xy plane.

Chemistry, University
Books, 2000

Ex: G. Wulfsberg, Inorganic
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Crystal field stabilisation energy, CFSE

Partly filled split d-orbitals often gain energy relative to the unsplit
state => Crystal Field Stabilisation Energy, CFSE

CFSE = 0 for d°, d*9, and HS d° configurations, e.g. for empty, filled and half-filled orbitals.

Position of the barycentre remains unchanged
eg
N
t,
A — 5 —
t Ao
~._ barycentre
e Vv
t2
degenerated d 8
tetrahedron orbitals octahedron

A, experimental value; 10Dg from computation.

NEW LEVELS

octahedron:

level t,, —2/54,, stabilisation
level e, +3/54, , labilisation
difference: +3/5A - (-2/5A,) = A,

Overall energy of the splitted orbitals:

3:(=2/547,) +2:(3/54A,)=0
configuration t, !

gains CFSE = =2/5 A,
configuration t,.>
gains CFSE = 3-(-2/5A,) =-6/5 A,

tetrahedron:
level e, -3/5A,, stabilisation
level t, +2/5A,, labilisation

total: 3-(-2/5A,) +2:(3/5A,) =0
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Crystal field stabilisation energy, CFSE

High-spin (HS) and low-spin (LS) arrangement - octahedron

Key parameter: difference between A, and pairing energy P

High-spin, P> A, electron fills e, orbitals

N
1

T\ T, T_ 1 —‘ N
4 unpaired e. t ﬂwT

L tzg

d* t,3e,! CFSE=-3/5A,

Low-spin, P< A, electron forms a new pair
at t,, level, the pair formation needs pairing
energy P Ce

—

Pt .

2 unpaired e.

11 -

d* t,4e0 CFSE=—-8/5A,+P

d>:t, 3%e? CFSE=0

26 €g 5 unpaired e.

d>: ty°e,’ CFSE=-10/5A,+2P 1 unpaired e.

d: t, %2 CFSE=-2/5A,

2¢ €g 4 unpaired e.

d®: t,°e,° CFSE=-12/5A,+2P 0 unpaired e.

d’: t)>e,” CFSE=-4/5A, 3 unpaired e.

d’: t).be,t CFSE=—-9/5A, +P 1 unpaired e.

Most of tetrahedral complexes are high-spin — A, is small compared to P.
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Crystal field stabilisation energy

Changes in Crystal Field Stabilization Energies®

CFSE CFSE
ML ML
da" (oct) (sp) ACFSE
d! 0.40 0.46 +0.06
d? 0.80 0.91 +0.11
d? 1.20 1.00 -0.20
Low-spin—strong field High-spin—-weak field
CFSE CFSE CFSE CFSE
ML ML ML, ML
(oct) (sp) ACFSE (oct) (sp) ACFSE
d* 1.60 — P 1.46 — P -0.14 0.60 0.91 +0.31
d’ 2.00 — 2P 191 — 2P —0.09 0 0 0
d° 2.40 — 2P 2.00 — 2P -0.40 0.40 0.46 +0.06
d’ 1.80 — P 191 - P +0.11 0.80 0.91 +0.11
CFSE CFSE
ML ML
(oct) (sp) ACFSE
d3 1.20 1.00 -0.20
d’® 0.60 0.91 +0.31
418 0 0 0

“The CFSEs (in units of A,) for octahedral (oct) and square pyramidal (sp) fields are shown followed
by the change in CFSE for the process ML (octahedral) —> MLs (square pyramidal). A + indicates
a gain in CFSE during the process, and a — indicates a loss in CFSE.

Rodgers G.E. Descriptive Inorganic, Coordination, and Solid.State Chemistry, 2nd Ed. Thomson learning 2002
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Experimental data — ligand exchange rate

FIGURE 5.5 -
Rate constants for water
exchange for various ions: INERT LABILE Na* K*
M(H,0)5]™ + H,0" = L[ e
[M(H,0)5(H,0'®)]™* 4+ H,0 P
Data are tabulated as the log Be?t Mg** Seet
of the rate constant at 25°C. l Ca**— } Ba’*
Inert hydrated ions, those Mn?*t p°
that only slowly exchange Ru?* V2t Ni%+ Fe*\Cr?t Cu?*
water molecules between the - 5
hydration sphere and bulk l ‘ ! Co —_—
water structure, are given on Zn?*Cd?* Hg* d"(M*)
the left, and labile hydrated ()
ions are on the right. (Ref. 7.) l&Pb2+ _
A]3+ Gas+ In3+ Y3+ SC3+ d 3ol
T .
Rh** Cr?t Co*t Fe’* V¥* Ti** Mn®* Lanthanides
|| ol B I I +
v02+ UO; ) drx (M3 )
| | i | | l | ! | | i d}

-8 -6 -4 -2 0 2 4 6 8 10
o _ Characteristic water exchange rate constants, log k (25°C, s™1)
Substitution mechanism:

step 1:




CFSE in practice

Hydration energies in ionic crystals, ions M?*

0 = ®
| | | | | | 'J'a \\‘ .
-1600Qx. Tk A W
-1700 —-200
Ca®* Sc* T V& Cr* Mn* Fe* Co* N Cu* Zn*
- (b
5 -1800 |
=
=
A4
= -1900 |
IS
<
-2000
-2100 |
| | | | | | | | |
ca® s T V¥ o Mn® Fe” co” NPT cu zn™

configuration:

>,

d*, d°HS, d°,

d’, &, &,

d°.

CFSE =0in d° d> HS and d*° (Ca?*, Mn?*, Zn?*)
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lonic radii — LS HS

lonic radii (pm)

10
fE"-100"
a8
g %or
L
S 80F
701
Caz+ Tih V2+ Cr2+ Mn2+ Fez+ C02+ Ni2+ Cu2+ Zn2+
60 | | | | | | ] | | | |
o 1 2 3 4 5 6 7 8 9 10
Number of 3d electrons
90 - (a)
Change of the spin state =
80 change of the ionic radius
important in BIOCHEMISTRY
70+
SCS' Ti3+ V3+ Cr" Mn3+ F83+ 0034- Ni3+ Ga:!+
1 ] | | ] | | | ] l 1
o 1 2 3 4 5 6 7 8 9 10
Number of 3d Electrons

(b)
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Experimental data - colours

TABLE 4.2

Octahedral Crystal Field Splitting Energies A,, cm—’

(M) (M) (m")3+ (M™)3+
Crz +’ Cr3 +, Mo} +
[CrCl )% 13,000 [CrCl P~ 13,200 [MoCl¢ >~ 19,200

- [Cr(H,0)6)** 14,000

[Cr(en); 2+ 18,000

[Cr(H,0), >+ 17,400
[Cr(NH ) ]** 21,500
[Cr(en);** 21,900
[CH(CN) P~ 26,600

COz +’ C03 +’ Rh3 +, h.S RS

[Co(H,0)s >+ 9,300
[Co(NH ;)4 ]** 10,100
[Colen);)** 11,000

[Co(H,0),) * 18,200
[Co(NH )+ 22,900
[Colen); P 23,200
[Co(CN) P~ 33,500

[RhCl¢ >~ 20,000
[Rh(H,0)s** 27,000
[Rh(NH ;)¢ ** 34,100
[Rh(en);** 34,600
[Rh(CN) I’ ~ 45,500

(IrCle )~ 25,000

[Ir(NH ;)¢ ]*+ 41,000
(Ir(en), ™ 41,400

Mnl +’ Mn3 +

[MnCl = 7,500
[Mn(H,0),)** 8,500
[Mn(en);** 10,100

[MnCI P~ 20,000
[Mn(H ,0),]* *21,000

Fe3+, Fe3 +

[Fe(H,0)s** 8,500
[Fe(CN)¢J*~ 32,800

[FeCl, P~ 11,000
[Fe(H,0)P* 14,300
[Fe(CN)gJP~ 35,000




Problem not solved by CFT

Electron transfer: more than 1 band in octahedral complexes => more than 2 energy levels
Multielectronic systems involve intra-electron interaction => (spectroscopic) TERMS

Qruu ( Ou) -”

Llll|llll[l[!L1llll

\[3’*’(0(1) 0.5 ey : ; : 2 | %’ 'E“*’if‘ﬁ@

{ S O L

LllllLlL|JlllLJlii

LIlLtJLL!

14 a '~"d§ 45 fizghs
L) o
Spectra of various aqua complexes 05*
Notice low intensity of the Mn?* spectrum — spin forbidden g | | 'S B

5000 10000 15000 20000 25000 30000 35000

”' @O0
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Comparison of the weak field and strong field approach,

configuration d? in an octahedral field

Weak field:

d? config.:2e"in 5
orbitals = 45
microstates

45 microstates
constitute 5 terms
of different
energies

some of these
terms (orbital
degeneracy!) are
split by the crystal
field

Ground state: Ty,
all triplet states:
3T1g, 3T2g, 3A
3T1g(P)

28’

subscripts g omitted e B
for clarity " ey L
N
Zero Weak Strong Dominant
field field figld fietd

Term energy depends on the crystal field strength

Strong field:
d orbitals split
by the crystal
field to t,, and
e, levels
ground state
configuration
ty,>=2e7in3
orbitals = 15
microstates

(excited states t,,'e,’;
and e,?)
15 microstates of
the ground term
constitute 4 terms
of different
energies

Ground state:
3T,g; 3 other
triplet states from

t,'e. and e’
[@Xolel




Ligand field theory (LFT)

LFT is an extension of CFT. It uses a set of parameters derived
from experimental data (e.g. Racah parameters) to explain the
existing covalency of the metal — ligand bonds.

The localized field arising from point charge ligands is changed

for rather delocalized variety (see “nephelauxetic effect”).
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Colours - general

Absorption of light (electromagnetic radiation) = electron excitation to a higher level
(e.g. from HOMO to LUMO)

Colour of a compound — energy of the absorbed light (difference in orbital energies)
Intensity of the colour: frequency, type of electronic transition (forbidden, allowed)

Colour wheel
Complementary colours — opposite o, e
red — green N
violet — yellow
blue — orange

absorption of light of certain colour = appearance of the
complementary colour

Koray uv || infa radas (FMI TV | BY [ AN
i = 1= 1 i s B 8

s [ 1008 [ .,.--Iﬁl 0 "I‘ll___ 135 | [1ald {0~

= o
o vinove dalky [m] 2o

e -_m_ e

BiH) L

vinava datka [nm)
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Optical properties

Light absorption (of electro- [Co(H,0)6]** , [Cu(H,0),]**, [CrCl,(H,0),]
magnetic radiation) in
A =200 - 1000 nm region

visible light:
from 400 nm (violet) to 750 nm (red)

[FeCl,(H,0),]* [Ni(H,0):]** [VO(H,0):]*

Energy: DE =hv

wavelength A [nm]

wavenumber v [cm?] A/nm ¥/em-t
V=14 = v/c 700 14 300
c speed of light, Vv frequency

Orange 620 16 130

Intensity: Yellow 580 17 240

absorbance A = Iog(l of| ) Green 530 18 870

. o 500 20 000

molar atfsorptlon coefficient ¢ 270 51 280
usual unit € [L cm™ mol?]

420 23 810
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Types of electronic transitions in coordination compounds

E4 o } Metal-ligand
. 2 antibondin
Transitions: i :
4 /
. 'T'd-d np S
. —— /
/
//
e Charge transfers / S~ .
) P ~~._ Ligand r*
LMCT, ligand- ns / T
to-metal B
e eta
MLCT, metal-to- | (n-1)d e I } A Gibiels
ligand
Ligand =
Ligand donor
lone pairs
/
7
7
7
Vs
e
A
- Metal-ligand
bonding
Metal Complex Ligand
Figure 9.11

Generic energy-level diagram showing levels in a transition-metal complex derived from metal, ligand and metal-ligand

bonding orbitals.
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Selection rules - Intensity of the transition

Spin selection rules: Orbital selection rules (Laporte):
1. Only 1 electron is involved in any transition 3. a) Allowed transitions must involve
2. There must be no net change of spin, i.e. AS=0 an overall change in orbital angular

momentum AL = +1 (d—d and p—p
fggg;"ﬁ;‘:g?d"den transitions are forbidden)
d5 ions, e.g. [Mn(OH,)l2* b) Transitions from g to g and from
u to u states are forbidden.

Spin allowed
Laporte forbidden
e.g. [Ni(OH,)gl2+

vibronic coupling

Spin allowed; Laporte forbidden
tetrahedral complexes
e.g. [NiCl, ]2~

Charge transfer
spin allowed; Laporte allowed
e.g. [MnO,]-

n~-n* transitions,
e.g. Zn(phthalocyanine)2-

T
-

[ ! I f L ! l l
-3 -2 -1 0 1 2 3 4 5 6 7

logo(e)

Figure 9.13
Some typical molar extinction coefficients, ¢, for d-d and charge-transfer transitions.
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Laporte forbidden bands in symmetries with g or u symmetry
e octahedron — higher energy, lower intensity
e tetrahedron

cf. energy and intensity of the transitions

141 (b) 700
12k (8 (tetrahedral) 1600
(octahedral)
g} 10+ -500 §
) ST
£F 8t —= 400 € £
g2 22
= % 61 -1 300 o g
e = QO
5 gl {200 § =
= =
2+ -100
ok -0

i { | ] !
400 500 600 700 800
Afnm

Figure 9.12

Visible spectra of (a) [Co(OHz)ﬁ]zf and (b) [C0C14]2—. Note that the intensity scales differ by a factor of 50, the
tetrahedral complex giving a much more intense band. The energy of the transition is smaller for the tetrahedral complex,
reflecting the smaller crystal-field splitting in this case. Redrawn with permission from [12]. Copyright 1999 John Wiley
& Sons.
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Charge transfer (CT) bands

Fully allowed bands, very intense; colorimetry, dyes.

Types of CT bands

1. LMCT - ligand-to-metal, ,reduction” of the metal, ligand rich in electrons, metal in a
higher oxidation state. Ex.: MnO,~

2. MLCT — metal-to-ligand, , oxidation” of the metal, ligand with low energy LUMO orbitals,
metal in low (oxidizable) oxidation state. Ex.: [Fe(phen);]?* for colorimetric determination
of Fe(ll).

3. MMCT or IVCT — metal-metal, intervalence transfers in multinuclear species

4. LLCT - ligand-to-ligand transitions

Energy of CT bands and its relation to the redox nature of M and L

(complex | m(L)>t,(M) [cm?] | complex [ n(L)>t,(M) [cm?]

[0sCl]3- 35 450 Ticl, 35 400
[0sCl]>- 27 000 TiBr, 29 500
[Osl]3- 19 100 Til, 19 600
[0sl,]?- 12 300 [NiCl,]2- 35 500
[NiBr,]?- 28 300
[Nil, ]2 12 300
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d-d bands, origin

Splitted term levels (low field approximation). Dependence on A (for all geometries)

2E

Lt

Energy g For a given geometry, A depends on

1. nature of the metal ion — heavier
atoms exhibit higher A values

2. charge of the metal ion — the
higher is the charge, the higher
is A

Data see in ,Crystal field theory”

3. ligand - see Spectrochemical
series of the ligands

A

Energy levels for a d! octahedral ion as a function of the ligand-field splitting, A.
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Colours - examples

Cation Ni%* in
various
environment

Different ions in the same
environment (water): Co?*, Ni%*, Cu?*

NH;(H,0) en CI-

Empirical factors: A =fL Im The same metal in different
M_ oxidation states (water): V2, V3*
Fe2* 10000 O.72. 7 [V(H,0)*  [V(H,0)J*
Ru?* 19800 SCN~ 0.73

Co%* 9000 Cl- 0.78

Ni2* 8700 F- 0.9

Cu?* 13000 H,O 1

Cr3+ 17400 NH, 1.25

Mo3* 24600 phen 1.34

Co3* 18200 CN- ~1.7




Colours - examples

Termochromism: ligand field geometry changes => colour change

Data from: Mechanochemical synthesis
and characterization

of a nickel(ll) complex as a reversible
thermochromic nanostructure

Seyed Abolghasem Kahani* and Fatemeh
Abdevali

RSC Adv., 2016, 6, 5116

[(C;H,),NH,],[NiCl,(H,0),ICl,.2H,0

25°C 100 °C 115°C 130°C l

et
th
h

1 R.T
i ! Heating — T
—_—
E Cooling

- an

&
'S
th

o
tw
h

o
o
th

@

Absorbance/ ab.unit

g
—
Lh

0.05-

-0.05 Jeey
400

600 700 800

Wavelength (nm)

500

Fig. 3 UV-Vis spectra changes for the complex at
room temperature

(yellow line) and thermochromic temperature (blue
line). The up left

inlet shows the photographs of the corresponding
sample.
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Spectrochemical series of the ligands

Different ligands split degenerated d- orbitals by different strength.

- reflects covalency in metal — ligand bond

- influence of Ttinteraction (highest A: 0 donors + Ttacceptors)
spectrochemical series — list of ligands ordered on strength

Ni(+1l) complexes: | ligand H,0, Oy Iigand en,
lower A, .-,-_:\1- higher A, |
absorbs red light S absorbs yellow light

increasing impact of ligand on the central atom — growing A

>
Iz Br 'S¢ € NG F O C O H O slve NH € HIN en phen, NO = EH
A CO, CN-
NCS
ligands with more o-donors +

nitrogen donors
electron pairs — both o- oxygen donors
" - only o-donors rt-acceptors

donors + it-donors
[©NolN

of 1 electron pair




Experimental spectra of some agueous cations

Octahedral agueous complexes of 3d metal ions exhibit more than 1 band:

sz-r ( ou) .”

0.2

¢ (4

(o"(d?
[U5(o®
(0

0"11111![1].1![ 1 e N
5000 10000 15000 20000 25000 30000 35000

" @O0

cm




Energy diagrams (E vs. A, ) for d3 system in an octahedral environment

-IT :z':f
1 b
“Ti4(P) 80 B
Energy 4 4p /
70 4 -
'-'*"i]i_a
4 Gl - 4?15
T1g (F)
4F 50 1 4}"25
oA
= 40
“Tpq F T,
30 4
zrig
“.'Eg
4A2g
Isolated
metal | > : 4‘4:g
ion Increasing ligand 40 50

field strength

Tanabe-Sugano diagram
Racah parameter B

Orgel diagram
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Interpreting the electronic spectrum of aqueous Cr3*

d3

band at £,=17 000 cm'?
band at £,=24 000 cm'?

shoulder of a CT band E;=37 000 cm™

A,=E; =17 000 cm™

B

E,+E;=15B+30Dg =15B+3 A,
B =670, in free ion B =918 - covalency

Energy difference

(ground state =0

E/B

A, | -12Dg 0
Ty |—2Dq 10 Dq

T, (F) | 7.5B+3Dg-0.5G 7.5B+15Dg—-0.5G
T,o(P) | 7.5B+3Dg+0.5G 7.5B+15Dg +0.5G

d* Tanabe-Sugano Diagram

4T, 24
lg <"2g
80
70 1 ,
.Alg
60 - : T
50 T,
40 1
I_F 2
I,
30 1 :
2
/ - i Tig
20 1464 5 5
G g
P
10 1
tF
0 - 4,
0 10 20 30 40 50
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Interpreting the electronic spectrum of aqueous Ti3*

dl

Broad band at 20 030 cm? g ey 125

shoulder at 18 300 cm? ) B e

difference 26 = 2000 cm™ .

Ground term splitting is negligible : e

(E,;=0); small influence of ligands \ ==

(geometry!) \ - e e i
Vo2V -7

A, =E,—8=19300cm? '

B cannot be determined By 1L

_En £ &
Tetragonal distortion of the Terms of the d* configuration > On — Dun

octahedron, Jahn-Teller effect
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Jahn — Teller effect

Splitting of degenerated orbitals occupied by non-equivalent number of electrons
Deformation, lower symmetry — orbital degeneracy disappears
Examples:

octahedron (0,) —> tetragonal bipyramid (D)

tetrahedron (T,) —> trigonal pyramid (C;,)

equilateral triangle (Ds,,) —> isosceles triangle (C,,)

Jahn—Teller theorem:

A nonlinear molecule cannot be stable in a degenerated electronic state, but must
become distorted in such a way as to break down the degeneracy.

Reasons for a band splitting:

e Symmetry

— Jahn-Teller effect

— assymetrical chromophore (donor atoms)

e Properties of electrons

spin-orbital coupling, when comparable with A (tetrahedron; heavier atoms)

eNolel



Orbitals in some common distorted geometries

A b,
Energy [ &g ~ & - 9 dy2_,2
F = _ _ g d,o
d1g L" b
~~___ t29 o 29 dxy
e = — e
2 =" ——— 2 } Axz dy-
(d) Dsq (a) Oy (€) Dan
A e
Energy t, S, }
=Tl .,
]A
e e
_ ) — — =)
(b) T4 (e) Csy

One-electron energy levels associated with metal d orbitals in complexes of various symmetries:
(a) octahedral; (b) tetrahedral; (c) tetragonal distortion of an octahedron;

(d) trigonal distortion of an octahedron; (e) trigonal distortion of a tetrahedron. @ @@




Interpreting the electronic spectrum of MnF,

"Ag
: . 70 -
Assign the first 3 bands zg "9y
Approx. value of A and B 2F eat AE
:’g 44, 4E
Sharp band: transition to a level 50 2A4
parallel with the ground one o
& :,E 40 3
= 015r Qg /:f.d.i., 2T,
E 30 / AT
E i / ‘5;1.- l3e?
= 20 4T
§ 1
S 005}
= 10
- /\/\/ \
i E-A
1] e R S o . : L I 2 &
15 000 20 000 25 000 - 10 20 a0 fa e
wiem-? A/8
No spin-allowed transitions possible Experimental £ value 19 000 cm™
Ratio of the transition (peak) energies 19:24:25 B =19000/28~680cm
less forbidden: to a quadruplet state B° for a free ion: 960 cm™!
found: A/B about 6 (blue arrow) A=6B~4000 cm™

E/B of the 1st transition = 28 (brown arrow)
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d* Tanabe-Sugano Diagram

d® Tanabe-Sugano Diagram

L), IE, L4, 1Ty Ay
80 34 50 :
1z Eg
70 70 7
60 1T 60 -
11_13 15.
b} g
30 3T1§ 50 1
faca o
= 40 o o 401
1‘4151
30 30 - /
1G 1 |# /
20 g 20 -
P s : <
le 1 I
T, D
10 - & 10
J o F
D L L jrlg ﬂ L] L L
0 10 20 an 40 0 10 3 30 40
A,/B A /B

Electron — hole formalism; same terms, reverse splitting
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E/B

d°> Tanabe-Sugano Diagram

d’ Tanabe-Sugano Diagram

Wy, T, gty A T,

G L T T T
0 10 20 30 410

A,/B

Change from the high spin to the low spin arrangement; A/B values of the spin transition
are different for each configuration

AT,
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i ora
Dia
] ano
Sug
be-
a
an
(6
ram
: 2
Dia
ano
Sug
be-
a
Tan
d?

g
=

]"g-

A'—g "g -g

.:‘1 g

.r."i"r

N0l




Uverejnéné materialy jsou uréeny studentiim Vysoké skoly chemicko-technologické v
Praze jako studijni material. Néktera textova i obrazova data v nich obsazena jsou
prevzata z verejnych zdroju. V pripadé nedostatecnych citaci nebylo cilem autorky
zameérné poskodit autora/y pavodniho dila.

S pripadnymi vyhradami se prosim obracejte na autorku tohoto vyukového materialu,
aby bylo mozno zjednat napravu.

<4 4> <

The published materials are intended for students of the University of Chemistry and
Technology, Prague as a study material. Some text and image data contained therein
are taken from public sources. In the case of insufficient quotations, the author's
intention was not to intentionally infringe the possible author(s) rights to the original
work.

If you have any reservations, please contact the author(s) of the specific teaching
material in order to remedy the situation.
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Multielectronic Systems: Origin and Use of Energy
Terms and Multiplets

Sources:

e J. Ribas Gispert, Coordination Chemistry, chapter 8,
WILEY-VCH, 2008

e G. Wulfsberg, Inorganic Chemistry, University Science
Books, 2000, chapter 17.1.

e E.l.Solomon, A. B. P. Lever, Inorganic Electronic Structure
and Spectroscopy, 2. ed., WILEY 2006, Vol.1, p.35

e C. Housecroft, A Sharpe, Inorganic Chemistry, 4th ed.,
Pearson 2012, chapter 20

e A.A.Vicek

R EUROPEAN UNION
: "; European Structural and Investing Funds
* ** Operational Programme Research,
*

F MINISTRY OF EDUCATION,
Development and Education VOUTH AND SPORTS




Microstates

A given electronic configuration (d?, p3 etc.) can be arranged in orbitals by
several different unique ways — microstates.

Pauli exclusion principle is valid!

Example: Possible arrangement of 2 electrons in 2 orbitals gives 6 possibilities - microstates:

L[(TDO)] (O] L(1)(1)]

(OO 1) L] [(L)(D]

x electrons in y degenerated orbitals

(2y)!
X (2y — x)!

possibilities - microstates

Each electron is described by
* magnetic quantum number m,
* spin quantum number m,

Each microstate is described by
e M =2m,
* M.,=2m,

Microstates of the same energy form an electronic state. The electronic state of the lowest
energy — ground state. Each electronic state is designated by a term symbol.

Ground state (Hund‘s rules):
e maximal spin multiplicity
 maximal orbital multiplicity
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Term symbols

General term symbol %L

S total spin quantum number, the maximum M, value
L total orbital angular momentum q.n., the maximum M, value
25+1 spin multiplicity m

1 Singlet

2 1 Doublet

3 2 Triplet

4 3 Quadruplet

5 4 Quintuplet

6 5 Sextuplet

2L+1 orbital multiplicity, equal to the degeneracy of L; letters instead of numbers

_-_m_mm-

Letter

Degeneracy of L 1 3 5 7 9 11 13 15 |

@00




Any filled set of orbitals by itself gives a non-degenerate 1S electronic state.

A given term 2°*1L involves (25+1)(2L+1) microstates.

configuration Terms (the ground term in bold letters) Total degeneracy
p, p* ’P 6

pz’ p4 3p 1p 1§ 15

p3 45 2p 2p 20

d, d? D 10

d?, d? 3F,3P,1G,D,'S 45

a3, d’ 4F,4P,2H,?G, °F, 2°D,*P 120

d®, d° °D, 3H, 3G, 23F, 3D, 23P, 1I, 21G, 'F, 2'D, 21S 210

d° ®S, 4G, %F, *D, %P, ?l, ?H, 2°G, 2°%F, 3D, ?P, %S 252

d, s2, pb 1g 1

Electron — positive hole formalism




Splitting (and re-naming) of degenerated electronic states in O, symmetry

Term Orbital Termsin O,

Termsin T,symmetry Termsin D, symmetry

degeneracy symmetry

S 1 A, A A,

P 3 T, T, Ayt E,

D 5 Tyt E, I+ E At B+ Byt E,
F 7 T1g+ T2g+ A2g T+ T,+A, A2g+ B1g + Bzg+ 2Eg

GROUND STATE TERMS IN OCTAHEDRAL SYMMETRY

Weak field = high-spin arrangement

[ 1] [ 1] [ 1] (A ]
d' =Ty d° =Ty d® = "Ay d* = °E, d° = Ay
N NI
NN INININ] INININ] INININ
d® =°Ty d" =Ty d® = Ay d® =°E, d%="Ay

Reminder — ground terms
of non-split states

dl, d° 2p

a2, o 3F

o3, 7 ‘F

d, db 5D

o °s ;
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Interelectron repulsions

ligand field

ELECTRONIC
CONFIGURATION

Interelectron repulsions
+

Spin-orbit . Spin-spin
coupling coupling

MULTIPLET .

magnetic field

Figure 8.1 Scheme showing the concept of term, multiplet
and state from the electron configuration.

— filo- TO— «—I Mofecute
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Spin-orbit coupling

1. Russell-Sounders coupling

Total spin angular momentum S and total atomic orbital angular momentum L
combine giving the total atomic angular momentum J.

J=L+S L+S—-1, ... , |[L—§]|
2S+1
LJ

Term symbol:
Ground state:
e |ess than half-full subshell => lowest J

 more than half-full subshell => highest J

2. j-j coupling

The individual electronic orbital and spin angular momenta combine to give a
total angular momentum for each electron, denoted j. The j values couple to J.

Energy: E, =% A[J(J+1)—L(L+1)-S(S+1)];

multiplet interval E,,; —E, = (J + 1)A
A spin-orbit splitting parameter; measures the strength of the spin-orbit interaction
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Importance of J — heavier elements ground states  **°-
HUe/Bohr Magnetons :P 2 1,
Ln* Electronic Ground Colour Calculated Observed SO Pr — 3P,
Configuration level (Eqgn 3.5)
Ce*  [XeJdf! Py Colourless 2.54 2.3-2.5
Pr* [Xel4f “H; Green 3.58 3.4-3.6 i
N&*  [Xef y Lilac 3.62 3.5-3.6 ’
Pm*  [XeMf* s, Pink 2.68 - —
Sm*  [Xel4f H,, Yellow 0.85 1.4-1.7
Eu*  [Xedf "B,  Palepink 0 3.3-3.5 T
G  [Xelf . Colourless 7.94 7.9-8.0 -
Tb*  [XeMf 'F,  Palepink 9.72 9.5-9.8 5
Dy*  [Xeldf ‘Hi, Yellow  10.65 10.4-10.6 —— 1
Ho*  [XeJ4f" 3, Yellow  10.60 10.4-10.7 Gs
Er* [XeJaf™ ‘Hs,  Rose-pink 9.58 9.4-9.6
Tm*  [Xe)df® H, Pale green  7.56 7.1-7.5 3
Yb*  [Xel4f? Fin Colourless 4.54 4.3-4.9 SR
Lu*  [Xeldf" s Colourless 0 0 5000— F, ——— s
6
Table 3.1 Spectroscopic and magnetic properties of Ln* ions in hydrated salts. )
3H5 -
0— 3H
Ean. 3.5: perr = g;VJ(J + 1) ‘
Fig. 3.3 Electronic energy level
diagram for Pr¥* ([Xe]4R). 8
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The ground term - summary

Hund’s rules applied, in the following order.
Rule 1:
The ground term always has the largest value of S
rule of maximum multiplicity

Rule 2:

If two terms have the same multiplicity, the one with the highest value of L
lies lowest in energy

Rule 3:

For electronic subshells that are less than half full, the level with the lowest
value of J lies lowest in energy.

For greater than half-filled subshells, the level with the highest value of J

lies lowest in energy.
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Energy

Is | Splitting of the terms of a d”ion

All possible terms:
3,:’ 3p’ 1G, 1D,15

Two triplet terms, 3F and 3P

Determination of J
e 3F; §=1,L=3

J=L+S5=4
J=L+S-1=3
J=|L-§|=2

3F4l 3F3/ 3"EZ

Ground state — lowest J

(less than % filled) — 3F,
e 3p: S=1,L=1

J=L+5=2
i J=L+S-1=1
No ss - il LS Effect o /= |L_S| =0
f:lecu'or{ coupling coupling  coupling magneti 3P 07 3P 17 3P 2
interaction field
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Spin-orbit coupling parameters, A, for some free ions in
the ground state

lon d Ground state A (em™) lon d" Ground state A (em™)

" 4 D 154 Mn* d* °D 85

Vv & °F 104 Fe* ¢ °D -100

Ve d? ‘F 59 Co* d’ ‘F -180

Ce* d? ‘F 87 Ni* d® ’F -335

e o d* D \ 57 Cu® d’ ‘D -852
Notice:

less than % filled — positive values; more than % filled — negative values

* no data for an A term (d>, d1°) — there is no orbital moment to couple with
the spin moment
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Splitting of the terms from d? and d® configurations by spin—orbit coupling

(multiplicities in parentheses)
Free ion terms

d? (1> 0) d® (1< 0)
1 .= - — J=0 ——
1 M (1)
9
1(3——.._......__.(__) J=4 .-..-.._.(_g.?.
(9) (5) ‘(1) 21
S— A J=2 e
3p ) ¢”7 (3)
@) “— -2 J=1 S, 4
(1)5 24 J=0 (5)
10_-5,_--._._(._)_ J=2 --..—(2..
L 31 J=4 e
. (7 &y
(21) “t— -1 =3 ,
S - Nmr— 3
) 41 J=2 ©)

Reminder: multiplet interval E,,, — E, = (J + 1)A

ey
"

| o | S S S
] ]
N N - &

n
WL N

|
il
F-

12
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Free ion term energies

Racah parameters A,B,C Slater-Condon parameters F

THE FREE ION TERM ENERGIES FOR d2 AND d2 CONFIGURATIONS1

(See Table 7.2 for values of B and C. Data for other d” configurations may .
be obtained from ref. 1, p. 86)

dz2 SF A—8B Fo—8 Fo—9 Fy
3p A+ 7B Fo+ 7 Fs— 84 Fy
1G A+4B+2C Fo+ 4 Fo + Fj
iD A—3B+2C Fo—3 Fa+ 36 F4
) A+ 14B+7C Fo+ 14 Fo + 224 F4
? ds Ja 34—15B 3 Fo— 15 F2— 72 Fy
ap 34 3 Fp— 147 Fa
2H,2P 3A—6B+3C 3Fob—6F— 12 F4
2G 3A—11B+3C 3Fb— 11 Fo+ 13 F4
2F . 344+9B4+3C 3F+ 9 Fo—87Fy
22D 3A+5B+5C+ (193 B2+ 8 BC + 4C?)?

3Fo+ 5 Fe+ 3 Fa 4 (193 F2 + 8325 F%2 — 1650 FaFy)t

Racah parameter B: measure of the interelectronic repulsion;
differs in free (highest value) and in bonded ions (lower value) 13
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Free ion values of B — influence of size, charge

FREE ION VALUES OF B AND C, ACCORDING TO ELECTRON CONFIGURATION,

FOR GASEOUS IONS1:6

Ion B C lon B C
3d2  Ti+ 718 2629 4d8  Mo* 610
v+ 861  -4i65 3814 44°  Rh+ 720
Cré+ 1039 4238 447  Rh* 620 4002
3d3  Sct 480 448 Ppat 683 2620
\aa 766 2855 542 Ost+ 780
Cr3+ 918 3850 5d3  Rett 650
Mné+ 1064 Iré+ 810
3d4  Crt 830 3430 544 Ost* 700
Mn®+ 1140 3675 54 T3+ 660
3d5  Mn2* 960 3325 Pttt 720
3d®  Fe* 1058 3901 548 Ptz 600
Cod+ 1100
3d7  Co*t 971 4366
3d8 Nzt 1041 4831

Gaseous state: C~ 4B

Interelectronic repulsion is higher in smaller ions (cf. Ni?* and Pt%*)

and in less charged ions (cf. Mn?*, Mn3*and Mn#")
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Splitting by O, field: D terms

d1 2E dﬁ 5Eg
[ro— 0 GAO ’I——' 0 BAO
2D ';' 5D ;r
— S
\\‘ 2T2g \\‘ ST
—_— 0-460 —— - 0-4130
4 9
5
“ 1% 0.4 ° Tz
5D SR 0 2D "F__-_()4A0
— —
SEQ 2E9

— - OoGAo

A, =10Dg

Figure 8.5 The effect of an octahedral crystal field on the D
terms of d', d°, d* and d” configurations. The energy of each
term is given on the right-hand side.

Reminder — ground terms
of the non-split states
dt, o° *D
&2, o *F
&3, 7 “F
d*, db °D
ds °S
Eq
Tag
D
Tag
EQ

Dq <— Field 0 — Dq

d4,d9 d1,d6

Orgel diagram

15
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Splitting by O, field: Fterms

3
A
,—-E.Q. 12Dq
:’ 3T
J 3T 19
' 2 P
3 \ —— 20 3 (B S s
F (d%):.- F(d®
' “‘ 3T
‘\‘ T*;g ‘|‘\\-—.—.E?_. .ZDq
—— -6Dg '
\‘ 3A
v 2
t—-—-—g—-1_20q

[also from 4F (d7. d3))

Figure 8.6 The effect of an octahedral crystal field on the °F
term of d* and d*configuration. The energy of each term is
given on the right-hand side.

Differences between the energy levels: 10 Dq, 8 Dq.

Reminder — ground terms
of non-splitted states

dt, o° *D

o2, o °F

B, d’ aF

d*, db °D

ds °S

For these configurations,

one more energy level of
the same spin multiplicity
is present: 3P (or 4P).

This needs to be taken
into account (next slide).
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Two energy states of the same symmetry: T,, (F) and T,,(P)
T, states perturbation: repulsion. Non-linear dependence on Dq (field strength)

T
T, s
-__.g_..,b T1g EAP T1g G 158 + T1g A2g
15B +x == -- -- i X > Ty
g
Azg Azg T1g
. ‘ — T
1 2!30 % i ‘s‘ TTQ 8 TZQ
T Tog ; ——
s 9 ' 0.64, - X
—_ ' d3 8 o T
0230 ‘\‘ F 1‘ J d 29
Y F
42 o7 o2 Tz Azg Lo
— \ -0.24, .
F ) . .
" Tag 4 L A T Dq Field 0 D
ST T d3 d8 2 47
-0.84, - X dae- ' e

Figure 8.7 Energy diagram for the d?, d’, d* and d°* Orgel diagram

configurations, assuming a weak field. Note the interaction
between the T; terms derived from F and P free-ion terms.




Energy of the terms arising from d? (d’) and d? (d®) configuration

Energy difference (ground state =0 10 Dg from energy
T,y (F) 7.58-3Dg—-05F |0 difference between
the 1st and the 3rd
The 2 Dg —7.5B+5Dg+0.5F band energies:
T1,(P) 7.5B-3Dg+05F |F T, (F) > Ty
A 12 Dg _7.5B+15Dg +0.5F Tig(F) > Ay

F=[225 B2+ 180 B Dg + Dg?]*/2

Energy difference (ground state =0 10 Dgq directly from
~12 Dgq 0 the 1st band energy:

%8 Arg > T
-2 Dqg 10 Dg

T (F) |7.5B+3Dg-05G |7.58+15Dq-05G
TP) |7.58+3Dg+0.5G |7.58+15Dq+0.5G

G = [225 B2— 180 B Dq + Dg?]'/2

18
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Racah parameter B values — experimental determination

From electronic spectra (more bands needed, e.g. F ground terms)
Values B in complexes are always smaller than B in free ions = reduced
interelectronic repulsion = metal d electrons become in some extent delocalized

from the metal atom out onto the ligands = covalency => NEPHELAUXETIC
EFFECT (“nephelauxetic” means “cloud expanding” in Greek)

B
Nephelauxetic parameter B = 5 B<1

Practical importance:

Tanabe Sugano diagrams, plots E/B, VS. A/B/

Nephelauxetic series of ligands, decreasing B (increasing metal — ligand covalency)
F~->H,0>NH, >C,0,4, NH,CH,CH,NH,>Cl->CN~>Br > I
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Example: Determination of A_. and B” from spectroscopic data

The octahedrally hydrated Ni**ions has a near-IR absorption at 8700 cm~ and
two absorption in the visible region at 14 500 cm~ and at 25 300 cm™. Calculate
A_ ., B and B for this complex.

oct 7

Solution:

Ni%*ion has d® configuration, ground term 3A2g , excited terms of the same multiplicity
Tag, *TigF), *Tyg (P)

Energy of the bands (slide 18):

1st transition AN (eq.1)
2nd transition 7.5B°+15A7A,,-05G (eq.2)
3rd transition 7.5B°+15A,,+05G (eq.3)
A.=8700cm™ (from eq.1)

B“=900 (combined eq.2 and eq.3)

B = 1041 (for the free ion, slide 14)
=2 _086
B=Z=0.
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For exam:

explain origin of the terms

derive the ground term for a given configuration

explain splitting of the terms (not to draw the graphs!) and origin of the
perturbation

use energy equations for determination of Dq (A), Racah parameter B
explain meaning of the Racah parameter B
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Uverejnéné materialy jsou uréeny studentiim Vysoké skoly chemicko-technologické v
Praze jako studijni material. Néktera textova i obrazova data v nich obsazena jsou
prevzata z verejnych zdroju. V pripadé nedostatecnych citaci nebylo cilem autorky
zameérné poskodit autora/y pavodniho dila.
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Magnetic properties

Spin-only magnetism
Spin-orbital interaction
Molecular magnets
EPR spectroscopy
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Splitting of selected ground terms: 4A2g

4T1g
d3
e,
. A i
: 1 4T
hvii 29 | n EPR
1w
RV V :
o : 291:,.- + MS: 1/2 : vV : q
: 1, I e
‘:.& + Ms=-112 | ry increase
Smpm— g™ Sie
H= S,qugH

TERMS » MAGNETIC LEVELS
Electronic Magnetism
spectroscopy EPR

cubic symmetry
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Splitting of selected ground terms: °T,

2E d1

A M

: X hv' EPR

' hy L by -

: 1 remmmmean

: v J =172 : - e ]

, My=1/2

S P gt s
'''' ' ----sp- My=+-32 |

J= 372 A :
H=1L-S H=J,gugH
TERMS — MULTIPLETS » MAGNETIC LEVELS

Electronic Magnetism
spectroscopy EPR

The first-order spin — orbit coupling is present
The multiplet with J = 3/2 is not split by the magnetic field in this case
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Splitting of selected ground terms: 4A2g
with both distortion and second — order spin — orbit coupling

4T1g d3
é T1g
A
hvii Teg hv' EPR
X ey
i " Ms=+-32 Ms = 312
AN Bk it - . r_ Mg=-312
------- M= 12
Mg=+-12 LT .Ml
H= 8-D-S H= S,qugH

TERMS — MULTIPLETS — MAGNETIC LEVELS
Electronic Magnetism
spectroscopy | EPR

Splitting of a *A,, term with both distortion and second-order spin—orbit coupling
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Magnetic properties

Magnetic moment - given by number of unpaired electrons n, spin numbers:

unit: B.M.
Spin-only value: Us = 24 SZS +15 =+ n(n + 25 (Bohr magneton)
- Experimental : attraction of the sample into B balance
magnetic field (Gouy balance) paramagnetic sample
repulsion — diamagnetic sample sample
- Spin state determination: /
lowspin Co?*: n=1,n,~1,7 BM | |
magnet
Mn2+ Fe2+ c02+ Ni2+ cu2+ Zn2+
[ T T T THT I

e {e ] T [ | (e | [ en] [aefaifed] refnefl
w [B.M.] 592 490 3,38 2,83 1,73 0




Magnetic properties

magnetisation
magnetic susceptibility ¥,
magnetic moment p at given temperature

2
o= N, % _C
3KT T
_XYIM
X = M XM - "

H P
Magnetic moment p at a given temperature is Theoretical value of the spin-only
compared with a theoretical value. Result: magnetic moment:
e number of unpaired electrons
oxidation state, HS or LS configuration, geometry ,U = 2\/ S(S + 1) — \/n(n + 2)

Heavier metals (4d, 5d, lanthanoids, actinoids) complicated magnetic behaviour due to
spin-orbital coupling
u=.4SES+1)+L(L+1)

or u=gnJU+1)
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Spin-only magnetic moment, 3d ions; deviation: spin-orbital coupling (terms L#0)

electrons

Ti3t 1.73

V4t 1 1.68-1.78

Cu?* 1 1.70-2.20 d®, Jahn-Teller
V3t 2 2.83 2.75-2.85

Ni2* 2 2.8-3.5

V2* 3 3.87 3.80-3.90 AA

Cr3* 3 3.70-3.90 A

Co?%* 3 4.3-5.0 4T, orbital moment
Mn# 3 3.80-4.0 A

Cr?t 4 4.90 4.75-4.90

Fe2* 4 5.1-5.7

Mn?2* 5 5.92 5.65-6.10 °A

Fe3* 5 5.7-6.0 A




Magnetism — deviation from the spin-only behaviour

d5 ! neff
1 M |
I 3 F Fig. 510 n, ¢ data (300 K) for octahedral complexes
_ of the first transition series, low spin in the case of d¢
" —d’, compared with the predictions () of the spin-
only formula. (Compare Fig. 5.1.)
1
) P , ) » 0
” 2 6 8 10 0 2 4 6 8 10
number of d electrons number of d electrons

Solution of the observed experimental behaviour:
 multielectronic system
e spin-orbital interaction




Spin — orbital coupling of the magnetic moments

Orbital angular momentum (denoted 1 Mlustration of L-S coupling. Total
or L). angular momentum J is purple. orbital
L is blue. and spin S is green.




,What happens inside the sample when a homogeneous magnetic field is applied.”

”I-ﬂ
: o S
' —

R S L 1 P
Magnetization curves for different temperatures, T, < T, < T;; zone of the saturated
magnetization

1. volume magnetization M [G] gauss
2. mass magnetization M ,: M/density = [G cm? g']
3. molar magnetization M,: [G cm® mol?]




oM
-~ 0H

under certain condition y=M/H §§ N s§

—————

H magnetic field
X

G

Zag = CONSL

Basic behaviour in magnetic field:

diamagnetism

paramagnetism
Experimental:

1. volume susceptibility ¥ : G/G (dimensionless)
2. mass susceptibility y ,: [cm® g]

3. molar susceptibility x,,,: [cm3 mol?]

diamagnetism - core electrons, always present; positive, 1.10°°
paramagnetism — angular moment + electron spin, negative, 0 — 10




Molecular magnets

(Con Sl —— | wh@ C® P
L) '

o e 00
- -

i3

o=0" g=m" ® =V

+5=2 ¥ s=32

ST=Bx2-4x32=10

S=1 Figure 10.27 Schematic representation of [Mn,Ac]
ﬂmcm;) b (e with the calculation of its Sy ground state.
Y _s=0 —tem S 1
GNETISM
ANTIFERROMAGNETISM FERROMA - - | |
Figure 10.11 Relationship between the MOs of a Cu®*—X— 12 Mn ions in two oxidation state:
Cu® system and the concepts of antiferro- and

ferromagnetism (see text),

2 Cu ions cooperating magnetically,
antiferromagnetic or ferromagnetic possibility

ferrimagnetic arrangement
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Electron paramagnetic resonance (EPR) in
coordination compounds

Zeeman effect — when an external magnetic field (H) is applied to an isolated electron,
the two M components of the S = are split and their population is not the same.

Boltzmann distribution: population is proportional to e

temperature
A
E
Mg = 1/2
E = 1/2gusH
S= 1 AE = hv= gugH
Mg = -1/2
E = -1/2gusH
H gup
-

Splitting of the levels in magnetic field

~E/kT enhanced at low

EPR spectra measurement:

fixed frequency, varying magnetic field, resonance
Characteristic:

resonant field (and g)

number, relative intensity, spacing of the lines

Free electron g value: g, = 2.0023193
Experimental values show some deviation

1st derivative of the lines is recorded

Absorption First derivative : Absorption First derivative

DIV VAN,
. . W
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Electron paramagnetic resonance — hydrogen atom

Origin of the hyperfine splitting
in a hydrogen atom:

112gugH + 1/2gnupnH |otetn> .
loteBn> — al4 Energy scheme (at fixed frequency)
1 2gueH ,__O‘e_i:. ” LI A and simulated EPR spectrum for a
# G Bt v
' * - [0e%n, . fleeBn> hydrogen atom
: 112gugH - 112G upnH ) -al4
|oe> ,"’ E
— E 1/2
Be> ™, : /2
5 -112gugH + 1/2g 15, H |IBeBn "
] i IBePn> _.---"7] .
A2gugH T —<:"""
Be> *-.. IPetn>
b |Beotn>
-112gupH - 1/2gnppH - -al4
172
12 fixed hv
Spinta=+%;B=-% H/ Gauss H/ Gauss
-
S=Y; 1= ~

SELECTION RULES:
AM, = 0; AM = 1
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EPR — hyperfine coupling created by equivalent I = %2 nuclei

I

A

.,
.
S

A
‘e,

First Second
nucleus nucleus

H constant
. + 3/2
..... —«:::_" '_'_'_',:»——‘— +1/2
el Y.
[ ]A
- 372
H constant I
-3/2
LB e e g
R s R | Y

X sap
First Second Third
nucleus nucleus nucleus

H/ Gauss

hv constant

H/ Gauss
—_—

2 nuclei
1:2:1

3 nuclei
1:3:3:1

2 nuclei I=1/2

3300 3400 3500 3600 3700
H/ Gauss

3 nuclei I=1/2

7 3300 3400 3500 3600 3700

H/ Gauss

Simulated spectra
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EPR — hyperfine coupling by non-equivalent I = %2 nuclei

Y
—y

First Second
nucleus nucleus

aza

J—ﬂ“:%
Hli

~
P ; -~
-~
,

1k

= ==
™

First Second Third

nucleus nucleus nucleus
LY e
& /8

Equivalents

JH( ﬁ‘f '

2 non-equivalent
nuclei (/= 1/2)

3300 3400 3500 3600 3700
H/ Gauss

Simulated EPR spectra

Figure 11.7 (A) Energy scheme for an electron coupled to 2
non-equivalent nuclei with | = 1/2, (B) energy scheme for an
electron coupled to 2 equivalent and one non-equivalent

nuclei with | =1/2.

2 equivalent nuclei
(1= 1/2);

1 non-equivalent
nucleus (/= 1/2)

3300 3400 3500 3600 3700
H/ Gauss
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EPR — hyperfine coupling originated by nuclei with I > %

1 nucleus
(a) /=1
M,
M,
1 . 2
+ Q l————f;: 1
ey 0 ¢ <;5£ J
™ -1 PR A
: s '2
o, B "‘ . a, B
{ -—
i _ 2
1 B <. -1 _
B 0 — —~<oy — 0 Simulated EPR spectra
\‘ti +1 <:- 12
Intensities = Intensities =
1:1:1 1:2:3:2:1 b 2 equivalent
’ 1 electron coupled to 2 (o) /=1 nuclei
1 electron coupled to 1 nucleus,

equivalent nuclei, I = 1;

f=1;intensities 1:1:1 intensities1:2:3:2:1
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EPR — hyperfine coupling originated by nuclei with I > 7

©

[Co,(CO),Se]

STA2
I =72

""" T 8=l : :
(d) | =7/o || Hyperfine coupling =
Vv

electron coupled to its
own nucleus

L[] , Superhyperfine coupling =

‘ | - delocalization of the

(NEt,),[V,O,(NOJ)tca),] ligand nuclei

2800 3000 3200 3400 3600 3800 2800 3000 3200 3400 3600 3800
H/ Gauss

Tetrahedron of 3 Co and 1 Se;
3 equivalent Co, I = 7/2;
2nl +1 =2%*3*7/2+1=22 signals

unpaired electron on the

H/ Gauss
Cluster from 3 V°* (d°) and 1 V#*

(d'); 1 delocalized electron
2nl +1 =2*4*7/2+1=29 signals

2800

3000

3200 3400
H/ Gauss

3600

3800

Cu?* atom bonded to 4 equivalent nitrogens
quadruplet due to Cu (hyperfine coupling)

splitted into 9 signals due to 4 N (superhyperfine coupling)

eNolel



EPR - isotropic polyelectronic system

Mg = 3/2
MS =
S=1 S =302 Ms =172
MS =0
Ms = -1/2
Mg = -1
Ms = -3/2
+hv
Mg = 5/2
Ms =2
Mg = 3/2
MS =
S=2 S=5/2 Mg =1/2
MS =0
Mg = -1/2
MS = -1
Mg = -3/2
Ms =-2
MS =-5/2

Figure 11,12 Splitting of the energy terms corresponding to
S=1,3/2, 2, and 5/2, assuming isotropic behavior.

polyelectronic
Mn?*,| =5/2

—

(1=5/2)

2800 3000 3200 3400 3600 3800
H/ Gauss

Simulated EPR spectra

Cr3* isotopomers

or*
I(**Cr) = 0 (90%)
I°°Cr) = 3/2 (10%)

2800 3000 3200 3400 3600 3800
H/ Gauss

©Nole




EPR - Anisotropic monoelectronic ions

g factor anisotropy can be observed under certain conditions
monocrystals; dilute frozen solutions; microcrystaline solids

Generally g, #g,# g,

Axial anisotropy: g,=g,#g,;

9,>9,,>2.00

A

2800 3000 3200 3400 3600
/ H/ Gauss
r Figure 11.16 Simulated EPR spectrum for a totally an

2800 3000 3200 3400 3600 3800 2800 3000 3200 5400 3600 3800
H / Gauss H/ Gauss

Figure 11.15 Absorption and first derivative plots for
anisotropic monoelectronic systems with axial distortion.
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EPR method in biology — high sensitivity

Blue copper protein

4P decrease of splittin due to Cu ->
T dB the electron distributed to other
nuclei
all
N
o yh
9 "-,'.
] 1 || B - I T 1 B I

Figure 10.1
Typical anisotropic EPR signals of a normal Cu"! complex (—-) and of a “blue” copper(I) protein
(---); (first derivative spectra).

Bioinorganic Chemistry: Inorganic Elements in the Chemistry of Life — An Introduction and Guide, Second Edition.
Written and Translated by Wolfgang Kaim, Brigitte Schwederski and Axel Klein.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd. @ @ @




Uverejnéné materialy jsou uréeny studentiim Vysoké skoly chemicko-technologické v
Praze jako studijni material. Néktera textova i obrazova data v nich obsazena jsou
prevzata z verejnych zdroju. V pripadé nedostatecnych citaci nebylo cilem autorky
zameérné poskodit autora/y pavodniho dila.

S pripadnymi vyhradami se prosim obracejte na autorku tohoto vyukového materialu,
aby bylo mozno zjednat napravu.
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The published materials are intended for students of the University of Chemistry and
Technology, Prague as a study material. Some text and image data contained therein
are taken from public sources. In the case of insufficient quotations, the author's
intention was not to intentionally infringe the possible author(s) rights to the original
work.

If you have any reservations, please contact the author(s) of the specific teaching
material in order to remedy the situation.
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Molecular orbitals

Constructed from AO
number of AO = number of MO
e Symmetry
 Energy
* QOverlapping

EURQPEAN UNION
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Octahedral ML4 complex

The metal is placed at the origin, the ligands on the axes x (L,, L,), ¥ (L, L), and z
(Ls, Lg), . Each ligand possesses an orbital o directed towards the metal.

Tg
(T
L. - 6 !
| \\L4 V a) N a
L,—M—L x Q
LY | %
Ls as

Orbital “bookkeeping”:

6 ligands surrounding the centre = 6 donor orbitals
9 AO of the central metal (s +3 xp+5xd)

total 15 MO of the complex

We have to

» choose symmetrically suitable subsets from the 6 donor orbitals
(symmetry-adapted ligand orbitals),

» follow the symmetry of the metal orbitals e e Lo oo

d make alwayS bOth the sum and the diffel‘ence moléculéirés dan:s les complexes,

Editions de I‘Ecole polytechnoque ,

Palaiseau, 2003; @ @ @




Octahedron - continuation &

What will fit to the s orbital? T L
All six o orbitals.

2 MO result:
One bonding (sum), one antibonding (difference)
Different electronegativities of M and L

difference

What will fit to p orbitals ?
Three pairs, combining + and — on opposite sides.
RESULT: 3 pairs of MO =6 MO ,

: o~ o Three bonding (sum),
3 times @o-oo Three antibonding (difference)

on X, Yy, Z axes

Subtotal: we have produced 8 MO,
sum difference having material for 15 MO,
Let's continue to d orbitals
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Octahedron - continuation

Tg
7}
I : 0"
| ,.-“\L4 v 0 MH a3
L—M—L; x Q
)
Os

What will fit to d orbitals? 4
It depends (on symmetry).

Three of them are not able to overlap with
any of the o ligand orbitals — unsuitable

symmetry
RESULT: 3 nonbonding MO

which are exactly the same as the
AO of the metal
Now we have 11 MO

The last two can find suitable F o FORMING
partners: : - 2 pairs of MO =4 MO,
« four o orbitals, in plane, two two bonding (sum),

opposite pairs + and — (Q) two antibonding
differences  (difference)

« all six o orbitals,

but now combining + and —. THE WORK IS READY:

we have 15 MO
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Octahedron — complete view

23, ]g

s aig

Cg
tZg

Interaction diagram for an octahedral complex MLg;
metal orbitals — left; symmetry-adapted ligand orb. - right




Octahedron — other representations

A. 4 metal — ligand bonds B. z-axis is a threefold symmetry
bisect the x- and y- axes ZA axis C; of the octahedron
L, Y -
— Redefinition 2 1
Ly ”"'I\!/I"'“L3 X of d orbitals: 1 = §(x2 —y) - 7
L

Result:

General result:
3 stabilized and 2 labilized orbitals




SQUARE PLANAR GEOMETRY, ML,

1 Lf; _‘
Symmetry adapted orbitals - from + . _\-J—l )
4 4
octahedron to square: Li—M—L; — L17M'“'\ L;
- d-orbitals which are non-bonding in L2 “h L2

octahedron remain non-bonding
-y, IS strongly antibonding
- d_, is stabilized

Detailed comparison :

% .1_-.1-'-':[|-'||,'.|
o, — —

Xy

5~
. 7@& xz
5

% By

s
2
*
*

vy, = ¥
[ (=

Xy
xz
yz
x2-y?

Lo —— 785’ = the three t,; orbitals lose their
degeneration (symmetry!)
ML, NEW only 1 orbital really high in energy

OO




ML; TETRAGONAL PYRAMID
éﬂ é,.‘..a’

b=op°

L—M—I; L7

= 90

B

e

i

ol

Ls

iy

L

l.‘r — _—— (%) .1‘: .‘.‘.‘b“
\ .
()

x®
X2 )
(e)

{ — —
» N . %

xv (by)

—P: polarized z2

0= 90"

f=110°
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SQUARE PLANAR COMPLEXES d® — 16 electron complexes

Vaska complex [Ir(CO)(CI)(PPh,)]
Wilkinson hydrogention catalyst [Rh(CI)(PPh;),]

a NON-BONDING orbital remains on the central metal atom

Common reactivity: oxidative addition, to a 18 e intermediate

+PR3 oxid. addit. H H

\ o PR3
OC—Ir=—Cl + Hy —— \]f4w
( R3P'/r N
R;P red. elim. Cl CO
Ir (1) Ir(11D)
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FROM SQUARE TO o
TETRAHEDRON : ‘ L,y J—» L,
I 3L
L

d-block of the square
changes when distorted :

o

s —
H — K
b4
Fid

Relationship between square and
tetrahedron:




COMPLEXES ML, - TETRAHEDRON, SQUARE or something in between?

4 big

as X
: . :
EE w X

Steric reasons — tetrahedron
Electrons — sometimes square

Tetrahedrons:
d19: 18 e, no labilized orbital
d : with TT-donor ligands
and steric reasons (small size of

the central cation); MnO,, TiCl,

Squares: d8, if the centre is not too small (Ni2*)due to a stabile electronic configuration

4
- =

paramagnetic arrangement

diamagnetic
arrangement

+ + +
+ +

d8 LS = square

d® HS = tetrahedron
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Ligands capable of mtinteraction

Typically:
1. with a non-bonding p orbital, full or empty
2. possessing tbond on the donor atom, hence a full Ttor an empty riJorbital

Ttdonors Ttacceptors
ad 1) the non-bonding p orbital is full ad 1) empty non-bonding p orbital
ad 2) tbonding orbital is near to the ad 2) mantibonding orbital is near to the
donor atom (polarized) donor atom
examples of rtdonors double-face:
: halogenide ]\.1_8 e E B X
amide
1,1.'|.\H ‘“1,,".['[
M - N
3 ~p

imine H H
M / M H -— N==C—H
- N
H \\C_- H
Wad /
7t bond § H M 6 O—H .- XX p-N=C—H

? multiple polar bonds:

always capable of a simultaneous 1t acceptance to the mJorbitals ‘ @ @ @ \




Perturbation of the d orbitals by influence of rtdonors

f
General: - _
. new orbital in the d-block d orbital (neat) and a Tt donor:
687 f » energy of the basic levels
* 2 new MO

 the MO which is prevalently

b
\H.\_H_/LH_ m% formed from d is destabilized
n

L

i

Example - molecule ML:CI K
situation: %0

2 symmetry planes

~ ) . ]
XV XZ VZ X=y- zZ

P : AA SA AS SS SS

Cl 2
L—N— X
7 =M—L

p. (Cl) P, (CD)
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RESULT for ML:CI

destabilization of the d-block orbitals

Rule:

the 11 interaction between a d-block
orbital and the orbital of a TT-donor
ligand leads to a destabilization of
the d-block orbital, by mixing with
the ligand orbital in an antibonding
sense.

RESULT for MCI,




Perturbation of the d orbitals by influence of tacceptor

Examples of rtacceptors

“\\\\\ H

“\\\\ H
M 4 -
H \\\\\\ H
/ vy
' p orbital

empty

H H

/
M—% - > m—ﬁ\%

m* orbital

empty p orbital

accesible 1 orbital

the multiple bond is
polarized away from the
donor atom
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CARBONYL — a DOUBLE-FACE tmtacceptor
Structure

8—8 —_— il — GO

T + Dﬂ—

4 4~ 4 o0

=0

Interaction with a metal

M—C==0




Perturbation of the d orbitals by influence of tacceptor

B

Generally:

3
&
I

Q \ - ¥yl z?
) new orbital in the d block

A
pe

d orbital (neat) and a Tt acceptor:
» energy of the basic levels !

i

: nouveau blocd :

e 2 new MO

 the MO which is prevalently Xz, yz

formed from d is stabilized &
Rule:

the 1 interaction between a d-block
orbital and the orbital of a TT-acceptor
ligands leads to stabilization of the d-
block orbital, by mixing with the ligand
orbital in a bonding sense.




Carbonyl: o—donation and —back donation Six CO's at the same time— [M(CO),]

L

-

ll s,
C
Q. Q-
9‘;‘{ 8
9
e, === = ? €g
AEG+E
—— Afe AE;. g

Energetic consequences of | | th, ==
the T=interaction for the d-
block orbitals Donneurs 7

Accepteurs

Explanation of the spectrochemical series of the ligands:

I"<Br<S2<SCN <CI'<NO; <N;,F<OH<C,0,7<H,0<NCS<gly <
< CH4;CN < NH; = py <en < bpy <phen <NO, <PR; <CN <CO
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CARBENE COMPLEXES

The simplest ligand: CH,

singlet triplet

oxg < AR M — &R

L L Lt D D
@:8.\ @%\ @%\ Fischer Schrock

4-36a (L) 4-36b (X;) 4-36¢ (dianion)
3 basic types of carbene complexes example of a NHC ligand
1. Fischer \Q\N/\NU
2. Schrock O U A
3. NHC (N-heterocyclic carbenes) — only small 1r-interaction —
Grubbs catalysts, 1. a 2. generation olefin metathesis Hoveyda-Grubbs catalyst, 2. generation
CH H,;C
P(CY)s e o o
WCl PR /o ’
““““ ~ Na N
Ru
CI/ CHg KC' HyC
/Ru —
P(Cy)3 o’ | en
P(Cy)s
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CARBENE COMPLEXES

[
Fischer carbenes:

ol
FH\ il
M from the right part of the

transition row,
Tr-acceptor ligands (low 8‘\
ox.number) %
1T-donor substituents on =C
(carbene carbon) )
R g
B %4

Schrock carbenes:
M from the left part of the
transition row,

m-donor ligands Fischer carbenes Schrock carbenes
alkyls on =C, “alkylidene” M(0-)=C(d+) M(6+)=C(3-)
=C reacts with nucleophiles =C react as a
Lewis Base

[(CO);Cr=C(OMe)(Ph) [CpCl,Ta=C(H)(CMe,)]
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N-BONDING LIGANDS

ethylene: the Dewar—Chatt—Duncanson model

L o Pe s &3

=
=

"Hu.

ETHYLEN: ligand type L o donor T acceptor

Ethylene ligand or

metallacyclopropane?
4o L
T B Q" i
cto | EBEI

s 4




ELECTRONIC STRUCTURE OF d8- [ML,(n?-C,H,)]
Symmetry to P, plane (yz;) and P, plane(xz;) :

|T Ligand IT d-orbitals e

""'I\!/l AS
ol = 4 + =p
AA SA SS
Perpendicular arrangement Coplanar arrangement -+

+  +
4 ok

Orbitals of the ML,
fragment, d-block




ELECTRONIC STRUCTURE OF 8- [ML,(n2-C,H,)] - detail

SA
AS
AE,
SA
AEP1
Iy, | i, | ”""‘hld
= I B T

Coplanar conformation (right) is better
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ELECTRONIC STRUCTURE OF d°- [ML;(n?-C,H,)]

Symmetry to P, plane (yz;) and P, plane(xz;) :

Ligand H — SA Orbitals of the ML:fragment, d- P
block 269

H'ss - —%-.93.

=(AS)  xy (AA)

Eclipsed arrangement Staggered arrangement

\\
: SS
» f/’: » SS L IP] Kq\ . %
" | SR 7%— P,
" :

| AL AS SA ; SS AS SA
N S -+
%_ﬂ\ %ﬁ %: hc! g'u\ m.g,w ﬁ\

- : x2- y2 xz vz

d-orbitals
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ELECTRONIC STRUCTURE OF d°- [MLs(n?-C,H,)]

only MO symmetrically allowed

SA
= 58

whole picture

SS
SA (il
AS N
AA
e
7J‘£ ol R

Eclipsed conformation (left) is better
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ELECTRONIC STRUCTURE OF d°- [ML¢(n*-C,H,)] — eclipsed conformation, full picture

n* (SA) H

.7%{.:3(55)
ol

1Z(AS)  xy(AA)

1z (SA)

e
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FERROCENE

MO of the cyclopentadienyl

Ligand donor

<
g

3-46a 3-46b

0ol

o

S
yZ %
L

d-block of the metal, 6 electrons

2 weakly
antibonding
orbitals

3 nearly
nonbonding
orbitals

(N0l




energie

Trigonal prism or octahedron ?

o
/ , Trigonal prismatic complexes with d° or d?

configuration:
[Ta(Me)q]~ , [Zr(Me)q]*, [Re(Me)g4]

t : ;
1u \ only 12 electrons
AlA

it e Distorted trigonal prism:
[Mo(Me)g], [W(Me)g]

vy Net gain of enerqgy for the triagonal prismatic

octahedron, O,

gl arrangement
|

trigonal prism, Dy,
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Properties and reactivity of
coordinated ligands

Small aprotic molecules
Small protonizable molecules
Polar molecules

Covalent molecules
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Pauling‘s electroneutrality principle
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Re-distribution of charge, max. | 1| on any single atom, ideally close to 0
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Small molecules: CO, CN~, N,, NO; rt-acceptors

Electronic structure of CO

10 electrons
0
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Electronic structure of CO
Electronic structure of nitrogen

no polarization
H 2n,  e— — 2T, O—O less accessible frontier orbitals

3°+ Ce—eO 20, e (O0—0)
e = @—@ L 8- @@
20+ ~ & o, miem  @Oo—0

- b o, mhm @@

Polarity of the frontier orbitals

single — triple and
double — double

bond resonance

Bonding
properties:
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Properties of coordinated CO

Measure of the n-back donation

e (C-Odistance: only small changes
e M-Cdistance

e CO stretching frequencies

—

free CO vibration frequency: 2143 cm

0 co g N co HP 0 HP  py,
oc%co N—7‘4C(o) H,P cO Hap7‘-€gg
oC COl.saosaii N C_OIA.BIBA H,P C0113.393\ HP™ Lo
(a) (b) (¢) (d)
Figure 16-3 Cr—C bond distances in (a) Cr(CO)s, (b) fac-[HZN(CHZ)ZNH(CHZ)zNHZ]-

Cr(CO)s, (c) fac-(PH3);Cr(CO)s, and (d) cis-(PH;),Cr(CO)..
v(CO) ~2000 cmt  v(CO) ~1900, ~1760 cm'.

Influence of the central atom

[Mn(CO).]* | ~2090 [Mn(dien)(CO),]* | ~2020, ~1900 [Ni(cO),] | ~2060

cricol crigenico)) catco)) | 56

veo s o e
CoE e

Cotton, Wilkinson, Murillo, Bochmann, Inorganic Chemistry, 6th ed. Wiley, 1999 @ @ @




Reaction of the coordinated CO

with nucleophile:
e OH hydrido complexes + carbonate

il )

Fe(CO)s + INaOH — Na/HFe(CO)y| + Na,COy+ H,0

{ Fl-d - -

sk LU BT
Cr(CO),+2KOH e K[HCH(CO)s] + KHCO;

e LiMe — Fischer carbenes

0O OR OR DR
£ ; / 4 i
Mel i IRl e . . Ry
WICO), - (0C)KW —C ———=  (0C);W = M= M—C
i = % I I._ \.\.. \ \."
Me  Me, Ei Me R R

Housecroft, Sharpe, Inorganic Chemistry, eq. 24.51; 24.64; 24040
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Isoelectronic with CO

 Cyanide
worse Tt-acceptor capacity

* |socyanides

comparable mt-acceptor capacity, similar evidence (M-L bond
length, vibration)

difference: better Lewis base, can act as a pure o-donor (no
need of a metal rich in electrons)

 Dinitrogen

[Ru(NH;):](N,)]%*, discovered in 1965

linear bond, quantitative difference

free 2331 cm™?

coordinated 1930 — 2230 cm™!
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NO — nitrogen monoxide

Biological importance
MO scheme similar to CO. 1 electron more in an antibonding MO; radical.

2 bonding 0 *
modes: . I
M=N—0, = IM—N—O0! M—N
Linear — XL donor (3 electrons) Bent — X donor (1 electron)
approx. NO*, electrophilic character approx. NO~, nucleophile

[Fe(CN)s(NO)]*~ + 2 OH™ - [Fe(CN)<(NO,)]* + H,0 [Fe(CN)(NO)]>~ + H* - [Fe(CN)s(NOH)]*
nitroprusside anion; similarly SH™, ketones reaction with O, or excess NO - nitro

Sodium nitroprusside is intravenously infused in cases of
acute hypertensive crises. Its effects are usually seen
within a few minutes. Signalling function of released NO.

3 electron donor — stoichiometrical relationship:

[(cp)Cu(CO)] and [(cp)Ni(NO)] are isoelectronic

3CO=2NO:

[Fe(CO);], [Fe(CO),(NO),]; [Co(CO);(NO)]; [Mn(CO),(NO)], [Mn(CO) (NO),]; [Cr(CO)¢l, [Cr(NO),].
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NO — nitrogen monoxide

CO and NO — overall reactivity

Carbonyl complexes: dissociative mechanism

[Cr(CO)¢] +L - { [Cr(CO)s] + CO } = [Cr(CO):L] often initiated by light
Nitrosyl complexes: associative mechanism

[V(CO)s(NO)] + L - [V(CO),(NO)L]

NO: Reaction mechanism with interchange of bonding modes:

i i
NP [
CT determining step | East l
"Co.--u,,co 0C—Cox WO i + CO
oc” \co > | Yo N e
C PPh, 2 co
~~:PPh,
Distinguishing between the NO bonding modes:
IR
v (cm?) free NO 1876 bonded NO* (linear) 1600 — 2000
free NO* 2200 bonded NO~ (bent) 1400 — 1650

15N NMR — >N labeled NO
linear =50 ppm < 6 <50 ppm
bent 6 =350 ppm

@O0




Phosphanes, PR,

Comparison with CO: better o donors, mt-acidity to ?? orbitals (d AO of P or * MO of PR,
remarkable variation of steric demand (Tollman cone angle)
electronic influence of R; PF; comparable with CO

_— CO vibration frequencies (cm)

[Et;P Mo(CO),] 1937, 1841
[(PhO),P  Mo(CO),] 1994, 1922
[CI,(PhO)P Mo(CO),] 2027, 1969
[CI;P Mo(CO),] 2024, 1991
[F;P Mo(CO),] 2090, 2055
[(dien) Mo(CO),] 1898, 1758

Steric demands of a
ligand describes
Tollman’s cone angle
PMe, 118°
P(t-Bu); 182°
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Deprotonizable ligands: water, ammonia (amines)

water MQO's

1b, + /O\

A
ot %

12, e O’O\O

General:

If any group attached to the donor
atom is capable of leaving as a cation,
then this leaving ability will be
enhanced by coordination.

pK, values of some aqua complexes and hydrated ions

K*(aq)

[Al(H,0)c]3*
[Fe(H,0)4]>"
[Ni(H,0).]2*

[Ru(NH3)6]3+
[Ru(NH3)6]2+
[Co(NH;)g]3"

14.5
5.0
2.2
9.9

12.4
7.9
> 14

[Zn(H,0)]**
[Cu(H,0)]?*
[Co(H,0).]?*
[Mn(H,0)]%

[Pt(NH;)<(NH,)]3*
[Pt(NH;)c]*
cis-[Pt(NH;),Cl,]**
[Pt(en);]**

9.0
8.0
9.7
10.6

10.1
7.2
9.8
5.5
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Carbonate dehydratase, carboanhydrase (CA)

H,O + CO, === HCO; + H*

Key reaction in:

1. photosynthesis
2. breathing

3. calcification

4. pH regulation

% ]2+ Ka X s + | Figure12.1
_“Zﬂ“_OHz . o Zn— OH + H Structural representation of human CA 11, showing the protein folding and the Zn** coordination to
/ / three imidazole rings of histidine side chains (PDB code 4CAC) [8].

(water activation!)

Non-enzymatic catalysis: combine both LK and LB (push-pull effect)

5 &+ 5
{o=Cc =0y = (Lewis)acid
H sulfite, HBrO, [M-OH]*
(Lewis) base
: : - 8
Enzymatic catalysis Zner e *“substrate”*

[E-zn—OH|" = [E—2zn(OH)CO,|" —> [E-Zn—HCO,|’

! |

t{i(?-"' lE—Zn—H20]2+ + HCO4™

(N0l



Carbonate dehydratase, (CA), hypothetical reaction mechanism

steps (i) and (ii) proton to
a distant base (buffer)
(iii) transition state

Inhibitors of CA: similar substrates
formate, HSO;", sulfonamides form

W. Kaim, B. Schwederski, A. Klein: Bioinorganic Chemistry, 2nd.ed, Wiley 2013 more sta blle Intermed late ‘@ @ @ \




Pyrazine / pyrazinium

Ru(+lll) | - a4 - _

2

NT N
E j E j tE N
SN SN |

3+

+ H*

/M
\—/
|
/M
=z
e

| Ru(NHg)s | | Ru(NHg)s |
K, 0.6
PHa pK,—0.8
Stronger acid due to the electron-withdrawing
metal centre (= ligand polarization)
But B III 3+ B T 2+
after coordination to Ru(+ll) N _N
decrease of acidity was observed: E j — E j +H*
N \N
Competition between polarization i{ - |
and mt-back bonding . L U{NFa)s | | Ruiirgs |

E. C. Constable, Metals and ligadn reactivity, VCH Weinheim, 1996, pp.3 @ @ @




Hydrolysis of aminoacids esters (amides)

Hydrolysis of methyl glycinate

With Cu — chelate formation: rate enhancement

rate/ M 1s!
kuncat 1°28
K. 28.3
Koy 7.6 x 10

H
R Nz\
: ML
I\O/
X

n+

With kinetically inert Co(+11l) — monodentate bonding, hydrolysis rate like in H*

NH, 4,

()

HoN—
HoN

e

Ve

N

Co

TCI

NH,

2+

+ H,0

~ HCI

H2N ~

s

NH, 4,

()

Ve

N

0
T ~OH
NH, o

o

2+
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Hydrolysis of aminoacids esters (amides)

Chelate formation with Co(+lll)

2+ g
THa Hy NHy 1,
N
HZN\CO/ Ag* H2N\l' N
H,N"" } Cl ——* | kT
2 T o —AgCl NN 2
K NH, (_NH, © TOR
R
- L =
%
1 o8+ B ] o2+
NH2 H (\NHZ H
N ~ROH l N
HzN\ j\ SN, H2N>Co/
\ N7 F N
NH2 K,NH2 O
HO™
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Imines
OH CHO
|
H,N HO N]
HENj HO i\:
HO CHO

Schiff base, abbrev. salen or sal,en

Factors:

d-orbitals, possible bonding interactions
metal ion charge

ligand charge

ligand configuration

ligand variation — imine formation / hydrolysis,
Cu(+1)

(] (]
S S
NH Cu?*, H,0 CN
NH, OHCCHO SN
& S
U L

H
| CHO
N NH,
[ Cu*' HO [
IN NH2
S H CHO
U
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Imines

=
A
| Gu™ N/ H
H e
Metal nature, N/ | o
hydrolysis Cu(+l) 10° faster N Fe®* H
& O
H
H
N/
se
Charge of the complex: O—Ni—0
oLy
7 H
H
4.7
o—;Ni(phen)g ' - o—/Ni(phen)2 :
2
©/\flr-l EE—— O/\KO
H H
4.8

E. C. Constable, pp. : @ @




Template syntheses

Macrocycles Ph

Zn2+
Z/ \5 + PhCHO Ph Ph

N
H

Ph

6.21

Figure 6-20. The [4+4] condensation of benzaldehyde and pyrrole in the presence of Lewis acids
yields meso-tetraphenylporphyrin.

copper phthalocyanine (blue pigment)
C%/ T \r \;
2+ / \ \
O: N Cu\
SN N
_— /J; //2 >
N

chlorated (8 Cl) — green pigment
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Template syntheses

B H 7 3+
N
Encapsulatin ligand HE N o,
N NH2 ; 24 . —NH
i) Co H\N—y 2
. . . Ny NH, e 71 T NH
kinetically inert metal ion N ONHe  Cidaanon H-N I
H\—/ L/NHg
7.4 B )
CH,0 C——
NH,
Y
™ H 71 3+

7.5

Figure 7-9. The condensation of the cobalt(i) complex of the hexadentate ligand 7.4, which
contains three primary amino groups, with formaldehyde and ammonia, gives the encapsulated com-
plex 7.5. A view of the cation 7.5 as found in the solid state structure of its perchlorate salt is also

presented.
00




Template syntheses

5 1 3+ B |;| 1 3+

HoN . N

/\'-—NH S /\,"—N‘H

HzN\ - 2 CHQO ,.N\ P

/ NH, NH N/ >N

H2N 3 H/ H |7

Q/NHQ H—N N
7.13

Figure 7-12. The reaction of [Co(en),]** with formaldehyde and ammonia gives cobalt(n
sepulchrate 7.13. A representation of the complex ion in the solid state is also presented.

ENH HNj HN]
|
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Uverejnéné materialy jsou uréeny studentiim Vysoké skoly chemicko-technologické v
Praze jako studijni material. Néktera textova i obrazova data v nich obsazena jsou
prevzata z verejnych zdroju. V pripadé nedostatecnych citaci nebylo cilem autorky
zameérné poskodit autora/y pavodniho dila.

S pripadnymi vyhradami se prosim obracejte na autorku tohoto vyukového materialu,
aby bylo mozno zjednat napravu.

<4 4> <

The published materials are intended for students of the University of Chemistry and
Technology, Prague as a study material. Some text and image data contained therein
are taken from public sources. In the case of insufficient quotations, the author's
intention was not to intentionally infringe the possible author(s) rights to the original
work.

If you have any reservations, please contact the author(s) of the specific teaching
material in order to remedy the situation.
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Ligand substitution

Rate laws and stoichimetric mechanism
Intimate mechanism

Isomerisation

e pentacoordinated intermediate

e octahedral tris-chelates

Entering group, leaving group, and metal effects
Spectator ligand effects

e base-assisted hydrolysis

e trans-effect

No mechanism can be taken as absolute. Currently, it is only possible to propose
the most probable mechanism.

* EURQOPEAN UNION
L European Structural and Investing Funds
* Operational Programme Research,

. MINISTRY OF EDUCATION,
Development and Education YOUTH AND SPORTS
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Mechanisms

associative, A intermediate, / dissociative, D

(a) (b) (c)

Y —M—X

Y+ M—X

Transition state, intermediate?

@O0




Rate laws

Limiting Forms of Rate Laws Depending on Magnitude of

Denominator Term in [Y]%?

Stoichiometric Mechanism Very Large [ Y] Term Very Small [Y] Term
Lo D  [LsMX] kik>[LsMX][Y]
k_l [X]
p ki[LsMX][Y] ki [LsMX][Y]
k_1+ky k_1+ky
I k|LsMX] kK[LsMX][Y]

k!
A

“For example, k[Y], K[Y], [Y].

Intermediate : Eigen-Wilkins mechanism
low conc. of Y — first order; high conc. of Y — second order

Wulfsberg, 16. kap, Tab<=
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Experimental data

[Co(NH3)s(CO3)]" + 2 H;0" —

— [Co(NH;)s(H0)]** + COz +2 H,O

H,0*
— [Co(NH;)s(OH)* + CO, ——

H

/

[Co(NH;)5(CO5)]" + H;0" — | (H3N)sCo —— O

\

CO,

Overall view: carbonate substitution by water
Mechanism: carbonate hydrolysis

2+

(26.4)

[Co(NH;)5(H,0)P* + H,0

ac

Housecroft,'@ @@




Water exchange © [M(OHy)g] + O'H, > [M(OH,)5(0"Hy)] + OH,

Table L.2 Rate constants, k, for| 7, M =Ti', VI Crl v 77 Mpll, Fe'l, and Fe!'l; /y M = Co'! and Ni!

exchange of OH, at 25°C A S = . d*> o
Metal ion d? ks
NaOHel” 0 sx10F
[Mg(OH)sl** 0 1x10° [ i “_ o
[Ca(OH2)s]** 0 2x108 K
[SHOH)6l** 0 4x108 - -
[AOH)6** 0 18
[Ga(OH2)6]3+ 0 1x 103 Fig. L.2 The nucleophilic substitution
[|n(OH2)6]3+ 0 2y 10i by the labelled water molecule is
“TCr(OH2)elP* 3 3x 106 :Z?é&ii%ﬂe
CrOHe* 4 7x10° dracty verts s ganda o
MnOHz™ 5 3x 107 TSN b s o
[Fe(O H2)6]3+ 5 3x 103 more of these orbitals are empty the
[Fe(OHp)sl** 6  3x10 e o
(ColOHQg* 7 1100 B i
[Ni(OH2)6]2+ 8 3 x 104 mechanism. However, if they are fully
[CuOH)el?* 9 gx 109 EQE{:ES&Z‘};%Z?gf:‘.;;Z“QZJZm
[Zn(OH)el** 10 2x107 i,

mechanism is less favoured
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Rate Constants for Acid Aquation of Some Octahedral Complexes of

Co(III) gt 25°C" A
Complex k(s Complex k(s ditfe r_ent X
, . reaction rates
{Co(NH3)s [OP(OMe) 1} 25x107*  [Co(NHj3)sCl]2+ 1.8 x 107® | ranging from 10
[CO(NH::,) (NO3)] 2.4 x 10> [CO(NH;,)S(SOA,H 8.9 x 1077 to 10710
3 5 - ’
[Co(NH3)5I] 8.3 x 10 [Co(NH;)sF]** 8.6 x 10~8 dissociation
[Co(NH3)s(H,0)]3+ 58x107%  [Co(NH;)sN;J2+ 2.1 x107°
' [Co(NH3)s(NCS)]** 3.7 x 10710
Rate Constants for Substitution Reactions of B
[CO(NH3)5(H20)]3+ with Y"™ at 45°C )
_ different Y
- k(s similar reaction rates
H,O 10.0 x 10-5 dissociation
N3~ 10.0 x 10~
2— -
SO_4 2.4 %1073 — leaving group
Cl 2.1 %103 :
NCS- 1.6 x 10~3 Y — entering group
Rates of Substitution of [Ti(H,0)s]”" by Y*~ at 13°C C
yn- (IIIO) k (M“IS_[) Y- (n= 1) k(M—ls—]) differentY -
: : reaction rates ranging
CICH,CO,H 6.7 x 10 NCS™ (8-9°C) 8.0 x 10 from 102 to 108,
MeCO,H 9.7 x 102 CICH,CO,~ 2.1 x10° ..
H,0 26 x 103 MeCO,- 18 % 105 association

Wulfsberg, 16| @ @ @




Activation parameters: entropy , volume

Eyring equation Eyring plot
_ determination of AS* from In(k/T) vs. 1/T
kT ast AHY i
k h ——¢ & g &I 0.0025 000255 00026 0.00265 00027 000275 0.0028
Entropy of Enthalpy of e S B B S BB
activation activation -2 | lope =-11986
term term 25 | intercept = 28.388

R’ =0987

k rate constant £ -3
kg Boltzmann constant p i
h Planck constant ' AH =99.7 kJ - mol
R molar gas constant i ’ s
T temperature [K] 45 [ ASpx =377 mol+K -
S entropy of activation 5
H enthalpy of activation T/K 363 373 378 183 388 393
kis! 4 : 12 20 35 D
Entropy of activation
large, negative values of AS# => association ky _ AH? kB ASi
In(z) = —+In —) +—
RT
Volume of activation : AS¢
intercept: In|{—)+—
from the pressure dependence of rate constant AH*
large, negative values of AV# => association slope: —
) i d(ln k —AV*

: . Volume of activation: Unk) _

Caution: solvent reorganisation! dp RT
https://image.slidesharecdn.com/lecture6-150330025135-conversion-gate01/95/lecture6-46- https://www.researchgate.net/profile/Meyer_Tern/publication/255772611/figure/fig3/AS:297874756]
638.jpg?cb=1427702038 @1448030284882/Fig-4-Eyring-plot-analysis-and-rate-constant-data-for-the-enantiomerization-of-2g-i @ @ @




Table L.1 Some entropies (J K1
mol~1) and volumes (cm3 mol~1) of
activation for the exchange of
dimethylformamide (dmf) in
octahedral high-spin complexes

ASH

AVE

[Al(dmf)g]3* o8

[Cr(dmf)g]3* 43
[Fe(dmf)g]3* _g9
[Fe(dmfgl**  +14

Ni(dmfe[*  +34

+13.7
63
09
+8.5
+9.1

QOO




Isomerisation , CN 5 intermediate

Tetrahedron >quare, . o
& retention of geometry or isomerization
e , .
X—E + Y od X hed \'=Te v
¥ N +
B C L &
N /7
M
l FAERN
Cc X
. e
A
| () % l
K== ==Y i XC /E el C T C
/\ | /v (@ N/
B C " C g T—M — M
| / \X C/ \Y
ol Qﬂc-:*f AC °
(b) 3
l dest (aas (b)
NEET |
A A
| / /C & C
X—E—G | == KK # E—~=CL= ¥Y—=E c—M—Y \M/
/ \ ' 1\0 /N 7 N\
o Y B B T X T Y
New N&c_
Berry pseudorotation Trigonal bipyamid Square pyramid Trigonal bipyamid
a

.

e Qe -
</
O @) DO




Possible pathways for a ligand substitution in an OC-6 complex
5-coordinated intermediate, the leaving group X, the entering group H,O

~ ' T+ ' 3 | T2+ B 7 2+
”"fu \\“‘\\ 7 - X" l”’*’u, \\““\ H,0 | I"’u, i \\\““
'Co AN “Co Co
X/‘ vy | /T\Y HO/I\Y
L - i L - L ‘ -
cis isomer intermediate SPY-5 cis isomer,
w x- retention of stereo arrangement
[F % 7 2+ B 72+ I 12+ B 12+
\5' \\\)“\ /2_. H20 I”'!l, I \\\‘\\\ ”"’Il, ‘ ‘\\“OHZ HZOIH,I I \\\\\“
0 it 'Co e /Co + . Co
/WT\;{ , Hzo/l ~y /| ~y /[ ~y
5
intermediate TBPY-5 cis isomers, trans isomer,

retention of stereo arrangement change of stereo arrangement

@O0




Racemisation of a tris(chelate) octahedral complex in solution

Re-arrangement without a band interruption

\ ’> : 5N Y Re-arrangements with a band interruption
AV4 \V4 |
A A M‘\)
yam . N\ i r
3 2 o trigonal bipyramid A
2 _B . \D 1 @ 3 ‘MJ i QMJ
o B \ .
L

(a) Bailar twist (trigonal) tetragonal pyramid

- K

(b) Ray —Dutt twist (rhombic)
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Entering group, leaving group, and metal effects

Entering group effect
in associative (/, or A type) reactions;

Rate Constants for Ligand Displacement in Some Square
Planar Pt(II) Complexes”
trans-|Pt(pyridine),Cl] + Y — trans-[PtCl(pyridine), Y] + C1”

substitution reaction rate, Pt(ll) SP-4 Y ky (M~'s7h) npy
- _ _ _  MeOH (25°C) 2.7 x 1077 0.00 \

Y HQO <ClIT<I" <H < PR3 < CO,CN MeO‘(_25°C) ———— Very slow <24
N(CN),~ 3.03 x 10~ 2.87
- Cl- 4.5 x 10~ 3.04
nucleophilicity parameters n,,, follows NH; 47 % 107 3.07
inci Nj~ 1.55 x 1073 3.58
HSAB principle - 107 x 10-! 5 46
(Me,N),CS 0.30 5.87
(MeNH),CS 2.5 6.79
. 7.01

Leaving group effect (PhNH),CS 4.13

T gg : D , CN- (25°C) 4.00 7.14
in dissociative (/, or D type) reactions; PPh; (25°C) 249 8.93

substitution reaction rate:
X:H,O>Cl">I" >H >PR; > CO,CN"

Enhancement of leaving ability:
addition of an appropriate acid
* hard H* for F-, CO,*

e soft Ag*for Cl, I

Metal effect

slow reaction of the electronically stabilized
ions (d® in OC-6; d® in SP-4; slower reaction
rates for heavier atoms, cf. CFSE

@O0




Spectator ligand effects

A. Steric effects

easier dissociation in the presence of large ligands; decreasing reaction rate of association

B. Electron-donor effects

better electron-donating substituents (spectator ligands) enhance the rates of
dissociative reactions

C. Base-assisted hydrolysis

of ammonia and amine complexes (10° times faster hydrolysis of [Co(NH;):Cl]?* in basic
soln. than in acidic soln.; but no comparable effect for py or CN- complexes)

[Co(NH3)sCl*t + OH™ = [CO(NH3)4@CU+ + H,0 - 15t step:

[Co(NH;3)4(NH,)ClJt =2 [Co(NH3)s(NH,)]** + CI- deprotonation of the
coordinated ammonia

[Co(NH;)s(NH,)]** + H,0 -2 [Co(NH;)s(OH)]**

D. Trans effect
assocative substitution in SP-4 complexes

@O0




Effect of Nonledaving Ligands on Acid Hydrolysis Rates
, of Some Co(III) Complexes at 25°C

A. Steric effects

A. trans{Co(N — N),CL]* + H,0 — [CoCI(N — N),(H,0)]** + CI-*

N—N k(s™)
NH,CH,CH,NH, 3.2 X 1075
NH,CH,CHMeNH, 6.2 % 107
d, *NH,CHMeCHMeNH, 1.5 x 104
meso-NH,CHMeCHMeNH, 42 x 107
NH,CH,CMe,NH, 2.2 x 107
NH,CMe,CMe,NH, Instantaneous
NH,CH,CH,NHMe 1.7 X 1078
«

B. trans-[Co(N,)LCI]"* + H,0 — trans-[Co(N,)L(H,0)]"""* + CI
Complex®® k(s™")
trans-[Co(cyclam)Cl,] 1.1 % 197°
trans-[Co(cyclam)(NCS)CI)* 1.1 %x107®
trans-[Co(cyclam)(CN)CI]* 4.8 x 1077
trans-[Co(tet-b)Cl,]* 9.3x 10™*
trans-[Co(tet-b)(NCS)CI]* 70 %1077
trans-[Co(tet-b)(CN)CIJ* 3.4 % 10~

“R. G. Pearson, C. R. Boston, and F. Basolo, J. Am. Chem. Soc. 75, 3089 (1953).
*Cyclam = 1,4,8,11-Tetraazacyclotetradecane.
‘Tet-b = d,I-1,4,8,11-Tetraaza-5,5,7,12,12,14-hexamethylcyclotetradecane.

@O0




D. Trans effect, trans-series

[PtCl,]>~ + 2 NH; - cis-[PtCl,(NH,),] exclusively
[Pt(NH;),]°* + 2 CI= - trans-[PtCl,(NH;),] exclusively
A_ G
/Pt\ A>B
A\ /C] ~NH, / I 2 Pubg
Rl —==X OR (9.48)
B Cl | A NH,
Pt B >A
87 cl

The ordering of ligands in this series is as follows: CN™ ~ CO~ NO~ H™ > CH;™ ~
SC(NH:)z g SR: & PR3 > SOSH— > NOZ- o I_ s SCN— > Br_ > CI— > p:\ >
RNHE"’NH3>OH->H20
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l weak bond

strong bond
){ neola ©

$ilnd koo ke ""iiy,

(‘

9

(A)
¢t 1% HyC==CHy ]
|

CI*-*F,’t—C! CI—FI’t—*-Cl
~—_ -~
Cl 232A Cl 233A
FI'Me3 H

Cl— Pt—PMes Ph,EtP~—Pt—PEtPh,
|\ |\
Cl 237A Cl 242A

T = bold; X =Clin trans

-------------------------------

(B)
X(leaving)

Y(entering)

Figure 7.20 trans-influence, as a thermodynamic effect.

Trans Influence — thermodynamic
different bond lengths

[Pt(Cl,(PEt;),]

cis: Pt —Cl 237.6 pm
trans: Pt—Cl 229.4 pm
trans influence of PEt; > Cl
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n-acceptor

entering
ligand
Figure 7.21 trans-effect due to a m-acceptor ligand

------------

Destabillization of the )

products
ground state

h

Stabilization of
the transition state
trans influence

' products

trans effect
Figure 7.22 The energetic difference between trans-influence and trans-effect.
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General methods of synthesis

2 common situations:

/7

** metal salt is soluble in water, but it needs acidic media (hydrolysis) > ligand is basic

/7

< metal salt is soluble in water € ligand is insoluble in water

Reactions in agueous media

water behaves as a ligand

uncharged particles are poorly soluble

Reactions in non-aqueous media

hydrated salts (e.g. CuSO,-5H,0) are insoluble

charged particles are poorly soluble
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1. Substitution reactions in aqueous solutions

Excess of ligand, reaction time varies — inert vs. labile ions

Labile — quick reaction, no mixed-ligand complexes:

-4 H,0 SO, counterion
[Cu(H,0),]>* +4NH, _—= [Cu(NH;),]** [Cu(NH;),1SO,(s)

blue deep blue (ink) EtOH cosolvent

Inert — longer times, heating, mixed-ligand complexes

3- ,_ 100°C, 2h . K* counterion
[RhClg]*~ +3 C,0, [Rh(C,0,);] _ K;[Rh(C,0,),]
wine red yellow evaporation

water, heating

[PtCl,]*> + en [PtCL(en)](s) +2 CI~

@O0




2. Substitution reactions in nonagueous solvents

a) ligand is insoluble in water — another solvent miscible with water

[Fe(H,0)¢]** + 3 bpy ——> [Fe(bpy);]** + 6H,0
water ethanol

b) metal ion undergoes hydrolysis — competition between the hydrolysis and the complex
formation

[Cr(H,0)¢]** + 3 en *%[Cr(en)3]3+ + 6H,0

water water

reality: [Cr(H,0)¢]3*+3en — > [Cr(OH),(H,0)(]%s) + 3 Hen*

Solution:
anhydrous CrCl, in dry ether — slow, but gives the product, [Cr(en);]Cl,

Reaction in liquid ammonia:
CrCl; + 6 NH; (lig) ——  [CrCI(NH;):]Cl, + [Cr(NH;)]Cl5 mixture of products

purple pink yellow
[©NoleN




3. Substitution reactions on metal ions in more labile oxidation states

Cr(Ill), d® - small addition of a reducing agent (Na), Cr(ll) d*

Co(ll) reacts, the product is oxidized to Co(lll)

[Co(H20)6]CI2 +6NH; —— [Co(NH3)6]CI2 + 6 H,0
pink rose

[Co(NH,)(]Cl, + 4NH,Cl + 0, —> 4 [Co(NH,)(]Cl, + 4 NH, + 2 H,0
orange

substitution of a volatile ligand
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4. Substitution of weakly bound or volatile ligand

Volatile ligands: CO, NH;, H,0, driven off by heating, replaced

250°C
[Pt(NH,),]Cl,(s) trans-[PtCl,(NH;),] + 2 NH; (g)

CO: labilized by irradiation

[W(CO)¢] hv CO(g) + W(CO)s + PPh; [W(CO)5(PPhy)]

coordinating, volatile solvents (acetonitrile, tetrahydrofuran (THF) , ethers) — precursors

Zn, heating.

CrCly(s) + 3 THF [CrCl;(C,Hg0)s]

5. Ligand construction or destruction by reaction of coordinated ligands — see the previous
theme: Reactions on coordinated ligands
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Uverejnéné materialy jsou uréeny studentiim Vysoké skoly chemicko-technologické v
Praze jako studijni material. Néktera textova i obrazova data v nich obsazena jsou
prevzata z verejnych zdroju. V pripadé nedostatecnych citaci nebylo cilem autorky
zameérné poskodit autora/y pavodniho dila.

S pripadnymi vyhradami se prosim obracejte na autorku tohoto vyukového materialu,
aby bylo mozno zjednat napravu.

<4 4> <

The published materials are intended for students of the University of Chemistry and
Technology, Prague as a study material. Some text and image data contained therein
are taken from public sources. In the case of insufficient quotations, the author's
intention was not to intentionally infringe the possible author(s) rights to the original
work.

If you have any reservations, please contact the author(s) of the specific teaching
material in order to remedy the situation.
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Mechanism of electron transfer

Redox potential and complex stability
Electron transfer:

e Quter-sphere mechanism

* |nner-sphere mechanism
Mixed-valence compounds

EUROFPEAN UNION

European Structural and Investing Funds Iﬁr
Operational Programme Research,

Development and Education MY Br BBUCATION.
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aside: Redox potential of complexes

Standard redox potential of Fe(lll)/Fe(ll) in selected complexes in acidic media

Fe" Fe" E/V
Q’.‘; F h 3+ + — I2+
[Fe(p .en)g] e = [Fe(phen),] s Fe(ll), SB 1,12
[Fe(bipy);]’* + e = [Fe(bipy):** _e 0,96
VX [Fe(H,0)]* + ¢ = [Fe(IL,O)" o 0,77
[Fe(CN)ﬁ]" + e = [Fe(CN)g]*~ 0,36
[Fe(C.0.):°~ + e = [Fe(C,0,),]> + C,0%" 0,02
4 e [Fe(edta)]” + e <= [Fe(edta)]*” Fe(lll), HB -0,12
ML. [Fe(chin);] + e = [Fe(chin),] + chin™ %) ’ —0,30
") chin = 5-methyl-8-hydroxychinolin Me
(-
N/
O

Modulation of redox potential by the ligand nature, enzymes
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E° and stability constant of the complex

Nernst equation RT = [red]
[
nF  [ox]

Nernst-Peters equation

Complex: concentration of the reduced “naked” ion depends on the B of the complex

Example: ferrocyanate [Fe(CN).]*~ and ferricyanate [Fe(CN)4]*~

Fe2* + 6 CN~ - [Fe(CN)]* B = 10%36 [Fe] = [Ee_fgl’;’]f]
Fe3* +6 CN™ - [Fe(CN)¢]*~ B =10%4
_ 0 4 RT, Brea RT, [red] _ o __RT, [red]
E=E"+ — In " In o] E°complex — In or
E° _ Eo + RT In ﬁred
Loy = —
complex nF lgox
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2 mechanisms of an electron transfer

OUTER-SPHERE

: \ eas
7 ) Lnuum Z ¥ i g"ﬁ‘ : ; '; ;
m / E —a,
Direct one (part) of E one of
electron transfer ey orbitals - tyg Orbitals

Figure 12.13 Relationship between outer-sphere electron

transfer and symmetry of the atomic orbitals.

one of
tpg orbitals

INNER-SPHERE

Electron transfer
through

one (part) of
&g orbitals

Figure 12.17 Relationship between inner-sphere electron
transfer and symmetry of the atomic orbitals.




Outer-sphere mechanism - reaction rates

Table R.1 Some rate data for outer sphere redox reactions

+ spin

Reacting pair Configurations kos0G Orbital M—L
/dm3 moi~'s™!  correlation ~ (difference)
/ pm
[Ru(bipy)3]2*/®*  tag® / tag” 4.2 % 108 thg—>tpg  V.smal
[Os(bipy)3]2*/3*  tpg® / tag” 2.2 %107 thg—tpg  V.smal
[Fe(bipy)al?*3*  t5g® /tpg° 3.7 X 108 thg—tpy  V.smal
[IrCI6]3"/ e tzge / t295 2.3 X% 10° tog = tog V. small
[RU(NH3)g]2*/3*  tpg8 /5 4.0X 108 tag = tag 4
[RU(OHR)gl2*3*  tp° /g 20.0 tag = tog 9
[Fe(OH2)6l>*  tag'eq” /tog eq” 40 tog = tog 13
[Co(phen)g]2*/3*  tp8eq / tyeP 4.4 X 1072 eg — €q 19
[Colen)al*>*  tag®eq® /tpg° 77%x10° ey ey 18
[Co(NH3)gl2™3*  thgdeq? /g 8.0X 1078 eg = eg’ 18

* Change in spin multiplicity follows transfer

Change in M—L distance:
Franck—Condon principle; electron transfer rate is 100times faster (101" s) than atomic

vibrations

Delocalizability of the ligand electrons
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Outer-sphere mechanism - steps

1. Fast pre-equilibrium association
Solvent re-arrangement
2. Electron transfer

L
Ljfl[,,.. I KA L ‘[ L/I’, l W L
( 1)+
L/ \ L LJI[“'.- ml L'”’h, T( rl\)\ L T m+
m+ ' m+ 1)+
L ™ | W gy
T L L/T L L Oxidized
-+ — e L — e e +
" L ”II,, o\ L' L'I],“ T W\ L
L f[” W L' ; hﬂn+ (n-1)+ L' !
l,, it 1l A\ L
/ N L [ e L L e M=)+
L L' L L L'/ T
L' L
Complexes Electron Complexes Reduced
associating transfer separating
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1. Fast pre-equilibrium association

Solvent re-arrangement

Association — charge dependent

Table 12.1 K;, values (ion pairing equilibrium constant) and k.,
values for a range of outer-sphere redox reactions between
transition metal complexes, according to z'z-

Reactants Ky k.. (s7')
. Charge product —12 e

i [Co(NH,)s(H,0)* [Fe(CN)g* 1500 0.19
[Co(NH,)s(py)]** [Fe(CN)g]* 2400 0.015
[Co(NH;)5(3-cyanopyridine)* [Fe(CN)g* 1300 0.346
Charge product —9
[Co(dmso)(NH;)s]** [Fe(CN)s(imidazole)]* 450 2.6
[Co(dmso)(NH;)s]** [Fe(CN)s(pyridine)I* 490 0.15
[Co(NH;)s(pyridine)** [Fe(CN)s(pyridine)]*- 860 0.0068
[Co(NHs)s(pyridine)]* [Fe(4,4"-bipyridine)(CN);]* 1860 0.0021
[Co(phen);]** [Co(ox)]* 650 0.24
Charge products —8
[Co(acetate)(NH;)s]* [Fe(CN)q* 300 0.00037
[Co(benzoate)(NH;)s]** [Fe(CN)¢* 240 0.00062
[CoCl(NH;)5]* [Fe(CN)e]* 38 0.027
[CoN3(NH,)s]* [Fe(CN)e* 49 0.00062
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2. Electron transfer — symmetrical systems, AG° =0

[Fel™(CN)g)*~ + [Fe(CN)e]*~ 2 [Fe!™(CN)g]+- + [Felll(CN)g]*-
Where Fe” represents a radioactive isotope, and

A-[Fe(phen);]** + A-[Fe(phen);]3* 2 A-[Fe(phen);]** + A-[Fe(phen);)%+

. NN— e
3 @@ VA R VN VA v v E=2Q % fQ*
|

7 |7 1 71 “1 /S |
Q<0 Q=0 Q>0 Q reaction coordinate
Figure 12.3 Coordination spheres of the reactants and
products as a function of the vibrational coordinate, Q f reduced force constant

(- Quiyeeten). A vertical difference

2dg S -
between the free energies of the
reactants and products at the
reactants’ equilibrium configuration
(when AG =0)
f increasing
Nuclear Configuration Q = i
(Reaction Coordinate) E B
Figure 12.2 Plot of the potential energy of the reactants
[®. precursor complex) and products (P, successor complex)
2s 2 function of the nuclear configuration for an electron-

sxchange reaction.
Q (Reaction Coordinate)

Figure 12.4 Shape of the energy surfaces as a function of the reduced force constant (f).
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A ... vertical
difference between
the free energies of
the reactants and
products at the

reactants’ Afixed and different AGP values
eqU|!|br|urT1 Figure 12.5 Graphical definition of A and its comparison with AG°.
configuration ‘
(when AG = 0)
® = A" Q=AM
e- ;\L— \l \l \o
A N N |\ \

Ad...bond length
difference between i (i . : .
the oxidised and Qc Q0 Q¢ X “Qr
reduced forms

increasing A values

Figure 12.6 Concept of the A parameter, as a function of Ad
(oxidized and reduced form of the ion).
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Examples of redox pairs with different Ad values — influence on reaction rate

Table 12.2 Relationships between Ad and k., in outer-sphere redox reactions.

Reaction Ad (A) k. (M7 s7') Reaction Ad (A) ke (M7's7")
[Fe(CN)¢>/+ 0.03 2 x 10* [Fe(H,0)q** 0.13 1.1
[Ru(H,0)**2" 0.09 20 [Cr(H,0) 0.20 1.9 x 107
[Co(bpy)s*2* 0.19 5.7 [Co(NHj)**2 0.22 2 x 10

AGH

Reaction coordinate Q " Reaction coordinate Q
Figure 12.7 Concept of A and AG* for redox reactions with AG® = 0 (A) and AG® < 0 (B).
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Factors that determine electron

—_—
I 8 1 transfer, A
OH, OH,
Ho0n,,, | wOH2 Hy0u, | wOH;
H,07 | “NoH, H,07 | YoH
| OH, OH, |
o / \ -
| OH, OH2 , i
20, | wOH2p 0, LaOHy  Hp0,, 1 OH, 120, | nOH:
/ ~ H20'|"'0H2 H,0” ’~oH, | / | OH
OH, OH,
® = Fe?t Q =Fe¥

1. Size changes in course of
vibration process
molecular rearrangement

Figure 12.8 Molecular rearrangement (vibrational) in an outer-sphere mechanism.
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Factors that determine electron

| E transfer, B
| ‘ #
2. The shape of the energy surfaces:
i A different AG*
AG* AG*
(A) B) ?

Figure 12.9 Relationship between the shape of the energy
surfaces (depending onf) and A and AG* (see text). 3. La rge Va r|at|0ns |n
: the internuclear

A distances in the

E A
equilibrium (A)
y)
A
A
AG* AG*

AGT

Figure 12.10 Graphical relationships between A and AG*.
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REACTANTS PRODUCTS

Observation:

NORMALE ARRIERLESS

r
F

Figure 12.11 Influence of AG® (driving force) on the energ)
curves (normal, barrierless and inverted regions).

¥ INVERTED

reached.

Increasing
driving
force
(AGY)

—
S
£

4. AG° of the reaction
starting from AG° = 0, 3 situations:
1. AG°increases, AG* decreases
NORMAL REGION
2. AG#=0, max. rate (k close to 1010-12)
BARRIERLESS REGION
3. both AG° and AG*increase (Marcus)
INVERTED REGION

normal region barrierless

with increasing AG° reaction rate (AG*)
increases until the barrierless point is

AG*>0

inverted region

|AG?| < 4 |AG? = 4

Figure 12.14 Relationships between AG*, AG® and A in
normal, barrierless and inverted regions.

[AG?| > 2
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Marcus theory, Marcus law

%4 10°

10°

.{\
Examples of the '@, 10
transition from normal =<

to inverted region

b / I 920 |
New 2
10 0.0 . 1.0 2.0

~AG® (sV)

xperi

Ag = 0.75 oV
Ay = 0.45 oV
w= 1500 em™'

ire 8. Inverted region effect in chemical electron transfer reactions. (Miller, et al, ref. 3).

|

AGY,

= 4 &°
A
NE sz—(//# T
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Marcus theory, Marcus law

E of a cross-reaction derived from data of the self-exchange reactions

3 B 1/2
k2= fleukn K or  kyy = (ky1kyK)w log K = nFE°/2.303RT = nE°/0.0592 (at 25°C)

or 2lnk,=1Ink;, +Inky,; + InK + In( f)

Self-Exchange Outer-Sphere Redox Rate Constants and Standard
Reduction Potentials

Complex Ions Charges kiy Lmol™'s™1) E° (V)
Ce(H,0), 4+ 3+ 4 +1.72¢
Cr(H,0)s 3+, 2+ 2x 1073 —0.42
Mo(CN)s 3, 4— 3 x 10 +0.72
W(CN)g 3—,4— 7x10% +0.46
MnO, 1-,2— 3000 +0.56
FC(H20)6 3+, 2+ 4 +0.77
Fe(phenanthroline)s 34,24 3 x 107 +1.00
Fe(CN)g Y ter 740 +0.36
Ru(H,0)¢ 34,24+ 50 +0.24
Ru(NHj3)g 3+, 2+ 2800 +0.10
Ru(bipyridyl); 3+,2+ 4.2 x 108 +1.53
CO(NH3)6 3+,2+ 8 x 10-° +0.06
Co(NH,CH,CH;,;NH,); 3+, 2+ 7.7 x 107 -0.24
Co(bipyridyl); 3+,2+ 18
Co(terpyridyl), 3+,2+ 48
Co(phenanthroline); 3+,2+ 40 +0.33
IrClg 2—,3— 2x10° +0.87
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Inner-sphere mechanism - steps

1. Precursor bridging complex formation
2. electron transfer
3. Decomposition of the bridged complex

Rate determining step - any

L/ | \L Ufh, .\\\L
, MM
X
Step 1 \l- Step 2
+ - X e—
m L‘[,““ R L!
* M n+
T L'/ v,
LI,II[“' |\\ Li LI
M+
LI/ | \L|
L' Precursor
complex
Reactants

Reduced
LJ’I;, T "\L
L " MUm=1)+
L”h "‘\\L l_/‘ \L
" Mm-1)+ OH,
L/ L Step3
X e +
Llifﬂf,, o L
M (n+1)+
L-/ L L't r al
L NN+ +
L T v,
Successor % o
Complex OX]dlzed
Products
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Inner-sphere mechanism — role of the bridge

T Yl B § N . W s o=

Second- Order Rate Constants for Selected Inner-Sphere Reactions with
Variable Bridging Ligands

Oxidant Reductant Bridging Ligand k (Lmol~!s™)
(Co(NH;)e)™* [Cr(OH,)s)*" 8 x10°°
[CoF(NH3)s)*" [Cr(OH,)g]*" F- 2.5 x 10°
[CoCl(NH3)5]“+ [Cr(OH,))*" Cl- 6.0 x 10°
[CoI(NH3)s])* . [Cr(OH,)s)*" I- 3.0 x 106
[Co(NCS)(NH3)s ] [Cr(OH,)s)*" NCS~ 1.9 x 10
[Co(SCN)(NH3)s ] [Cr(OH,)s] > SCN- 1.9 x 10°
[Co(NH3)s(OH,)] ™ [Cr(OH,)s]*" H,O0 0.1

Source: From F. Basolo and R. Pearson, Mechanisms of Inorganic Reactions, 2nd ed.,
Wiley, New York; 1967.
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Inner-sphere mechanism — role of the bridge

Table R.2 Rate constants for the
redox reactions between a range of
complexes, [Co(NH3)sX]™, with the
ion [V(H,0)g]%*. Underlining is used
to indicate ligand donor atoms
Ligand, X kiM1s

I~ 120

Br~ ps)

ClI~ 10

SCN™ 0

NCS~ 0.3

N3~ 13

MeCO5™ 1.2

HoO 0.53

pyridine 4.1%1073

NH3 gx107°

From inner- to outer-sphere
mechanism — structural factors

[Co'Y(nta)(NH3)5]%* [Fe(H,0)]?*

@0 |
Y
Co' + Felll | <— ! | | ..0 !

Figure 12.19 Formation of a “precursor complex” in the
imner-sphere redox reaction shown in the figure (see text for
explanation) (Hinta is not necessarily fully deprononated),

\ O
N\//
o\; C
=xc \
y 2 | .
Ru— __\ E—N C+0—Co /= N O
o( S o ; C*o
o-{ Y05
— 0

Figure 12.18 From inner-sphere to outer-sphere mechanism
according to the flexibility of the bridge.
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Table 12.5 The use of reactivity ratios for azido and
thiocyanato complexes, in the form of complexes
[CoX(NHs)s]*, in the assignment of an electron transfer

mechanism [3].

Reductant k(X = N3)/k(X =NCS") Mechanism

[TIOH]* aq 400000 inner-sphere

U™ aq 40000 inner-sphere

Cr*t dg 20000 inner-sphere

Fe®* aq 3000 probably inner-sphere
Eu® aq 300 probably inner-sphere
V¥ ag 40 probably outer-sphere
[Cr(bpy)]** 4 outer-sphere
[Ru(NH;)e]** 1.5 outer-sphere

Inner or Outer sphere?

rates

substitution in course of redox reaction
reaction rate depends on the bridge
Marcus law

intermediate

©Nole




14

12+ @ Reaction center
. O Substituted cytochrome ¢

10k A Substituted myoglobin
G
<
©
E s8f
a
o
8
[
=
L2 4L

2L

0 L I | L

0 500 1000 1500 2000 2500

Distance — 360 (pm)

Figure 16.6
Plot showing the log of the electron-transfer rate constant, log kg, as a function of metal-metal
distance for several natural and ruthenium-modified proteins. [Adapted with permission from S. J.

Lippard and J. M. Berg, Principles of Bioinorganic Chemzstry, University Science Books, Sausalito,
CA, 199%4; p. 249.]
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Examples of several common bridging ligands

(a)=N@ (CHz)n—@w Q¢

o, o — Dipyridylalkanes Oxide
Ph Ph
LT il
P— CH2 -
/ N
Ph Ph

1, 2-Bis(diphenylphospino)methane

Saturated: low electronic communication
between the connected metal atoms

4, 4'-Bipyridyl
(4,4'-Bipyridine)

:N@N:

Pyrazine

i |

O:
/
O
N
Q:

Isonicotinic acid

=

n=c—$]

Thiocyanate

Azide

Cyanide

Conjugated: enable electronic

communication
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Mixed — valence compounds

Creutz- Taube ion

NH3 - = RU”, Rul]l NH3
3
H3N 0/ N “ » N /

NH3 NH3

[(NH.).Ru"-pyrazine-Ru"'(NH,).]>*
3)s 3ls

d® — d° electronic configuration

Mixed-valence compound:

e presence of a bridge is not necessary

* mixed-valence complex must be stable for the two parent integer compounds

* various extent of electronic communication between the two centres — Robin and Day

classification scheme
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Robin — Day classification

Table 16.12
Robin and Day Classification of Mixed-Valence Compounds
Class I Class 11 Class 111

Two metals in very different Two metals in similar envi- Two metals in identical envi-
environments ronments ronments —

Extra electron fully localized Extra electron not fully locali- Extra electron fully delocalized
on one metal zed on one metal on both metals

d—d Electronic spectra of both  d—d Electronic spectra of both New electronic spectra seen
ions seen ions modified

k Intervalence charge-transfer Intervalence charge-transfer Intervalence charge transfer

bands at high energy bands in visible or near IR bands not seen

Insulator Semiconductor (if polymeric)

Diamagnetic or paramagnetic ~ Ferromagnetic or antiferro-
magnetic at low temperatures

(if polymeric)

Metallic conductor
(if polymeric)

May be ferromagnetic at high
temperatures
(if polymeric)

Spectroscopy

IVCT or MMCT bands: typical for Class Il ,Class Ill

Bands characterisation:

Class Il — broad, symmetric, low-intensity, temperature dependent, solvent dependent
Class Il = intense, narrow, asymmetric, temperature and solvent independent
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Robin — Day classification

Tzble 13.1 Characteristics of the Robin—-Day classification.

Optical properties

Electrical properties

Magnetic properties

Trapped electrons in ions
of different symmetry)

_lass I
lons of almost identical
svmmetry)

Delocalized electrons)

Clusters

equivalent and
indistinguishable ions)

Infinite Net
equivalent and
indistinguishable ions)

No intervalence transfer
band in the electronic
spectrum. Color due to
the isolated ions

Intervalence transfer band
in the visible or near/
medium infrared.
Deeper color than in
isolated ions

Intervalence transfer band
in the visible or near/
medium infrared.

Strong color.

Absorption threshold close
to the TR. Opaque. Dark
color. Metallic brightness

Insulating

Semiconducting
(for a 1D, 2D or 3D
solid)

Insulating

Metallic conductivity

Properties of each
ion

Magnetically diluted.
F or AF at low
temperature

Magnetically diluted

Possible long-range
terromagnetic
order at high T¢

@O0




Table 13.2 Examples of mixed-valence systems of different classes.

Class Examples Geometry Oxid. @ Geometry  Oxid.
of A State of B State
I [Cu(en),][CuBr,), Dy, 2 linear 1
[Co(NH,)4,[CoCly]s Oh 3 i 2
Ga[GaCl,] dodecahedral 1 T, 3
11 [M;O(carboxilato)¢Ls](M = Mn, O 2 O 3
Fe, Ru)
Fe,Fe(CN)g;-4H,0 Oh, 2 Oh 3
[Pt(etn)][PtCl,(etn)]CL, Bl 3 O, 4
(NH,),[SbBr] Oh 3 Oy 5
I11-A [NbeCl;,]Cl, Oy 2.33
(clusters)  [Fe,S4(SCH,Ph),* Ty 2.5
[(NH;)sOs—N,—Os(NH;)s]** Oy 2.5
[Re,Cl" 29 2.5
Creutz-Taube ion Oy, 2.5
[11-B K,55[Pt(CN),]- 1.5H,0 Dy, (1D) 2.25
(1, 2, 3D)  K,[Pt(CN)4]Brg30-3H,0 Dy, (1D) 2.30
Na,TiO, (0 < x < 1) O, (3D) (3-4)

Na,WO; (0.4 < x < 0.9) 0, (3D) (5-6)
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lons (+5) Amax (nm) (M em™")

Creutz—Taube ions [(NH3)sRU—NE__DN— RuU(NH3)s]* 1570 5000
derivatives: [(NHg)sRu—NC_p—<C_OIN—RuNHz)sl®* | 1030 920

between Class Il

[(NHa)sRu—NT_ D
and Class Il . D_\\_@N_Ru<NH3)515+ o8 i

CHa

[(NH3)sRu—NT__>—<C__ON—Ru(NH3)s]>* 890 165

H3C
[(NHg)sRu—N_—CHr—~C_ON—RuiNHa)sf™| 810 30

Figure 13.14 Some Creutz-Taube ion derivatives, with the main features of their IT bands.

(A) N N

Figure 13.15 Scheme of several Creutz-Taube ion derivatives.




Class Ill

Valence band after
CN  partial oxidation

Figure 13.19 Scheme of the valence band of the partially oxidized [Pt"(CN).* compound

Molecular wires

@O0




How to tune properties of the mixed-valence compounds

* by the extent and magnitude of electronic delocalization and

* by modifying the electron transfer rate:

1. changing ligand distortion, geometry around the metal centre -

biological systems! (role of the protein)
2. bridging ligand —ability to delocalize electrons

3. terminal ligands — stabilization of lower oxidation states by

T — acid ligands, more localized systems
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Compounds containing a metal — metal bond

Polynuclear complexes

/\

Bridged centres Metal — metal bond
~ /
~
~
~
~
. \
Clusters Multiple M — M bond

EURDFEAN UMNION
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One metal — metal bond

Edge-sharing bioctahedra

R, l 20 l PRy TN S—E N
'fi \\“ "‘f/ \\\\\ : A
(R } 5 T C] L A CI
R3P ‘ \Cl £ l \ . :Cl. . !

R,P PR,
il Cly e

ds Orbital energy level diagram
(a) (b)

Figure 16-5 (a) The three d—d overlaps that can be expected in an edge-sharing bioctahe-
dral structure. (b) The pattern of energy levels expected when only the direct overlaps
are considered.
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Face-sharing bioctahedra

3- R
Cl, Cl—l Cl. 2 cCl _
CI;‘:”IW/CI\W({\:‘“G Clh\_’/M/ \ ‘»“Cl M= Nb, Ta
e \ /
a”” o<l ¢ R,5” / \SRZ
(16-1X) (16-X)
_l .
| M =Cr, Mo, W
cu, / different properties:
el \2/\;; W . ble. di :
m, invariable, diamagnetic
Cl4 P &
% ¢ Mo—Mo
"‘--M 252-282 depending on the counter-cation
i : . _ 3 .
™ \\u magnetism — two d3, AF coupling
9 (temperature dependence)
Cr—Cr
Fig. M.7 Face- shanng bi-octahedral 312 pm, No magnetic Coupling

structure of [M,Clg]®~

@O0




Tetragonal prismatic structure 2
sonatp ¢ e C cﬂ

Re2Clg2~

Typical intense colours, 6-6*:
[Re,Cl]* royal blue
[Mo,Cl,]* intense red

[Mo,(ac),]* yellow

Fig. M.3 Nodal properties of d orbitals relating to the z axis
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Properties of the quadruple bond

Strength: +3% of energy

Re,ClL(PMe,Ph), ot 816+ 2241(1) A
[Re,CL(PMe,Ph),]* oS+ 2.218(1) A
[Re,CL(PMe,Ph),J** o2 S5 2215(1) A

- me— — —4— —H— &

g

° —— Pl T e —H —H ° 4+ 6+

__e/ —-— —p V2 , |\/|O2
Tc,*, 0s,%",
n HAE == Sk = e Rh,**
o —H— A == o —H— o
3.0 S0 4.0 35 3.0

Bond Orders

Figure 16-8 A schematic representation of how changes in the occupation of the & and
&* orbitals change the M—M bond order.
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Presence of a M —M bond:
 thermochemical data (AH )
 bond length from X-ray data — comparison

e spectroscopy: Raman vibration of the M — M bond
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Clusters

2 or more metals form a group , direct M-M bonds

The structure of the [ReCly2]* ion

The structure of the [MogClgClg]2~
e structure of the [MogClgClg] Re—Re = 246-247 pm

ion

The structure of the [TagCl4 2Clgl*
ion
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vertex electronic + orbital arrangement

H

T G+

Electron density in face centres

Fig. P.2 The radial and tangential components of the orbitals contributing to the skeletal §

|
Radial Tangential

px! py

sp hybrid (pz)

molecular orbitals of deltahedral molecules tu
—
! \
U ‘19 \ t1g
& ! T
9 ' 89 1 “
prmmmmemane R L c—— N
] 'l % t \
! ' tay 2u s
, ' - - - ‘

p [ ] “ a2 - o~ A p
E— ' ! \ " e—
' ! ' t \ t “

\ sp 1 t ] 29 \ 29 Lo

N . lin B == ,' Tangential

_ = \ t ’ orhitals

] \ A \ 1u ¢

’ ' % _
[ ' 1 N ’

e \ \ tu »7
| Ay L4
Atomic \ —— Molecular orbitals
orbitals v derived from
a . .
L g . 19 tangential p orbitals
t1 u (rad'al) t'| u (tangentlal) Molecular orbitals Cluster molecular
derived from radial orbitals after
sp hybrid orbitals radial-tangential interaction

Fig. P.3 The formation of cluster molecular orbitals from the radial sp hybrids pointing into
the cluster and the tangential p orbitals in octahedral [BGHG]Q‘. The other set of sp hybrid
orbitals are used to form terminal bonds between the boron atoms and the hydrogen atoms
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Jm — e e ——— -

Table P.2 Examples of deltahedral
cage molecules

Deltahedral skeletons

Geometry Example No. of . .
valence triangular faces = bonding!
electrons

Trigonal [BsHs5)%~ 2

bipyramidal C2B3Hsg

Sn52'
Pb52_ n=5%5 n==6 n=7 n =28
Tig’- 4»
Octahedron  [BgHgl?™ %
GaBaHe \f
8-
Tlg 2 Trigonal bipyramid Octahedron Pentagonal bipyramid =~ Dodecahedron

Pentagonal  [B7H7] 0 (6] (8] [10] (12)

bipyramid CoBgH7

Dodeca- [BgHg>~ 3 n =9 n =10 n=1 n =12

hedron CoBgHg

Trcapped  [BgHol~ 38 4§

trigonal T|Sn83-

prism CoB7Hg ‘A(

Bicapped [ByoH10l2™ 42 V

square- CoBgH4g

s o

SR Geo Tricapped trigonal Bicapped square Octadecahedron Icosahedron

Octadeca- [B11H4 1]2_ 46 prism antiprism

hedron CoBgH1q 1 (14] [16] (18] (20]

lcosahedron  [By2H12)?™ 50 Fig. P.5 Deltahedral skeletons. The numbers in square brackets refer to the number of

CoB1gH12 triangular faces

[AlaR 122
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closo — closed cage

nido — 1 vertex less
arachno — 2 vertices less
hypho — 3 vertices less

DD P =

BsHe2- BsHg4- BaH46-
Total electrons 26 24 22
B—H bonding 19 10 8
electrons
Skeletal 14 14 14
electrons \ j

7 skeletal electron pairs
Fig. P.7 Geometric and electronic relationships on closo-, nido-, and arachno-borane
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PSEPT — Wade-Mingos rules

number of vertex compared with number of skeletal electrons(pairs), BH, CH

Main group element

clusters

Vertices n
Valence atomic orbitals 4

(each vertex)
Skeleton atomic orbitals 3

(each vertex)
SEPs for closo n+1
SEPs for nido n+ 2
SEPs for arachno n+3

SEP for hypho n+4

SEP — skeleton electron pairs
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Isolobality

Isolobal groups: the same number of orbitals, similar energy

G- 38—
(958~

Fig. 1.2 Examples of the isolobal analogy
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Carboranes (carbaboranes)

n=5 n==6
closo-
(n +1) skeletal
electron pairs
4n + 2 valence
electrons
C,BiHs C 2B4Hs
(6] (7]

C,BsH; C,BghHg
(8] (9]

nido-
(n +2) skeletal
electron pairs

4n + 4 valence
electrons Ps BsHg

(6] (7]

arachno-

(n+3) skeletal T~
electron pairs

4n + 6 valence
electrons CiHg Bs4H 10

(6] (7]

BeH1o
(8] (9]
BsH14
(8] (9]

Fig. P.6 Examples of closo-, nido-, and arachno—polyhedral skeletons. The numbers in
square brackets refer to the number of skeletal bonding electron pairs
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p—

8 } 1 orbital, 2e for bonding to H Q

=>C

B
&OB }3 orbitals, 2e for bonding to cage d

3 orbitals, 6e for bonding to CsHs

3 orbitals, 6e nonbonding

3 orbitals, 2e for bonding to cage

IS

Ag

Valence

glectrons  <© 36 46 56 66 76 86
BsHe?~  (BsH3(CO)2)Fe(CO)s  BaHsCo2Cpo BsHs CosCps (PPh) 2Fe4(CO) 1 SOs5(CO) 15 Rhe (CO) 16

Fig. 1.3 Examples of series of closo-octahedral cluster compounds starting with BGHSE“ and ending with Rhg(CO)1g. The increment
of ten valence electrons each time a metal atom is introduced into the cage is particularly noteworthy
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Metal vertex, medium size clusters
Total electron count in metal clusters — PSEPT
Polyhedral Skeletal Electron Pair Theory
CVE = cluster valence electrons = metal valence electrons + electrons donated by
ligands (depending on the ligand type, L gives 2, L,X gives 5, etc.)
SE = skeletal electrons = CVE minus 12 (6 non-skeletal orbitals)

Framework Example CVE S@: [CVE — 12n]/2 Structural type Borane equivalent
Structure Clu sfg ® —

Tetrahedron [Ir(CO)1,) 60 12 e = 6 pairs nido

Trigonal bipyramid [Os;(CO);5]” 72 12 e = 6 pairs closo [BsH;[*
Octahedron [Os4(CO)y5]* 86 14 e =7 pairs closo [BsHq)”
Octahedron [Rh(CO)yq] 86 14 e =7 pairs closo [BeHe*™

Square pyramid [C < Ru;(CO)ys) 74 14 e = 7 pairs nido

Icosahedron [Sb < Rhy,(CO))~ 170 26 e = 13 pairs closo IB,Hp*

an interstitial atom: all valence electrons belong to the skeleton (cf. the lowest MO)
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More examples

Table 6.6 Selected clusters and its geometry based on the electron counting of each unit.

Formula Division by units  SEs for each unit (v + x— SEPs (n+i) Type
2)or(v+x—12)
[Sb € Rhy,(CO);~  Sb 5+129+4-12)+6+ 13 n+1 closo
12[Rh(CO),) " 3(charge) = 26
3CO
[C:BsH ] 2(CH) (2x3)+(9%x2)+2 13 n+1 closo
9(BH) (charge) = 26
V7 [Gegl* 9[Ge] (9 X 2) + 4 (charge) =22 11 n+2 nido
[Ir,(CO)y,] 4{Ir(CO);] 49+6-12)=12 6 n+2 nido
[C < Fe,(CO)y)* c 4+48+6-12)+2 7 n+3  arachno
4[Fe(CQ);] (charge) = 14
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The capped clusters

monocapped , bicapped octahedra

S

Table 6.7 Examples of the capping principle.

Cluster CVE 14n+2rule  (14n+2)-CVE  SEP = Number of
for closo M,, (CVE - 12n)/2  capped
M; and M,, fragments
(08,(CO),] 08 100 2 (1 pair) 7 1
ey [O85(CO) )" 110 114 4 (2 pairs) 7 2
[0s1,C(CO))* 134 142 8 (4 pairs) 7 4

* SEP = 7 pairs (14 electrons) is the characteristic number for an octahedron (n + 1).
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Gold/nickel cluster

Heteroatoms in clusters

Figure 16-11 AuNi; core of the 236-electron
[AugNi(CO),]* dianion. This 18-vertex polyhedron of
cubic T, (43m) symmetry may be viewed as a face-to-
face condensation of four octahedral Au;Ni; fragments
at alternate faces of a central Aug . octahedron
(A. J. Whoolery and L. F. Dahl, J. Am. Chem. Soc.
1991, 713, 6683.)

[RusC(CO),/]
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Carbaboranes (carboranes) as ligands, carbollides

BH @®-=C

@)
I

R-C=C-R'
-
—2L, —H,

L = MeCN, SEt,
R, R' = H, alkyl

Figure 5-11 Insertion of an alkyne into the decaborane cage to form an icosahedral
RR’'C;ByH;, carborane.

O=BH @=C

R-Cel-R + EtzN*BH; + H,
2 ol

EtN

H R
R, R' = alkyl, aryl, arylalkyl

Figure 5-14 Base-promoted synthesis of nido-2,3-RR'C,B,H carboranes.
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3 dimensional
aromaticity,
“superaromatic
molecules”, high
thermal and oxidative
stability

Figure 5-10 Structures of C,B,_;H, closo-carboranes (not all of the known isomers are
shown). (a) 1,5-C,B;H;. (b) 1,2-C,BH;. (c) 1,6-C,B;H;. (d) 2,4-C,BsH;. (e) 1,7-C,BH;.
(f) 4,5-C,B;H;,. (g) 1,6-C,BgHy. (h) 1,10-C,BgH,,. (i) 2,3-C,BsH;;. (§) 1,2-C,BHy,. (k) 1,7-
C,ByoH,;. (1) 1,12-C,B,Hy,.
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Nido- and arachno- structures

®=BH O=CH @=C

(9) (h)

Figure 5-13 A selection of nido- and arachno-carborane structures. (a) nido-1,2-C,B;H;.
(b) nido-2-CBsH,. (c¢) nido-2,3-C,B.Hg. (d) nido-2,3,4-C;B;H;. (e) nido-2,3,4,5-C,B,Hs.
(f) arachno-C,B;H,;. (g) nido-C,BH;;. (h) arachno-C;B;H;. (1) nido-C,BsH,,. Compounds
(h) and (i) are known only as C-substituted derivatives.
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Metallacarboranes

Ni%* air

CoBoH 1> —— = Ni(C;BgHyy);
2. Dy L SSHS L BIE L Fe(C-BoH
CoBgoH;“ + Fe THF CpFe(C,BgHy )
2- 94 _CoHls _ air
EI2C2B4H4 + Co THE - CpCO(Et2C2B4H4)

Example: nickel bis(dicarbollide)
carbollide from olla
(esp.) = pot

Various metals, stable.
Redox probes, sensors,
protease inhibitor (Co)




O =BH,B @ =CH, C-alkyl, C-SiMe,

. \17
(h) (i) @
@)

Figure 5-18 Examples of metallacarboranes. (a) nido-1,2,3-(CO);Fe(C,B;H,). (b) Cr[2,3-
(Measi)2C2B4H4]2. (C) ].,2,3'(C5H5)F3(Et2C2B4H4). (d) 1,7,2,4-Cp2C02(C2B3H5). (e) MH3[2,3‘
(Me;Si),CBH,Ji™. (f) Co(1,2-C,BsH;),-u-O(CH,),. (g) CpCo(MeEt,C;B,Et,)Co(C,B:H,,).

(h) (Ph3P)2HRh(C2B9H1]) (]) exo-nldo-[(Pth)thHzl*[CQBgHm]_ (_]) szFeg(Me4C4BgHg)
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1. BuLi
2, [M]™

& = CgH;, CsMeg, arene
M = Fe, Co, CoH, Ru

M' = Fe, Co, CoH, Ni, Ru, Rh, Os
B = BH, B-alkyl, B-Cl, B-Br, B-|

Figure 5-20 Synthesis of
multidecker sandwiches via
metal stacking reactions.

i
B
H’ l ‘HRI
M
e t>
Triple-decker -n
Sandwiches '\."
—B~_
e B\@/B
Ml
B B B
\C ~—— cf
R I "B
M
@IDD
Tetradecker
Sandwiches
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Sources: J. Ribas Gispert: Coordination
Chemistry, Wiley 2008; J. Sima et al.,
Fotochémia, Principy a aplikacie, STU
Bratislava 2011

Photoreactivity
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Molecular Orbitals

Figure 15.1 A general molecular orbital diagram for an ideal
octahedral complex. The electronic transitions that may occur

between the orbitals are shown

2 Solvent
e CTTS IL orbitals
P , ’; Gy e e —_—
MLCT .
S_;" _____ : Electron transfer types:
e LF-ligand field
t 3_" LF LMCT e LMCT - ligand to metal
d ki kil 10Dq charge transfer
Metal e MLCT — metal to ligand
Orbitals charge transfer
. e CTTS — charge transfer
to solvent
e IL-inter
G Any charge transfer band
Ligand may produce charge
Orbitals separation followed by a

photo-redox reaction.

Molecular orbital diagram with possible

electron transfers
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i . Absorption
Possible pathways: of light
Unimolecular processes l
e d-d Equtro_nic
. CT excrtlon
Bimolecular processes Dissipation
* redox (e transfer) meshaniSie

e energy transfer (quencher)

e collisional deactivation
Radiative \ Radiationless

Mechanisms mechanisms

| N

Quantum yield ©

(1) Fluorescence
(2) Phosphorescence

Chemical Physical
(1) Internal conversion

(2) Intersystem crossing

_ number of events occurred
number of photons absorbed net effect

l Light—s=Light [Light—»Chemistry Il Light—»Heat I

Figure 15.4 Outline of the many pathways through which the
excited state can dissipate the energy gained in absorbing a

photon.
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-.._ Isc
ic T The.
o
|
~~._lsc ! y ic
ic Tl I" !
-~ . f‘ T2
S |SC ’

" ! y 2

General Jablonski diagram

Singlet ground state

fluorescence — from excited
singlet states, fast

phosphorescence — from
triplet states, delayed

Figure 15.3 A general Jablonski diagram. a and a’ stand for
absorption of light; f for fluorescence, p for phosphorescence;
ic for internal conversion, isc for intersystem crossing. S

stands for singlet and T for triplet.
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Jablonski diagram, for Cr(lll)

d* Tanabe-Sugano Diagram

l}}g %433

_ 80
A + Internal Conversion

T0 1

4T i : :;‘11,,
2g Intercrossing system :
& 60 1 Tg

ZEg

50 1 *T,
ABSORPT[CFN FLUORESCENCE “
PHOSPHOR &= 40-

Ing
30 1
4A29 ;;13
g
Figure 15.5 Jablonski diagram for an octahedral complex
: A,
40 50




|dentification of the excited state

[Cr(CN),]3 + DMF —> [Cr(CN).DMF]? + CN-

observed: solvation + phosphorescence

4
Xanthone* — T1g
— |

5 ‘kA——L—“Tz —> REACTION
[Ru(bpy)l*; B
\\‘ v ‘2Eg (1 )O
Aq) Oxygen
N v
PHOSPH.
\L‘V 4A29
SENSITIZERS QUENCHERS

Figure 15.7 Example of identification of the excited state

EXPERIMENT

* + excited xanthone* (high energy
sensitizer): population of both
excited states (*T,,, %E,) ->
phosphorescence + solvation
observed

e + [Ru(bpy);]*** (medium energy
sensitizer): only *E, level
populated ->only
phosphorescnce observed

e +quencher (10,) ->only
solvation

Conclusion: phosphorescence is

due to 2Eg term, solvation is due to

T, term.
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Photo — redox reaction

Eox.

e

OV A AV a W e VAV aW oW a WV o VoW W o Wl oW UV oW oVl oW oVl WaV v aVvavavan
IIIXIIIIIIIIIIIIIII R RN RN YRR LR RS IR
lEred. I Eox. |  MORE OXIDANT

E., MORE REDUCTANT

\

‘GROUND STATE I [EXCITED STATE }I

Figure 15.10 Variation of redox potentials in photochemical processes.
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Redox processes “classical” and initiated by light - comparison

Photoredox processes — often higher reaction rate (overcoming formation of the activated
complex)

[Ru*(bpy)s]?* + S,08%

|

_ PHOTO
Activated =108 M-1 &1
hv=2.12 eV comple | BE e
o U
I AE \ ks
AN, S— L k=103M"1sT
2+ 2 :
[Ru(bpy)sl™ + S20s I \ y CHEMICAL OXIDANT

[Ru(bpy)s]** + SO4%
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[Ru(bpy);]?* complex

SiRut(boy)sP*
M EXCITED STATE
A =452 nm
086V 084V t,,> T*! triplet (longer
hvl|l 212V lifetime)
[Ru(bpy)3]3+--————->ﬂ[Ru(bpy)3]2+ » [Ru(bpy)s]* | GROUND STATE
126V 128V t," low spin (singlet)
Figure 15.11 Redox potentials in the [Ru(bpy);]** system.
OXIDIZING AGENT (REDUCTION)
Ground state: [Ru(bpy);]?* + e -> [Ru(bpy),]* E=-1.28V
Excited state: 3[Ru*(bpy);]** + e -> [Ru(bpy),]* E=+0.84V (difference—-2.12V)
REDUCING AGENT (OXIDATION)
Ground state: [Ru(bpy),]3* + e -> [Ru(bpy),]?* E=+1.26V
Excited state: [Ru(bpy);]3* + e -> 3[Ru*(bpy);]?* E=-0.86V (difference—-2.12V)
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[Ru(bpy);]?* - splitting of water upon irradiation

Theory:
reduction of water to hydrogenatpH=7 E=-0.41V
oxidation E=+0.82V

Reaction 1 — Reduction of water by the *[Ru*(bpy);]** photoexcited state:

2 3[Ru*(bpy)5]** +2 H,0 ->H, + 2 OH™ & [Ru(bpy),]** E=+0.45V

Reaction 2 — Oxidation of water by the [Ru(bpy);]** produced by 1

4 RU(bpy)3]3+ 2 HZO -> 02 +4H +4 [RU(bpY)3]2+ F=+044V

Problem: numbers of exchanged electrons are not compatible
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[Ru(bpy);]?* : Sensitiser for hydrogen production

‘ Ru(bpy)sP* I hv oxidative
[Ru*(bpy)a]** qguencher:

methylviologen

Decomposition

TEOA

TEOA = N(CH>-CH>OH);
+/— —\ + :
MV2+= ch"N N'CH3
/2
H-O TEOA — sacrificial donor

Figure 15.30 Photochemical H, production from H,0.
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[Ru(bpy);]?* : simultaneous hydrogen and oxygen production

H,0
Pt two-catalyst system
R (RuO,, Pt)

A Gratzel and co.
Hy I
Y

[Ru(bpy)s]** + Mv2+—h—r- [Ru(bpy)s]*" + MV*
‘ vV

H,O

|

RU02

f

02
Figure 15.31 Photochemical H; and O, production from H,0
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Luminescence of anthracene — influence of pH and anion coordination

pH dependence of
the molecular

@Q b= CHEOE @ I = 60% Q@ movement;
OH, H,0 Q - Q L=02% | the highest emission
HN®D — o = = - is due to the longest
H* \ H* \ .
/ - T distance anthracene
L~ (et Coghy | oo
N---N\ N";g‘ N N"% N
i i Ci?
. OH, OH
Q= Ni*
g Anion-binding-controlled switch
R - O _ ,
COG O tetracoordinated Zn“* bound to the
- 0 O tripodal ligand; the 4t position
/ + Zn2* n2_2n_N \ occupied by an anion or a solvent
—_— ~ —
HzN/\,NI N”*z MVexc molecule.
NH, ) Ee/ [Zn"'L]?* - blue fluorescence of the
" ‘-; anthracene fragment
NMe, NO, oy + carboxylate — quenching due to

O@G ferrocene

Figure 15.16 Effect of the anion coordination input on luminescent properties

intramolecular ECT
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Antenna effect

LIGHT ABSORPTION

NN

/ ENERGY
TRANSFER

Absorption hv

Ligand(s)

Energy
transfer

- W e o om w owm ow o
D I TS e R ——

Antenna

Emission
(or redox reaction)

Figure 15.17 Schematic drawing of an antenna and antenna effect.

Antenna — multicomponent system:

» several chromophoric molecular species absorb the incident light

» the excited photon (different energy) is transported to a common acceptor
» higher yield of useful energy (photosynthesis!)
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Dyads for charge separation

(A)

electron transfer

0
Charge separation O‘e
or
Charge recombination e o)

CHROMOPHORE

Dyads based on porphyrin chromophores

Dyads :
2-component
systems;
suitable electron
donor and
acceptor,

charge-transferring

chromophore

Charge separation in porphyrin-catenane derivatives
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Fluorescent ( or luminescent) chemosensors

are systems that modify their light emission (both enhancement or quenching) through

chemical parameters: pH, complexation of metal ions, anions, molecules (O,, NO).

Metal-ion sensors:

e chelation enhancement of fluorescence (CHEF)
e chelation enhancement of the quenching (CHEQ)

R R
- ~
» (° Ox -
N N
OH \O 0-/ OH
R=H,CI

Figure 15.26 A fluorescent chemosensor for Mg™.

A positive fluorescent sensor for Mg(ll)
in living cells — does not function with
Ca(ll), non sensitive to pH changes
biological application
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15.4 Applications (Present an

fluorophore

group
High fluorescence

High fluorescence

L.ow fluorescence
Figure 15.27 Azacryptand as fluorescent chemosensor for Cd*.

Fluorescent chemosensors

Example of a highly
stable cryptand ligand
sensing toxic Cd(Il)
ions (and some other
divalent ions)

Without metal:
intramolecular PET
takes place
(photoinduced
electron transfer)
Metal in the cryptand
cavity - fluorescence
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General methods of synthesis of the complexes

2 common situations:

/7

** metal salt is soluble in water, but it needs acidic media (hydrolysis) > ligand is basic

/7

< metal salt is soluble in water € ligand is insoluble in water

Reactions in agueous media

water behaves as a ligand

uncharged particles are poorly soluble

Reactions in non-aqueous media

hydrated salts (e.g. CuSO,-5H,0) are insoluble

charged particles are poorly soluble
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1. Substitution reactions in aqueous solutions

Excess of ligand, reaction time varies — inert vs. labile ions

Labile — quick reaction, no mixed-ligand complexes:

-4 H,0 SO, counterion
[Cu(H,0),]>* +4NH, _—= [Cu(NH;),]** [Cu(NH;),1SO,(s)

blue deep blue (ink) EtOH cosolvent

Inert — longer times, heating, mixed-ligand complexes

3- ,_ 100°C, 2h . K* counterion
[RhClg]*~ +3 C,0, [Rh(C,0,);] . K;[Rh(C,0,),]
wine red yellow evaporation

water, heating

[PtCI,]* + en [PtCL(en)](s) +2 CI~
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2. Substitution reactions in nonagueous solvents

a) ligand is isoluble in water — another solvent miscible with water

[Fe(H,0)¢]** + 3 bpy ——> [Fe(bpy);]** + 6H,0
water ethanol

b) metal ion undergoes hydrolysis — competition between the hydrolysis and the complex
formation

[Cr(H,0)¢]** + 3 en *%[Cr(en)g,]% + 6H,0

water water

reality: [Cr(H,0)¢]3*+3en — > [Cr(OH),(H,0)(]%s) + 3 Hen*

Solution:
anhydrous CrCl, in dry ether — slow, but gives the product, [Cr(en);]Cl,

Reaction in liquid ammonia:

CrCl; + 6 NH; (lig) ——  [CrCI(NH;):]Cl, + [Cr(NH;)]Cl5 mixture of products

purple pink yellow
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3. Substitution reactions on metal ions in more labile oxidation states

Cr(Ill), d® - small addition of a reducing agent (Na), Cr(ll) d*

Co(ll) reacts, the product is oxidized to Co(lll)

[Co(H20)6]CI2 +6NH; —— [Co(NH3)6]CI2 + 6 H,0
pink rose

[Co(NH,)(]Cl, + 4NH,Cl + 0, —> 4 [Co(NH,)(]Cl, + 4 NH, + 2 H,0
orange

substitution of a volatile ligand
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4. Substitution of weekly bound or volatile ligand

Volatile ligands: CO, NH;, H,0, driven off by heating, replaced

250°C
[Pt(NH,),]Cl,(s) trans-[PtCl,(NH;),] + 2 NH; (g)

CO: labilized by irradiation
“superaromatic molecules”,

[W(CO)¢] hv CO(g) + W(CO)s + PPh; [W(CO)5(PPh;)]

coordinating, volatile solvents (acetonitrile, tetrahydrofuran (THF) , ethers) — precursors

Zn, heating, [CrCl,(C4Hg0)s]

CrCly(s) + 3 THF

5. Ligand construction or destruction by reaction of coordinated ligands — see the chapter 9
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Uverejnéné materialy jsou uréeny studentiim Vysoké skoly chemicko-technologické v
Praze jako studijni material. Néktera textova i obrazova data v nich obsazena jsou
prevzata z verejnych zdroju. V pripadé nedostatecnych citaci nebylo cilem autorky
zameérné poskodit autora/y pavodniho dila.

S pripadnymi vyhradami se prosim obracejte na autorku tohoto vyukového materialu,
aby bylo mozno zjednat napravu.

<4 4> <

The published materials are intended for students of the University of Chemistry and
Technology, Prague as a study material. Some text and image data contained therein
are taken from public sources. In the case of insufficient quotations, the author's
intention was not to intentionally infringe the possible author(s) rights to the original
work.

If you have any reservations, please contact the author(s) of the specific teaching
material in order to remedy the situation.
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Essential elements

Sc Ti \'%
11.3,11.4
19.3 13.4,14.1
Y Zr Nb
18.2 15
18.3 18.2 18.3
Cs Ba La Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
18.2 15 114 17.5 17.4 17.2
18.3 18.2 14.2 17 18.3 19.2 19.4 183191 | 18.3 18.3 19.1 18.2 18.2
Fr Ra Ac
18.2
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
18.2 18.2
Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
18.2 18.2 18.2

Figure 1.4

Periodic table of the elements. Indicated are the chapters and sections in which each element is discussed in this book. . essential element;

@ presumably essential element for human beings.

Essential: daily dose from 25 mg A human body contains also non-
essential elements (Rb),
contaminants (HQ)

Metals: electrolytes, structures, biomolecules
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Which elements? Where?

metalloenzymes — ca. 40% of the known enzymes, esp.
oxidoreductases (Fe, Cu, Mn, Mo, Ni, V), hydrolases (Zn, Mg, Ca, Fe)

nonenzymatic metalloproteins (haemoglobin: Fe)
low-molecular-weight natural products (chlorophyll: Mg)
coenzymes, vitamins (vitamin B,,: Co)

nucleic acids (e.g. DNA™ (M*),: M = Na, K)

hormones (thyroxine, triiodothyronine: I)

antibiotics (e.g. ionophores: valinomycin/K)

biominerals (e.g. bones, teeth, shells, coral, pearls: Ca, Si ... )
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Biological function of inorganic elements

The assembly of hard structures, endo- a exoskeletons, membrane integrity, DNA
structure. Ca, Mg, Zn; Si, P, S, O, C, F.

Charge carriers for fast information transfer. Na, K, Ca, Mg

Formation, degradation and metabolism of organic compounds, hydrolysis. Zn, Mg

Transfer of electrons (energy conversion). Stabilisation of several unusual
oxidation states by bioligands. Fe(l)/Fe(ll)/ Fe(lll)/Fe(1V); Cu(l)/Cu(ll);
Mn(ID/Mn(IID/Mn(1V); Mo (IV)/Mo(V)/Mo(V1); Co(D)/Co(ID/Co(l); Ni(D/Ni(1)/Ni(lIT)

The redox activation of small, highly symmetrical molecules

hydrogen (Fe, Ni, Se)

oxygen (Fe, Cu uptake, Mn production)
nitrogen (Fe, Mo, V)

carbon dioxide, C1 chemistry, (Ni, Fe)

generation of radicals
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Biological ligands for metal ions

Inorganic molecules and ions:
phosphates, carbonates, water, oxides, hydroxides, sulfides

Little is known about: lipids, carbohydrates;
small organic molecules
exception — ascorbate, Fe(l)/Fe(lll)

flavins

The most important: PROTEINS

MACROCYCLIC CHELATE LIGANDS
NUCLEIC ACIDS
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Ligands 1: PROTEINS

Donors are the functional groups in the side chains
The peptidic group —C(O)-N(H)— leads to higher dielectric constant
(“protein as medium”)

The most important aminoacids: HSAB principle

zn(ll), Cu(ll), H, o _

Cu(l), Fe(IF—C Histidine. both N, bridge, proton shuttle

Fe(ll), Fe(lll)

Cu(l), Cu(lB—CH5CH4SCH4 Methionine

(Z:n((||||)) Cull—cp,sH Cysteine, pK, = 8,5; o and 1T donor, bridge
u

Fe(lll), :

Fe(ll), Mo, NI~ CH2SeH Selenocysteine, pK, = 5;

Fe(lll) ~ —CHa @ oH  Tyrosine, pK, = 10; forms: neutral, anion, tyrosyl radical

I\F/len((l:lll))’ —CH,COOH Glutamate

Fe(ll), Zn(ll), pK, = 4,5; bond n' syn,anti, n?, p

Mg(ll), Ca(lly CH2eH2000H Aspartate

Less frequent: Serine (-CH,OH), Threonlne (-CH(OH)CHy), Lysine (-(CH,),-
NH,), Tryptophan (indoyl group) .

HN NH2
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Table 2.5 The most important metal-coordinating amino acids.

o amino acid Side chain, R R-*CH(NH;")CO,~

NH
H

PKa=6.5 +H* ﬂ - H*

histidine (His) —BCHQ—T{{;@ == —BCHz_Y(/a\ jll\l
pKa=14 +H* ﬂ - H* (taum@mer)
methionine (Met) —CH,CH.SCH3 aspartic acid (Asp) —CHQCOC®
cysteine (Cys) —CH,SH) glutamic acid (Glu) —CH,CH,COGH)

selenocysteine (SeCys) _CH28®

tyrosine (Tyr) _CH2©® @ acidic protons which may be substituted by |

a metal
[@NoloN




Ligands 2: Tetrapyrrols, macrocycles

Tetrapyrrols

Porfyrin
Fe
hemoglobin
myoglobin
peroxidases

Ni: coenzyme F,4,

Chlorin
Mg
chlorophylls
Ni
tunichlorin

Korin
Co(ll)
cobalamins
in-plane coordination out-of-plane coordination
(side view) (side view)
b A
\@F/ C@
"doming" of the saddle-shaped "ruffling" of the
macrocycle macrocycle macrocycle

Figure 2.6

Typical geometrical deviations for complexes of tetrapyrrole macrocycles (cf. [31]).
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lonophores —donor O, N
Complexing of hard cations
Lipophilic outside

valinomycin and its complex with K*

ALy
o et

TS

K
(1IN
@c
@o

Figure 2.8

Molecular structure of the K*/valinomycin complex. Reprinted with permission from [35] © 1995

Bioorganicheskaya Khim/Springer.

Bioinorganic Chemistry: Inorganic Elements in the Chemistry of Life — An Introduction and Guide, Second Edition.

Written and Translated by Wolfgang Kaim, Brigitte Schwederski and Axel Klein.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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TR - | E— T = I

_ . S Ligands 3: Nucleic acids
Nucleobases - pairing

Metals influence pairing of nucleic acid polymers (H-bonding)

+ Pairing of nucleobases inside DNA, complementarity of A-T and G-C
+ Metal atoms: Mispairing possible (carcinogenic effect), e.g. T-G

Figure 2.9

Example of a metal complex/oligonucleotide interaction (PDB @ @ @




Metals: equilibrium of tautomers, cytosine

NH, NH

NH

I\%/LK/H ij __ HN |
oy N o
R R R

H
|
HsG  Drmee HN N H,C  OH-----O N
Da N COMY
/7 NH--—-N_ )N, /" “NH-----N N\R
,N_< \:N R ’N4<\ >:N
R O R O--HN
H
correct pairing: T —A wrong: T — tautomeric form of G
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Characteristic features of the bio-coordination compounds

1. Coordinatively unsaturated, or H,O (not specialized electron transf.)
2. lIrregular geometry, non ideal polyhedra
3. Size and shape of the substrate determined by the protein

Figure 2.4

Structure of the proteolytic enzyme thermolysin (see Section 12.3) as determined by x-ray diffraction.
The folding of the polypeptide chain of 316 amino acids (molecular mass 34 kDa) is shown in «
carbon-backbone representation; that is, without depicting the side chains. Represented by spheres
are the positions of four structure-stabilizing Ca®* ions (green) and of the catalytic Zn>* ion (dark
grey), the detailed coordination of which (2 histidine, 1 glutamate, 2 H,O) is shown in the insert
(PDB code 1LNF) [15].
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Entatic state

8 )
o) [0
& 3
reaction coordinate
1 ey 7 AN Roles of protein:
‘ *bond
5 3 -spa_tlal fixation
a ® eenvironment
reaction coordinate reaction coordinate
Figure 2.5

Energy profiles for catalyzed reactions at various degrees of sophistication. Upper left: con-
ventional representation of the reduction of the activation energy Ex — E’A upon transition
from the initial state, A, to the products, P. Lower left: reduction of E5 by introduction of an
“entatic” (strained, high-energy) enzymatic catalyst, C, which largely provides the preformed
transition-state geometry of the substrate/catalyst complex. Upper right: realistic, multistep
catalysis involving a new reaction pathway. Reprinted with permission from [19] © 1989,

American Chemical Society. Lower right: realistic enzymatic catalysis.




METALLOBIOMOLECULES

N

PROTEIN SYSTEM(

T~

NON-PROTEIN SYSTEMS

/

STORAGE

ENZYMES

TRANSPORT

AND
TRANSPORT

-
-
-
-

e~

HYDROLASES

¢

\\SIDEROPHORES

]!

T~

PHOTO-REDOX

!

CHLOROPHYLL (Mg)

OXIDOREDUCTASES

CARBOXYPEPTIDASES (Zn)
PHOSPHATASES (Mg, Cu, Zn)
UREASE (Ni)

{

SYNTHASES

L

OXYDASES (Fe, CU, Mo)
NITROGENASE (Mo/V, Fe)
SOD (Cu-Zn, Mn, Fe)
MONOOXYGENASES (Fe, Cu)
catalases, peroxidases (Fe, Mn)

VITAMIN B12 (Co)
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STORAGE AND
TRANSPORT

//j\>

OXYGEN

4

ELECTRON

4

METALS

L

MYOGLOBIN (Fe)
HEMOGLOBIN (Fe)
HEMERYTHRIN (Fe)
HEMOCYANIN (Cu)

Fe-S PROTEINS
CYTOCHROMES (Fe)
BLUE COPPER PROTEIN (Cu)

FERRITIN (Fe)
TRANSFERRIN

METALOTHIONEIN (Cu, Zn)

@00




Example 1: Chlorophyll - Mg

2 functions:
1. light harvesting, highly organized antenna — 98%
2. charge separation — 2%

Figure 4.3

Structure of a one-dimensional aggregate occurring in crystals of ethyl chlorophyllide dihydrate.
Reprinted with permission from [12] © 1975, American Chemical Society. The 7 electron conjugation
is represented by thick lines, hydrogen bond links via water molecules by broken lines.

CH,

chlorophyll a

LAZULL Tek

Light-harvesting architectures for Rhodopseudomonas acidophila, as seen from the top (top) and the

side (bottom) (PDB code 1KZU).
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bacterio- .. special pair presentation of the temporal and spatial sequence of the light-induced cha
m center of bacterial photosynthesis (Rps. viridis, according to [4,10]).

chlorophylls LR
E -y - N _‘,'é’ '"'“{':\ L™ bacteriochlorophyll; BP: bacteriopheophytin; Q,,: quinones.

2
.. ] S ©
4 i < A . £
N P ’fd?;{’ é Why Mg:
bacterio- “* ' , N _ - - : .
Sheon NS e Fe : " light (no spin-orbital coupling)
""""""" T G R ox. state +Il only
. 2 : g ce . .
quinone 1 QUIRene T Lewis acid — structures
available
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Example 2: Cobalamines, Co

STRUCTURE OF COBALAMINES

@ = CHs3: methylcobalamin
(MeCbl or MeB,5)
CN: cyanocobalamin
(vitamin By5)
OH: hydroxycobalamin
(vitamin B42,)

R:  5’-deoxyadenosyl-
cobalamin
(coenzyme B4, or AdoCbl)

R = 5’-deoxyadenosyl

HO OH
O
e
HOH,C © N
NH,
axial ligands:
*N-donor 5,6-dimethylbenzimidazol _
-C-donor CH,R (MeCbl, AdoCbl) ROLE: methyl transfer

*ORGANOMETALLIC MOLECULE STABLE IN WATER!
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Table 3.1 Co(B,)dependent enzymes and their occurrence in organisms.

Co(B,)dependent proteins

Organisms

(a) adenosylcobalamin(AdoCbl)-dependent isomerases
methylmalonyl-CoA mutase (MCM)

isobutyryl-CoA mutase (ICM)

ethylmalonyl-CoA mutase (ECM)

glutamate mutase (GM)

methyleneglutarate mutase (MGM)

D-lysine 5,6-aminomutase (5,6-LAM)

diol dehydratase (DDH)

glycerol dehydratase (GDH)

ethanolamine ammonia lyase (EAL)

(b) methylcobalamin(MeCbl)-dependent methyltransferases
methionine synthase (MetH) —

methyltransferases (Mta, Mtm, Mtb, Mtt, Mts, and Mtv)
methyltetrahydromethanopterin CoM methyltransferase

subunit A (MtrA)

(¢) By2-dependent reductive dehalogenase (CprA)

archaea, bacteria, eukaryotes
archaea, bacteria, eukaryotes
archaea, bacteria, eukaryotes
archaea, bacteria

archaea, bacteria

bacteria

bacteria

bacteria

bacteria

bacteria, eukaryotes
archaea, bacteria
archaea

bacteria
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Methionin synthase

Figure 3.2
Representation of the structure of B, binding domains of methionine synthase (PDB code 1BMT)
[11]; base-on/base-off configurations shown for the coenzyme.

Bioinorganic Chemistry: Inorganic Elements in the Chemistry of Life — An Introduction and Guide, Second Edition.
Written and Translated by Wolfgang Kaim, Brigitte Schwederski and Axel Klein.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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Reactivity S e
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-
Proposed mechanism:
H
R-CH,—[Co'] \'/l\
T reversible (!) -
[Co'] homolysis X
- R-CH," - kinetically

H abstraction

R.CH, + \/\

X

1L 1,2-shift

X

R-CH3 + \/L\'
X

:,',,

.......... - T

’ c? \}‘n = ’ %

LG i P,
./CO S
1N Y N
_____.l_) LR AN >

i

reductive elimination

thermodynamically
controlled step

oxidative addition

controlled step

-t

Why Co:

redox active, able to bond
methyl reversibly

kinetic inertness of the LS
Co(lll)
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Example 3: Hydrolases, Zn

Lewis acid, substrate polarization

% 2+ K \ +
i B N —Zn-OH, . == _zn-oH! +w’
Zn<" =— = substrate / Y

(water activation!)

/ /
H H
\ \
_zn?*—Q — _zn"—0
4 H (i) 4 PN
v N7 ONH *HN?Z “NH
\XS&; Hi354
. . HCO3_ ‘B
Hypothetical mechanism .
(V) (ii) BH*
H,0
/
Thrygg /H'
+_
H.o” >CH, A4
o N7 NH




Table 12.1 Representative zinc-containing proteins.

Molecular
Zinc protein mass (kDa) Ligands Function
carboanhydrase (CA) 30 3 His hydrolysis (12.6)
1 H,O
carboxypeptidase (CPA) 34 2 His hydrolysis (12.2), (12.11)
1 *-Glu
1 H,O
thermolysin 35 2 His hydrolysis (12.2)
I n*-Glu
1 H,O
5-aminolevulinic acid 8 x 35 ] x | 3S condensation (12.18)
dehydratase (ALAD) 1 N/O
alcohol dehydrogenase 2 x40 [ 2 Cys oxidation of 1° or 2° alcohols via
(ADH) 2 x {1 His NAD™ (12.19)
| 1 H,O
glyoxalase 2x23 2 x (2 His reduction of a-dicarbonyl
2 x {2 Glu? compounds by glutathione (12.21)
2 H,O
superoxide dismutase 2x 16 [ 2 His disproportionation of O,* (10.15)
(SOD) 2 x 11 w-His™
L 1 Asp
transcription factors TFIIA: 40 { 2 His structural function: formation of
2 Cys specifically folded domains
GALA: 17 2x 4Cys
insulin hexamer 6x6 B i 3 His structural function: stabilization of
nL oligomeric storage forms
metallothionein 6 <7 x 4 Cys transport and storage protein
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Carbonate dehydratase, carboanhydrase, CA

H,0 + CO, === HCO; + H*

enzymatically accelerated 107 times, to a diffusion-controlled limit

Key reaction in :

1. photosynthesis

2. breathing

3. calcification and de calcification

4. pH regulation
in human erythrocytes, CA is the most abundant
protein component after haemoglobin
Several structurally similar but differently effectives
and pH-dependent variants

human CA IlI: 3 His, H,0, deformed tetrahed FONgigure 121

tructural representation of human CA 11, showing the protein folding and the Zn** coordination to
Iocated at a bottom of a deep Cleft three imidazole rings of histidine side chains (PDB code 4CAC) [8].
network of water molecules, the rate determining

step = proton shuttle

simple CO, hydration — slow, half-life 20s
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Zinc Fingers

gene regulatory protein, loops
Zn “bridges” are stable (comp. with disulfides)

typical sequence

Cys-X, 4-Cys-X;-Phe-Xg-Leu-X,-His-X; ,-His

Phe Lt\eu
l S~ Hi
z 2+/ >
n
Cys’/ \Hi

zinc finger modular unit from TF llIA

zinc finger

protein

Figure 12.6
Schematic representation of the interaction between DNA and a zinc finger protein.

Yeast transcription factor:

\/\/
/\/\

zinc coordination by 6 Cys™ in the yeast transcription factor GA" @ @ @ \




Insulin

T state R state

Figure 12.7

Arrangement of the imidazole rings of histidine ligands from three different insulin peptide
around one structurally coordinating Zn’>* center in T- and R-states of a 2-Zn/insulin hg
(according to [48]).

Why zinc:

* no redox activity

o easy deformation of coordination
polyhedron — entatic state

» small coordination number (sterically
available)




Example 4: Oxygen production, Mn

thylakoid membrane

ATP

cytochrome b/f
PS II/OEC complex PS | ATP

synthase

Figure 4.6

Structural organization of the lamellar thylakoid membrane of higher plants, with the following
components: two photosystems (PS) and two light-harvesting complexes (LHC), an oxygen-evolving
complex (OEC) at PS II (Section 4.3), a cytochrome b/f complex (Section 6.1), plastoquinones
(PQ/PQH,; (3.12)) and plastocyanin (PC; Section 10.1), several iron—sulfur centers (FeS; Sections
7.1-7.4), soluble ferredoxin (Fd) and the flavoprotein Fp (Ferredoxin/NADP reductase) and ATP
synthase as the center of photosynthetic phosphorylation.
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Active site of OEC (Oxygen Evolving Complex)

@0
« Ca
®Mn

Figure 4.9
Metal coordination arrangement in the OEC from a 1.9 A resolution x-ray crystal structure determi-

nation of PS II from the thermophilic cyanobacterium 7. vulcanus (PDB code 3ARC) [23].

Bioinorganic Chemistry: Inorganic Elements in the Chemistry of Life — An Introduction and Guide, Second Edition.
Written and Translated by Wolfgang Kaim, Brigitte Schwederski and Axel Klein.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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Stepwise reduction of 4 Mn cluster, parallel electron + proton flux

- 5 oxidation steps, Kok cycle
tion center via .

:irtohsﬁnr:?gc:%ll cation flash photolysis, EPR

_ S,: spin ¥2, more Mn nuclei.

e e e e
' ! * ' maybe Mn'"Mn'V,
lﬁhy hv hv - hv 2 ) o,
2H,0 ———_So ’\:‘ Sy 4’\‘ Sz 4‘\ 3 4’\' 'l =
; H+ H+ H+ H+
40 ms 100 ms 250 ms ~1ms

Mn 4 cluster:
1. containment for electrons
2. non-30, retaining catalyst

to the aqueous phase

H*, O,

Why Mn:

* many ox. states

» labile bonding of ligands
* remarcable stable high-

M”T spin states —20,
Qo Mn**
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Spin compatibility

Incompatible spins — high activation barrier, slow reaction — hydrogen +
oxygen

(spin-
inhibited)
H-H + H-H + 0=0 —> O~y + O~y (atom balance)
™ ™ ™ M N ™ (spin balance)
S=1 S=0

(4.12)

The hypothetical spin balance (4.13) shows the possible function of catalytic metal
centers with variable spin quantum numbers § = n/2.

2H,0 + (Mn—Mn)™ 30, + (Mn=Mn)4*+ L 44+

Ny ' M Wi (4.13)

S=0 S=1/2 S=1 S=3/2
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Example 4: Oxygen assimilation, Fe, Cu

Table 10.1 Correspondence of iron and copper proteins.

Function Fe protein Cu protein

O, transport hemoglobin (%) hemocyanin
hemerythrin (nh)

oxygenation cytochrome P-450 (h) tyrosinase

oxidase activity

electron transfer
antioxidative function

NO, ™ reduction

methane monooxygenase (nh)
catechol dioxygenase (nh)
peroxidases (/)

peroxidases (nh)

cytochromes (h)

peroxidases (h)

bacterial superoxide
dismutases (nh)
heme-containing

nitrite reductase (h)

quercetinase (dioxygenase)

amine oxidases

laccase

blue Cu proteins
superoxide dismutase

(Cu, Zn) from erythrocytes

Cu-containing nitrite reductase

h, heme system; nh, non-heme system.
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heme

Fe complexes with tetrapyrrols — various functions

X

(Fe-protoporphyrin 1X)

HOOC COCH

tetrapyrrol complexes —
hem proteins

various functions;
modulated by the
surrounding protein
coordination number
6 — electron transfer
only (cytochromes)

hemoglobin,
myoglobin
(section 5.2)

cytochromes
(section 6.1)

cytochrome P-450
(section 6.2)

catalase and
peroxidase
(section 6.3)

cytochrome ¢
oxidase
(section 10.4)
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Coordination modes of O,

O, : non-innocent ligand

coordinative coordinative

bonding bonding
(end-on) (side-on) _
A sigma donor
. zl
X X
back back
bonding o bonding
(end-on) {side-on)
both rt donor + acceptor
z Y
X
Vi X
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Hem structure

-

/ His-64 /

) *
©
Figure 5.4 C

Structure of the deoxy heme unit in Mb and Hb (here shown for Hb, PDB code 2HHB) [13]__
Figure 5.5

Arrangement of proximal (Hisy;) and distal (Hises, Valgs, Phey;) amino acid residues with regard to
oxy-myoglobin (PDB code 1MBO) [13a].

Coordination sphere: 4 N from porphyrin, N from proximal histidine
distal: His, Val, Phe — H bonds

Deoxy: porphyrin slightly domed; less influence to Fe(ll) - highspin, S=2 — compatible with 30,
Oxy form — experimental data:

e DIAMAGNETIC
e 0O, non linear, Fe-O-O angle about 120°
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Possible mechanisms, hem - O,

deoxy form
(paramagnetic)
S=2

spin cross-over

oxy form
(diamagnetic)
S=0

Bonding:
Fe(ll) o-acceptor/m-donor
O, o-donor/m-acceptor

+ 4.
Fe' (d®) high-spin
Al A A
57 | i
Pauling Weiss
AL AL A AL A A
S22 Z ~ TV i
Fe' (d®) low-spin Fe'' (d°) low-spin strong antiparallel
+ 10, (bound) + 20,"" (bound) spin-spin coupling
- o *® \
|Fe =— 0O IFe =—0OF
N NS
RO «®
Fe == o° |Fe «—0°

= NOE Ro) @ DO
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_— \ -
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~ =~ 1
> - _ _ <\
\/ CO

Figure 5.6
Structural changes in the transition from the deoxy (left) to the carbon monoxy form (right) of
hemoglobin (PDB codes 2HHB and 2HCO) [13b,17].

Support for the Pauling model:
dioxygen can be effectively replaced by other m-acceptor ligands (CO, NO)
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Without protein- irreversible, dimerisation
2 —= &

B
2 + 2 @ —_— (|3 u-oxo dimer
B

strategies to prevent reaction (5.12):

u-peroxo dimer

B: nitrogen base

Prevention against dimerisation in e ke to\ _ocH,

model compounds: O’S"‘C”Z’s‘“@u
o—;O

shielding in cavities:

strapped capped picket fen




Alternative O, transport:
hemerythrin (Fe), hemocyanin
(Cu)

HIS-101 =
LI S

ASP-106

dimers, different binding modes

Tigure 5.7
>rotein folding in monomeric hemerythrin, with the positions of both iron atoms (red sphere
ind the structure of the iron dimer center (right) in the deoxy form (PDB code 1HMD) [27].

H H-O
HiSHis\ Cl) s 0 HISHIS\ 5 /O His deoxyhemocyanin (deoxy-Hc) oxyhemocyanin (oxy-Hc)
\F . \Fe4 : \F L -4 4 Gcucu =360 pm
0,
His .
\(Asp) \(Asp) deoxy: colourless
oxy: blue

(GIU) (Glu)

deoxyhemerythrin oxyhemerythrin

Deoxy: colourless, HS Fe(ll)
Oxy: purple (CT band), 2 antiferro Fe(lll), S=1/2,

FGHI(Og_) hv % [FQH(OZ)._]

round state LMCT excited state




Redox Fe/S centers

Essential function in

* photosynthesis

» cell respiration
 nitrogen fixation (plants)
electron transfer, catalysis
various potentials

Aggregation:

a) 1 Fe —rubredoxin
b) 2Fe-2S

c) 3Fe-4S

d) 4Fe-4S, cube

Fe in tetrahedron of S

Cys, sulfides

c.n. 4 — steric reason (S size) + ¥
tetrahedron => HS Fe ) s () [4Fe-4SPr2




Uverejnéné materialy jsou uréeny studentiim Vysoké skoly chemicko-technologické v
Praze jako studijni material. Néktera textova i obrazova data v nich obsazena jsou
prevzata z verejnych zdroju. V pripadé nedostatecnych citaci nebylo cilem autorky
zameérné poskodit autora/y pavodniho dila.

S pripadnymi vyhradami se prosim obracejte na autorku tohoto vyukového materialu,
aby bylo mozno zjednat napravu.
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The published materials are intended for students of the University of Chemistry and
Technology, Prague as a study material. Some text and image data contained therein
are taken from public sources. In the case of insufficient quotations, the author's
intention was not to intentionally infringe the possible author(s) rights to the original
work.

If you have any reservations, please contact the author(s) of the specific teaching
material in order to remedy the situation.

@O0




	01_History
	02_Nomenclature
	03_Stabilization factors
	04_Bonding theories
	05_Colours
	06_Multielectronic systems
	07_Magnetic properties
	08_Molecular orbitals
	09_Reactions of coordinated ligands
	10_Ligand substitution
	11_Electron transfer
	12_M-M bond
	13_Photoreactivity
	14_Bioinorganic chemistry

