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Gerealiseerde Leerdoelen

de chemische binding van essentiéle delen of van liganden in
overgangsmetaal complexen en organometaalverbindingen beschrijven
met behulp van kwalitatieve MO-diagrammen

selektronenovergangen in overgangsmetaalcomplexen correleren met
de eigenschappen van deze verbindingen

ede voornaamste reactiemechanismen in d-blok complexen weergeven

e voor d-blok organometaalverbindingen de basiseigenschappen en
typerende chemische bindingen beschrijven

*kennis van chemische binding, reactie mechanismen en
organometaalchemie

Schuit Institute of Catalysis
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Nog te leren...

seigenschappen van elementen en verbindingen daarvan aan de hand van
de positie in het periodiek system uiteenzetten

eper d-blok metaal de meest optredende oxidatie toestanden noemen en
typische verbindingen met hun reactiviteit

*Kennis toepassen op gecompliceerde (homogeen) katalytische systemen

Wetenschappelijke houding, het denken in overkoepelende termen, loslaten
van het "hokjes denken', herkennen van de onderliggende principes

Schuit Institute of Catalysis
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Inorganic Chemistry 6BA40

Leerdoelen
http://lwww.hybridcatalysis.com/teachingcorner.htm

d-Metaal complexen, moleculaire vormen en isomerie, kristalveld- en
Molecular Orbital Theorie (hoofdstuk 1.6-1.8; 2.8-9; 20, 21)
Elektronen overgangen, magnetische eigenschappen en spectra in
verbindingen van overgangsmetalen (hoofdstuk 21)
‘Reactiemechanismen en kinetische aspecten (hoofdstuk 26)
Organometaal verbindingen van de s-en p-blok elementen (hoofdstuk

19 7 college slides)
Organometaal verbindingen en hun voornaamste reacties (hoofdstuk 24

/7 college slides)
‘Homogene Katalyse, basis kennis (hoofdstuk 27.1-27.6)

ZELFSTUDIE
De eerste reeks overgangsmetalen (hoofdstuk 22)
De tweede en derde reeks overgangsmetalen (hoofdstuk 23)

Schuit Institute of Catalysis
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Erik Abbenhuis

*B.V.; spin-off TU/e
Productontwikkeling: katalysatoren uit nano-grondstof
eDienst: R&D met robotische apparatuur / Custom Synthese




Strategisch Technische & Chemische Innovatie

Katalysator-screening
Miniplants door STW funding
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Strategisch Technische & Chemische Innovatie

Process intensification

Immobilized catalyst screening

Adaptable
Reactions can be heated and/or cooled on the same reactor.
Capable of integration into liquid handling equipment for full
automation.
Scalable
Reactions can be easily scaled from mg to grams to kilos
Efficient
The high pressure / high temperature capability means many
reactions progress to completion in minutes.
Reactions may be optimized "on the fly" to obtain optimum reaction
conditions in minutes.
Safe
Low volume system with high temperature control meaning many
volatile reactions can be safely and at high pressure.




Strategisch Technische & Chemische Innovatie

Custom Synthesis
Kilo Lab door STW funding

oSTW funding: ~k€ 15
Opdrachten ter waarde van ~k€ 103



Strategisch Technische & Chemische Innovatie

Project example
Propene dimerization

XY N _._;'WWw_hybridcataIysis.com

Figure 4 The 4L double walled reactor with internal cooling




Commercieel perspectief
Gebaseerd op huidige projecten

Binnen 3 jaar > 0.5 miljoen € omzet /jr in contractonderzoek

Exploitatie gebruiksrechten op eigen know-how
Klant A: 0.05 — 0.3 miljoen € omzet/jr vanaf nu

Omzet in productie nano-tech POSS katalysatoren

Klant B: kans op 1 tot 25 miljoen € omzet/jr over 1-10 jaar
Klant C kans op 2 tot 10 miljoen € omzet/jr over 2-5 jaar

Investeringen Launching Customers: g
Klant B: k€ 188; Klant C k€ 120

Een eerste impressie van hoe Catalyst eruit
zou kunnen gaan zien.



Metal Allyl Bonds
Bonding Modes

i 7. :
/\ d’CI‘Pd X

.Fe H < = >Ni*
oc A=
H
n- coordination n3- coordination ni- n?- coordination

® Syn and anti protons can be distinguished in 1H-NMR spectrum

® Dynamic behaviour (isomerization) on the NMR time-scale often leads to
averaged signals

H3 H3
H H3
Syn H2 AN H2 _ HL N H1 Syn
-« -«
: H | :
anti H* | H* o M H> | H?anti
M J M

® Allyl metal complexes are important intermediates and metal-precursors
In catalytic reactions

Schuit Institute of Catalysis
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Metal Allyl Binding
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Metal Allyl Bonds
Synthesis

® protonation of 1,3-diene complexes

A /\/

/\Fe/\ HCl ,I-\ Cl
— »  Fe—

oc” \'co 7/ \'co
CcO OoC  “co

® reaction of metal halides with an allyl-Grignard reagent

2 WMQBF + NiCly, ———>» /fél\”y/ + 2 MgBrCl

® allylic substitution reactions

X
AN+ PAPPhs ——— [Rpaxppny),

X =0Ac, OE,OR
O

® reaction of a metal-hydride with a 1,3-diene

/,—V —
HCo(CO), + N _— I + |/I\
-CO Co(CO); Co(CO)3

Schuit Institute of Catalysis
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Cyclopentadienyl Metal Complexes
Metallocenes

H H
H H H H
*. *@
H H H H
® |mportant Ligand in Organometallic Chemistry

® Frequently used Ligand in Organometallic Chemistry: 1990: ~80% of
Organometallic compounds contain the Cp Ligand

® Electron-Buffer Ligand: ni; n3; n°coordination common

Schuit Institute of Catalysis
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Cyclopentadienyl Metal Complexes
Metallocenes

5

bﬂ éw

(C:Hcg),Fe + 2 NaCl

FeCl, + 2 NaC:H.

Anorganische Chemie, 6BA40



18 Electron Rule
Octahedral Complex Including z-Bonding

’ \\ tlU
, \
\
\
/, \
\
A\ *
T e Loy (%)
1u L’ I' e
7 1 v
4p ‘\\ III \\‘ S.o R ng
\ 1 - \ * ’
‘\L———’ﬁl,,—’ ‘0 a]_g \ /
4S A ————— \ ! \\\ \ /’/ .
g = i ek e Strong n-bonding
\ v - ‘g A ; ; .
NN interaction with CO

< Y
- \ ]
3d < ’h’ II\ A I\\\\ //\\\ \

ANY

S \ A RS / N
N \ S / N N
g9 ~ ' 29 \ NN ,1: (TE)\\ S
\\ \\ \ zg \ \\)
S \ \ \
S \ \ \
\

U E,
R \\\ ‘\‘ /,’:f\’\: %l\ Tlu
\ 0 2R Agg

Cr Cr(CO), 6 CO

Schuit Institute of Catalysis
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d-Metal Complexes
m~Bonding, Donor & Acceptor Ligands

n-acceptor ligands increase A,

b=

ligands

ligands metal
Il=\
f 7: T

metal

?_é?}; by a‘% |
\4%%2 AR \\'\%.QEI'
W

n-donor ligands decrease A,




Cyclic Polyene Ligand Metal Complexes
The Perimeter Model

® How to find the right set of Ligand Group Orbitals (LGOs)?
® \What about the relative order in energy?

L Symmetry provides an elegant way to determine a qualitative picture
- draw the figure in a way that one corner points down
- draw one line for a corresponding MO per corner on the same level
=> this gives a qualitative picture of the MO-scheme for the perimeter

a A a

® Only the p, orbitals contribute to the LGOs
=> The symmetry types can be found in the character tables

Schuit Institute of Catalysis
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Cyclic Polyene Ligand Metal Complexes
The Perimeter Model

ety
=0 W

a'

® Only the p, derived LGOs contribute to the binding with the metal

Anorganische Chemie, 6BA40



Cyclopentadienyl Metal Complexes
Metallocenes

@ e, 0 e,
see also extra information
3d,2.,2 Ch24_ ferrocene

Anorganische Chemie, 6BA40



MO diagram for a D, Metallocene
- <1

® The 18 electrons of ferrocene will
fill the orbitals up to the a’,
orbital.

» This is the most stable situation
for a metallocene.

1 » Cp-provides alarge ligand field
splitting, comparable to CN-.

T U/e D. Vogt Anorganische Chemie, Organome t_22 L
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Types of M-C Bonds in the Periodic Table

Anorganische Chemie, 6BA40
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Reactivity of Metallocenes

® Maximum stability for d® (FeCp, and CoCp,*)

thermal decomp.

FeCp, > 450°C
CoCp, ~ 150°C
NiCp, ~ 100°C

® Reactivity of the electron-excess compounds d™, n > 6

Co i > Co |

= Cobaltocene is a strong reducing agent, comparable to Zn!

Schuit Institute of Catalysis
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Reactivity of Metallocenes

® Reactivity of the electron-deficiency compounds d™", n <6

S«

Gr ~ Cr—CO
v =16 v =18

moisture sensitive

® Ligand reactivity

i 1. CH3COCI/AICI3 @ @

Fe

2. H,0
o

~ 108 times more reactive than benzene

= Ferrocene undergoes aromatic substitution, esp. Friedel-Crafts acylation. Also
lithiation of the rings is possible.
A‘/\!

Schuit Institute of Catalysis
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Trends and the Periodic Table
Groups 3-4

Sc

Ti

Zr

La

Strongly electrophilic and oxophilic

Little redox chemistry (exception: Ti)
Virtually always < 18e complexes

Polar and very reactive M-C bonds
Little d-electrons:
— preference for "hard" s-donors
— weak coordination to p-acceptors

“|Ce

Pr

Nd

Pm

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

“|Th

Pa

Pu

Am

Cm

Bk

Cf

Es

Fm

Md

No

Lw

111/18



Early transition metals
Groups 3-4

Sc| T « Typical catalysis: polymerization:
Y | Zr
La | Hf M/Me = M/Me M/O o
e \0 \/ \/\M i etc
Epoxidation:
ROk, ,m}. T 0 = “\b\/‘-’“ il

-Bul-OH, 4A MS
CHACly, -20°C

Sharpless titaniumi-tartrate
epoxidation catalyst

Sharpless JACS 1987 (109) 5765,

111/19



Cr

Mn

Nb

Mo

Tc

Ta

Re

Middle transition metals
Groups 5-7

« Many oxidation states are
accessible

« Mostly 18e complexes
e Ligands are strongly bound

e Strong, rather unreactive M-C
bonds

 Preference for s-donor/p-acceptor
combinations (CO!)

111/20



Middle transition metals
Groups 5-7

V | Cr Mn

Nb Mo Tc | * Typical catalysis: alkene and alkyne metathesis
Ta| W | Re

catalyst
2 CH3;CH=——=CH, —_—

CHZ_CHZ CH3CH=CHCH3

catalyst
n -— W
n

111/21



Cu

Au

Late transition metals
Groups 8,9,10

Multiple oxidation states

Mostly 18e of 16e complexes
— 16e typically square planar coordination

Easy ligand association/dissociation
Weak, not too reactive M-C bonds
Even weaker, and reactive M-O/M-N bonds

Preference for s-donor/(weak) p-acceptor
bonding (Phosphines)

111/22



Late transition metals
Groups 8,9,10

Cu

 Typical catalysis: hydroformylation (-
silylation, -amination, -cyanation),

Aul  hydrogenation, etc.

<
M — M / co A0

\/ \/

o \/
'
0 0 0
M>\\{— M)\/ <2 M»\/
§\/ H\H h o

2

111/23



Periodic trends

15t row:

o often unpaired electrons (paramagnetic)
e Several spin states accessible (HS/LS)
 Highest oxidation state less stable

2nd/3rd row:

» "closed shell"
 Higher oxidation states relatively stable
« 2"d row often more reactive than 3'd

111/24



...Very bold generalizations
for your research

 Working with 15t row elements:
— difficult, you probably can’'t use NMR

« Working with 2"d row elements
— You'll find exiting catalysts...
— ...they will be to active to be studied in detail
— Nice for industry, less for academia

 Working with 3'9 row elements

— you’'ll make beautiful complexes and can study their reactivity
In detail

— Nice for academia, less for industry

111/25



Trends and Properties
Periodic Table

® (Oxidation State

» As arule of thumb: within one group: higher oxidation state is
more stable

periodic
table

d-Elements

» Note: for main-group elements: lower oxidation state is more stable
within one group (Tl*, Pb%*, Bi3*): “inert electron pair”

Schuit Institute of Catalysis

T U/e D. Vogt Anorganische Chemie, 6BA40



Trends and Properties
Periodic Table

® Structural Properties

» As arule of thumb: within one group: higher coordination number

possible:
Group
3d 4d 5d
3 ScFg*
TiFg* ZrF* HfF.3-
5 VF, Nb(CN),% TaFg3

Schuit Institute of Catalysis
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Trends and Properties
Periodic Table

® Atom (lon) Radius

= rdecreases in going from the left to the right within one period

= rincreases in going from 1stto 2"d row element, but little change in going
from 2nd to 3" row element

Ti: .47 A V: 1.34 A Cr:1.17 A
Zr: 1.60 A Nb: 1.46 A Mo: 1.39 A
Hf: 1.58 A Ta:1.46 A  W:139A

» Lanthanoide contraction: addition of f-Block elements:

f-orbitals don’t shield the nuclear charge efficiently: more “diffuse” and
consequently Zeff increases which attracts all electrons!

T U/e D. Vogt Anorganische Chemie, 6BA40
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Trends and Properties
Periodic Table

® Relativistic Effects

» Some phenomena of heavy elements can be explained by relativistic
effects

= Very high ionization energy of 6s electrons

Bond energies often increase down a group of d-block elements, whereas
bond energies usually decrease down a group of p-block elements

= Colour of Gold (Au)

= Fluidity of Mercury (HQ)

Difference of Pd and Pt in homogeneous catalysis with respect to oxidative
addition and reductive elimination reactions

T U/e D. Vogt Anorganische Chemie, 6BA40 %
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Trends and Properties
Periodic Table

® Relativistic Effects

» According to the theory of relativity , the mass m of a particle increases
from its resting mass m, when its velocity v approaches the speed of
light, ¢, and m, is then given by the equation:

m
\1- (VIc)?

» For the Bohr model v is given by:

m =

Z: atomic number

72 e: charge on the electron

2 nh &: permittivity of a vacuum
h: Planck constant
n: main quantum number

Schuit Institute of Catalysis
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Trends and Properties
Periodic Table

® Relativistic Effects

» Forn=1land Z=1, visonly (1/137)c, but for Z =80 (Hg), (v/c) is ~0.58c
and consequently m = 1.2 m,.

» Radius r of the Bohr atom is given by:

Ze?

4 wg;mv?2

r =

» Increase in m results in an approximately 20% contraction of the radius of
the 1s (n = 1) orbital: relativistic contraction

Schuit Institute of Catalysis
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Trends and Properties
Periodic Table

® Relativistic Effects

» Contraction of s- and p- orbitals (closer to the nucleus)
» Expansion of the d-orbitals (Shielding of the nucleus charge)

= Very high ionization energy of 6s electrons: stabilization of Hg(0), TI(l),
Pb(ll) and Bi(lll) compared to Cd(0), In(l), Sn(ll), Sb(lll).

» Inert electron pair!

6s
- 6
= Lowering of 6s level and destabilizing of 5d level: =2
Gold: absorption at hv=2.4 eV (blue and violet):
reflects yellow and red. 5
5d -

Schuit Institute of Catalysis
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Elementary reactions

e Insertions A
.."'llM"'.... R TIC CHj;
CH2 /
e \H ~ \CH2
CH,
alkyl generation
R\ /O
R C/

acyl formation



Elementary reactions

e Most common: B-H elimination

PN

M/ﬁ — |\/|\ — M
N H W H
» Other:
— homolysis M-CH, —» M-CHj;
— a/y/6-eliminations 8H2‘CH3

— reductive elimination (often with hydride or other

alkyl)

T U/e D. Vogt Anorganische Chemie, 6BA40

— Ligand Metallation (e.g. cyclometallation)

[ X )
=2\
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Synthesis of Schrock alkylidens

Decomposition of metal R\ R\
alkyls (a-eliminatie) GHa SH
M — M H — M=CHR
N\ .S
CH» CH> RCH3
/ /
R R

V/31



Catalytic Alkene Metathesis

M=C M
+ == |
C

C=C

Driving forces:
e Liberation of volatile reactants

Olefin metathesis is key in the production of linear olefins at
the Geismar, La., facilities of Shell Chemicals.
V/34



Elementary reactions

e Oxidative Addition

Oxidative Addition o

N y ¥

Reductive Elimination

formal oxidation state
increases by 2*

Me

O, PPh
O._ _-PPhs Mel C Rhy °
0" | PPhy

[ X )
22N\,
Schuit Institute of Catalysis



Inorganic Chemistry 6BA40

Slides available:
http://www.hybridcatalysis. com/teachlngcorner htm
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High-throuvghput expenmentation

voot YWwiO-werkweek: hisr klikken

Applications of the materialz we make [the 2o called PO35-cubes) can be found in the addition to coatings

Research process [coweringfpdint, for example on o car or houvzel. The ingpiration comes from nature, With the leaves of the lotusplant gz o

Equiprment maodel, coatings were made that clean themzehves: the Lotuz-effect. Dirt laye on the leaf
Catalysts az afakir on hiz bed with zpikes.
PO5S® Maratechnaloay Rain flushes away all dirt.. Imagine nebody haz te clean his car ewver againl

Catahst features

Teaching corner

M ' b‘ = =% The small pictures shew o raindrop on

[{]ds the leaf of alotus and to the right: a leaf throuah a micrezcope very good magnifying
alaszl, it reallyizs like o bedwith spikes!l
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