Homogeneous
catalysis




Ligand Substitution Reactions

ML, + xP =—= ML,

The mechanism of this substitution will almost always depend on whether the
parent ML, complex is coordinatively saturated or not!

+ xL

=X X

Saturated Complex: Dissociative Pathway!
Unsaturated Complex: Associative Pathway (usually)
Dissociative pathway (sometimes)

Most of the substitutions we will study will involve 2e- pathways. Odd e- or radical
pathways are known, but less common.




Ligand Addition (association): this is when an incoming ligand coordinates to a
metal center that has one or more empty orbitals available.

Ph3P/,,l' PhsPr,,  wCl

Ph3P(Rh_CI + CO —>» ocr w5 Ph

This Rh(+1) complex is d® and only 14e-. Adding a ligand takes one to
the more stable 16e- square-planar complex.

; ; I - P PhsPy,
Ligand Dissociation: this is PhaPsr o ! — ot ¢l + PPh
when a ligand coordinatedtoa  Phsl 3 Ph,P
metal dissociates (falls Oﬁ)- The steric hindrence of the three bulky PPhs ligands favors dissociation
The probability of a specific of one to form the 14e- RhCI(PPhs), complex. The moderate

i . o s electron-donating ability of the PPhy ligand (not a strongly coordinating
ligand dissociating depends on  jigand) makes this fairly facile.

how strongly or weakly it is

coordinated to the metal center I;JIez Cl Me, guez Cl Me, ®
and steric effects. o P C W ) P - 35t
/ \p
Mez CI Me, Mez Me2

The strongly donating ability of the dmpe ligands combined with their strong
chelate effect makes it difficult to dissociate one of the PMe, arms. In this
case the Cl- anion is the one that dissociates, leaving a cationic complex
behind. The two dmpe ligands donate enough electron-density to the Ru
center fo make it reasonable to dissociate a Cl-.




A ligand substitution can occur either by an associative or dissociative route.
The exact mechanism depends in large part on the electron-count of the metal
complex undergoing the ligand substitution. The simplest case is when one is
dealing with an 18e- metal complex. In this case one almost always has a
dissociative substitution.

2 2 2
c .
ocy, l mCO co OCy, l .WCO i Me3 0oc¢y, | .aCO
Mo; —_— (Mo‘ — - rM oL
oc” | ~co oc co oc” | ~co
c M
0 "3
18e- saturated 16e- unsaturated 18e- saturated
complex complex complex

incoming ligand

(o]
¢ L P b
Y , oc nCOo
Alm?st NO OCI/;,,MG.\\\CO + L OC’”"Mé WCo | ™
evidence oc” | ~Yco oc” | Yco oc” | ~Yco
for this g ¢ - &
about to be
type of dissociated ligand
reaction:
18e- complex 20e- transition 18e- complex

state with added
ligand




Associative Substitutions
These occur first by a ligand addition to the metal complex followed by the
dissociation of one of the original ligands.

PMes
0C/,,  .PMePh, T oc,,, | wWPMePh, Phs 0C/,. _  wFPMe;
Ph,MeP” ~CI Ph,MeP” YCI PhoMeP”  YCI
16e- unsaturated 18e- saturated 16e- unsaturated
complex complex complex

-CI-
o , . \ ocy, MePh, [
This rection could proceed by two different likely “Rh™ 2
substitution routes. Cl- is not that strong a ligand Ph,MeFP*” ¥ Me;

and can be substituted off by stronger donating

neutral ligands like PMes. 16e- unsaturated

complex

The filled axial Pt d,2 orbital partially blocks coordination of ligands via the empty axial p, orbital.
This limits, but does not stop ligand association, which is quite common for Rh(l) and Pd(ll).




Associative Substitutions

These occur first by a ligand addition to the metal complex followed by the
dissociation of one of the original ligands.

Berry psuedorotation
Formation of a trigonal
bipyramid intermediate




Dissociative substitution can also occur in 16e- (or in very unusual cases, lower
electron count systems) complexes. These cases either involve sterically bulky
ligands that block the open coordination site, or third row square planar d®
complexes like Pt(+2) where there are strong electronic factors that limit the
coordination of an additional ligand to the empty axial site.

-PCy3 +PMe;
Cly,  nPCy3 Cls, i Cli,  .nFPMeg
i —_— —_— i
Cys”” e Cy;P”  ClI Cy;P”  ClI
16e- unsaturated 14e- unsaturated 16e- unsaturated
complex complex complex

The large PCys ligands sterically block access to the empty axial p, orbital




Gl ® +Br-

CI//I'Pt\'N\ Ph3 CI//I'Pt"“\\ Ph3 CI/"'Pt“\\\\‘ Ph3
Ph,P”  CI PhyP” Phs?”  “Br
+Br-
B 1O o
CI//,, at Ph3 CI/II'P At Ph3
Ph,P” vCI Ph,””  “Br

The spatially extended filled axial Pt d,2 orbital partially blocks coordination of ligands via
the empty axial p, orbital. This limits ligand association, although it can occur.

Problem: The rate of substitution reactions on square planar d® complexes
goes in the order: Ni> Pd >> Pt. Explain why.




Steric Factors

Ko
Ni(PR == Ni(PR + R
(PR3ds 522 (FR3)3 3
Ligand: P(OEt); | P(O-ptolyl); | P(O-i-Pr); | P(O-o-tolyl); | PPh,
Coneangle:|  109° 128° 130° 141° 145°
Kp: <10-10 6x10-1° | 27x10°5 | 4x10-2 > 1000




Solvent Effects

e

Ph; ©

-CI~
CII”’pt"“‘\’jPhs Cly,,  .aPPhg @ . solvent Cly,,
PhP”  CI PhyP™” -soivent  PhgP” solvent
\rBr’
Cly, _ wPPhg
Ph?” Br
0
0 o C
/lk < 7 H,e” CHy
H,c” CH, DMSO
acetone THF (dimethylsulfoxide)
(tetrahydrofuran) bp = 189°C
mp= 18°C
H;C—OH /\OH N=C—CH;
methanol ethanol acetonitrile
(o]
/o\//\ > O
H” “NMe, 0 H H
DMF DME water
(dimethylformamide) (dimethoxyethane) (rarely used)
bp = 153°C
mp = -61°C
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Trans Effect

The trans effect concerns the electronic effect of one ligand on ancther ligand

when they are trans (opposite) to one another. The classical trans effect involves
two o-donating ligands frans to one another.

O
=
-ClI~ 4
Cly,, N

tu\\\\ Et3 Et3 @

ot

Pt ) =9 N //l/,,Pt_l‘\\\ Et3 @
Et;;” YL Et,P” L Et;P” L

Relative rate of substitution based on trans ligand
Cl-=1, Ph~ = 100, CH; = 10°, H™ = 10°

There is a cis effect, but it is much weaker and basically ignored:

() ~
@
Et3, ", \\\C' - Et3 17 @ N/ Et.FP;, A @
,’Pt; h.Pt‘ = 3! I:,Pt\\\\\
Et, L L

Et;P” Et;;” L

Relative rate of substitution based on cis ligand
Cl-=1, Phr =2, CH; =4, H =4




Note that when most chemists talk about the trans effect they are referring to
the c-o type of trans effect, where a strong c-donor weakens the c-donating
ligand trans to it.

Do NOT overestimate the importance of the trans-effect. There are other
forms that have different effects.

n-Acceptor Trans Effects

Trans effects that involve n-backbonding ligands. CO ligands represent the most
common type.

FN\ - =
AW Ny
<1 L- ~a » Ny —
_’O: C M C:Q R7P@?—"}M /,_F_Or‘- .
g w v @W D
= A ’ S _

==

~

n-backbonding to a metal is
strengthened when it is fransto a
good o-donating ligand that can’t n-
backbond

n-backbonding to a metal is
weakened when it is frans to another
good n-backbonding ligand
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m-Pushing Effect

There is a further strengthening of M-CO r-backbonding when the trans ligand has
n-donation properties that can push up the energy of the filled d orbitals and, in
turn, make them better n-donors to the CO. This can occur even when the ligand

is not an especially strong donor.

closer in energy - =COT
— i, stronger mt-backbonding
" interaction

S B CEO s A Mdn

‘ ‘\_)Dy Spﬁ-ﬂ— -

An example of this can be seen in the following three complexes and their
“anomalous” vCO stretching frequencies:

' SUve

*

Ph,P PPh, PhyP Ph,F
N ~
/Rh< /Rh\ /Rh<
OC | OC | OC |
vCO =2011 cm™ vCO = 1987 cm™! vCO = 1983 cm™’

13



Problem: Consider the following series of substitution reactions.
8 8 Me; Me;

Ocy,, | aeo Me; OC/“’“ | o Me; Ocy,, ‘ eo Mes Ocy,, | .awWPMeg

r\ '~ I~ S
oc” | Co 25°¢ oC | Me; 80°C  oC | Me; 110°C  oC | Me;
C C C (o4
(0] (0] (o] (0]

As one replaces each CO ligand with a PMe;, the next CO substitution is
progressively more and more difficult requiring higher temperatures and
longer times. Once one forms Cr(CO),;(PMe;),, it is extremely difficult to
replace another carbonyl ligand. Why? Give all the major reasons?

14



Oxidative Addition

two new anionic

hydride ligands
H—H
+H,
OC/»’IJ,, Ir,\\\\ . Ph3 oc/[;,“ anF Ph3 OC[,”"I P Ph3
- r — r
Ph3"; i \Cl Pha.::( ‘Cl Ph3'/’5', | @
Cl

Ir(+1) Ir(+1) Ir(+3)
16e- 18e- 18e-

There are three main classes of molecules (substrates) that can perform
oxidative additions to metal centers:

* Non-Electrophillic
* Non-Electrophillic “Intact’
* Electrophillic

15



Non-electrophillic: these molecules do NOT contain electronegative
atoms and/or are not good oxidizing agents. These molecules usually
require the presence of an empty orbital on the metal in order for them to
pre-coordinate prior to being activated for the oxidative addition rxn.

H,, C-H bonds, Si-H bonds, S-H bonds,
B-H bonds, N-H bonds, S-S bonds, C-C bonds, etc.

H, is by far the most important for catalytic applications, followed by Si-H
bonds, B-H, N-H, and S-H bonds.

C-H bond activation and functionalization is very important, but still not
practical.

16



Non-electrophillic “Intact”: these molecules may or may not contain
electronegative atoms, but they do need to have a double or triple bond present.
One also needs a metal center with an empty orbital (16e- or lower count) in order
to pre-coordinate the ligand before the oxidative addition occurs.

Typical “intact” ligands that can perform an oxidation addition without fragmenting
apart are (O, can also act as an electrophillic substrate):

alkenes, alkynes, and O,

metallocyclopropene
S R
\PMe R— R PMe?’
™ \I\\
Me;P Pt\., 3 — Pt
P Me3 N
-PMe3 R i"LM93

17



Electrophillic: these molecules do contain electronegative atoms and are good
oxidizing agents. They are often considered to be “reactive” substrates.

These molecules do NOT require the presence of an empty orbital (18e- is OK) on
the metal center in order to perform the oxidative addition rxn.

X, (X = CI, Br, I), R-X, Ar-X, H-X, O,, etc.

Spz2 nucleophillic attack

5 % Py co H
3'q &
ocy, r'-\\\FPh3 +CH3Br \“:5: /—‘(\CQI'
Phs| (" off ey H 3
Ir(+1) Ir(+1)
16e- 16e-

two new anionic

two new anionic ligands
ligands —‘6 ]

Oc//n,, Ir: o PPh; +Br- Oc/-‘l.r,, ‘\\\\Zj Phs &
PhsP™” i"m

r
=~ Php” eI
Ir(+3) In(+3)

18e- 16e-
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In the case of a starting 18e- complex (shown below) only one of the two anionic
ligands (usually the strongest binding) generated from the oxidative addition will end
up coordinated to the metal unless a separate substitution reaction occurs.

oxidative
addition g, ,CO
> oc-—Re\—Q% )
oc co\_’ﬁ /
two new anionic
ligands
B0 Re(+1)

18e-

1) CO ligand dissociation
2) n'- to n*-allyl hapticity change

19



WARNING:

d? metals can NOT do oxidative
additions!!

So always electron count the
starting and final metal complexes
to check out the overall electron-
count, metal oxidation state and
d-electron count!

20



Kinetic Data for Oxidative Addition Reactions of MX(CO)(PR;),

M X EBa Reactant ?I\?If g:crj?)t (kcgll;l:’lol) (J/ﬁg K)
Ir  Cl PPh, H, 0.67 108 23
Br 10.5 12.0 14

| >100

r  Cl PPh, 0, 34x102 134 21
Br 7.4x1072 11.8 24
| 30 x 102 10.9 24
ir  cl PPh, CHjl  35x10° 5.6 51
Br 1.6 x 103 7.6 _46
| 0.9 x 10°3 8.8 _43
Ir  Cl P(p-CgHs-OMe);  CHyl  35x10°2 8.8 35
P(p-CgHy-Cl)s 3.7x105  14.9 28
Rh  ClI PPh, CHyl  127x10% 9.1 44
P(p-CgHy-OMe)s 51.5x 104  10.2 _43

Data adapted from “Principles and Applications of Organotransition Metal Chemistry”, Coleman, Hegedus, Norton & Finke, University Press, 1987, refs: Chock &
Halpern, JACS, 1966, 88, 3511; Ugo, Pasini, Fusi, Cenini, JACS, 1972, 94, 7364, Douek & Wilkenson, J. Chem. Soc. (A), 1964, 2604. Rxns generally run in
benzene at 25°C.
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Oxidative additions are easy to identify IF YOU ELECTRON COUNT the metal
complexes. When an oxidative addition rxn occurs the metal will be oxidized,
usually by 2e-. So, if you start with a metal in the 0 oxidation state (d®), after the
oxidative addition the metal will be in the +2 oxidation state (d®). Once you get used
to looking at organometallic rxns you will be able to identify common oxidative
additions quite quickly. H,, R-X, and H-SiR; are three of the most common
substrates that perform oxidative addition reactions in catalytic cycles.

Problem: H, will do an oxidative addition most readily to which of the
following complexes. Why?

a) b)
(MeO)3 iy, ‘.\\\\C| MesFs,,  wBr
"
0oc” ““P(OMe); 0Cc”  “FMe;

(0]

C) (|:
Pt...,

ME3 - \"?0
‘ Me3

22



Problem: CH;Br will do an oxidative addition most readily to which of the
following complexes. Why?

9 o LS
o NR, = NCMe
c) co

(PhO); //,,.FLM\\co
OC” YP(OPh);

23



Reductive Elimination

A reductive elimination reaction is the reverse of an oxidative addition. Itis a

reaction in which two cisoidal anionic ligands on a metal center couple together.
Each anionic ligand pushes one electron back onto the metal center (in the case of

a monometallic complex) to reduce it by 2e-. The coupled anionic ligands then
usually fall off the metal center as a neutral molecule.

two cisoidal anionic ligands that 3
can form a bond between them and eliminate

a neutral

ligand
¥ T g
ocfh‘: \\\PPh3 OCI/ \\PPh3 OCI[ \\PPh3
:.lr.\ T, r‘.\ Jl,,lr,l\ +®
PhsP” | YH) Ph,P” YCI PhsP” YCI
Cl
Ir(+1) Ir(+1)
ey — 18- " f{6e-
18e- rarely observed intermediate metal reduced

by 2 e-

24



While reductive elimination can occur from saturated 18e- complexes (so long as the
two ligands that you want to reductively eliminate are cisoidal to one another), it has
been shown that reductive elimination can be promoted by a ligand dissociation
generating an unsaturated and more electron-deficient metal center.

n, CH3 T ® Phy o \
P/If, \\\\c Hs Pfﬂ, \\\\c H; Pl CHz
—_— — Pt + CH3CH3
o, e L e

A

Ph,
Pt(+4) Pt(+4) Pt(+2)
18e- 16e- 14e-
/I

The dissociation of the I- generates Phg

e . P/I/,,, _\\\\\CHg
a catfonic unsaturated complex. This { Pt Goldberg, J. Am. Chem. Soc.
is electron deficient enough to help P( ‘I 1995, 117, 6889-6896

promote the reductive elimination of hy
ethane (CH3CHs).

Pt(+2)
16e-

25



In studying the above system, it was also found that one could have reductive
elimination of CH;l from the starting 18e- complex. This reaction, however, is very
reversible due to the high reactivity of CH;l for doing an oxidative addition back
reaction with the electron-rich neutral Pt(+2) complex to make the Pt(+4) octahedral

compound.

reductive elimination
>

Ph, CH3

Cu‘//,, \‘\\\Cﬂs C ln,, L\\\\CHs
Yoy " Som,

Pt(+4) Pt(+2)
18e- 16e-

—
-

oxidative addition

+ ()

The reductive elimination of the CHsl is
kinetically favored. This is because the
orbitals around the iodide anion are
spherically symmetric and this makes

it much easier to overlap with the alkyl
group orbital to perform the reductive
elimination. The sp° directed orbitals
on the two CH» groups are more difficult
to overlap in order to get the reductive
elimination to occur. But the reductive
elimination of the CH3CH is thermo-
dynamically considerably more favorable
and the back oxidative addition much
more difficult.

26



Problem: Which of the following compounds will be most likely to do a
reductive elimination of ethane (CH;-CH;)? Why?

a) CH, ) b) NCMe
Me, i, | ‘\‘\\\CH3 (MeO); um _\\\\\CHS
ks S
Me; /l\co H3c( | B (OMe);
cO NCMe
C) M93 @
MeCNy,,, | WCH3
i~
PhsP” | “YCH,
CH;

27



Migratory Insertion & Elimination Reactions

A migratory insertion reaction is when a cisoidal anionic and neutral ligand on
a metal complex couple together to generate a new coordinated anionic ligand.
This new anionic ligand is composed of the original neutral and anionic ligands
now bonded to one another. There is NO change in the oxidation state or d
electron-count of the metal center.

migratory insemon» - ligand addition

0C/, | WCO +L oCy,

Mn Mn
oc” | YcH, oc” | ™
C C
o) o
Mn(+1) Mn(+1)
18e- 18e-

elimination

28



General Features of Migratory Insertions:

1) No change in formal oxidation state

2) The two groups that react must be cisoidal to one another

3) A vacant coordination site is generated by the migratory insertion. Therefore, a

vacant site is required for the back elimination reaction (e.g., B-hydride elimination).

A trapping ligand is often needed to coordinate to the empty site formed from a
migratory insertion in order to stop the back elimination reaction.

4) Migratory insertions are usually favored on more electron-deficient metal centers.
The following are common anionic and neutral ligands that can do migratory
insertion reactions with one another:

Anionic: H-, R~ (alkyl), Ar-(aryl), acyl-, 0%~ (oxo0)
Neutral: CO, alkenes, alkynes, carbenes

CO and alkyl migratory insertions (as shown on previous slide) are extremely
important and are often generically referred to as carbonylation reactions.

Hydride and CO migratory insertions to produce formyl groups are not common
due to the thermodynamic instability of the formyl-metal interaction.

29



Some Electronic effects
|@
R R (o]

| .,n\\\CO OC—Fe"“\“CO

OC—Fe + L
| \Co THF | L

C

(0]

C
(o}
best Lewis acid - can coordinate to electron-rich
CO ligands and drain off some e- density

Z" = Li" > Na* > (Ph3),N"

strongest coordinating ligand - best trapping ligand

= F’ME;; > PPhMEz > @thMe > CO

most electron-rich alkyl group makes the best nucleophile for
migrating to the electron-deficient CO

R = n-alkyl” > PhCH,~

30



Migration vs. Insertion

(0]

(o) CHj;
OcCy,, WCO
I, “Mni \\
oc” |
C
0
Mn(+1) Mn(+1)
18e- 16e-
C
OCJ'I/,. AW o oc/ih. ‘.\\\Co
n _— Mn
oc” | Yery) oc” |
C C
(0] 0
Mn(+1) Mn(+1)
18e- 16e-

CH,

a MIGRATION rxn involves the
anionic ligand doing a
nucleophillic-like attack on the
neutral ligand. This involves the
anionic ligand moving to the site
where the neutral ligand is
coordinated. An empty
coordination site is left behind.

an INSERTION rxn involves the
neutral ligand moving over to
where the anionic ligand is
coordinated and "inserting" into
the anionic ligand-metal bond to
generate the new anionic
ligand. An empty coordination
site is left behind from where
the neutral ligand originally was
located.

31



Migration vs. Insertion

Me
OC"thi"‘Co L

oc” | "co
co

L L O 0 L
oc. ].«c0 oc, | J\ M. [ «co
- nv.3 .Me ] n;\ Me Me '.Mr‘l‘.
oc” | Be™ oe” | ™co  oc” | "co

Co0o co . I
A B c
O, Me # \
b Jco |
Mri. Only possit
oc'é 13CO
o
D

Product D has been NEVER observed!!!!
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Alkene Migratory Insertions

ﬁzr»\“;p — ﬂzf““g@ — ﬁn —|®
S LY T

33



Alkene Migratory Insertion — 3-Hydride Elimination

migratory insertion
8+
H Iy, awH H,/’ ‘\\\\H :t
M—H 3 m----H
- P-hydride elimination

@b'@%R %Nbx © %{Jb-"““‘m
~) SR H»
S T g

NMR irradiation of the Nb-hydride resonance affects the NMR resonance for the alkyl hydride,
demonstrating that they are connected by the migratory insertion mechanism

34



Problem: Why don’t either of the complexes shown below do alkene-hydride
migratory insertions at room temperature?

H ®

Clin,, |I"“\“\ Ph; Et; \Pt/\

Phs”” |\co o
3

Problem: Sketch out and label the two mechanistic steps (in the correct
order) that are occurring for the following reaction.

35



Agostic C-H to Metal Interactions — “Frozen Migratory Insertion”
<" ='1° << I°
/Co\ + HY ——
R3” /

—_—— ="

Co=ll_\ &
\)

ICO\/ o Rsf“‘/ \/‘H

HY
Ry

One of the C-H bonds of the methyl group is within bonding distance to the Co center.

This is called an Agostic C-H bond interaction.

Because the C-H bond is sharing some of its -bond electron density with the

metal, the C-H bond is weakened. This produces some relatively clear-cut
spectroscopic characteristics:

1) ve.y infrared stretching frequency is lowered to the mid-2500 cm~" region from a normal

value of 2900-3000 cm™*

2) the Jc_y coupling constant in the 13C NMR is lowered to around 70-90 Hz from a normal

value of 150 Hz.

3) the 'H chemical shift of the agostic proton is in the =10 to —15 ppm region, much like a

metal-hydride resonance.

36



Eliminations

H H i
O T n|n H B-hydride elimination
M
H H
M it H —> '\|,|_ a-hydride elimination
TN
R R

. R
carbonyl elimination
M — |

or decarbonylation
M—CO ylat

The key points are:

1)
2)

No change in formal oxidation state

You must have an empty orbital that is cisoidal to the group that you are doing an elimination
reaction on. Alternatively, a cisoidal labile ligand that can easily dissociate to open up an
empty orbital.

37



migratory insertion

R

Huy, WH H/,, ‘\\\\H i
M—CHj M----CH,

5

But the reverse methyl elimination reaction is very difficult:

methyl elimination

g H
2 2, ; \~“\HH ¥ i, oM
H CH, H ':--' i H™ , “H
M) M----CH; M—CH,
rotation of C-C
bond to move CH;
group away from
metal to avoid steric K
effects —_ H CH,
M—H

B-hydride elimination

Very
Difficult!
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Problem: ldentify each step in the following mechanism. Some steps may
have several things occurring.

@*CD@* @ "

Co B C s co
He \// WL WY
H,;C
H1C HsC
% ACHZ
PMe,

/\ + CHy + |

d ®

Me3P/ \/

39



Problem: Sketch out a detailed mechanism and label each step for the
following overall reaction.

H1C CH;

40



Relevant homogeneous processes

“A mechanism is a theory deduced from the available experimental
data. The experimental results are facts; the mechanism is
conjecture based on those facts”

Lowry & Richardson

“You can never prove that your mechanism is right - only wrong.”
Guy in the audience asking

about your proposed mechanism

Hydrogenation

Hydroformilation

Monsanto process (carbonylation of methanol)

* Polymerization

41



Reaction mechanisms

Sequence of elementary steps that lead to the overall reaction.

E, (no catalyst)

Energy

E, (with catalyst)

Reaction Progress

Regeneration of the active species

Rate Determining St
higher E_

cl PPhy
1)..o 3 H
.Rg‘l y
PPh, oxidative addition
16 VE
+s|| -PPh
Cl R’[“]_‘ PPhy JHZ .
= . |
| oxidative
L orp s | addition
\ 16 VE \ Ph;l
Reductive | / S = solvent \ -
elimination a
i W / s
CI'LH“’ PPh,
cl ! PPh; Phap/l\H
|(m) 5
Rh 18VE
th/ l\ﬁ =
R J’
18 VE /
b\ﬁ} /
/
Migratory insertiori H s
RN | =
ate determining step b .
Phs/ ‘ My
==
18VE

ep:
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Hydrogenation

» Addition of H, across a multiple bond, such as C=C, alkynes or even C=0,
constitute an important synthetic procedure both lab and industrial scale.

« |t finds increasing use in the production of specialty chemicals and
pharmaceuticals.

» Activation energy of uncatalyzed reactions can be as high as 60 kJ/mol.

* Hydrogenation catalysts add molecular hydrogen to the C=C group of an
alkene to give an alkane.

+ Three general types have been distinguished, according to the way each type
activates H,.

1. oxidative addition
2. heterolytic activation
3. homolytic activation
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Hydrogenation — Wilkinson catalysts

Oxidative addition

CI'/RgJ"' .PPh; Hy
phap/ \PPhJ oxidative addition
16 VE
+5|[ -PPhy

elimination ’f

f cl

H
cl ‘(",'1-' PPh;
Rh

F'h3P/ $¥\R

18 VE A

Migratory insertion H
of H o, Jom.

Rate determining step /Rh\
PhsP' I H
=ln,

R
18 VE

8 ’
{
‘\R / N, | oxidative
% PhsP S addition
\ 16 VE PhgP
Reductive \’I S = solvent +s 7

Rh(PPh,),Cl

Sir G. Wilkinson

Relative rates
for hydrogenation

e |qy.~PPrs  Ligand: of cyclohexene:
h
—" M (4CICEH,)P 5
i PPh3 41
o | (4-CH3CgH,4)sP 86
3 (4-CH3OCGH4)3P 100

Simplistically, the relative rates
suggest that the rate-determining
step is OA of H,.
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Hydrogenation — Wilkinson catalysts

Highly selective catalyst!!!

o o
///E\ /}\

\liz

A\

Rh(PPh,),Cl

Sir G. Wilkinson
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Hydrogenation - Heterolytic H, activation

?l H, cl:I CIH
PhaPropi—cl ==  PhP_Ri—]|
PhaP” | PhaP” | H
PPhs PPh;
HCI (NEts)
(l‘:l R
VT PhPu.gl f
R PhsP” | '\
P
RDS ?[ on ?l . R
o H W
PhsP— Ru PhaPZRuU——
ha ‘ PhaP” | l
F’Ph3 PPhs
k PhyP. Ru J
PhsP” | R

46



Hydrogenation - Heterolytic H, activation

RuCl,(PPh;), hydrogenates selectively terminal double
bonds over internal double bonds:

[//\\J/%% Ha (\ "
—_—
CaPPh J
- RuClz(PPh3); ~

25°C, 1 atm
Ha

//\/\\, G —— ///\\//\\\_ §/ + /\\V//:.\

RUC'z(PPh3)2
25°C, 1 atm
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Hydrogenation - Heterolytic H, activation

T T
PhoPropy—a) ===  PmP_RI"—|
PhaP” | PhaP” | H
PPhs PPh;
-HCI (NEtg)
c|:| R
/[ St PhaPpy—n W
R PhsP” | '\
P
e ?[ PPhy CI:I Hon
a H .
Pth Ri—| Phap;Ru—l
F’Ph3
k PhgPr. Ru j
PhaP” | Highly hindered
by PPh,!!!
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Hydrogenation — Homolytic H, activation

(NC)sCo¥ / H-H “-H/,*Co(CN)s*—= 2 HCo(CN)s*

HCO(CN)s™ +p, S ~CO0—— . ColCN)s> + -\ _-COO’

HCO(CN)s® + €00~ .co(CN)® + g O

The resulting organic radical needs to be moderately stable: only “activated” alkenes will
be hydrogenated (formation of a conjugated radical).

H
cooH __Hz COOH
Hooc” S~ Co(CN)g> HoOC™ ™~
70 °C, 1 atm

©/\/\ : cN . W
5°C 1atm
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Hydrogenation — H-transfer reaction

< = =<

\ Ts NaO,CH or NaQ'Pr

|
= Ru
e - NaCl /TS C-
c ‘ Ph : # o M
HZN\)“ HCOOH or - 'PrOH HN\/& i
5 $ Ph
Ph Ph
Transfer hydrogenation avoids Ar\ H
the use of high pressures of H.. R

| s
Ar, HL““ ‘

l
\ [{LL
Rw-G HN\)‘ ' c\o \)‘

Oy’ b

Quw

The ketone substrate does not

: p /
coordinate to the metal, but is Ar H"
oriented in the second-coordination R/C:° H——A\)‘ \
sphere by forming hydrogen bonds. |é= A

Morris, R. H. et al. Coord. Chem. Rev. 2004, 248, 2201
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Hydrogenation — Asymmetric catalysis
y 9 y y Knowles

Noyori
Sharpless
Noble Prize 2011

H
- H

H3CO . ~COOH [Rh(R,R) DiPAMP,COD]BF H;CO : COOH
+ H : m
2 .
NHCOCH; NHCOCH
H4CCO HsCCO 3
Ho" HO:©/\rCOOH
HO NH




Hydrogenation — Asymmetric catalysis

R  COs;Me
— + H2
R NHAc
RZ  CO.H
R3 —_— R1 + H2

&~
Ly
MeQO

97% ee (Naproxen)

RsSIQ 1y (| o
" COLH
NH

O

74% ee (Thienamycin)

Me-BPE-Rh or Ry [fO:Me
Me-DuPHOS Rh R NHAc
90 psi, PhH
96-99% ee
Ru(OCOR); (binap) RZ  CO.H
g R® R!
96-99% ee
R!' R? R3 ee
Me Me H 91
H M 87
>Mf e
H Me Ph 85
Ph H H 92
H HOCH; Me 93
H

CHz COOCH,CMe 95

Knowles

Noyori
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Hydrogenation — Asymmetric catalysis

H—H .
Hz-’lm,...c.igH
R1, —— 2
H—H e

S = solvent

L —
R1/ 3

R: »’llm..,c CH
R” I 9
H CHs
Ha
—— H—C
slow :=
R2 |:’;1
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Hydrogenation — Asymmetric catalysis

H OMe

o O
nep P Ph PPh,
><O§C PH PPh
PPh, 2

H D

(R,R)-DIOP (R,R)-DIPAMP (R)-BINAP
Blocked Open Rg R

NS Q| O < [
P"-Fﬂ!‘l 0 R —— PR Favoured Orientation
TR O IR

Ri Rs

Open Blocked RS HL

Disfavoured Orientation
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H ion - A i s
ydrogenation — Asymmetric catalysis Knowles

o] _
+ | equilibrium
N must be

P S

MeO2C ij fast for high ee
k' k'
//k'1 k}_1\ major

rh\ * diastereoisomers Ph_ L *

P LI,‘ A
Ln Rh.‘\\L Rh
” % >95% ] V|
' <50, (1]
Me0,C” N~ 5% An CO,Me
H H
Ho — ratelimting —— | H2 very
fast ko step k' Slow

Halpern, J. Science 1982, 217, 401-407.
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Hydrogenation — Asymmetric catalysis

Knowles
minor major
L * diastereoisomers L,E’£ oL +
% osoe| S
p <5% ()
MeO,C” N7 ° AN CO,Me
H H
Hp ____ ratelimitng — —— | Hz2 VoY
fast| k, step K, Slow

ko> k'o = >103

MeO,C HN\rO Ox NH ~CO,Me

T

Halpern, J. Science 1982, 217, 401-407.

56



Free energy

Hydrogenation — Asymmetric catalysis Knowles

Reaction coordinate

Halpern, J. Science 1982, 217, 401-407.
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Hydrogenation — Asymmetric catalysis

N

ph. L% [

h -Rh

Me0,C” NH f

{4~

H
0

Knowles

Halpern, J. Science 1982, 217, 401-407.
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Hydrogenation — Asymmetric catalysis

[ 7+
@L
L,,,. R
Ph \H
Hes
MeO,C™ NH__-O

T
:

KR

MeO,C” "
¥ H

Ph

(R) > 98%

Halpern, J. Science 1982, 217, 401-407.

0O
B
H

Knowles

Ph

CO,Me

(S) < 2%
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Hydrogenation — Asymmetric catalysis
y 9 y y Knowles

Relaviome {xa €2 sodollo < aag? calcolato

a 25°C
Fr i aae’ ee.puodollo
3 ( Keal famole )
PrcEMO 4 o o 50-%50
3 0.64% 50  ¥§5-3%
io 1.358 g2 91-9
1eo 2. M3 g Q9-1
1000 4.0%6 q9.8 99.9-0.1
Conclosiore 1 bastonn piasle. ok Prsuse velle, St
HMevere e e ool

Halpern, J. Science 1982, 217, 401-407.
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Hydrogenation — Asymmetric catalysis

o} 0]

P .

cthyl 3-oxobutanoate

RuBr)[(S)-binap]

Noyori
OH O
)\/”\ >99% ee
OEt 100% yield

(R)-ethyl 3-hydroxybutanoate

Sho-- o

RuHCI((R)-binap)(sol);

Favored TS Unfavored TS
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Hydroformylation

[cat.] AN
> ~
CO/H, R 0

linear
n-product

Synthesis of plasticizers

o]
/\ COMb. cal /\)j\ aldol condensation
/Hy. caly —_—
= H

butyraldehyde

(@]
0/\(\/\ @::o
o (o]
-
- OH
2-ethyl-1-hexanol

SOy

bis(2-ethylhexyl) phthalate
(DEHP)

O

N

R

branched
iso-product

Lo

o

hydrogenation

(2EH)
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% Caglcoly
H-Ypeo
¥, Cofeoly

1|rf/2nz+',3co |

K-Co(<o), v

wx H +w1L'Q°
Rbc_u{(.u,-c\\

(o] R-CH=CH
HCo (co 2
L.d.s, B L )3 (cn)leo-cﬂf“:‘
HJ. \ // CHIR
H~,
(co)co-c"o (co)({n_ﬁHR &(qrf\\:ih.};
HCo(CO), % CHIcHyR Vo
- " oy
dissocia un CO -
4t (¢0) Co-c?°
per generale la - 4 N cuza
specie attiva v

(co ):‘o- cu,fiu,.p.

b= 410-180°C 7 b co-u, = 200-300 Akem

X = hobs [eo] [alcheme [ u,] fco]”

(<
.= PBeo mimima 10Atm. a loo’c = x
100 Atm. a 200°%

¢ g aleamo v LY, 5 9- alcool 2 107,
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Hydroformylation — HCo(CO),

Desired product

Antimark ovnikov addition

Markovnikov addition

Co .
290 (Stenc effect between the alkyl group
BusP C|!OPBu3 and the ligands on metal larger)
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% Caglcoly
H-Ypeo
¥, Cofeoly

1|rf/2nz+',3co |

K-Co(<o), v

wx H +w1L'Q°
Rbc_u{(.u,-c\\

(o] R-CH=CH
HCo (co 2
L.d.s, B L )3 (cn)leo-cﬂf“:‘
HJ. \ // CHIR
H~,
(co)co-c"o (co)({n_ﬁHR &(qrf\\:ih.};
HCo(CO), % CHIcHyR Vo
- " oy
dissocia un CO -
4t (¢0) Co-c?°
per generale la - 4 N cuza
specie attiva v

(co ):‘o- cu,fiu,.p.

b= 410-180°C 7 b co-u, = 200-300 Akem

X = hobs [eo] [alcheme [ u,] fco]”

(<
.= PBeo mimima 10Atm. a loo’c = x
100 Atm. a 200°%

¢ g aleamo v LY, 5 9- alcool 2 107,
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Hydroformylation — HCo(CO),

Idwojormiloziome 3-epleme.

id 1o ot k.
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H Isom, 1
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4H
+
“’"“Q“"‘\,‘. curcuz-cu,-cu,;cu,-clu—tu-.
) <uo
<O+ Hz mrL

CH3-Chy-C -y~ (1.“ -Cllg-Clly
cHO
+
Mz~ CHy=Cllych ~ ciy el ™ Cly
<o
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Hydroformylation — HCo(CO),

Mm.-}ox.rmilo.zcomn [ro|eme:
cak: H-Go (o),

Amdamem o del 1rajoxto My, wm la peo; bu, | Fem|eatute

o

apce (25 — S0AMm.) 1.6 + 4.4

Abu,

at

e Al de

(6157 — 81.5%m)
jrat- imd.

(a 100°c )

\ |
R \\"(e\,\,"« Rl Stha. Sudemerche
My Fon i aciiove e = ww GO
=

cH coordinate, entea, La pooda
1A

. UC8o. WA “)ﬁ“)‘)-’ =4 .
Z\ \ [
Py Sreamco tole duol Jovors e
o, =il laleiee
: 3 1\ a0

w0 Lirsesgs o shelto = guatie

= % ]

Ra Tieste,

stale du brauiiziome
tesjomiabile dello selebivila’:
weccanituo coucetlalo
lacile lineaxe ¢ javorito Liojeho o quello
ke }icato, .
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Hydroformylation — HCo(CO),

Ciclo cotalibien (o la idxogeuczioue delle oldeid(
ad aleoli ; cal: u-eo(wo|,.

H-Co(co),
M:o"-cn
M
R-cly-0 R-c
foon H-co(coly Yo
?,ﬂ‘ha
H -Co (o)
1 ( ]1
"
R
E\Hz
Hy O-Ko(m),
;{co

- <t~ 0 ~ @0 (c0),,

X = Robs [aldeide] [ea] [1.] [<a] -2
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Hydroformylation - HCo(CO),PR,

HCo(CO);PR,
dissocia un CO per
generale la specie

attiva

B
1 - -
L(co)yCo ..i CHyCHyR,

Ha,

A

i
L (c0)y€o0 C- cHy CHR

N\

u
L(co),C0 O-C-cHy-ci,a
i

Hg

4
L(cO)gCo(Me)omc-cy-cir
H

H
L
K /o
CH -C--4
R-CHyCliy c\“

CHy= CHR

/—m

L (c0),CocHitHR
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Hydroformylation - HCo(CO), vs HCo(CO),PR,

Comfxembo H-Co(ca),: H-Ca(C0);PRy

Pew-lbrnle

cak. prec, pamim(Atm) b(%¢) (rodolo  m/i oktk.cot. alcami(x)
H-8o(co), 1o-4100 Ileo-1go aldeidl 434 5(us) 4
H-€o(co),PR, 5 -lo  too-200 alcoll 8:i 1(ig0%) 45
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Hydroformylation — HRh(CO),
Yoxmoriome della ajecie catalitica
uel eaqo del xodio. P

(E= ¥o-450% § Py, SOAtM)

Rh(m)er; 31,0 [Rh(ll)(ul,coo)z}! [ Rh(r)co &,

Rhauleody ~_ / b/ suoxto

H-Rh(c0),
+co ‘u-CO
H-Rh(co) 4y
i B
1) alivile® {: (wo-10.000); coste 113500
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Hydroformylation — HRh(CO),(PPh,),

Simlesi della ojecie catalilicameule

apiva.

~ 3\ pesne ol LI mson~ : \ ) l oo
el i Cnpente N Vol
& N

e

PN

/ /
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: W
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E

2
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Hydroformylation — HRh(CO),(PPh,), ;:gh:? mem geagisce o defiua
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Hydroformylation — HRh(CO),(PPh,),
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Hydroformylation — HRh(CO),(PPh,),
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Hydroformylation — Co vs Rh

N
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Hydroformylation — Co vs Rh

Table 3. Comparison of industrial hydroformylation processes of different companses [5, 11]

Process parameters RuhrChemie Shell ucc
Catalyst HCo(CO): Co(CO);PR; | HRR(CO)(PPhs);
Pressure, MPa 20-30 48 15-2.0
Temperature, °C 140-180 160-200 85-115
Propylene conversion, % 85-89
n-Butanal/iso-butanal selectivity 8020 88/12 92/8
Expenses for catalyst separation High High High
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Hydroformylation — Modified Rh catalysts

NaO,S
Naoss Water

AT

co SO,Na
NaO,S SO,Na

soluble

SO,Na

SO,Na

The process is limited to short alkenes that have an appreciable solubility in water.
Reaction is slower because of low alkenes concentration.
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Hydroformylation — Co vs Rh

Table 3. Companison of industrial hydroformylation processes of different companses [5, 11]

Process parameters RuhrChemie Shell ucc RuhrChemie/Rhone-Poulenc
Catalyst HCo(CO): Co(CO;PR; | HRR(CO)(PPh;)s HRh(CO)(TPPTS):
Pressure, MPa 20-30 48 1.5-2.0 46
Temperature, °C 140-180 160-200 85-115 110-130
Propylene conversion, % 85-89 85-99
n-Butanal/iso-butanal selectivity 80120 88/12 92/8 94/6
Expenses for catalyst separation High High High Low
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Wacker process: synthesis of acetaldehyde

C,H, + % O, — CH,CHO

It is a multi-step process:

[P4CI,J2~ + C,H, + H,0 — CH,CHO + Pd + 2 HCI + 2 CI-

Pd + 2 CuCl, + 2 CI - — [PdCI,J> + 2 CuCl
2 CuCl + % 0, + 2 HCl — 2 CuCl, + H,0
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Wacker process: synthesis of acetaldehyde

—|2- +C,H,

o o N - -

1" high
Cl,, QC' [Cl ]

- / anti
Jk CI/ e -CIr Cl \" >3M addition
H”, CH, RDS
120, low Al o 4H0 =T
2 HCI 2Cu'cl -H* N [Cr] L H “HEl H
H,0 2cu'cl, / Pl ‘OH* el """

Cl—Pd"—OH syn-
| H addition
& RDS
\\ T
[PACIJ [CoH Cl—pg—! Clvr o oHT
: I—Pd —|
low [Cl] Rate = ———— * cn’ \"
[CIT? [HY Cl OH H B OH
PACII [CoH,] “ Cl-pdi—l,
T L T PO ettt it \\\\ P'! (OH_I/—C ‘l1 3 H
cr
= CI—Pd"-—| =«
|
cl
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Wacker process: synthesis of acetaldehyde

[PACI,]2- + C,H, + D,O — CH,CHO + Pd + 2 DCI + 2 CI-

120,
2HCI 2cu'Cl -H* e
X He_Z.H
2cu'cl, /

Cl—Pd" ‘OH
| w
Cl
’ oH  #
i 1 APl ’ 5
&~ H
Pd(ly—Cl — . j\—P“("H'_. +
HL H HL™ H3CJLH
1 2 3

H-CI
Pd(0)
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Carbonylation

1. Methanol to acetic acid
CH,OH + CO — CH,COOH AH =-136 6 kJ mol’
(BASF [Co(CO) ,], BP-Monsanto[Rhl, (CQO),J, BP (The Cativa Process, Ir + Ru)

2. Propyne to methylmethacrylate

CH,C=CH + CO + CH;0OH — CH,C(=CH,)-COOCH;,
(Shell, a Pd complex)

3. Carbonylation of appropriate secondary alcohol in the synthesis of Ibuprofen
(Hoechst, Pd catalyst)
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Methanol to acetic acid

1. BASF Process based on Co(CO), complex
1. Monsanto-BP Process based Rh carbonyl complex

2. BP-Cativa process based on Ir carbonyl complex

More than 60% of the world acetic acid production
employs the Methanol Carbonylation route
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Acetic acid Processes

Options Catalyst Reaction Yield By-product

conditions

Methanol

Carbonylation ~ Rh complex 180-220°C MeOH:99% none
30-40 atm CO:85%

Acetaldehyde Mn acetate or 50-60°C CH,CHO:

Oxidation Co acetate atm.press 95% none

Direct oxidation Pd/heteropoly 150-160°C ethylene:  CH;CHO

Of Ethylene acid/metal80 atm 87% CO,

Hydrocarbon Co acetate or 150-230°C nC,: 50% Formic acid

Oxidation

(n-butane, Mn acetate 50-60 atm naphtha: propionic

Naphtha) 40% acid, efc.
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Catalyst Systems For Methanol Carbonylation

Company/Technology Central Catalyst Cocatalyst

Atom (Promoter)
Monsanto/BP Rhodium CHilHI
Celanese AO Plus Rhodium Lil/CHsl
BP Cativa Iridium CHsl/Re or Ru
Chiyoda Acetica Rhodium CHsl/lmmobilized Complex

on solid support
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BASF Process - Formation of active Co catalyst

2Col, + 2H,0 + 10CO s Co,(CO)s + 4HI + 2CO,
Co,(CO)g + H,O + CO = 2HCo(CO,) + CO,

3 Co,(CO)g + 2nMeOH = 2[Co(MeOH),]?* + 4[Co(CO),] + 8 CO

+ HCo(CO)4 produced in these reactions catalyze FT type reactions and
lead to the formation of by products

« The rate of Co catalyzed carbonylation is strongly dependent on both CO
and MeOH concentrations and pressure.

+ The complex Co(CO), is an 18 e nucleophile.

+ The attack on CH;l is a comparatively slow step.

« High temperatures are therefore required with the Co catalyst.

+ This in turn necessitates high pressure of CO to stabilize the Co(CO), at
high temperatures.
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The BASF Process: The Catalytic & Organic cycles

r CHyl HQCLY CH,COI
(H3C)CO(CO)4 CO insertion
w\% o \ A
CH,OH HI CH,COH

- O [ |
Co(CO), Catalytic cycle  (H;CCO)Co(CO), L
(4.7) (4.9)
d /\ .
CH{CO! _ " (H3CCO)Co(CO);
|

(4.10)

1. Nucleophilic attack by Co(CQO), on CHj,l

2. Carbonyl insertion into a metal-alkyl bond
3. Another CO group adds to the 16 e species
4. Reaction with I to eliminate acetyl iodide

The organic chemical cycle:
CH,OH + HI S CH,l + H,0
CH,COI + H,0 —CH,COOH + HI
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Methanol to Acetic acid by Carbonylation- Process

BASF(1955)
Metal concentration 10-"mole per liter of
Co
Temperature, °C 230
Pressure, bar 500 - 700
Selectivity (%) based on
a) methanol 90
b) CO 70
By-Products CH,, glycil acetate
other oxygenated HCs
Effect of H, Amount of by-products
increases
Promoter, CH;l Essential

BP-Monsanto (1970)

10-® mole per liter of
Rh

180 - 190
30-40
> 99
90

CO,, H,

No effect

Essential
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BP-Monsanto Process with Rh- Methanol to acetic acid

CHz

- -co

z/R’h\co

HO Methyl migratory insertion
CH,OH ! In M-CO bond
H (4.2)
/\< | ) )
G:I_ oG _ | _H e -
~ - \R"
HI
" | co " ‘\CO
1
1
(4.5) “.3)
CH3COpH
OHyp
CH3COLH co
CH3COI ! ﬁ>\ -
OHy ch\K
- | co
I
(4.4)

Figure 4.2 Monsanto process: The organic and organometallic cycles are combined. The inner cycle shows
an additional pathway for product formation.
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+  The conventional method: A large amount of solid wastes

Carbonylation of alkynes: Methyl methacrylate (MMA)
@]
O HO CN o
)J\ + HCN —— >< — OH \”)LOME
* Pd catalyzed homogeneous reaction by Shell

« A Pdcomplex catalyzes the reaction between propyne, methanol and CO

— + CO + HO — \)LOH

Regioselectivity as high as 99.95%
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Shell Process for MMA

» Milder conditions, 60°C & 10-60 bar pressure.

* Methanol as a solvent as well as a reactant

* The pre catalyst is Pd(OAc), mixed with an excess of phosphine ligand to
generate the active catalytic intermediate in situ.

+ HX as a co-catalyst.

©\ /@ Ph Ph
P \\P{
O a
SN =N 7 O

=
+
Ph P
| I Y T X
—~=NH ~

Pd can chelate with P and N. The fourth coordination may be a solvent molecule.

In the protonated form, the ligand acts as a labile, weakly coordinating ligand and
easily displaced by reactants, such as CO, methylacetylene, etc.
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Carbonylation of propyne in methanol to MMA-

Shell process

F
Pd(OAc), +2 HX+ 2P N + MeOH

%2 HOAc
N

MeOH P NH
X2
& " "“'OMe co

Ppa X " b NH|x

N/ N 2
B .co
| "Pd.
:<f/o - ~omelX
N
T~ P NH]X

S
m>]\{ I }
(o

F’ NH

Jx

N
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Ibuprofen synthesis - Hoechst

Carbonylation of appropriate secondary alcohol with

a Pd catalyst &

@ . (890 H,
Pd/C
PdCIz(PPh

JLH 7/\/

[ organic solvent + HCI : 50 bar : 130 °c]
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L/F‘d \C‘
Co, H,0
€O, 2HCI
L. .S Ar—0OH

AF Cl

AICO,H, HCI
o
L., 4 L. .43)
“pa kA’ bis ‘\‘Pd‘/’Ar
Tl : N
(4.44)
co

S = Sohent, Ar-Cl = o

Figure 4.12 Hypothetical cycle for Hoechst—Celanase ibuprofen process. For all the
proposed intermediates cis geometry is assumed.
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@ ZIEGLER-NATTA CATALYST

KAZIRANGA

ELL) 4t L g
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History

Karl Ziegler in 1953 polymerized ethylene catalytically to polyethylene.
Giulio Natta utilized Ziegler's catalyst to produce polypropylene in 1954,

In 1963, both Karl Ziegler and Giulio Natta were awarded the Nobel Prize for their
discoveries.

In 1973 the 2™ generation Ziegler-Natta catalysts were introduced with B-TiCl; at
lower temperatures.

In 1980 3¢ generation catalysts supported on MgCl, were commercialized by
many companies.

In 1991 4th generation Ziegler-Natta catalysts based on aluminoxane activated
metallocene complexes were used.

Two broad classes:
++ Heterogeneous Catalyst: Based on Ti compounds

«» Homogeneous Catalyst: Based on complexes of Ti, Zr and Hf
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Ziegler’s Discovery (Germany,1953)

Al(Et); +TiCl, —= Wn/\

Co-catalyst catalyst 1 atm "linear"
20-70 C Mw = 10,000 - 20,00,000

g,
Karl Ziegler-the last Al-Chemist

“..because he turned aluminium into
gold.”
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Using propylene

* Propene can polymerize in three ways:

CHz

Hy CHy CH; CHy CH; CHy CH; CHy cHs

g

Atactic Isotactic
/\CH3 CHs CHg.
« TiCl, + Al{C,H -
SHAICHD,

UHighly selective towards isotactic product

QHighly stable product
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Natta’s Discovery (Italy,1954)

CHs CH, CH,
TiCl
/\CHJ —3b—
AI(ED-CI
isotactic

)

CH; R —— -
Al(iBu),Cl

syndiotactic
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Mechanism of Ziegler-Natta Polymerization:
The Cossee Mechanism

1
H,C CH,
0\ o l Cart]a‘IVSt accepts HC CHy
.u\““ igand W\ Qt ylene as a : N !
— T~ CH,CH association W ligand o
/ il /T CHLH; —— —/T| ——————— CHyCH,
1,2- Migratory
insertion [Ethyl
migration]
Polymer
CH2
E— HoC CH,
AN
‘ . o ‘ ‘ - \‘\\\\

/T CHaCH3
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Termination Step: Chain Transfer

Polymer
CHy,
| \\‘\\\\ HZ T”\\\\\\\ ; l
/Ti' »> / i H + H—7Polymer
CH2CH3 l
o . “\\\\\\
—Ti - /T|‘1 H
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Kaminsky Catalyst System

Homogeneous Ziegler Natta Catalyst

\
\

N axX
i e W
g n
m \x
MAQO Linear

M =Ti, Zr, Hf MAO=methylaluminoxane

\ X |

IPC

,M'\
N,

Al—O

Atactic polypropylene

MAO
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Brintzinger System

R= CH, C,Hs
X= Cl, Br, CH,
M= Ti, Zr

\M TIPS

e / \

@ . Brintzinger developed these catalysts which when
activated with MAO catalysed the stereoselective
polymerizations of propylene with very high
activities. Thus for the first time isotactic polyolefins
were obtained using homogeneous Ziegler-Natta

CO catalyst

ansa-metallocene
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Importance of Ziegler Natta Catalyst

High Efficiency

High Stereoregularity (99% tacticity)
Longer Lifetime

High concentration of polymer product

Lower cost in production

Easy regeneration of catalyst
Controls growth and formation of polymer product
Control of polymer particle morphology in spherical shape

Higher stability
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Applications of Ziegler-Natta Catalyst

Production of:

* High density polyethylene (HDPE)

* Linear low density polyethylene (LDPE)

¢ Ultra-high molecular weight polyethylene (UHMWPE)
« Thermoplastic polyolefins (TPO’s)

* Polybutylene (PB)

* Crystalline polypropylene

* Carbon nanotubes nanocomposites
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Instrument

panel Seat panels

Under-the-hood

parts Consoles,

trim parts

Cowl grill

Front bumper/

fascia Rear bumper/

o fascia

Door trim

Running
boards

Wheel lip
molding

A
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