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Homogenous Catalysis

Oligomerization of Ethylene to a-Olefins: Discovery and
Development of the Shell Higher Olefin Process
(SHOP)

Wilhelm Keim*

multiphase catalysis - olefins - oligomerizations - Dedicated to Professor Karl Ziegler and
polymer chemistry - SHOP Professor Giinther Wilke
12492 Wiley Online Library © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 12492 —12496

Wilhelm Keim studied chemistry at the Angewandte
Universities of Miinster and Saarbriicken imemationaieasion CHEMTE
(diploma) and obtained his doctorate 1963

at the Max-Planck-Institut fiir Kohlenfor-

schung in Miilheim. He completed a one- Ess ays

year postdoctorate at the Columbia Univer-

sity in New York (1964-1965) and worked Luck, talent, and hard work: Currently, correct model conceptions and lucky
from 1965 to 1973 as a chemist, group over a million tons of a-olefins are coincidence. W. Keim, one of the main

leader, head of department and manager for manufactured per annum using the Shell  participants in the development of SHOP, W. Keim* _______ 12492-12496
Shell Development, USA. From 1973 to Higher Olefin Process (SHOP). The dis-  gives a personal account of the events.

2000 he held the Lehrstuhl fiir Technische covery of the process was the result of Oligomerization of Ethylene to a-Olefins:

Discovery and Development of the Shell

Chemie und Petrolchemie at RWTH Aachen. Higher Olefin Process (SHOP)

He has received numerous prestigious honors.
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The Shell Higher Olefin Process m

Synthesis of middle, internal olefins from a mixture of long and short
terminal olefins

- Sequence of three processes (ca. 12 million tons per year):

1) Olefin oligomerization (homogeneous Ni-cat.)

Shell



The Shell Higher Olefin Process

Flow diagram of the process
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The driving force

When the author started at Shell Development in Emery-
ville in 1965 the following economic environment existed:
1. Shell Chemicals had just commissioned a hydroformyla-
tion plant to manufacture fatty alcohols (Neodol) in
Geismar, Louisiana.

The lack of biological degradation of the
branched surfactants had resulted in the accumulation of
foam on rivers and seas. Furthermore, the detergents
based on Neodol showed good washing performance in
hard water and could be used at low washing temper-
atures. They also worked well in formulations with low
phosphate content, which reduced the eutrophication of
surface waters. The fatty alcohols produced by Shell were
then in high demand, and the market developed high
growth rates.

2. The olefins used in Geismar for hydroformylation were

produced by the halogenation of alkanes with chlorine and
clmination of HC. ThiS pidgess hadGorsiderable!dise
_ as the monoolefins produced in this way
shorten the lifetime of the cobalt phosphane catalyst.

3. Shell planned the construction of a large-scale gas oil
M

IE'

at Shell
Chemicals for hydroformylation. The research division of
Shell Development Company was instructed to work on the

monoolefins. At that time a-olefins were primarily produced
by cleavage of wax and the Ziegler polymerization of
ethylene. The wax splitting and the Ziegler process are very
expensive and give lower quality products for the manufac-
ture of detergents.

As a chemist who had completed his dissertation under
the supervision of K. Ziegler and G. Wilke, I was very familiar

Numerous homogenous transition-metal catalysts with mono-

The use of
ligands containing polydentate phosphane was hardly de-
scribed; hence it seemed appropriate to investigate bidentate
phosphane ligands. The concept described in Figure 1 shows
the basis of the underlying considerations.




Designing the catalyst

The bidentate chelate ligand XY should exhibit the
following properties: it should force square-planar coordina-
tion at nickel and as a donor ligand it should enable the
stereochemical distinction between the trans (electronic
factor) and cis positions (steric factor); the ligand should be
hemilabile. Nickel was chosen as the metal as I had much
experience with organonickel compounds for the C—C link-
age of olefins in my dissertation “m-Allyl Complexes of
Nickel, Palladium, and Platinum”. Ethylene should coordi-
nate on complex 1 as shown in Figure 1 and in a subsequent
step insert into the nickel-carbon bond M—R (growth). A
subsequent B-elimination should release a-olefins with for-
mation of the nickel hydride complex 2. The latter then
coordinates ethylene, which is again inserted, so that 1 is
generated again. Thus a catalytic cycle occurs in which
repeated ethylene coordination and insertion form the basis
of chain extension.

Why square-planar?

Why hemilabile?

Why nickel?

How & why does this catalysis work?

X—/R -elimination X—7H
C//\M\ . ’(//\M\i|

— a-olefin

1 2

R = growing, linear, ethylene-derived carbon chain
M = nickel
7N
X Y = bidentate chelate ligand
Y =P; X =0, N, Setc., [] = ethene coordination site
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The ligand

At the same time in our group, T. Shryne pursued the
rhodium-catalyzed hydrogenation of sulfolene to sulfolane.
He synthesized the ligand Ph,PCH,COOH, which had been
produced for the first time by K. Issleib. This also seemed to
me to be of interest for my work on ethylene oligomerization.
Was it the correct proposed model concept (Figure 1)? Was it
a stroke of luck (“serendipity in research”)? On April 14,
1968 the reaction of Ph,PCH,COOH with [Ni(cod),] (cod =
1,5-cyclooctadiene) resulted in a red solution, which oligo-
merized ethylene to linear a-olefins with a Schulz-Flory
distribution (geometrical series, Figure 2). Figure 3 shows the
first GC analysis of the synthesized olefins.

11



What is a ‘hemilabile’ ligand?

...and why is it important for catalysis?

12



The solvent

The oligomerization catalysts were very expensive, so that
the question of ending the development work was also
raised here. Again it was serendllt in research” which
heled the breakthrough. |

.| One
day, my laboratory assistant A. Nabon
solvent bottles and i &
When the autoclave was opened there were

Another stroke of
luck! The poss1b111ty of catalyst recirculation in a two-
phase procedure was born. Now the optimal solvent had to
be found. Around this time, the development of the
sulfolane process at Shell Development in Emeryville for
the extraction of aromatics and dienes was completed. The
chemical engineers involved in the development of the
sulfolane process possessed considerable knowledge about
solvents, which in our case should demonstrate the
following properties:

Butanediol proved to be a suitable solvent.



Homogeneous vs. heterogeneous catalysts

Pro’s & con’s

Aspect

Homogeneous

Structure/stoichiometry Defined

Active centers
Diffusion

Reaction conditions
Chemoselectivity
Stereoselectivity

Catalyst separation

100 %

No problems
<150 °C
High

High

Difficult

Heterogeneous
Not defined
Small fraction
Partly high

>> 150 °C

Can vary

Low

Easy
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Is homogeneous catalysis (industrially) relevant?

Angewandte

Immesisastiediien. Chermie

Date of birth: April 18, 1948

Wolfgang A. Herrmann

Position: President of the Technical University of Munich
E-mail: president@tum.de
Homepage: http://aci.anorg.chemie.tu-muenchen.de
Education: 1971 Undergraduate degree, diploma thesis supervised by Prof. Ernst Otto Fischer, TU Munich
1973 PhD from the Universizy of Regensburg supervised by Prof. Henri Brunner
1975-1976 F | position at P Ivania State University with Prof. Philip S. Skell
Awards: 1985 Wilhelm Klemm Award of the German Chemical Society; 1987 Gottfried Wilhelm Leibniz

Award of the German R

dation; 1989 Humboldt R h Award; 1991 Max

Planck Research Award; 2004 ACS Award in Organometallic Chemistry; 2007 Bavarian Order

of Merit
‘ Research Org llic chemistry, catalysi
W. A. Herrmann interests:
Hobbies: Music, in particular solo performances on piano and organ
8148 ("?’NI\YJFLE;E © 2012 Wiley VCH Verdag GmbH & Co. KGaA, Weinheim Angew. Chem. [nt, Ed, 2012, 51, 8148 -8149
much harsher conditions with respect to factors
such as temperature and pressure. Also bioinor-
Yes indeed. In contrast to my earlier days, [ don’t ganic chemistry will maintain its rapid advance,
publish isolated results any more, but rather con which is already largely finished for organometallic
textually. This is due to the fact that T have already  catalysis. The understanding of the many metals in

would publish in the same style as then.

made my mark as a scientist. If [ was to start again, |

What do you think the future holds for
vour field of research?
Molecular catalysis will replace heterogeneous
catalysis step by step, since the latter works under

Angew. Chem. Int. Ed. 2012, 57, 8148.

living organisms is still in its infancy, as is the
catalytic utilization of biogenic resources (plant
material). A lot of new territory remains to be
explored. One other main target is the selective
catalytic conversion of methane to value-added
chemicals.

TUTI
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Molecular catalysts in industry Tm

Table 3.1 Worldwide industrial production of chemicals by homogeneous catalysis.

Catalytic process Catalyst metal Capacity (1000ta™")

Bulk chemicals

Cleantech 30% Polymers 21% Co, Pd, Cr,. .. 18 000
Rh >7500
Rh, Ir/Ru >7000
Co >2000
e Rh, Ru, Ir, .. 1700
Oligomerization of ethene Ni 1200
Hydrocyanations Ni 1000
Olefine polymerizations Zr, Ti 500
Carbonylation of ethene Pd 140
Refinery Trimerization of ethene Cr 100
processes 22% Chemicals 27%  Telomerization of butadiene with methanol Pd 100
. Fine chemicals:
Figure 3‘.1 Application areas of catalysts (S)-Metolachlor (hydrogenation) ir 10.0
(worldwide, 2004). Ibuprofen (carbonylation) Pd 5.0
Octadienols (telomerization) Pd 5.0
Citronellal (isometization) Rh 1.5
Boscalid (Suzuki-coupling) Pd >0.5
Terbafin (Sonogashira-coupling) Pd/Cu 0.1

16



Why homogeneous catalysis ?
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Enantioselective hydrogenation m

Synthesis of L-Dopa (agent against Parkinson disease)

COAc COAc o+ COOH
mom Rh-cat. NHOAG o mz
chiral ligand
OH

Knowles, 1968 (Nobel Prize 2001)

\/ COAc X COAc

Back side

P 2 OMe
[ = Front side

(R,R)-DIPAM

NHOAc

MeO

OAc

18



Nobel Prizes for catalysis research

G. Natta W. S. Knowles R. Noyorl K. B. Sharpless

W. Ostwald F. Haber C. Bosch F. Bergius K. Ziegler
p— p— p— e o N | | = o =
1909 1918 1931 1963 2001

e

R. F. Heck  E. Negishi A. Suzuki
l l = = [ L= = o
2005 2007 2010 19



Let's get to the basics...

20



Principles of molecular catalysis

Basics of coordination chemistry

Which ligand will most easily (= quickly) dissociate?

21



Principles of molecular catalysis

Basics of coordination chemistry
Which ligand will most easily (= quickly) dissociate?

Phj

P
®.
PhsP)” u“ii’

|
PPhj

Obviously, the dissociation of a ligand depends on:

= the bond strength (thermodynamics)
= the steric demand

= the charge (- Coulomb force)

= the effect of the trans ligand

22



Design of molecular catalysts
Parameters for catalyst design

= Free coordination site at the metal is required

= Electronic situation at the metal
Metal is electron poor/rich; late TM (d8-d'9) activate bonds
Ligands; o-/m-donors increase the electron density at the metal

= Steric demand of ligands - regio- and stereoselectivity
Ligand size
Chirality of the ligand

= Anionic ligands (coordinating vs. non-coordinating)

= Solvents (= placeholders for vacant coordination sites)

23



Basics of coordination chemistry m

Metal-ligand interaction

Nature of the coordinative bond = interaction between metal d-orbitals and
o-, - or ri*-orbitals of a ligand

Ligand donates electrons to the metal
o-symmetry of orbitals

M=L (for m-donors also -symmetry)
- o-donor bond

Metal donates electrons to the ligand
M—L *-symmetry of orbitals

(for agostic bonds also ¢*-symmetry)

—> ni-back bond

The reactivity of metal complexes depends on subtle effects:

- Each TM exhibits different reactivity, also dependent on the oxidation state

- The ligands vary in binding strangth and reactivity 24



The metals

25



The metals

Bond activation

[ (@ [

H-H activation
C-H

C-0O
Reductions
etc....

26



The metals

C—-C bond formation

Hydroformylation

C li
E Olr(e)fsir? fnoel::t:egsis
f Ir § Pt

/
Olefin polymerization

etc....

27



The metals

Oxidation catalysis

Epoxidations
Wacker-aldehyde
etc....

28



The metals Tim

Principles of organotransition metal catalysis: the concept

products ’V ML, \( reactants

product elimination complex formation

\ product formation

Figure 5.5 General catalytic cycle.

AB, p. 52. 29



The metals

Principles of organotransition metal catalysis: elementary steps

ML,
Products V \( Reactants

Product eliminination through Complex formation through
o Dissociation o Asgocngtuon g
o Reductive Elimination o Oxidative addition

Product formation through
° |nsertion
o Oxidative coupling

Figure 5.7 Catalyst cycle with elementary steps.

AB, p. 58.



Example: Catalytic hydrogenation of olefins

Mechanism by J. Halpern (simplified)

/\ S/,,, He wPPhg
H H Ho

Ph3p/ \CI
Reductive Oxidative
elimination 'PPhS addition
Ph3P/,,, | .wPPh3

H, H PhsP””

HSC/C//,"RILM‘\\\\PPhS H//,,'er‘]”l‘\\\\ PPh3
v N

J& i S H,CZ o
Insertion Hu, ||”\\\\\PPh3 ) 2

Rh
PhsP”” | gl

JFH, p. 585 ff. H2C=CH,
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Oxidative addition Tim

Principle

X
X X_Y X X / 2
- Y \Y

Preconditions:

- Electron-rich d8- and d'9 metals

- Electronically unsaturated 16 VE complexes - free coordination site is required
- Sterically unsaturated complexes

Two different mechanisms:

- Cleavage of (H-H, C-H, C-C, Si-H, ...)
- Cleavage of polar bonds (alkyl/aryl halides)
32



Oxidative addition

bond activation — the example of dihydrogen
Mechanistic considerations — cis-products!

Concerted oxidative addition Heterolytic dissociation

@/\O /H 1 ]

H
Lans | = LnMr{+2 LM™—| . T LM™—H
H H
H
\JG* \—Base
Backbonding

© Base-H®

33



Oxidative addition

bond activation — the example of dihydrogen

Mechanistic considerations — cis-products!

Examples:
RP—PO—PR; — 2w HPu gyt
3 - 3
R:P” H
H
R3P//I,,"| |“‘\\C| H2 R3P/II,,,'Ir|”-\\\H

I _—
oc” “NPR, oc”” | PR,



Oxidative addition

bond activation — the example of dihydrogen

Isolated product of the oxdative addition of H, to Rh(l)

Angles

P1-Rh-P2: 175.6°
H1-Rh-H2: 66.2°

Torsion angle
Cl1-H1-H2-Rh: 1.0°

[(PrsP)y(H)2(Cl)RA]

R. L. Harlow, D. L. Thorn et al., Inorg. Chem. 1992, 31, 993.
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Oxidative addition

‘Frozen‘ oxidative addition — n?-dihydrogen ligand

Subtle changes influence the product formation

- Intact H-H bonds
Also detected via TH-NMR and IR

Neutron diffraction single crystal structure

Distances [pm]: Angles [°]:

H11-H22: 82.5 H11-Ru-H12: 27.4
H21-H22: 83.5 H21-Ru-H22: 27.5
H1-H2 :213.2 H1-Ru-H2 :81.9

B. Chaudret et al., JACS 2005, 7127, 17592.
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Oxidative addition Tim

Heterolytic bond activation of polar bonds

Alkyl- and aryl halides: Sy2 vs. VS. (depend on the substrate and on the metal)
R3P/,,,,,I WX
r
oc” | VPR,
Mel RBr
PhCH,Br PhX
"CH3OCHQCI XCH,COOR
CH,4 Ph
R3P//,,I || \\\\X RSP//II,,Ilr.\\\\X
oIr:
0C” | PR, OC/)'(\PRS
|
SNQ

37



Oxidative addition

Sye—type bond activation of polar bonds

Most prominent for alkyl- and aryl halides

Sp2 mechanism with a nucleophilic metal center:
"~ RR T
CRs \§
M+ | — MC|)X —» [M-CR3]* X’ —» X—M—CR;j
R

X

Proof: scavenging of the intermediate

CHs " CHa *
H3C/,, ,\\SMez CH3| H3C/,, I ,\\SMez - CH3CN H3C/,, .\\SMez
pill - ° e ptlV I N ptlV
HsC”  ““SMe, HeC”  SMe, HC” | “NSMe,

NCCHj



Oxidative addition Tim

Concerted bond activation of medium polar bonds with Pd(0)

Example: C-C cross coupling reactions with Pd(0) complexes
[Pd°(PPhg),]
“ -2 PPh,

Ar—R PhaP)PA \(\Ar_x R-E Name reaction

R-BR, Suzuki coupling

PhaPy, | WAT ey R-ZnX Negishi coupling
_Pd X :
PhsP” , VR (Ph3P),Pd® R-MgX  Kumuda coupling
E—X R-SnR;  Stille coupling
E—R Q ¥ Olefins Heck coupling
PhaPs,, d”\\\Ar 77X
PheP” VX (PhgP),Pd®

T 39



Ligand insertion
Principle

Intramolecular insertion (,migratory insertion‘) - nucleophilic attack

| | + L |
L.M—Y > L M—X—Y > L M—X—Y

X = nucleophile (H, alkyl, acyl, etc....)
Y = electrophile (CO, olefins, alkynes, (Fischer) carbenes, etc....)

= The oxidation state of the metal does not change

= X and Y must be in cis-position

= A free coordination site is created

40



Ligand insertion
Principle

Intramolecular insertion (‘migratory insertion‘) - nucleophilic attack

| | + L |
L.M—Y > L M—X—Y > L M—X—Y

X = nucleophile (H, alkyl, acyl, etc....)

Y = electrophile (CO, olefins, alkynes, (Fischer) carbenes, etc...

Example:

R, =B K
<7 <l

)

41



Reductive elimination Tum
Principle

X
/

LMY ——— L. MX2 4+ X-=Y
Y

Conditions: - ligands X and Y must stand cis to each other

- the product X-Y must be stable (e.g. by the VE count and oxidation state)
- the metal complex product must be stable

Kinetics: - Xand Y are trans to each other - rearrangement slowers RE

- addition of o-donor ligands accelerates RE
- Large ligands accelerate RE
- 3- and 5-coordinated complexes undergo RE faster than 4-

and 6-coordinated complexes 49



Reductive elimination

Principle
X
/
AN
Y
Examples:
Ro
P/,, o CH AT
[ oPdl”® ———3 HyC—CHy
Ro
| e 1o O
|\ Y C)I\
II“"Rhm“\‘C\CHS 3 I - |Il,,,

oc™ |\Co T oc™

1o

W\ I
RA'2"
~Cco
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B-Hydride elimination m
Alkyl ligands with 3-hydrogen atoms are unstable

C-H bond activation by transition metals (especially late TM)

LHMNR Lnlv[/\< LnM—m
H H : | R

~__R[*
H H
= Experimental proof: deuteration experiments (- NMR)

LM—H + 2R

H

| _H CH,
Bu3P—Cu—C/ —> BugP—Cu—D + (H)
\ YN
C—Et D Et
7\
D p

44



The ligands

45



The ligands

More than meets the eye

= Spectator
Stabilize the complex as such

= Place holder
Help forming a free coordination site

= Charge control
Push/pull of electron density to the metal

= Steric control
Shielding and/or chiral control

= Reactant
React with the substrate to the product

46



The ligands

Classifications

= coordination over carbon or heteroatoms

= charge: neutral (CO, phosphines, ...) or anionic (halides, alkyl, hydroxide, ...)
= No. of donating electrons

= bond properties: nucleophile or electrophile? (strong e-donor or e-acceptor?)

Location of e-pair for the o-bond?

-> free e-pair (phosphines, amines, CO, alkyl, etc...)
- 1-bond (olefins, alkynes, allyl, arenes, Cp and derivatives)
- 0-bond (e.g. H, in dihydrogen complexes)

Are there rt-interactions?

-> n-donor (e.g. oxo, halide, amido, imido ligands, etc...)
- no (or weak) mrt-interactions

- m-acceptor (e.g. CO, olefins, alkynes, etc...)

47



Phosphines

By far most used ligands in organometallic chemistry

» Strong o-donors
r-acceptors

« Electronic properties vary
with the substituent R
= Studied by Chadwick Tolman

<O Shift of the CO
L—N(“‘CO vibration depends
CO onL

C. A. Tolman, Chem. Rev. 1977, 77, 313-348.

Ligand
PMe,
P(OMe),
PEt,
PPh,
P(OPh),
P/Pr,
PCy,
PBu,
P(o-Tol),
P(Mes);

¥ (CO) [em™]

2064.1
2079.5
2061.7
2068.9
2085.3
2059.2
2056.4
2056.1
2066.6

n.a.

48



Phosphines Tim

By far most used ligands in organometallic chemistry

Ligand Cone angle [°]

» Strong o-donors

r-acceptors PMes 18
P(OMe), 107

 Steric properties vary PEt, 132
with the substituent R PPh, 145
P(OPh), 128

. - PPr, 160

Free coordination sites P Cy3 170

Pdly "t , Pdl; L | PdL, PBu, 182

P(o-Tol); 194

PMe; ~ PMe,Ph ~ PMePh, < PEt; ~ PPhs < PPriy < PCy3 < PPhBuf, P(Mes); 212

Bulky ligands }



Dialkylbiarylphosphines

Design influences reactivity and stability of the catalyst

Substituent fixes conformation
enhances rate of reductive
elimination

increase stability

» Large
substituents

on ring promote
[L,Pd]

» Alkyl groups

increase electron

density at phosphorus,
promote oxidative addition

* Increased steric bulk

at P promotes
reductive elimination
\Q « Large
iP substituents
* Large on P promote
substituents [L,Pd%]
prevent
cyclometalation, . Lower aryl ring retards

oxidation by O,

« Lower aryl ring allows
stabilizing Pd—arene
interactions

« Lower aryl ring promotes
reductive elimination

Angew. Chem. Int. Ed. 2008, 47, 6338; Acc. Chem. Res. 2008, 41, 1461; Chem. Sci. 2011, 2, 27.

O PCy, I PCy, PCy,
Me,N I Me O M

DavePhos MePhos
PtBu, PtBu, PtBu,
Me,N Me
JohnPhos 3 4

l PCy,
eO l OMe

[N\ \
S. L. Buchwald
pcn
iPr O iPr
iPr

‘ PCy, I l PBu,
iPro l OiPr O O
XPhos RuPhos
PfBuz I PPh, PCy
iPr iPr Me,N O MeO. OMe

SPhos

PiBu,
,Pr Pr
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Diphosphines m

i i ; : . thP/\Pth
Chelating ligands — cis coordination N 72
Ph,PPPh, 84

M
ﬁi @ pth(japhz 86
2.
"

92

)
F
",
K R
3
5
N

L

113-123

Ph,P  PPh, 51




Diphosphines: Chirality

oo O, (
PPh2

] l PR, R? ‘ PRT,
(S)—bisbenzodmxanPhos (SYNPHOS)

(S)-BINAP: R = Ph (S)-BICHEP: R' = Cy; R? = CH,
(8)-TolBINAP: R = 4-MeCgH, (S)-BIPHEMP: R' = Ph; R? = CHj
(S)-XyIBINAP: R = 3,5-(Me);,CgHz  (S)-BIPHEP: R = Ph; RZ= OCHj

PPh, PPh, PPh,
PPh, PPh, PPh,

(S)-SEGPHOS (8)-Difluorphos (5)-H8-BINAP (S)-P-Phos: Ar = Ph (8)-C,-TunePhos
(S)-Tol-P-Phos: Ar = 4-MeCgH, n=1-6
(8)Xyl-P-Phos: Ar = 3,5-(Me),CgHy
o]
OBn n 0
+OBn
P

R“‘Q P=,

3

CLa Yl -
Py -
/\) [ o °$
R OBn

H 13 e

£
R R
(5,5)-Me-BPE: R = Me (5,5)-Me-DuPHOS: R = Me RoPHOS R = Me or Et
(S,5)-Et-BPE: (8,8)-Et-DuPHOS: R = Et

(5,5)-Pr-BPE:
(5,5)-Ph-BPE: R = Ph

b o RS

R=Bn (8,5)-BINAPHANE (R,S,A,5)-Me-PannPhos
R="Bu

(5,5)-"Pr-DUPHOS: R = 'Pr

MalPHOS

(R)-{S)-Josiphos: R = Cy; R’ = Ph

(A)-(S)-PPF-"Buz: R = Bu; R" = Ph R = Me; Ar = Ph
(R)-(S)-Xyliphos: R = 3,5-Me,Ph; R o-Tolyl
B =Ph R = Me; Ar = 2-Np

R=PrAr=
(R){8)-Cy,PF-PCyy: R = Cy; = PriAr -
R=Cy:R='BuR =4CEpph - NMelzAr=Ph
O
A {TPPh,
PPh,

(R.S)-BPPFA: X = NMe,
(R,5)}-BPPOH: X = OH
X = NHC)H,CN - N

(R,R)-(R.S)-TRAP
EITRAP,R = Et
PrTRAP;
BuTRAP;
PhTRAP; R = Ph

R e
Me R

MandyPhos (FERRIPHOS)

R
ANy
Fe PPh,
| Ph,P
<
TaniaPhos WalPhos
R' = NMe,;R2 =H R' = Ph; R? = 3,5-(CF4)CgHs

= N-pyrrolidyl; RZ = H R = 35-Mep-4-MeQCgH,,

= Me;RZ=H R? = 3,5:(CFa)CgHy
=PrR?=H
A" = H;RZ = OMe
R

CHEY, é
PPhy '

| Fl

Fe 1 ‘

ChyPPhe e
CHEt, R

(8,5)-FerroPHOS (S,5)-Et-FerroTANE: R = Et

R™ ‘,Pv F:‘ Me ?e‘;"v P;é

Me R

{S,5)-DIPAMP (5,5)-'Bu-BisP*: R = 'Bu (5,5)-'Bu-MiniPhos: R = 'Bu Tri-chicken-foot Phos
(5,5)-Ad-BisP*: A = 1-adamantyl  (8,5)-Cy-MiniPhos: R = Cy
(5,5)-Cy-BisP*:R = Cy (85,8)-'"Pr-MiniPhos: R = 'Pr
_ 4
H N\ I
~P. P
Me™ / \"“‘Pr % ¢
o= ~P P PH P PH P
i 1w “y H H
Pr ¥ Y Me R [\ \ Me i :
A Me R2 Bu Bu Bu 'Bu
X=CHN Unsymmetric BisP* (5,5, R)-TangPhos (8,8 R.A)-DuanPhos Binapine

R' = 1-Ad; R? = 'Bu
R = 1-Ad; R? = Cy
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The ligand influence

Again: the catalytic hydrogenation of olefins

— i, wPPhg

H H phsp/ \CI
_ Oxidative
Reductive PPh addition
elimination
PhSP/, \PPh3

", T PhsP””
Hsc/Cln,,Rh”I\\\\\PPhS HI/,,, ‘\\\\PPh3
PhsP”” |\CI PhyP” |\C|

\ /:04@_'2
Insertion - ” wPPh; 2

Ph3P’ "~ai
HoC—= CH2

Relative activity:

v (CO)
[cm™T]

Cone
angle

Activity

OCHg| ,
2066.1

~ 145

2068.9

145

2085.3

128

2056.4

170
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The ligand influence

Example: Grubbs carbenes in olefin metathesis

Mechanism of olefin metathesis with Ru-catalysts

L

R -pC
C|2Rl|1¥ "

PCy3

Free coordination site is important

L E\
|_R R’
C|2RU_

Binding of the substrate is important - trans-influence

PCy
oLk
Ru=C2
/|u ~Ph
Cl

PCy3

1st generation

2nd generation

L

C|2RU=CH2
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The ligand influence

Stereoselectivity with chiral diphosphines

R. Noyori et al., JACS 1995, 117, 2675; Angew. Chem. Int. Ed. 2002, 47, 2008.

A~
Ryoji Noyori
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The ligand influence

Stereoselectivity with chiral diphosphines

R. Noyori et al., JACS 1995, 117, 2675; Angew. Chem. 2002, 114, 2108.
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Enantioselective hydrogenation m

Synthesis of antibiotics

O O H OHO /[
OMe H, . AﬁkOMe — [:r .
[(R)-BINAP]Ru" N\;

NH NH O

OH
O O

Enantiopure -lactame
antibiotics

(R)-BINAP
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Back to the SHOP...
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The driving force

When the author started at Shell Development in Emery-
ville in 1965 the following economic environment existed:
1. Shell Chemicals had just commissioned a hydroformyla-
tion plant to manufacture fatty alcohols (Neodol) in
Geismar, Louisiana.

The lack of biological degradation of the
branched surfactants had resulted in the accumulation of
foam on rivers and seas. Furthermore, the detergents
based on Neodol showed good washing performance in
hard water and could be used at low washing temper-
atures. They also worked well in formulations with low
phosphate content, which reduced the eutrophication of
surface waters. The fatty alcohols produced by Shell were
then in high demand, and the market developed high
growth rates.

2. The olefins used in Geismar for hydroformylation were

produced by the halogenation of alkanes with chlorine and
clmination of HC. ThiS pidgess hadGorsiderable!dise
_ as the monoolefins produced in this way
shorten the lifetime of the cobalt phosphane catalyst.

3. Shell planned the construction of a large-scale gas oil
M

at Shell
Chemicals for hydroformylation. The research division of
Shell Development Company was instructed to work on the

monoolefins. At that time a-olefins were primarily produced
by cleavage of wax and the Ziegler polymerization of
ethylene. The wax splitting and the Ziegler process are very
expensive and give lower quality products for the manufac-
ture of detergents.

As a chemist who had completed his dissertation under
the supervision of K. Ziegler and G. Wilke, I was very familiar

Numerous homogenous transition-metal catalysts with mono-

The use of
ligands containing polydentate phosphane was hardly de-
scribed; hence it seemed appropriate to investigate bidentate
phosphane ligands. The concept described in Figure 1 shows
the basis of the underlying considerations.

IE'

59



Background

Trimerization of 1,3-butadiene at Ni(0) complexes

NiL,

+2L NZN

Karl Ziegler
(MPI Malheim)

Gunther Wilke
(MPI Milheim)
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Remember: Pd-catalyzed C—-C cross coupling m

Discovered in the 1970ies! Nobel Prize in Chemistry in 2010
‘for palladium-catalyzed cross couplings in organic synthesis’
[Pd°(PPhy),]
ﬂ -2 PPhy
Ar—X
Ar—R (PhgP),Pd® \\\<\
>/ 2
PhSP”I,, II.\\/A\r —
X
Phsp” , VR (PhgP),PdC
E—X )
Ph3P,,,“Pd”,\\Ar R. F. Heck E. Negishi A. Suzuki
phsp/ vy (PhsP), Pdo (Delaware, USA) (Purdue, USA) (Sapporo, Japan)
\_/
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Designing the catalyst

The bidentate chelate ligand XY should exhibit the
following properties: it should force square-planar coordina-
tion at nickel and as a donor ligand it should enable the
stereochemical distinction between the trans (electronic
factor) and cis positions (steric factor); the ligand should be
hemilabile. Nickel was chosen as the metal as I had much
experience with organonickel compounds for the C—C link-
age of olefins in my dissertation “m-Allyl Complexes of
Nickel, Palladium, and Platinum”. Ethylene should coordi-
nate on complex 1 as shown in Figure 1 and in a subsequent
step insert into the nickel-carbon bond M—R (growth). A
subsequent B-elimination should release a-olefins with for-
mation of the nickel hydride complex 2. The latter then
coordinates ethylene, which is again inserted, so that 1 is
generated again. Thus a catalytic cycle occurs in which
repeated ethylene coordination and insertion form the basis
of chain extension.

Why square-planar?

Why hemilabile?

Why nickel?

How & why does this catalysis work?

X—/R -elimination X—7H
C//\M\ . ’(//\M\i|

— a-olefin

1 2

R = growing, linear, ethylene-derived carbon chain
M = nickel
7N
X Y = bidentate chelate ligand
Y =P; X =0, N, Setc., [] = ethene coordination site
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The ligand

At the same time in our group, T. Shryne pursued the
rhodium-catalyzed hydrogenation of sulfolene to sulfolane.
He synthesized the ligand Ph,PCH,COOH, which had been
produced for the first time by K. Issleib. This also seemed to
me to be of interest for my work on ethylene oligomerization.
Was it the correct proposed model concept (Figure 1)? Was it
a stroke of luck (“serendipity in research”)? On April 14,
1968 the reaction of Ph,PCH,COOH with [Ni(cod),] (cod =
1,5-cyclooctadiene) resulted in a red solution, which oligo-
merized ethylene to linear a-olefins with a Schulz-Flory
distribution (geometrical series, Figure 2). Figure 3 shows the
first GC analysis of the synthesized olefins.
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The mechanism of the oligomerization

Ph,
P//,,“ ‘\\\\H
/ Y BERANG
Ph, Phy
e e
0=~0"" 0=0
A

Sequences of:
» coordination
* ligand migration

* B-H elimination

64



