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The 18 electron rule & catalysis

« 18 e complexes are unwanted in catalysis

« They are either catalyst precursors, resting states in a catalytic
cycle or just a bad proposal

e <<18 e complexes should be closer examined (except for early
transition metals).

Q&\ LHs Q_P(CH?,)z

LeeessntMo
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Types of M-C Bonds in the Periodic Table

Anorganische Chemie, 6BA40

main-gr_organo 3

18
fipdrizgen Rl
1 2
H He
1,00754F] Hey: & QDIE03 T
lithium seryllium elemeant name ExCirTin carban mitragen EE Hucnine macn
3 4 atomic number 5 [ F i 8 9 10
Li | Be symbol B|C|N|O| F |Ne
sad1izi | oo121823, 1 sl 1o el | szorgrs: | e ossrarna] 1s999acs; |16 caps0das] 20.179ri6]
Szt megnesium elumisiun oo phoszhons SUlfur chlcrine B1gon
11 12 13 14 15 16 17 18
Na | Mg Al | Si| P | S |Cl|Ar
22 93P 24 3050061 26.991538021] 2B eass J20FITGE]] I3 06016y | 35.45279) | 39 BRI
[ Ca i Tine gallarr. | germariim | Braenic ‘selenium Bromine wrephen
19 20 30 n 32 33 34 35 36
K | Ca Zn | Ga| Ge| As | Se | Br | Kr
2002983000 | =0 DTEid £5 i Lt R &l lak) TG | Tees160dE | FE.O6IE Fa 30 k] 4380014
rukzidear senbum CEERTI rdiesrr: Hin anbrmony teslluriurm [ BEMON
37 38 48 49 50 51 52 53 54
Rb | Sr Cd|In |Sn|Sb|Te| I | Xe
p.g6zacy) | srem azantedr | raangia | erai | 1zimeon | 127 eop2 |izegcsanad 13 sua
) EERIET FIef DU tralivam == FE padomium esteline f s
55 56 80 81 8z 83 84 as 86
Cs | Ba Hg| Tl [ Pb| Bi | Po| At | Rn
e || T e =) ey o) R Vv
ar 88 112 114 116 118
Fr | Ra Uub Uuq Uuh Uuo
Jeszongs | | [T [288] [284] [263]
*lanthanoids
**actinoids
electron deficiency compounds covalent M-C o-bonding
lonic compounds metalloids
[ d-metals, M-C o-bonding and n-bonding non-metals
TU / @ |o. vogt (Y]

Schuit Institute of Catalysis




Sc

Ti

Zr

La

Early transition metals

e Strongly electrophilic and oxophilic

Groups 3-4

e Little redox chemistry (exception: Ti)
e Virtually always < 18e complexes
 Polar and very reactive M-C bonds
e Little d-electrons:
— preference for "hard" s-donors
— weak coordination to p-acceptors
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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,
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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
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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
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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



Synthesis of Metal Alkyls / Acyls

e Insertions A
"mM-"' .... "-.|\/|u"" CHj;
CH — /
~ \H ~ \CH2
CH,
alkyl generation
R\ /O
R C/

acyl formation V/13



Synthesis of Metal Alkyls / Acyls

e |nsertions

CO/ \CO CO/ \CO

CO CO

E, = 61.9 kd/mol, AH* = 59.4 kJ/mol,
AS* = -88.3 J/mol.K en AF* = 86.2 kJ/mol V/14




Synthesis of Metal Alkyls

e Oxidative Addition

X
Oxidative Addition ey | e
.o.. X > ."'M"'
' o’
/"M'\ ' ‘ - dh
Y Reductive Elimination Y

formal oxidation state
increases by 2*

O, PPh Mel <:‘ )
< Rh,  ° > o0~
0~  PPh;

Me
Rh

_PPh;
‘PPhy

V/15



Oxidative Addition

Usually both, coordination number and oxidation state increase by two!

= Three important mechanisms for oxidative addition:
non-polar addition

H bats H
OCHWLNPR3 2 OCHhﬂﬂPR3 OwaHPPRs

X

nucleophilic attack on a carbon atom by the lone pairs of the metal

0 Ph #Rg P
(RsP)Pd +  Mcl — cl—Pdl{.; + 2PR;
ol |
D PR; D

CH3X > CH3CH,X > CHR,X > CyX X = halogen
radical addition in a stepwise reaction

CO CO

oc., |..PMes Re R.| .PRg _REI r. lpPR,
MesP” " Cl > R - > R e
Cl Cl

React_mech_55



Reductive Elimination

Usually both, coordination number and oxidation state decrease by two!

= Reductive elimination is the reverse mechanism of oxidative addition

o\\I/R
|

PhaP_ | 1I.CHa o N3Pl L RcocH,

QC’l \pph3 OC” PPhj

Cl

React_mech_16



Decomposition pathways for Metal Alkyls

e Most common: B-H elimination

I\/I/ﬁ — |M \ —> |v|/
N H )

s \
- H H
« Other:
— homolysis M-CH, —» M-CHj;
— aly/o-eliminations 8H2‘CH3

— reductive elimination (often with hydride or other
alkyl)
— Ligand Metallation (e.g. cyclometallation)
V/16



How to prevent f-H elimination ?

 “Don’'t have B-H"

V/17



Toxicity of Carbon Monoxide (CO)

]
L

Histidine Residue

Hemoglobin: The O,-carrier Heme-unit

V7



Toxicity of Carbon Monoxide (CO)

H H
/ \ /

Histidine Histidine
d e d e
H”‘\ﬁ? H H— NnZ H
)\ — fe
Wl Heme is
Heme is domed planar. ©
(nonplanar). \O

Deoxygenated Oxygenated

CO binds ca. 250 times better than O,!

I\vV/8



MQ'’s of Carbon Monoxide

cO

® HOMO has o symmetry and point away from C in the CO-axis
=> forms o-donor bonds with the metal

® LUMO's are n* orbitals which play a crucial role in overlap with t,, metal

orbitals
=> CO acts as strong w-acceptor

T U/e D. Vogt Anorganische Chemie, 6BA40
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MQ'’s of Carbon Monoxide

4c

-+
<~

3c

1n

2c

—1=
.%_

15
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IR Spectroscopy on M-CO compounds

c-donor n-acceptor
M(c) =— CO (o) M () —=CO (%)
Stretching
frequency increases decreases
v (CO)
TU/e D. Vogt Anorganische Chemie, smﬁ?@é@s



Types of CO Binding Modes

Terminal CO
C e e
BndglnngD
— \
Bridgng _."CO
ang =
| | | | 1
2100 2000 1900 1800 1700 1600

Slem™!

) .OO
C

C
/ \ Q&w’ Y M
M——M d\/l‘ S D‘Q .6‘

c-donor n-acceptor

Anorganische Chemie, 6BA40 Organomet_18



Structure

® The simple metal carbonyl compounds show a symmetrical structure with the
CO ligands in the most distant positions

0O @)

C C 8
CDC"'ér“°C() OC Je“°CC) |

C C C C

0 0 O o)

C)h D3h Td

® 13C NMR and IR spectroscopy provide structural information

® Non symmetrical compounds bearing N CO ligands will show N v,
(see slide Organomet_25)

- M - M -
¢ | e c’  Tc.
o0 I g o~ =0
— resultant resultant
symmetric anti-symmetric

Schuit Institute of Catalysis
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Structure

® |f the positions of the CO ligands are more symmetrical arranged than the
point group of the whole compound suggests, fewer v, will be observed!
(see slide Organomet_25)

Slem™

2000 1900 1800 1700

| | | |
— O “:::\
/o2 4 Ko\
Fer GH""F
NG

h ﬂ K
C / C

Terminal O O o)
CcO — N1

nearly co-linear bridging CO ligands

Bridging
CcO

Schuit Institute of Catalysis
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Reactions of M-CO

1) Ligand substitution

Cr(CO), — » Cr(CO),(CH,CN),

|
\“/C r\
C \
O
C CO
O

Introduction of the labile ligand CH,;CN
Substitution by other ligands possible

1\V//27



Reactions of M-CO

2) Photochemical ligand substitution

h
Cr(CO)s + Q _CZ) — O—Cr(CO)5

1V/28



Reactions of M-CO

Photochemical ligand substitution

Power
Water 7 Water
N
1 Wiater-cooled

lamp jacket

—h-N2+CO

Ligand + carbonyl
solution

Mercury vapor
UV-lamp

1V/29



Reactions of M-CO

3) Migratory insertion

O

/ CO migrates Me migrates
LnM—C\/ - ° L,r,I\I/I—CH3 = LnI\I/I—
CH
3 C //C\
4 O CH,

Reversible reaction: de-insertion: same mechanism

(principle of Microscopic Reversibility)
1\VV/30



Reactions of M-CO

Migratory insertion

O CH
N 3
0 | 0
Oc.,, | ~cO If CO moves C"",,Mnn“c
’I\/ln c _|_
o) C O C
0O @)
25% no label
If Me moves
8 O
C
13
Oc, «CH HCo,, | NCO
o Mn
C/ \C C/ | \CO
o- & O o~ ¢
0 @)
25% no label 50% cis

CH,
13
C,, | wCO
‘Mn
| >c
O C O
0
75%
0
C
13
OCMH|‘NCO
‘Mn
~
HSC/| CH
C
0

25% trans
1V/31



Reactions of M-CO

4) Reaction of M-CO with strong bases

Fe(CO); + 3 NaOH (aq) —Na*[HFe(CO),]" + Na,CO,

OH-

//O
(CO)4FeT\C
N

H—O

Hieber's Base Reagction |

1V/32



Synthesis of Fischer Carbhenes

Mostly from CO complexes through:
1) Nucleophilic attack at CO
2) Electrophilic attack at O

@
| O°Li
W(C0), —MeLL (CO)5W:<
Me

OMe

Me

Also spontaneous isomerization of vinyl, alkene or
acetylene complexes (Ru)

VI32



Fischer carbenes

M ‘E"<_ C -
@)
e singlet ground state
(Heteroatoms)
T

e Late(r) transition metals
with lower oxidation states

(donation of electrons)
— carbene is considered neutral




Metal Alkylidene Bonds

® n!-bound 2e ligands CH,, CHR, CR,
® metal - C double bond

- °
— O-R Q @) R
-— R R’
HOMO(a,) e

LUMO(b,)

o-bond n-bond

Fischer Carbenes

® Middle to late transition metal carbenes @ R' * ¢
a o+
® vacant carbon p, orbital higher in energy OR / /
than d-r orbitals .

=> Fischer carbene C is electrophilic

[ X )
()
Schuit Institute of Catalysis

Organomet_35
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Schrock Carbenes (Alkylidenes)

« "Conventional" M=C bond: ., 1\ /T~ -

— both o en &t are covalent,
expected polarization Md+-Cd

e Triplet ground state @
« Early transition metals with \ T
high oxidation states @
— Carbene is formally C#
e Carbene C is nucleophilic
I\JI\/IeZ
‘ /CI /H HZO I_k H

Ta=C

.' \CI \t_Bu H/ \t Bu

NMGZ




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



Metal Alkylidene Bonds

@ electrophilic Fischer carbenes react with a nucleophiles
/OMe
(CO)sCr=C;

?Me NR,
+ :NHR, —» (CO)sCr—C—NHR, ——>» (CO)5Cr=C\' + MeOH
Ph Ph
Ph
Schrock Carbenes

® Early transition metal carbenes

® filled carbon p, orbital lower in
energy than d-= orbitals

=> Schrock carbene C is nucleophilic

G
X
A
O

Wrong picture!
® Schrock carbenes are catalysts for the alkene metathesis reaction
@ H
/

ﬁ CMej @
/

...CH

, + || —> Ja~ >CH, —>»

s N\L s/ C

Cl c— Cl

Cl |

H
..Ta=CH2 +
Cl H,
TU/e D. Vogt

C'E:ll :3<

Organomet_38 %
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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



Application example of ROMP

A 1.5-inch-thick polydicyclopentadiene resin prepared with ruthenium

technology is impenetrableto 9-mm bullets. V/35



Alkene metathesis & Fine Chemicals

SYNERGY
Metathesis and organic catalysts help to assemble a chiral drug
0 grubbs 0
second-generation
CeHsCH,ON AL /\)LH catalyst CsHSC“EO\&)L H
Crotonaldehyde

O Matcllwiltan
> catalys
MacMillan HN —_— O OH 0
catalyst ~ N
OH 0 0 HN_

C6H5CH20 lS]'KEtomlaC X

il %436
Schuit Institute of Catalysis
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Development of Metathesis Catalysts

R'O. NAr
IIIIII M<
RO™  X__cMe,ph PCy3 oh
CI """"" | ——/
R'= (CF,),CM Ru
(CF3)2 € Cl/

Schrock catalyst. Grubbs catalyst.

Very active but sensitive for Stable, tolerates functional

functional groups groups but PCy, has to
dissociate prior to reaction.

84 5&/37
Schuit Institute o Cata_lysis

TU/e D. Vogt Anorganische Chemie,



Schrock and Grubbs Catalysts

NO SWEAT

Metal carbenes have made reactions easy to run

Pcy;, H"lcrﬁ % H (.
| : SN
f"R
af |E© CL.T C:TN
Ru— -
<O N—=Ru=
PCys o’ | b T\_ETC*HS

Grubbs catalyst

PCy;.
Grubbs second-
generation catalyst

Grubbs chiral ruthenium catalyst

(CH4);HC @
CH,ICF;),CO0, [CH;),HC CHICH
3lCF3l; ."Mo'{/ CHICH,, ;2 ﬁ é al2
NS R
CH3[CF312C0( \CHC[CH312'C&H5 \
Schrock catalyst

Schrock-Hoveyda chiral molybdenum catalysts



Transition Metal - Alkene Complexes

Bonding Situation
Dewar-Chatt-Duncanson Model

o-bond m-backbond
P CcO Q @’Q &
ONSD- |
@ CcO J % D
empty filled filled empty

d-orbital ethylene d-orbital ethylene |

Anorganische Chemie, 6BA40



Metal Alkene Bonds
Dewar-Chatt-Duncanson Model

® Donation of e~ density from a filled n-MO {
of the alkene into a vacant metal c-orbital. g “

i |
L} |

(@) H

® Acceptance of e density from a filled
metal dxt orbital into the vacant n*-MO
of the alkene.

[ X )
Schuit Institute of Catalysis

Organomet_45
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Metal Alkene Bonds
Bonding Modes

® Depending on the electron density in both, the metal and the alkene, the
actual situation will lie between two extremes

R
R /%
m R / Ny CR
| C

Cu \‘\ R

/" R

R
- normal situation for most alkenes - very e rich metal fragments

- strongly e- withdrawing
substituents on the alkene

Schuit Institute of Catalysis
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Metal Alkene Bonds
Bonding Modes

® The conformation with respect to the metal-alkene bond depends on the
metal fragment

L
L.'IM |>M'.°L L..' I
L/ e L \j( L/ | 77
L
coordination no.: 3 coordination no.: 4 coordination no.: 5
16 valence e- 16 valence e- 18 valence e-
L,M(alkene) L;M(alkene) L,M(alkene)
® Examples
(PPh3),Ni(C,H,) K[PtCl 5(C,H,)] (PPh,),IrBr(CO)TCNE
Pt(C,H,); TCNE = tetracyanoethene

Schuit Institute of Catalysis

T U/e D. Vogt Anorganische Chemie, 6BA40 Organomet_47



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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Dynamic NMR Behavior

/f\ cl DMSO Cl., . ,.DMSO
d” 7 =Pd 2 Pd:

~cl— ij/

'H NMR spectrum of [(allyl)PdCl],
(CDClg, 25°C, 200 MHz) H NMR spectrum of [(allyl)PdClI],
_ (d6-DMSO, 140°C, 200 MHz)
® typical A,M,X pattern of
n3- bound allyl ligand
H3
H, H, ® A,/Xpattern
HY | H!
M
H3
Ah | J b
5I8 5I4 5I0 4I6 4.I2 3l8 3I4 3I0 ppm
H3
| m | i
5I.8 5.I4 5I.0 4I.6 4.I2 3?8 314 3I.O ppm

oA

Schuit Institute of Catalysis
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Metal Allyl Binding

c-bonds n-bonds

B
| .
| .

]

—_

\ B

Py
%dyz




Metal Allyl Bonds
Synthesis

® protonation of 1,3-diene complexes

A /\/

/\Fe/\ HCl ,I-\ Cl
— »  Fe—

oc” \'co /7 \'co
CcO OC o

® 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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