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Reduktive Eliminierung

TUG

/A
LM, — LM + A-B

A e
L,M-ML, — L,M=ML, + A-B

2L,M-A — L,M-M,L + A-A

-

LMC, — LM + A-B

For M: *First row complexes react faster than second row

complexes, which react faster than third row complexes.

~*More electron-poor complexes react faster than
more electron r|ch complexes,

-For L:.+More stericaily hlndered compiexes reaot faster than TR

!ess stencally hnndered complexes.
ForA and B:H reacts faster than R.

Forn: compiexes in which n_ =.:0r 3 react faster than
_complexes.in which n= 2 or 4. '



Reduktive Eliminierung: 3 vs 4 Coordinate

L
The origin of the relative rates for reductive elimination from L., | WA L A
complexes with odd and even coordination numbers. M or M
an N
LY | B L B
L
LM + R-H < Lnl\fi\R - LM — L,.sM + RH
+L
LM L
? | A WA
L—M or L—M
| ™8 g
L
M—-A, B o* Non-bonding
cis Vs trans: A _
cis L"M\B — LM + A-B Concerted or stepwise
Ly
frans A—i\l/le — L,M + A-B Must be stepwise
Ln
*Less structural reorganization —> Faster rates




Reduktive Eliminierung: Lichtinduziert TUG

Cp* Cp* Cp*
E!r L llr R-H Ilr
MesP” \:{H v Megp” MesP” \;LR
Ho-H Ph-H ~Ph
Cng N hv szW C QW ~H
_ ~H
IrH,CI(CO)(PPhg)s —%» [IFH,CI(PPhg)s] —— [IrCI(PPhg)s] ~&5" "CHCO)(PPhy),



Reduktive Eliminierung -> C-H Bindung

TUG

L c oo
by " LM-L"+ R-H
L,MZ L,M-| or
RN | M+ R-H
MezT\
~CHoPh g5 o MesP CHo
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Reduktive Eliminierung: c-Komplexintermediat

TUG

Cp* Cp* Cp*
| ]
r._."’ — r~.,'ll via r
e ™ oy e " P
H D D H D
. _ , CHxD
Cp oW _ = Cp’p “H

Cp*,Re’ == (Cp*,Re
p 2 \C 3 p 2 \CHZD
Me2 D M62 D
N | Schy  [40°C N | CHq_Dn



Reduktive Eliminierung: Zusatzliche Liganden

TUG

Table 8.1. The effect of ancillary ligand electronic effects on the rate of reductive elimination
of benzene from Cp*Rh(PR,)(Ph)(H).

Entry PR, Coneangle (deg) T (°C) ke (s) AG* (kcal/mol)
1 PMe, 118 23 3.35(17) x 10~ 26.1
2 PMe,Ph 122 23 1.08(5) x 10°® 254
3 PMe BUf 139 24.5 6.6 x 10° 24.5
4 PMePh, 136 24.5 1.11(6) x 10 24.2

Table 8.2. The effect of ancillary ligand steric properties on the rate of reductive elimination
of benzene from Cp*Rh(PR,)(Ph)(H).

Entry PR, Cone angle (deg) T(°C) k(s AG¥ (kcal/mol)
1 PMe, 118 23 3.4(2) x 1077 26.1
2 P(n-Bu), 132 24.5 2.4(1) x 1078 25.1
3 PMe,Bu! 139 24.5 6.6 x 10°° 24.5
MeP H e B
G, N ~
Pt —— (PMej)oPt vs. Pt . At Pt + Me,Si
MegP”  Me + CH, P~ T SiMe; <P/

Butg Butz



Reduktive Eliminierung -> X-H Bindung

TUG

" o
H OH Phsp?  OE

!

EtaP - Pt - PEtg
|
OPh

=~ HOPh + (Et3P)2Pt—&
R R

r: — OC—1IIr—CI + HN
oc” | >pph, A |
cl PPh,

H [ PPhy
PhaP., | N/ | .
a
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Reduktive Eliminierung -> C-C Bindung TUG

Ph Ph
N/
EP\Pd,CHS 80 °C
Va ~
5 "CHy  DMSO
Ph Ph

CHz - CHgy

s 80 °C
P——Pd—P., >
Ph \\\‘/ / \,I’Ph DMSO
Ph H3C Ph

No reaction



Reduktive Eliminierung: -> C-C Bindung

TUG

CpCo(PPhs)(CHa)s
“—PPhB
C}P
C
CoHy HaC” O\CH3 CO
lPhCECPh
C . -
C'p cpCa~" 8o P
0. p 3 Co_ O
H3C/\/ CH3 >_< Hgo/ \f
) Ph Ph CHg
CH HsC. __CH 0
+4 3 Sc=c” 3 /U\
Ph Ph ™ “CH
CH;CH=CH; One double-bond
No n-butane isomer

Me
Phlvie2F’,,,,.' ’ WMe Ar

Pt — Me-Me + L2Pt/ No
PhMe,P” | ~|
I



Reduktive Eliminierung: -> C-C Bindung

TUG

Elektronenarme Aryl +
elektronenreiche Alkygruppe

PhMesP,, | . Me A
P —— Me-Me + Lth No G
PhMe,P” | ™

Me O

PhMezP\\f/Me 0 /Me
/Pt\ e /U\ + Lgpt\ No CH3“CH3
PhMe.,P” | ~Me Me  “Me Cli
Cl

RS
X
Ph
P’ Q
\Pd 90 °C, DPPBz
VAN — X Y
P CH,Y

2
Relative rates: S :
X= pCN>pCF3>pH>pMe>pOMe
Y = H > Ph>C(O)R > CF; > CN :



Reduktive Eliminierung: Bite Angle TUG

Phy
P Me
N, 35 °C
Pd —(———> Me~Ph
N t1/2 = 30 min.
P Ph
Phy Bite angle_ |
M
L
Ligand “Bite angle”
DPPE 90.64

DPPF 99.1%




Reduktive Eliminierung: -> C-X Bindung

Pt(IV)

Pt(II)

/Faster for R = Me than for R = Ph

R R/N
Lo, | oMe L, Lo oMe L, «Me

Pt _— Pt X® — Pt + R-X
L7 | “Me L7 Me
X

=

KFaster for less electron-donating X®

Ph Faster for more electron-poor Ar
P
N A PPh,
Pt —+ ANRR" + (DPPF),Pd + (PPhg),Pd
/ NRR’

< h

Faster for more electron-rich amido groups (less stable °NRR")
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Reduktive Eliminierung: -> C-X Bindung

[(AcCp),Fe]®
Tol 85%
N— .
l; C
(bpy)Ni ) 865/0 CN ~Tol

lo
77%




Insertionsreaktionen

TUG

X L b
M-Y [M=Y=~X] === M-Y-X

an an a’

‘L= Lewis base

B NanT e
Y=C0O, /cuc\, C=C—, —C\
X=H 7

=H, R, Ar, , etc.

S

Migratory insertion_does not lead to a change in formal oxidation gtate, unless
the inserting ligand Y is an alkylidene, alkylidyne, or isoelectronic ligand bound
by a metal-ligand multiple bond.

The groups undergoing the migratory insertion process must be coordinated cis

to each other within the coordination sphere of the metal.

A vacant coordination site is created during the forward insertion reaction of
Equation 9.1, and a vacant coordination site must be present for the reverse
reaction to occur. This mechanism makes it necessary for coordinatively
saturated (18-electron) metal-alkyl complexes to dissociate a ligand prior to
B-hydrogen and B-hydrocarbyl elimination reactions.

Migratory insertion occurs by a concerted process and, therefore, proceeds with
retention of configuration at the a-carbon of a migrating alkyl group.

Ligand X can migrate onto Y, creating an open site on the metal at the original
position of ligand X, or the unsaturated group Y can insert into the M—X bond,
creating an open site on the metal at the original position of group Y.

The position of the insertion_equilibrium depends upon the strengths of the
M-X, M~Y, M~(YX) bonds and M(Y-X) bonds.

One-electron oxidation, coordination of Lewis acids, and attack by Lewis bases
can accelerate the insertion processes.




Insertionsreaktionen: CO

CO Me_ O
oC, | . Me oc,, \fL
Ml = e
oc” | ~co oc” | ~co
COo CO

L= NHQ,C'y_ or-_PPhs

T
.re —— -re
co™, o covy

Me/ Rap \f

Me

0

0]
R ;P
8 ,M\/MR
PR’

R'5P.. _R
S m? + CO —
X" PR’ X

M = Pd or Pt
X=ClBr, |

Me

Me X
CpoZr, Lo, CpQZr\/

Me Me



Insertionsreaktionen: CO in M-X TUG

O

OMe

(dppe)F’< Lo, (dppe)Pt&j\OMe
Me Me

R
HoN N
2 Cy2P
SiPhy
SiPhs
Cp#oZt, —=- Cprzr 0
Cl Ci
O
+CO

Cp*CI3TaSl|\/|e3 Cp/CiSTB S|Me3




CO-Insertionsreaktionen: Stereochemie

TUG

Me wandert: kein C
CO wandert: kein D

+ PPhy

€0 co
L

OC—Mn—Me ——

4
oc” Ly

*CO=13CO0
L = CO or P(OCH,);CCHj

™HF P b
H D

Cp(CO)(PPhs)Fe 0

L
LI- .“\\CO Me I "o\\CO Me
oC—Mni—% + OC —Mri—
oc” | o o’ | C
Co Cco
A B
T 00 e T .50 e
0C—Mn— + 0%C—Mi—
oc” | 0 oc” | o
+CO co

C D



CO-Insertionsreaktionen: Thermodynamik

TUG

Alkyl wandert schneller als Aryl

O

Mn(CO),L

O

NaMn(CO
FSCz)J\CI (CO)s

)

O

M

O
Fast )J\
“COo HSC Mn(CO)4L
@)
L 80 °C
F502 Mn(CO)5 ~CO

A, —CO

1000 psi CO

" NaH-Fe(CO
NaL Fe(CO)J ol - Fe(COMl

CHj

(CO),Re’

0

CeHs

F5C2 - Mn(CO)s

Favored
thermodynamically

Favored
kinetically



CO-Insertionsreaktionen: Katalyse TUG

Mle
C
(00)4Mn\/ ~o
MeMn(CO); -+ AlXg — .
Lewis Saure XA,
0O
Keg
CpFe(CO)(L)Me + MeCN Cp(L)(MeCN)Fe)kMe
o L= CO or PPh
Oxidation ' R
o e
Cp(CO)(PPhg)Fe-Me + CO OX., Cp(CO)(PPha)Fe’U\Me

OX..= Ag®or Cp,Fe®.

[Fe]-Me —e°% [Fe]2 Me
[Fel2Me + CO —— [Fe]2 C(O)Me

iFe]2C(O)Me + [Fe]-Me — [Fe]>Me + [Fe]-C(O)Me



Insertionsreaktionen: Andere 1,1-Insertionen TUG

7 i
Ky CO\N/O kp |-/CO\N/O
on” " et | ) | ch;fe\ﬂ,—gg* oo Fe R
e
Me Me RNC OC/ T\]g/
PNO T 1780 cm-1 YNO T 1310 cm-? \R
k3 k_3 L= PPh3Ol‘PEt3 - -
- o Isonitrile
Cp
| . NO
Co.., .=~
/ "UN N
L =
\Me L= PEtg

ot
— — |

~ L e RU®\
CH,CHg a4
- Carbene



1,2-Insertionsreaktionen: Olefine TUG

1%
~pn”  ~a A T TH
/CTC\ ' /CC\W ' -
L-M-H L-M-H L=M
HoC
N CH,CH,R
«  ZCHR Ky . ko ks
CpoNb [CpoNb ~ CHaCHoR] —— CpoNb
N o L \
H L
[RhH,CI(PPhg)s] + <j> —— [RhHCHPPhy)s] — [RhCI(PPhy)s] + O
[CpoZr(H)(CN],
Benzene-dg /\/\/
25°C 13 N Cl
CH, Zr\
/\/\/\
7N Benzene-d 85%

Y R
R

Q/;\/\/\/\SCHB

15%



1,2-Insertionsreaktionen: Alkine

TUG

R—=—R" ‘ |

Ir g e
<7 N'Me  CgHg, CgHya, MeaP
MesP \H or acetone ©s R
H
‘R= R"_:‘H' et R
"R=H, R = t-Bu
R=R'=Me
PhC=CPh Ph th
Rh.., T2, _-Rh T - — ALY
MesP” \hﬂ 70 °C MesP PEE/ Me,P \ﬁ/ Ph MegP 4
Ph Ph
H
F »R
) THF, Av ) C
Tp(CO)W~- H T$6§a$'Tp@OkW<;I

\
R.= HorPh Ph

|
- @ . ® - @
Rh., /Rh /Rh Rh~

MegP “H Megp” Y\ ™H MesP” |\ H MeP )%/
H R
R R 5 R 6 R
R H



1,2-Insertionsreaktionen: Ketone, Imine

\/\/

Rh
/ \ \
P~/ \H/ N / P

TUG

R

CgHs -
CgHs:
CH; -
N CH3
CH,Ph
CH,Ph



1,2-Insertionsreaktion in M-C Bindung

G

RhowH AGH=12.1-15 kcal/mol _

7N
7 L=PMesor P(OMe);
+ CoHy R=HorMe -
Rs

Rhmgt AGY=24.4-247 kcal/mol

~

L
\/ L.=-PMes or P(OMe)3
+ CyH, R = Hor Me ~
0
(| Me
“Ti
1,2 e
3 N |
qu / k,O Me
N, _||_ \\\/ Me
! Me
Y /70
O R 3 N, |
; i
N |

\_OMe Me

™

Rs

h
Y

Rh
Y

1=t

—@\m



1,2-Insertionsreaktion: Ziegler Natta TUG

Cossee—Arlman mechanism (direct insertion)

Green—Rooney mechanism (hydrise shift)
P {M]—< | M1—< | ——»[M
N\ ,/\ : : . Pp.

Modified Green—Rooney mechanism (ground and transition state a-agostic interaction)

Hk'H'-"' O H b o . H :
] R

[M] B PR iy L

| > P

Transition state «-agostic mechanism

HoH HOH iﬁ_'H

N e H\! bl 1 P

M P —— M}” P”‘—“

LT M M




Konsekutive 1,1- und 1,2-Insertionsreaktion

- MCH,CHg
& o o
)‘\ CH,CHa
CHpCHy —#r
0

!c = CH,
0 o 0
J mon A 6o A

MH + RO R ——— M R

M-CH,CH;~ “CH,CHy



1,2-Insertionsreaktion in M-X Bindung

o

/" "PMes "\"’"PMea o \PMes N TPMeg py 'PMey
OTf / OH
OH
p-tol
H p-tol I\ll
- ’ N
2 EtzP ~Rh—NH == h\ — Rh 4 H
! —FEl
PEL, L EtP” /TR EtsP
R
H p-tol
4
EtzP. N
H\ /p‘tOI p-'[0|\ ;Rh pto'\ /H
Et;P N PEt N EtgP EtsP_ H
Rh "Ph

) + /Rh +
Et,P” H PEt Me R EtsP /l\ R



1,2-Insertionsreaktion in M-E Bindung

TUG

LA
OC/ ., | o C= C/
"Ru’ /
ca” | ~So-B
L



Eliminierung TUG

B-Elimination processes o
R a-Elimination processes
H
R "= ! =
X—< +H LpM=XH —— L,M=X
LM R LM R2 X =0, NRorCR;
Relative rates; R2 = H > R2 = alkyl or aryl’

- For X'= CHj, studied for R2.= H, alkyl, Ar, OR and CI-
For X =.0 or NR, studied for R2 = H and aryl

C - C—=—=C ‘o, o

o, TN X i _——
- C H +L - ! : > /T\
| Lt T



B-Hydrideliminierung

TUG

O.__RhCly(PPhy), RhCly(CO)(PPhg), 1y RNCI5(CO)(PPhg),
Ph  Ph
H Me H Me Q
[ — Me >_<
Ph™"H Ph"""H Ph 5" H  Me
Ph Ph Ph

Ph o H o) o)
Lpd: + § ] — Ph"""‘( ) — Ph"""i ]+ LPd(H)(OTf)
oT —

L-Pd H

R . o \OTf¥Sy” coplanar
ety
R

g
=
ik
b
W



B-Hydrideliminierung: Sterik und Elektronik

PhaP /J_

o p — [PtPPhg)e] + S b N schnell
"L
PhsP
/p@ —— [PHPPhg)y] + N sehr langsam
PhgP
. OH OH
~_-OH e Al
CloLPd —> ClLPd —  Cl,LPd
H

t1/2 for

= R Temperature  B-elimination
— f_*/ . Phoo=20°C 0 <15 min
Ph CO,/Bu "= 20°C <6min-
CN 23°C 25h

Other ligands: Steric hindrance decreases, while electron donation increases rate of B-elimination




B-Hydrideliminierung von Alkoxiden und Amiden

TUG

NaOCHRR®  9C=.
PheP”
OC /,,“ W P Ph3
Il
PhP” YCI
oC.,

OC"/;, '_‘\\\PPhS s

ey

PhsP” YN(CH,Ph)Ph

OC ‘4, ) “6 PPhS
T
" ““NMePh

NaOCHR(CgHaR') o o ?”
R-HorMe = No¥

R=R=H
R = Me, R'=H

R=Me R'=OMe

R = Me, R'=Cl
R = Me, R'=CF,

«PPhg
Sy

o 0
95°C, L+ (PPhgl(CONIH

o CoHg R R

—R'=H;R=R'= Me;R= Me, R'= t-Bu
=HR=1iPrnR=HR=CgHy
+PPhg 95-108 °C

94-100%

110°C NP e
L+ (PPRgK(CO)IH
H” “Ph (Ir=H)
L 95% - 95%
135 °C, 1.d ~ NPh i
o+ (eH)
H” “NMePh :

75%

0
CiHe @R'
) R



B-Hydrideliminierung von Silylkomplexen TUG

] L Me Me
L,,,h I l“\\SiIVIe3 - 25 OC, fast L,,,". R] _.“\\SiMe3 t1/2 =1 min S;/Me S;,Me
H - + B e ‘Ru: = == —
L/ IU\ y 3 l \H H “""’C/\ "“‘\\H H .. C< ’ ".‘.\\H
L ¢/ Ru—H ¢/ “Ru—=H
L A
L\ I H L\ 1 \

CIMgGH,SiHPh,
"MQC'Q Ru F '
CysP” CH,SiHPh, CysP ¢ | SiPh




B-Alkyleliminierung TUG

Cp*zLu/\/
/—’CP*QLU—H + :<

+
Cp*oLu
Cp*zLu/ﬁ/ P*2 :\I/

L Co¥*.L M Cp*QLU_Me
+ == (+Hy)
I L. CH,
LI;,,' | ‘.\\\O Ph LI”' | /O
.lRu”\)< “RuU
L | CHgy —CH, - |
) L7 FMes: L
CH,
&Cm elimination +L
CH
0 2
; LeRU
LsRu  Ph 2
Me HsC H




o~Eliminierung
[““R
LM—  —— LM
R H
R R
LnM/m —— M= + H-CH,R
R H
R %
R A
via L,M=H or |L,M_ H
\—R \(
R

(ﬁ/\}TaCIQ + 2 LiCH,CMeg Portans (>|/‘>Ta“ + 2LIiCl + CMey
3 3

CIJp Cp
By N l
V! + MeoP PMe, — Mep

/ w1 2 32 2 “,.V

\/ Bu P\\/

P

Mez

3 BU + 'BuCH; + PMe,

TUG



o~Eliminierung

TUG

Ta(= CHCMes)(dmpe),Cl + AlMe; === [Ta(= CCMeg)(H)(dmpe),)(CIAIMey)

A Si'N,, ’
Si'NH).Zr-Ph ————+ CZr=NSi"| —— ;
(ST, ~CeHg sin” > SN Sy o

Si” = (1BugSi) - N



