Oxidative Addition

Most Common Type:
A A

LM + A—B - L,,M—’ > LM
B

Few other type of oxidative addition reactions are also known

a) Addition of electrophiles
b) Addition of unsaturated compounds
¢) Addition of binuclear compounds



Oxidative Addition

Requirement:

a) Availability of higher oxidation states.
b) Availability of vacant sites

Factors controlling oxidative addijtion:

A
/
LM + A—B > L,M— — LM
B B
Electron richneddond energy Bond energy
of bond of bond

broken formed



Oxidative Addition

What bonds can be oxidatively added:

X-X H,, Cl, Br,, L, RS-SR, RO-OR

C-C  Ph,C-CPh,, NC-CN, Ph-CN

C-X  CH,I, Ph-I, CH,Cl,, CCl,, R-COCI, R-O-R, R-S-R
H-X HCL HBr, HI, RO-H, RS-H, R,N-H, R,P-H, R,B-H
M-X Ph,PAu-Cl, CIHg-Cl, R,Sn-Cl, R,Si-Cl, Ph,B-X



Oxidative Addition

Mechanism:

a) Concerted mechanism

b) Non concerted mechanism
1) S\2
11) radical
111) 10NiC



One-electron Mechanisms for
Oxidative Addition

1. Atom Abstraction and combination of the Resulting Radical

with a Second Metal
rate determining step

Vo o+ X R - X M) + oR
fast
oR + M® » R—M*1)
Net: 2M®™ + R X » R M+ +  x Min+1)

This is not a chain-mechanism!

Characteristics :
(a) 2:1 stoichiometry
(b) Racemization of carbon
(¢) rate = k[M][RX]
(d) Reaction sequence reverse of S, 2
3° >2° >1° >Me
(e) Reaction sequence with respect to X
R-I> R-Br >R-C1>> R-OTs
Thus R-OTs reacts fast in S.2 ,slow in Radical mechanism 27




2. Inner-sphere Electron transfer/Caged Radical-Pair

M® +

RX
A

Mechanism General :

o
MO < (x—) ——= [(“*l’xl—x -
cage

Q
[(n-z-l) \I_x o R]

cage
collaps/ \escape

n+2 »

R—M—X X—mtd

N / o

This 1s the mechanism
we shall study here
: R-R

]
R—M(™1)

| Propagation step in radical chain mechnism

29




M® + RX

o
V@ -1— _—_‘[(n+1)3[_x OR

cage

Characteristics :
(a) The products are very similar to those of a S2 reaction
(b) The reactivity order is
R-I> R-Br > R-Cl > R-OTs
(this order is determined by thermodynamics)
Note: in S,2 R-OTs most reactive
3° >2° >1° >Me
(this order is determined by the relative order of the radicals)

This order is opposite to Sy2 mechanism
(¢) This pathway requires a coordinatively unsaturated metal capable of
undergoing a formal two-electron oxidation
(d) ArOH does not work as an inhibitor

30




X Fe(CO),Cp

THF,0°C
+ CpFe(CO),Na ———— + \/\/ Fe(CO),Cp
-NaX
X=1 70 : 30

X=Br >97 : <3



Standard Cossee mechanism

_ _ R
LN ~ ~
M\ —» M\ — | M_ 2| M
R R R o

Why do olefins polymerise?

Driving force: conversion of a p-bond into a s-bond
One C=C bond: 150 kcal/mol
Two C-C bonds: 2" 85 = 170 kcal/mol
Energy release: about 20 kcal per mole of monomer
(independent of mechanism)



Cossee-Arlman Mechanism for alkyl migration to a coordinated olefin

s

Brintzinger catalyst for Ziegler Natta ‘no oxidation state change at M
polymerizations - -2e from the electron count
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The success of many transition metal mediated reactions relies on the suppression of
p-hydride elimination

DESIRED UNDESIRED

Cascade cyclization-coupling reactions

Br
Z Pd(PPhj),, ArB(OH), Ar ]
: 8 VS.
N Nazc()a, THF, Hzo, 80 OC N N
Ts

Ts Ts
via transmetallation via g-H elimination

Formation of sp® carbon centers via coupling reactions

Pd(OAC),, PCyL

n-Dec” " Br 9-BBN” " n-Hex n-Dec” "N\ R ye n-Dec” >

K3PO,°H,0, THF

via reduc. elim. via g-H elimination

Amination of aryl halides

Pd(OAc);
Br Bu;Sn=NMe, —_— NMe, VS. H (+imine)
P(o-Tol),

via reduc. elim. via g-H elimination



Hydride elimination reactions

* B-hydride elimination is only one type of hydride elimination reaction

R
a-elimination 'i'\)
:
LMy
R R HR
v JE— H i elimination H
[3ellm|r1a't|on> ! ) LM 3 LNII
L.M p L,M “z of olefin St
- n’ n'
y-elimination R

> |
LM

* p-hydride elimination was the first well-defined low-energy
pathway leading to the cleavage of metal-carbon bonds Me’FfmeZ

this step is common but it
is not necessary:
<IIDMe2

——> “Fe(PNey),

* p-hydride elimination is the most important mechanism for H
metal alkyl decomposition and metal-catalyzed isomerization JACS 1975, 97, 3272



Structural requirements for f-hydride elimination

- metal alkyl complex must have p-hydrogens

the following complexes are stable to g-hydride elimination

¥
B } M H
M= M=

H
neopentyl neophyl methyl
\/
S . = =
p m—/ ="
M a

"silyl-neopentyl" phenyl alkynl



Steric requirements for B-hydride elimination

+ resulting olefin product must be a stable structure

similarly,

* M-C-C-H unit must be able to adopt a roughly co-planar conformation,
to accommodate the 4-centered concerted planar transition state:

ey

R
H
example 1
H ———
M
M H i

t

.."'i;-'

JACS 1973, 95, 4491
JACS 1976, 98, 6521

p-hydride

elimination
—— bridgehead olefin
(unstable structure)

norbornyl metal alkyl is stable to g-hydride elimination because

(a) it is difficult for the M-C-C-H unit to adopt a planar conformation
(b) the resulting product contains a bridgehead olefin

example 2

I “n-Bu

f-hydride esmmation of szta is 10° times slower than thatof "= wPtO-

because of the dlfflculty of forcing the M-C-C-H unit to be planar in sztq JACS 1976, 98, 6521

H



The effect of the the alkyl ligand electronics on pB-hydride elimination

Ry
B-hydride R K,
r elimination ’K/R ¥ X—R;
L. - . B
LMS- )2 Lo M 2 — '



R

1 melt (ca. 140°C) &\
-

/Fe—alkyl . Fe—H + olefin
2. solution (hexane
OC | or xylene at 62°C OC/ I
PPh; for 8h) PPh,
alkyl = (a) ethyl olefin = (a) ethylene
(b) n-butyl (b,c) butenes
(c) sec-butyl (d) 2-methylpropene
(d) isobutyl
100 “1900 =

3

D
o

TRANSMIT TANCE (PERCENT)
o
o

n
O
T

¢ i | | 1 1 1
1975 1950 1925 1900 1875 1850
WAVENUMBER  (CM)

Figure 4. Change of infrared »(CO) with time for (n°-CsHs)Fe(C-

O)(PPh3)(n-butyl) in xylene solution of 61.2°, The peak at 1906 cm™!

is starting material and the peak at 1925 is (»*-CsHs)Fe(CO)(PPhs)H.

=2.020

-1.140
Ul
:
-2.260
~2.360
-2.500
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Figure 8. First-order rate plot of the decomposition of (n°-CsHs)Fe-
(CO)(PPhj)(n-butyl) in xylene at 61,2 °C.



Hieber¢sche Basenreaktion

[Fe(CO)s] + 4 OH"——» _[Fe(CO),]2°

-C0O,%0
Redoxprozess: -2H,0
CO-Ligand wird oxidiert, +OH” +OHOH -H,0
M wird reduziert. T S ?
o &O o O
(OC),Fe—C +20H"  [(CO),FeH]
'!t \j-| -C 03 20>
H—O0 § H,0

B-Hydrideliminierung



Abstraction = eliminations with no change in metal coordination number

o I

O ,
C OCH, Y C o
[ | 7 Me,SiOSO,CF, Y
(}—Fe—C—H > Fe=C{_
] | CH
PPh, CH, PPh, 3
_|_
5 o |
C CH, & D\ /CH3
[ [Ph,C]* BF} C
Fe—C—D : > O Fe— ||
[ C

) )\ 0O



L.M—R + E*

,M—R -

electrophilic
abstraction

Set

.+
- L. M—R + E-

+
L.M—

radical
abstraction




Mechanism for CO insertion : via alkyl migration to coordinated CO

co

/' | _\ss.z"

H;C—Pd'—H

88.8°
PH;

alkyl groups migrate
preferentially over
hydrides

Computational studies suggest that in the
TS. the methyl group has moved up half
way towards the carbonyl.

_ 0\ "
H;C. 0
,\(' \(/
H3c.’:\\ j101.3°
Q‘Pd"—H - pall_H
119.6° | |
PH; PH;

‘no oxidation state change at M
* -2e from the electron count

Morokuma J4CS 1986 (108) 6136.



Experimental evidence also suggests that carbonyl insertion occurs via alkyl migration (not CO migration)

co B-hydride
R3Pu,,,, T~ CcO R;Pu,, "V~ insertion R;Pu.,, H..\\ elimination
~pd “pd —_— 0 "'Pd-, 7 —_—
cis-diethyl complex K
R3D‘I RS P -"\‘ co R;Px \l“\
. dn Me— ( (0] e, insertion 3 "I', ,-.-'-""

\v

_P
r Nk -PR3

frans-diethyl complex

)

reductive +
R3Pu.,, \\ elimination 0
o 'PdII
\ /
k "
reductive o

elimination

A

Yamamoto Chem. Leff. 1981 289.




Mechanism 1

0) Direct insertion 0O
0”7 ¢ o
OC—Mﬁ‘—@C() — (N Mn’— C—CH,4 New CO in the acyl group
C/| C/[
C C
0 O 0 O
Mechanism 2
Intramolecular O
|7‘/1nsertmn COO (IJ CO(‘:|)
0C— Mn—CHq —  0C— Mn C—CH, + CO — 0C7rv|[ﬁ' C—CH,4
c C @ C ¢
0" O 5 0 5
0
New CO cis loC—CH3
Mechanism 3
Methyl CH3
mlgrd[lon | |
83 ™ om0 .
OC—Mi—CH; — OC—Ma CO — OC—Mn—CO
| 7 g, |
C C C
0" 0 =6 S

]

New CO cis to C —CH3




c) Experimental Evidence
» Free 3CO + complex gives no labeled acyl product

This rules out mechanism #1, CO insertion

ii. Reverse reaction gives 100% cis 13CO and R
Both mechanism #2 and mechanism #3 are consistent with this result

Mechanism 2

O CO migration 9)
C CO O CO O k- CO
a1 -CO | | -
OC—Mn—C—CH; — OC—Mn—C—CH; — OC—Mn—CH,
Y Y
6 O 5 06

CiS

Mechanism 3

(C) CO o CO 5 CH; migration (|j]-]3CO
|~ —CO A

OC—Mn—C*—CH; — OC—Mn—C—CH; — OC—Mn—C0
ol of ¢ ol
C C C
6 O 6 06

Cis




iii.Reverse reaction with 13CO cis to acyl group gives 2:1 cis:trans

product

Only Mechanism #3 Alkyl Migration is consistent with this data

Mechanism 2

Mechanism 3

o @

@CF ,CO 0
ocxvfn' C—CH;—
@

C
O 8@

O

Loss ot'G)—Mn/—C—CH3
7 |

| A\
Loss 0f®—/1\/|1n —G—CH,

1
Loss 01“@—[\/111/—C—CH3
& Nl :

P2
Loss of @—Mn—C—CH,

i
Loss of(D—Mn"foCH3
7 |

0
Loss -;)l‘@—Mn—C—CH3
7 |

O

[ ]
Loss of @—Mn—C—CH;
<

PR
Loss of @— N|1n/—C—CH3

| e
.

— —Mn—CHB

7 |
|

—> —Mn—CH,

7 |

P
o

—> —Mn—CH,

7 |

— —Mu—CH3
7 |
CH,4
| .~
—> —Mn—
7 |
| ’,CH_;
— —Mn—
7 |
— —Mn—
7 |
CH,
| -
—_ _Mﬂ_
7 |

No C*O

No C*O

trans



R_}B-.,‘ ‘..{'l R‘B"m ...... u\.l.‘ .,.~‘( 1
I"'m.,Pt]:l"' = - Iy "l K
oc/ \R RO(/ \ / COR
monomer dimer
(modimer }—=——=—pp <« } —— M <CHyPh< Me<Ph<Et
SR Anderson Acc. Chem. Res. 1984 (17) 67.

Electron donating substituents on aryl R groups promote migrations
whereas electron withdrawing substituents inhibit them

R Monomer Dimer

/\'O 0% 100%
MeO—@ 12% 88%
Mv-@ 24% 76%

46% 54%

)
~)

100% 0%
Cross J Chem. Soc., Dalton Trans. 1981. 2317.




Initiation of carbonyl insertion:

a) Lewis acids
b) Oxidation



Phosphine Ligands

Electronics:
Lowest CO stretching 0O
frequency: G . |
most donating OC \ Highest CC.) stretching
phosphine \ N | —PR frequency:
/ 3 least donating
C phosphine
O (best m-acceptor)

,—0" (P-’c’

{r——a" (P-N)

L — (P-0)

iV ——o"* (P-F

R ”(,/ o' ( )




Phosphine Ligands

Sterics:




Tolman Plot of Electronic Parameter and Cone Angle

n—bond
(n*-back-donation) m—bond

n*. /
e qa\\R
carbony| ————— Ni ————— phosphine
1 I I I I I 1 1 1
2110 *F5 1
2 IOO B p(‘]‘ b
2,
POCH,CCIL), mcuC}CNh P“2§>—C\h
LECL), v .
2090 + P‘O@)O )3 P(l\}1 P(C¢Fy), ® -
— ®P(OCH,),CMe P(O¢), ( ;
~ ,):CMe 0%, M)£>3 ReA -mo§}5
< ® P(OCH,CH,C), i
3 S PO@ICH,), Hqg}h Moi}h’
o 2080 ®P(OMe), i
- P(OE1), ® P(O
T ewomng OO o, STOCE
® POMeg, 3
2070 v, P95 1
PMe,¢ ® PMeop, o _° ® P(CH P( );®
s PEL, ' 2P)s .
PMe,® of’b @ Hy), S@
i ePEL, P(NMe,), ®
2060 PBu, ® ] " eP(—); T
®PCy, ® P(+),
2050 1 1 1 1 1 1 1 1 1

100 110 120 130 140 150 160 170 180 190
/6



(A

80°C <>>dn |
k| R

=

Ph;
2 TMS
5
bite angle Ph;

bite angle: 85°
k=21x10°

Ph
s TMS
\ u/CH )y
¥, A
Ph;

bite angle: 90°
k=50x107

bite angle: 100°
k=10x107




Bond length vs Bond strength

Cr(CO)s(PR3)

PCl; PMe3

Cr-P = 2.24A Cr-P = 2.37A

Cr-C = 1.90A Cr-C = 1.85A

C-0 =1.14A C-0=1.15A



Bond length vs Bond strength

HOMO energy = —8.36 ¢V —6.23 eV



Bond length vs Bond strength




EPR = Electron Paramagnetic Resonance
Can observe systems with S = 72, 3/2, 5/2, etc

| o
) ) H,k/
’ S + -
Potential

M, at E, = +1/2gpH Axial Symmetry (g > gu1)
Energy

S=1/2 AE = hv=gpH / / \ '

Axial Symmetry (g9.>g)

M. at E_ = -1/2gBH

- A
H, Magnetic Field f\\ /H
A hdVa's
Abs / " \ "
N v,
— Rhombic Symmetry
dAb ___//\ \ _lsotropic Symmetry (9. %9y %)
dH r\ - A
\/ _j(\l‘ /'l l‘l
| \/——
Quantified by Integration i ‘ o ‘. / \ \/
and comparison to Principal g-value
Cu(Il)EDTA standard =

g = hu/BH (g = 2.0023 for ") Mixture of Signals



Mossbauer Spectroscopy (Nuclear y-Ray Resonance)

Useful for °’Fe (I = %) Systems
All electronic and magnetic states observed (no “Méssbauer-Silent Fe)
Intensity proportional to # of Fe atoms contributing

[ Magnetic e.g. 60
|=3/2 —(/— A“JI“ ected to EP[
14.4 KeV 5= isomer shift
(0 mm/s) (0.2-1 mms) 40% Quadrupole
Doublet
| =1/2 —
Ovation Symmey  Magnetic Rhombic symme
State Field (external -
Or Intemal e.g. S = 1/2) Or Magnetic
Mixture

f,I{c;ansmis D\ f j\\/\ \/ﬁ OWWW\/\/K/ M

Energy (mm/s) “Quadrupole Doublet”Magnetic”




X-RAY ABSORPTION SPECTROSCOPY: XAS, EXAFS, XANES

When an atom is bombarded by X-rays:

Energy

A

1s

Tornisation

AE: 100 meV at 400 eV

Absorbance

0.9

0.8 1

0.7 4

0.6 -

0.5

0.4

0.3 -

0.2

0.1

XANES EXAFS

/

I
TG00

] | ]
7800 8000 B200

Energy (aV)

- an electron from a core level is excited to the unoccupied states of the system
- changing the X-ray excitation energy changes the unoccupied state the electron can reach
- EXAFS: extended X-ray absorption Fine Structures

- XANES: X-ray Absorption Near Edge Structure



When a photoelectron is ejected:

0.8
0.8 - XANES EXAFS
- g -
0.7
o6 - EXAFS “Ripples” from
) interference of neighbors
g 05 -
3
g 0.4
0.3 -
0.2 - Energy needed to
’ eject core electron
0.1
J
D | ] ] I | | ] ]
7600 7800 BODO 8200
Energy (eV) . :
Considering the wave nature of the ejected
photoelectron and regarding the atoms as point
RAWDATA scatterers a simple picture can be seen in which
the backscattered waves interfere with the
FITTING forward wave to produce either peaks or troughs.
REFINING

http://www.haverford.edu/chem/Scarrow/EXAFS123/REFINING.htm



(Cu]

- I

Ullmann Reaction

— G
AL X

Ullmann Condens ation




Possible mechanisms:

(1) Oxidative addition of ArX on copper(l) resulting in an
intermediate Cu(IlI) species.

(2) Aryl radical intermediates, either via single electron transfer
(SET) or via halide atom transfer (AT).

(3) o-bond metathesis through a four-centre intermediate.

(4) m-complexation of copper(1) on ArX.



ArX

base-HX

G

% ™
s

>
c
X

h

ArNu

NuH + base

B base-HX

Cu'Nu



H,N 5% Cul, 20% L1

H 0
\@/ 2.0 equiv Cs,CO4 B’\@z“ &LPr
DMF, room temp ?

1a,97% 27 L1

HaN 5% Cul, 10% L2
Bf\@/l 2.0 equiv Cs,CO5 Br \©/0\/>
* . toluene, 3A MS

90°C, 16 h N |

J. AM. CHEM. SOC. 2007, 729, 3490—3491



- 0.5 HCIO,_ ( | I i !

HN H NH +Cu'(ClO; ) 0.5HN—Cu—NH + 0.5 HN—Cu'—NH  (6)
CH4CN
LN\__> <_/NL> <_/N
| (CIO4)» ClO,
1 2
0} O
n_ R _
[Cu1 Ar][CIO,): + HN@ CH.CN Ar Nﬁj + [Cu{(NCMe),4ICIO, (1)
O 2b o 3b +HCIO,
(b)

s ]
£
P i

5 £

< @ .
T .
] 40 50
2 Ecnvalants Phlhaimldo |
8 -

3.;;0 400 4!';0 560 5;0 600 650 700 00 500 1000 1500 2000 2500 3000
wavelength / nm Time (s)

J. AM. CHEM. SOC. = VOL. 130, NO. 29, 2008 9197



U uJ

) O \\s;f;
O Qe ST
# “

2a(17.0) 2b(134)0 R = H, 2¢ {15.18); CH,, 2d (15,58);

CH0, 2e (15.88)
L, QI ~
; NH
Hw LI (7w
J H =
2f (20.8) 2g (21.5) 2h [23.5)
A e e ey
® . ridore
-2.00 - -
-2.50 benzenesulfonamide -
s @ Pioluenesulionamide
é -3.00 F phinakmice p-methoxybenzenesulfonamide
8 asol )
-4.00 + benzamide
450 L prazolidnone @
. acetanilide @
-5.00 1

12. A .114. A .1I6. A .1I8. " .210. M .22. " .24
Nucleophile pKa (DMSO)

J. AM. CHEM. SOC. = VOL. 130, NO. 29, 2008 9197



(a)

é, Ney  + Cu'X; 0.5 Ny | X ;c";“'
" TN ¢ Nt Ch Sor

'\,N R\'A >
R=CH; Ly=H Me
R=H Ly=H33m
X = Cl, Br 1.2 A
". eansanvey |
4
’
/
/
f
4
L4
0.8 s
: : - 4
Cu;i;  Cu"i i .
8979 8981
§
04
0.0
8972 8980 8988 8996 9004
E eV

Chem. Sci., 2010, 1, 326-330



(a)

_]+

+
Q{' crsom
CU{CHCN)4(CF150,)
AN——=Cu'"~N=H - -N Br N~y * 3CN}(CF3S0;
H Y Proton Sponge® H +
R HR
AN
(b) 0,45
04T ke, ke,
035 " ® v @ ©
QO
75
T
D
30 40 50 60 70

time / min

80



0. i i A --
350 400 450 500 S50 600 650 700

wavelength / nm



Radical clock test

|
+ PhS
/

hv

Cul

SPh

SPh

g



Nu [CulX] Nu-
o o Cr
\\ g //
Nu

Y Cu'-Nu
i '

|
o-bond cd' Cu
metathesis n-complexation
®8



Pd-Catalyzed Amination- Tin

Initial Report- Kosugi, 1983

Br PdCl,(o-tolyl,P), NEt,
©’ +  n-BusSnNEt, - ©’
PhMe, 100°C

87 %

Hartwig. 1994

Me

O ,P(O'tOIyi )3
Br  PhMe, rt Pd n-BusSnNEt, NEt,
Pd(0't0|y13p)2 + Q B'; /BI’ O
Me 87 % Pd Me

or LINEt,

(o-tolyl)2P’
60- 90 %

Me

Tin mediated cross-couplings were rarely used due
to poor substrate scope and toxicity

Kosugi, M. et al. Chem. Lett. 1983, 927
Hartwig, J. et al. J. Am. Chem. Soc. 1994, 116, 5969



Proposed Catalytic Cycle

LoPd LoPdXo

\ / reduction

ArNRs .Y' L-Pd ArBr
L\ /ﬂ\r

Ro Br Pd
L—P({V Spa— === B Jpr
Ar N 4

N4

BrSnBug RoNSnBug



L-Pd L

Path | Path 2 ArBr Path 3
ArBr -L
kl k_; kl
Ar

L,pd]  L-Pd—Solv —= L-Pd~ArBr

Br 3 ArBr 4
k2 | ArBr
;'ak l K2
LPd\ I;:‘:t‘ —_— 2
Br

-1st order in ligand

[BINAP] (mol L)

solvent rate (x10°s™)
PhH 99
THF 1.3
PhMe 8.1



Buchwald Enters the Field

¢ Three months after Hartwig's paper is submitted, Buchwald submits the following work,
beginning an ongoing trend of indepent, overlapping research
¢ Buchwald expands the scope of the reaction by generating tin amines in situ

Ar purge

BusSnNEt + ;
. : RINRR _HNEL,

BusSn-NRR'

PdClo(o-tolylsP)o . / N\

PhCHag, reflux

A

R

¢ Use of tin reagents is still required, but a large variety of amines are made available through transmetalation

+ Reaction still restricted to aryl bromides

4 Only secondary amines and primary anilines can be used

¢ o-substituted aryls not reported

¢ Catalyst loadings of less than 2% are typical, most reactions run 24 h

—h
EIOQC—Q—BI' - HN PdC'QLQ-
\
J— PAChL
\
M g + PdClLo
HN —_—

h
MegN—Q—N/_Ph
\

avee

Guram, A_; Buchwald, S.

882 vyield

812 yield

55% yield

J. Am. Chem. Soc. , 1994, 116, 7901



Tin-Free Catalysis

¢ Once again in quick succession, Buchwald and Hartwig publish methods for tin-free aryl-amine couplings

PdClx(o-tolylaP)o or

7/ N\ . . Pd(dba)s + 2 (o-tolyl)sP
R/C>_B FNRR NaOtBu or LHMDS H@_NRF"

PhCHg, reflux

¢ A new catalytic cycle is proposed in which the base deprotonates Pd-amine complexes
¢ Pd(0) shown to be resting state of catalyst, so oxidative addition is now the rate-limiting step

L,PdX, reduction | oy

f

2 oa p-Hydride Elimination {\JR; L‘pdf r
[—P B|< “Br

Ar
d
HOtB A/F/iL
u
I\rﬂ + NaBr ‘/
Br.
N\
R.)\ Po< \

H INd RoH
NaOtBu 2 HNRo

Guram, A_; Rennels, R.; Buchwald, S. ACIEE, 1995, 34, 1348
Louie, J; Hartwig, J. Tet Lett., 1995, 3609



Expansion of Scope

¢ The new conditions allow for greater substrate scope

M

h PdLo o ,
H / —_— 88% vyield

Ve NaOtBu Ve

PdLo
NHHex —_— Q—NHHex 72% vyield
NaOtBu
PdChLs
LIHMDS
n—Bu—Q—NEtQ

| £
+
=

-

b

PdLo
HNEt, —_—

LIHMDS

40% yield

nB (+ 40% reduced arene)

:

L = (o-tolyD 3P

¢ Primary amines can be coupled with electron-withdrawing aryl halides
¢ Cyclic secondary amines and alkyl anilines are good substrates
¢ Most acyclic secondary alkyl amines are problematic with electron-rich or neutral aryl halides

Guram, A_; Rennels, R.; Buchwald, S. ACIEE, 1995, 34, 1348
Louie, J.; Hartwig, J. Tet Lett , 1995, 3609



Bidentate Ligands: A Dramatic Advance

¢ In back-to-back communications, Buchwald and Hartwig report vast improvements in scope and yield
by use of bidentate phosphine ligands
+ Catalyst loadings are typically 0.5-1.0 mol%, and reactions are typically faster

Pd(dba)s
n-HexNH» BINAP, NaOtBu “Hex
PhCH3, 80°C
6h M

I
Mﬁ
e
[ Pd{dba)s & OM‘*
e
' \we  BINAP, NaOtBu 98% yield
\_/ PhCH3, 80°C
an
e e
Me
é/l

95% yield

+

+

(DPPF)PdCly Me
PhCH3 100°C NHPh
NaOtBu
3h

HaNPh

+*

96% yield

+

e
(DPPF)PACI2 \JLM
HzN/\I/k PhCHg, 100°C e 84%yield

NaOtBu P!

. Am. Chem. Soc., 1998, 118, 7215

Wolfe, J.; Wagaw, S_; Buchwald, S. J. Ch
J. Am. Chem. Soc. , 1998, 118, 7217

Driver, M. ; Hartwig, J.



/H\/\/I
Bu

Pent,Zn

Alkyl-Alkyl coupling

CAE)

10 mol%

»

F3C” : 50 mol%

Bu'

ent

70% yield, 1h

Knochel AC/EE 1998 (37) 2387.



Iron-mediated Cross Coupling

ArX

[ArFe(MgX)] + MgX

[Fe(MgX).] RMgX

ArR
' R

[Arf-!e(MgX) o]



Entry ArCl RM Fe salt[5%] ArR
[%]™
1 an n-CyH,;MgBr [Fe(acac),] 90
2 n-C,H,;MgBr [Fe(acac);] 91
3 n-Cf,HBMgBr FCC]} 88
4 n-C,H ;MgBr [Fe(salen)Cl] 96
5 OMe C,H;MgBr [Fe(acac);] >95
C
6 n-C H ;MgBr [Fe(acac);] >95
7 n-C,;H,;MgBr Fe(l, > 95
8 n-C,;sH,MgBr |[Fe(acac);] > 95
9 i-C;H-MgBr [Fe(salen)Cl] 59
10 WS MIBr [Fe(acac),] 91e]
11 NDMO/\/‘\/\/\/MQB' [Fe(acac);] 88l¢l
12 \/W\,MQBT [Fe(acac),] 85l
13 H,C=CHMgBr |[Fe(acac);] 0
14 H,C=CHCH,MgBr |Fe(acac);] 0
15 C,HMgBr [Fe(acac)] 28
16 Et;ZnMgBr [Fe(acac);] 93
17 n-C,H,Li |[Fe(acac);] 0




Hydrofunctionalization of Olefins

sl V.
CIN,

>
Il

SIR(R)(R"),

BR,,
N(R)R’,

hydrocyanation
hydrosilylation
hydroboration (mostly, dialkoxy-/diaryloxiboranes)

hydroamination



OM3BN LA
o . (Ph)z
A P(Ph) o Lewis Ac e P,,,’ CN/

= . -COD : o/
T 4+ INi(COD),] [Ni(COD)(dppf)] i Fo / Ni%\\/
{5 pipn), THF THE (> ¢ B
(Ph)2
2 LA= ZnCl,
3 LA= BEt,

A. Acosta-Ramirez et al. | Journal of Organometallic Chemistry 691 (2006) 3895-3901



Hydrosilylierung

(_oxidative Addition ) (" Ligandsubstitution ) ( insettion ) (_redukt. Eliminierung )
L. ,SiR T ®
Pt_ ——=, |—Pt
= X H \ \+L
+HSiR: L. SRz + — =L //\' JSiR3 Iﬂ +L  CHaCH-SIR
LrPtrl e P, s UBE T Py - el IS &)
¥ H ¥ H SiR3 HFie
: 2 3 4 1
cis-trans-
L\ fSiRS + = _—L
’Pt\ ——-—‘—.-. @
H L
2I
AE

(6) ca. 50
kJ/mol

]+ = 4"+ L
+ HSIiR3

Abbildung 12.5. Zum Mechanismus der Addition von HSiR; (R = H, Me, Cl) an Ethen katalysiert
durch PtL, (L = PH3). Die angegebenen Energien beziehen sich auf R = H; entsprechendes gilt fiir R =
Me, Cl (adaptiert und gekiirzt nach Sakaki 1999). a) Der Energieunterschied von 3 und 3’ ist marginal.



H(SiHR)(SiHR),H

H R
L P

H - Si(SiHR) . H

CpoM ; S{(SiHH)n_1H
H R

H(SiHR)H

Dehydrosilylkupplung

szMH

Cp.M(SiHR),H

H(SiHR)H

Ha M =Ti, Zr, Hf




What is hydroformylation?
- produces aldehyde from alkene via
- addition of a CO and H, to a alkene

N (()/II M
\ Il(ul(());

I
H,0 \,\\,, L
Or I)I,_ "\~
OH ()II
F o W '2 P ik
Nl or Pd cat.
2-Ethyl- I-hexanol (via aldol condensation)

"Organometallic Chemistry", Spessard and Miessler



Cobalt Catalyst: HCo(CO),

' o
0=C—Co. %"

| Cs

W O

I

0

HCo(CO),

- oldest homogeneous catalysis process still 1n use

- total H,/CO (ratio= 1:1) pressures of 200- 300 bar and 110- 180 °C

- ratio of linear to branched aldehyde: ca. 4 to 1

- decomposed to metallic Co at high temperature and low CO pressure

Otto Roelen at Rulhrchemie in Germany in 1938



Hydroformylation Mechanism

H H
3 H | P | B
= Monometallic - ,f-‘o\.--: oc—Comco
o] o=c—Co."¢ a (|: ="
C§. v
H)'K/\R (l: ~0 Lo
o /\/a y 8 - +c glkene (16 €)
S 3 €
i -t ®RE ase) \
Hit, bk CO < - go €O S 0 R <linear>
H" \co H/I \CO R H 9 e £
1) ¢ - | =0 1.2 insertion R\
o o Huu,, W W = R
/Co\ ‘ CO\ - r | \\\CO H/c T K] K\\c\o
(18 &) (16 e) H” | Yco | Cs0 \ Hi—to™ | B 0c—Co
c ¢ A | \co | o | e
o] & B
o} = )
(0.A4) . (18 ¢7) B—ehmmanon °
o o - :
*H \ Dgr:rmining 1# co> * (dis) (ife
1.1 insertion Sy
(alkyl migration) o -_R o <branched> .
R — P N | E : R
0 0T\ o b e Y“CZO —_— o=c—c( il i Y
A == " Colmaco == & —Coy * _ et CO‘C a O\C \\‘co I «co ,“u\“co
T | e l S0 I S0 HzC—Co“" B
¢ § < C ﬁ \co | o l i
(s e) (16 ) o) 0 5 °

- R. F. Heck and D. S. Breslow, J. Am. Chem. Soc., 1961, 83, 4023 *°



= Bimetallic

Hydroformylation Mechanism

|
=0
o=c—cCo'®
[N
I -CO
0 \+ alkene
N
\‘\cgo
_C T
] |°\c§
C 0

o] R - R
o GO [

SO S PR Y o
‘\‘~0 <0

R. F. Heck and D. S. Breslow, J. Am. Chem. Soc., 1961, 83, 4023



Cobalt Catalyst

Kinetics
d(aldehyde)
dt

= Kalkene][Co][H,][CO]"!

inversely proportional to CO concentration because CO dissociation from the coordinatively
saturated 18e” species is required

using a 1:1 ratio of H,/CO, the reaction rate 1s independent of pressure
HCo(CO), 1s only stable under certain minimum CO partial pressures at a given temperature
CO pressure T — reaction rate | & high ratio of linear to branched product

CO pressure | — reaction rate T & branched alkyl 1 (reverse B-elminination)

e®]0



Cobalt Phosphine-Modified Catalyst

* The addition of PR, ligands cause a dramatic change in rate and regioselectivity due
to electronic and steric effect of substitution of PR,

» Electronic effect of PR;:

- stronger Co-CO bond (do not decompose) — less CO pressure

- stronger Co-CO bond — less active than HCo(CO), — 5- 10 times slower
- hydridic characteristic of hydride — increase the hydrogenation capability

co co
| +Co W X 4\
0C—Co—, — 0C—Co—X o N
N ps |
: s ) 0c—co—H
& bR, € PRy Vi
R (o] - : 7
(o] \R ™ é: PR | aldehyde
+0e -co / \ A
R - R o
H H \
. o Fo) Two stage of
——/ Hydroformylation at 100- 180 °C Qc—\cg o s hvdrof = lati
_ . . vdroformylation
Y o and 50-100 bar ¢ e, Hydrogenation &b, . kv el
W N F s and hydrogenation
2 C° H OC—CO'4< 5- 10 slower / < Ay
2 /: ) ) \ R #co combined into one
¢ PRy _.¢o i’R f ;c-‘c.’ t\:o ) .
o \{alkene y 5 3< . step
R _
g/ PR;

e L. H. Slaugh and R. D. Mullineaux, J. Organomeral. Chem., 1968, 13, 469. *



Cobalt Phosphine-Modified Catalyst

The addition of PR, ligands causes a dramatic change 1n rate and regioselectivity due
to electronic and steric effect of substitution of PR,

» Steric effect of PR;:

- Bulky PR, group influences the insertion direction of alkene to Co
complex and geometry of intermediate (favors Anti-Markovnikov;
Hydrogen transferred to carbon with bulkier R group)

BusPu,, | \ Linear: Branched =9:1

® L. H. Slaugh and R. D. Mullineaux, J. Organometal. Chem., 1968, 13, 469. *




Cobalt Phosphine-Modified Catalyst

* Relationship between steric effect and regio-selectivity

Table 1. Hydroformylation of 1-hexene using Co02(CO)g/2P as catalyst
precursor. 160°C, 70 atm, 1.2:1 Hy/CO

Toimanv  Cone  kpx 10° % Aldehyde to

PR, pPK, (ecm) Angle ° (min')  Linear Prod alcohol
P(i-Pr); 94 2059.2 160 2.8 85.0 --

PEt3 8.7 2061.7 132 17 89.6 0.9

PP 8.6 2060.9 132 3.1 89.5 1.0

PBu3 84 2060.3 136 .3 89.6 1.1
PEPh 6.3 2063.7 136 55 84.6 2.2
PEtPhp, 409 2066.7 140 8.8 71.7 4.3

PPhj 2.7 2068.9 145 14.1 62.4 11.7

= Steric and electronic effect of substituion of PR, affects the linear to branched ratio



Rhodium Catalyst

Advantage of Rh catalyst over Co catalyst:

Rh complex 100-1000 more active than Co complex

Mechanism
at ambient condition (15-25 bar, 80-120 °C) H -co 0c,  opn, *akene |
oc—rn T ,Rl . - ﬂ—Rh"“' g
| “oPhy +C H (|:" Ph;

. o ¢
energy saving process I ~N \
linear to branched ratios as high as 15 to 1 H, OCu. o PPy

| V\R Phyo™ \-'\R
° |
+CO
T +H,
& R -R
co ocC, +FPhy
[ o L J—— “Rh - OC—Rh Phy
i‘ Py o PMT 5 R S
o

J. A. Osborn; G. Wilkinson; J. E. Young. Chem. Commun. 1965, 17-17 15



Rhodium Catalyst

* Selective catalyst with the substitution of PR, ligands

* Rate determining steps are not fully understood

PPh,
Phy?—Rh—H

Inactive

+CO +Co iy
“Ph o
-PPhy 3 -FPhs T -FPhy
OC—Rh—H |=—= OC—Rh—H
+PPh, +PPhy e
-CO FPhy -CO PP, €0
Selective Catalyst ve& 'ge?euc'ﬁng

o}

OC—Rh—H

co

highly active,
not selective

Table 2. Rate constants and Regioselectivities for the Hydroformylation of 1-

Hexene using Rh(acac)(CO), with Different PPh, Concentrations. Reaction
Conditions: 90 psig (6.2 bar), 1:1 H,/CO, 90° C.
[Rh] [PPh3] PPh3/Rh Kobs I:b
(mM) (M) ratio (min-1 mM Rh-1) ratio
0.5 0.41 820 0.032 11
1 0.82 820 0.016 17




reductive oxidative
elimination addition

Cco - CHs -
If#,-,' |“!“\\\COCH3 Ih-fn, ||““\“C_O|
‘Rh ‘Rh”
oc?”” | N o | N
| |

insertion
Mechanism of methanol carbonylation involving double catalysis: Rh' and HI

MONSANTO PROCESS




[Fe(CO)s]
RCH=CH, + CO + H0 ——— CO, + RCH(CHO)CH3 + RCH2CH,CHO
OH~, 90°C

[HFe(CO)4]” + HoO === [HoFe(CO)4] + OH"
M-H(CO) + olefin ——— = M-R(CO) ——= M-C(O)R

M-C(O)R + NuH — = RC(O)Nu + MH
NuH = R'NH,, R'OH, H,0

CARBONYLATION OF ALKENES/ALKYNES : REPPE RXN




CARBONYLATION ALKENES AND ALKYNES




0 0

Pd{PhoP(CH2)3PPh
HaC=CHj + CO [Pd{PhoP(CHz)a 2}]’_ ‘J\/\"/\/u\/\}
90°C, 45 atm x *

@]
polyketone:
M, = 20 000; M.P. = 260°C

CARBONYLATION OF ALKENES AND ALKYNES




[Ni(CO)q]
HC=CH + CO + H:0 » H>C=CHCOsH
120°-220°C, 30 atm

Mechanism:

NiCO)) —X o NicOp ) =, (COROINI—

Nzo 0 ﬁo
H,C=CHCO,H 4

(CO)2(X)Ni-C \\

CARBONYLATION OF ALKENES AND ALKYNES




CH,
- l
HiC—C=C—H + CO + CH;O0H —= H,C=C—COOCH;,

MMA
P\ HyC-C=C-H (2,1) P\
MMA pd-H ( Pd-OCH;z co
N MMA NN
Pd-H
FHSOH cycle Pd-OCH;
? CH30H cycle
H
p 3C\ P\ 0]
AN ,C=CH, OCH; v
Pd-C o= Pd—C
FR P N OCH,4
N 0 \ ,,C'CH::,
Pd-C
N -
cO
HsC—C=C—H (1.2
A B

Scheme 1. The two possible cycles for the formation of methyl methacrylate.




50000

40000 -

30000

20000 H

Activity (mol/mol Pd/h)

10000

0 , _ mm

x = =N
I Z I -~ N I S
Ph,P Ph,P N Ph,P Ph,P

sel = 89.0 % sel = 98.9 % sel =99.2 % sel =90.0 %
T=115°C T=45°C T=70°C T=90°C

Figure 1. Effect of ligand structure. sel = selectivity.




O
cat I

COs + Ho + NuH ' » H—C—Nu + Hy0

Nu = RO : 160°C, 100-200 bar, cat. : [Ni(dppe)z]
Nu = NMe; : 100-125°C, 60-120 bar, cat. : [Co(dppe)oH]

0]
COo T
_P..

M—0O—H ?
Hg H—-C—Nu

Proposed mechanism for the catalytic carboxylation of alcohols and dialkylamines

CARBOXYLATION




Fischer-Tropsch-Reaktionen

Kat.
nCO+2nH, ———> A CHyj— +nHO

REASCIRSAN
Fe-Oxid Kat. _
Hy + CO S b" Benzin + Dieselol + Wachse etc.
35:1 SOGB4y 0
1
CcO H H .
M ——»M—CO —2pM—C—H —=» M—CHg -2 M—COCH;
n'=Formyl-
Komplex Ho Ho
B ) 1)
M—CHs  M—CHy—CHg
H Hp - O
CH3zO0H YZ M-OCHg «—= M | ” lco
CH»
M-H n2-Formaldehyd- CHy M—CO(incHs

Komplex I

\



