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I. Different type of cross-coupling reactions and 

general mechanism 



Cross-Coupling of Organometallics and Organic Halides

R-X    +    R'-M
Pd(0)

R-R'   +   MX

M = MgX, ZrCp2Cl, ZnX, SnR3, B(OR)2, AlMe2, SiR3, Cu,…



R-X    +    R'-SnR3

Pd(0)
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aryl or
vinyl halide
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R'
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Stille coupling:

Negishi coupling:

Suzuki coupling:

Heck reaction:

Sonogashira coupling:

Kumada coupling:

Hiyama coupling:

Name reactions according to nucleophiles





General mechanism – except for Heck reaction



Why?



Bond energies:

C-H 411 kJ/mol

C-Cl 399

C-Br 255

C-I 213



II. Kumada coupling and its mechanism





Kumada’s contribution: 

First use of phosphine ligands

First proposed catalytic cycle of cross-coupling – similar to 

today’s mechanism





Exercise:

For a Ni-catalyzed Kumada coupling, a Ni(0) active species was 

identified. This species was generated from NiCl2. 

Propose a mechanism how this species can be formed from the 

reaction of NiCl2 with an excess of PhMgBr. Neglect the other 

possible ligands on Ni. 





Exercise: propose a mechanism







Stereospecific coupling:



Concerted oxidative addition of aryl and vinyl halides

Mechanism.





For this Kumada coupling reaction, the following product

distributions were obtained using two different ligands, PPh3( n = 2) 

and a chelating ligand dppf. 

1. Propose a mechanism how these products were made.

2. Explain why the two ligands lead to different results. 



dppf





III. Mechanistic insights from Stille Coupling



Due to the toxicity of organotin compounds, this coupling is being

avoided. 

The same versatility is now achieved by Suzuki coupling. 





Less Electron-donating ligand leads to faster rate.

Based on this, which step cannot be the rate determining step:

Oxidative addition; transmetallation; reductive elimination







IV. Suzuki Coupling and catalysts developments



Suzuki (Suzuki-Miyaura) Coupling – one coupling to rule all

Base (alkoxide or OH- or F-) is required to activate the boron

reagent for transmetallation



Mechanism and Role of Base in Suzuki-Miyaua Coupling

Transmetallation requires base: anionic boron reagents are 

more likely to transfer R’ than the neutral ones.









What are these two reasons?









Active species: mono-ligated Pd-L due to a bulky ligand

Pd-PR3



Mono-ligated Pd species more active for oxidative addition of Ar-Cl



Electron-rich ligand stabilized Pd(0) versus Pd nanoparticle formation





factors:

Oxidative addition is faster with less bulky system. 

Transmetallation is faster with less bulky system (3 vs. 4 coordinate)

Reductive elimination is faster from 3-coordinate Pd(II) than 4-

coordination Pd(II) (observations)

(Sterics dominate Electronics)

(Why?)





Ligands developed by Beller et al. Admantyl groups

Even higher bulk



Ligands developed by Beller et al. Admantyl groups

Even higher bulk



Buchwald ligands: Biaryl monophosphines



Promising results of amination of aryl chlorides using these ligands



First version: DavePhos



Next version: Amino group of DavePhos no longer needed













Reaction in water using a water soluble derivative



As indicated, the outstanding activity of the catalysts derived from the 

biarylphosphine ligands has been attributed to a combination of electronic and steric 

properties that enhances the rates of oxidative addition, transmetalation, and reductive 

elimination steps in the catalytic cycle. This can be rationalized as follows: (a) The 

bulky and electron-donating character of these ligands is important for stabilizing the 

monoligated L1Pd intermediates, which are believed to be key species in the catalytic 

cycle. (b) With both these and related ligands it has been shown that oxidative 

addition of aryl halides is much faster with L1Pd(0) species than with more highly 

coordinated complexes. This is simply due to the smaller size of a L1Pd(0) complex 

compared with a L2Pd(0) one, allowing the substrate to approach the latter more 

closely and, hence, react at a faster rate. We presume that transmetalation to a 

L1Pd(Ar)X intermediate is faster, in general, than to a L2Pd(Ar)X complex for related 

reasons. (c) It is well-documented that the rate of reductive elimination from 

LPd(Ar)R (R = aryl, NR2, OR) is faster than that for the same process for an 

analogous L2Pd(Ar)R complex. (d) Finally, studies in our laboratories have 

demonstrated that the addition of ortho substituents on the bottom ring of the 

biarylphosphine (eg., SPhos (L7) and XPhos (L8)) lead to a significant increase in 

activity and stability by preventing palladacycle formation. Additionally, this ortho, 

ortho′ substitution increases the size of the ligand relative to those with no ortho

substituents (thus increasing the concentration of L1Pd species).



V. Heck coupling and its selectivity



R-X    +
Pd(0)

+   HX

aryl or
vinyl halide

alkene

R'
R'

R

Heck reaction: efficienct alkene synthesis



Regioselectivity controlled by 1,2-insertion



Trans-selectivity



The rate of reaction and regioselectivity are sensitive to steric hindrance 

about the C=C bond of the vinylic partner. For simple aryl halides 

reacting with alkenes, the rate of reaction as a function of alkene 

substitution varies according to the following sequence:

CH2=CH2 > CH2=CH-OAc > CH2=CH-Me > CH2=CH-Ph > CH2=C(Me)Ph

krel: 14,000 970 220 42 1



The Heck reaction differs significantly from the earlier Pd(0)-

catalyzed cross-coupling reactions because:

1) it involves an insertion after the oxidative addition step

2) the catalytic cycle is closed with a b-hydride elimination, 

whereas the other couplings end with a reductive elimination.

In the b-hydride elimination step, the palladium and hydride must be 

coplanar for the reaction to take place, as this is a syn elimination 

process. For steric reasons, the R group will tend to eclipse the 

smallest group on the adjacent carbon as elimination occurs, leading 

predominantly to a trans double bond in the product.
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