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This document was created as part of the requirements for Chemistry 165 "Organometallics" at Harvey Mudd College during the fall semester 2009.  Student groups were asked to collaboratively research and prepare an extensive literature review on an organometallic topic.  Some of these topics were introduced in class; If so, they were expected to extend beyond the specific metal or system discussed in class.  Each presentation went through two rounds of peer review.
5 Slides about Palladium Catalyzed Coupling Reactions: Teaching Instructions
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Slide 1 (introduction).  Palladium-catalyzed reactions are useful since palladium is a relatively inexpensive, inert catalyst that usually gives high yield and selectivity. This slideshow highlights 4 different types of Pd catalyzed coupling reactions: Stille, Buchwald- Hartwig, Tsuji-Trost and Heck reactions. Stille combines organohalides and organotin compounds to make a new organic compund. Buchwald-Hartwig combines aryl halides and either amines or aryl alcohol to make aryl amines or diaryl ethers. The Tsuji-Trost reaction adds a nucleophile to an alkene, and the Heck reaction combines alkenes and alkyl halides to form a hydrocarbon.   

Slide 2 (Introducing Cross-Coupling Reactions):

[image: image4..pict]All the reactions mentioned previously are palladium-catalyzed cross-coupling reactions. In general, the palladium catalyst would first bind to one of the substituents. The second substituent would then bind or coordinate to the metal complex; this step could either occur through a transmetalation or nucleophilic attack. The metal complex then undergoes reductive elimination to form a new compound that consists of the two substituents, and the catalyst is reformed in the process.

Just a reminder, an oxidative addition is the insertion of a metal into a covalent bond. The oxidation state of the metal and the electron count of the complex increase by two. The metal complex has to have vacant coordination sites and relatively low oxidation states. And on the other hand, reductive elimination is the reverse reaction of oxidative addition.  Reductive elimination is favored when the newly formed X-Y bond is strong and the ligands being coupled are adjacent.      

Slide 3 (Stille Reaction):

[image: image5..pict]The first example shows only the transmetallation step.  In addition, only the cross-coupling product, PhCH2CH3, is included.  The homocoupling product, PhCH2CH2Ph, results when methyllithium or methyl magnesium bromide are used, whereas the cross-coupling product is observed in high yield when using the alkyl tin reagent.

In the second example, both the cross-coupling product, PhCCCH2Ph, and the homocoupling product, PhCH2CH2Ph are included.

1  J. K. Stille and D. Milstein, J. Am. Chem. Soc., 1978, 101, 4992.

2  E. Negishi and M. Qian, Tetrahedron, 2005, 46, 2927.

Slide 4 (The Buchwald-Hartwig Cross-Coupling Reaction):

[image: image6..pict]
The Buchwald-Hartwig cross-coupling reaction was simultaneously discovered by both Buchwald and Hartwig (who were not collaborating on the project) in 1994. This reaction is useful in synthesizing aryl amines and diaryl ethers. The starting materials are an aryl halide and either an amine or primary aryl alcohol. Hartwig studied the mechanism1 of the reaction and found it is very closely related to the Stile coupling reaction. The mechanism has an oxidative addition, a transmetallation of the amine, and a reductive elimination. This mechanism is shown on the left. A similar mechanism can be imagined with an aryl alcohol substituted for the amine. 

A recent paper by Buchwald2 has major improvements upon the synthesis of diaryl ethers. He has found a ligand that improves the reactivity of the Pd catalyst so that it can form diaryl amines with different electron donating and electron withdrawing functional groups. These syntheses can be done at room temperature with a catalyst that is stable in air. This work has led to an increased scope of the synthesis of diaryl ethers with products being formed in moderately to extremely high yields. 

A recent paper by Verkade3 has also describes improvements upon the Buchwald-Hartwig reaction. His group has found a phosphine ligand that tunes the catalysts chemistry so that is can form highly functionalized aryl amines. These syntheses also require lower loading amounts of catalyst and can be done under mild conditions at room temperature.  

1. Hartwig, J.F., Patt, J., Paul, F., J. Am. Chem. Soc. 1994, 116, 5969-5970.

2. Buchwald et al., Angew. Chem. Int. Ed. 2006, 45, 4321,4326.

3. Verkade, J.G. et al., J. Org. Chem., 2008, 73, 3047-3062
[image: image7..pict]Slide 5 (Tsuji-Trost Reaction):

The Tsuji-Trost reaction is the palladium-catalyzed allylation of nucleophiles with allylic compounds. The possible nucleophiles include active mathylenes, enolate, amine and phenols, and the compatible allylic compounds are allyl acetates, allyl bromides and allyl carbonates. 

The mechanism of the reaction is as follows:

1. The palladium with ligands coordinates to the double bond in an allyl acetate, allyl bromide or allyl carbonate, forming a η2 π-allyl complex. 

2. An oxidative addition occurs, during which the leaving group is expelled, forming a η3 π-allyl complex as a result.
3. A nucleophile comes and attack the complex, adding onto alkene. 
4. The palladium and ligand comes off the alkene, giving the substituted product and reforming the catalyst. 
An example of this reaction from the literature is given at the top right of the slide. Here, the allyl carbonate acts as the nucleophile, kicking off an acetate group from the allyl acetate to yield the product. 

The allylation can be enantioselective with the use of chiral palladium ligands. An example of such a ligand is (R,R)-standard. As Barry M. Trost’s model explains, the bulky phenyl rings of the ligand acts as either an opening or a barrier to the nucleophile, allowing enantioselective nucleophillic attack to occur, which as a result gives asymmetric products. This enantioselectivity makes the Tsuji-Trost a very powerful reaction in organic syntheses. 

The reaction could also lead to cyclization of compounds if the starting material contains a nucleophile at favorable positions. The nucleophile, like the alcohol group in the example, would then perform the Tsuji-Trost on itself, kicking out the leaving group in the process and forming the cyclized product. The cyclization could also be done enantioselectively, making this again a very powerful reaction. 

1.Barry M. Trost, Michelle R. Machacek, and Hong C. Tsui. , J. Am. Chem. Soc. 2005, 127, 7014-7024.

2. Barry M. Trost, M.R. Machacek, A. Aponick. Acc. Chem. Res. 2006, 39, 747-760. 

3. Christelle Fournier-Nguefack, P. Lhoste and D. Sinou. Tetrahedron,Vol. 1997, 53,12, 4353-4362.

Slide 6 (The Heck Reaction):

[image: image8..pict]
The Heck Reaction was discovered in 1971 by Richard F. Heck.  Two major problems arose in the evolution of this reaction; the use of expense and toxic mercurials and the minimizing the amount of palladium required.  Below is the initial reaction Heck preformed.  


[image: image10..pict]
Through further study Heck was able to regenerate the palladium catalysts and thus this reaction became extremely appealing.  From this point many studies were preformed to determine the potential applications in organic synthesis and other valuable versions of the reaction.  This led to the current Heck reaction displayed within the mechanism on the slide.  Below is Heck’s perfected reaction.
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Further studies revealed this reaction could also be preformed intramolecularly.  
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Starting with the palladium catalyst, an oxidative addition is preformed adding the alkyl halide to the catalyst.  Then the alkene molecule coordinates to the palladium molecule.  Then the palladium rearranges so that it partially bonds to the hydrogen, this allows for the beta-hydride elimination allowing the alkene to reform with the new R substituent.  Finally the palladium catalyst is regenerated through adding a base.  Because the Heck reaction allows the addition of a R group onto an alkene its uses is very vast and the regenerated catalyst makes this reaction cheaper to use.  Therefore, further research has been done in order to improve the reaction further.  Some of these advances has been in perfecting the technique to manufacture the palladium catalyst, through glass bead technology.  Other advances to reduce the toxicity and increase the simplicity of the reaction have been pursued.  Specific uses of the Heck reaction include synthesis of pharmaceutical and fine chemicals, like anticancer drugs such as taxol.  Additionally, substituted cinnamic acids and corresponding esters are used in the heck reaction to form ultraviolet absorbers and antioxidants.
1. Bhanage, B. M.; Fujita, S.; Arai, M. J. Organomet. Chem. 2003, 687, 211.

2. Tonks, L; Anson, M; Hellgardt, K; Mirza, A; Thompson, D; Williams, J. Tetrahedron, 1997, 38, 4319.
3.  Negish. “A Profile of Professor Richard F. Heck: Discovery of the Heck Reaction”. 
J. Organomet. Chem. 1999 576 xv-xvi.   

Slide 7 (Applications):

[image: image9..pict]
This slide shows why the palladium chemistry that we introduced is useful. This chemistry could be used to give pathways to compounds that cannot otherwise be easily synthesized, and it could also be used to synthesize compounds in the industrial scale. These reactions could be used to synthesize pharmaceutical compounds, such as anti-caner, anti-oxidant, anti-fungal, and anti-spasmotic drugs, and it could also be used to synthesize UV absorbers used in the medical industry. 
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