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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
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The Stille Reaction:

Palladium-Catalyzed Coupling of Tetraorganotin Compounds with Aryl and Benzyl Halides. Synthetic Utility and Mechanism 
J. K. Stille and D. Milstein, J. Am. Chem. Soc., 1978, 101, 4992.
Stille’s 1978 paper begins by pointing out the weakness of organolithium and Grignard reagents – that they are limited to unsubstituted halides.  The paper then examines the following reaction, which proceeds by a nucleophilic displacement mechanism:


 
        “Pd”
PhCH2Br + Me4Sn  →  PhCH2CH3 + Me3SnBr

The most effective palladium catalyst is benzylchlorobis(triphenylphosphine)-palladium(II).  Other catalysts include benzylbromobis(triphenylphosphine)palladium(II), tetrakis(triphenylphosphine)palladium(0), and benzylchloro-1,2bis(diphenylphosphino-ethane)palladium(II).  A primary study explores the reaction of benzyl chloride with methyllithium and methylmagnesium bromide.  The homocoupling product, bibenzyl, is obtained in the highest yield for the majority of catalysts, with the cross-coupling product, ethylbenzene, in very low yields.  The cross-coupling product is obtained in much greater yields for reactions of benzyl bromide with tetramethyltin.  The authors claim that the oxidative addition of the alkyl halide to palladium is the rate-determining step.  The claim is supported by the similarity between substituent effects observed in this reaction and in oxidative additions in general.  Further evidence includes the observed zeroth order reactions for both organic substrates and the observation that the beta elimination rate is comparable to the rate of reductive elimination.  Acceleration of the reaction in the presence of oxygen would also be expected for a reaction in which oxidative addition is the rate-determining step.  Oxygen was observed to accelerate the reaction by initiating a proposed radical mechanism that is faster than the nucleophilic displacement mechanism.  The reaction is also accelerated by electron-withdrawing groups on the aryl bromide.  

Palladium-catalyzed crosscoupling reaction of alkynylzincs with benzylic electrophiles 
E. Negishi and M. Qian, Tetrahedron Letters, 2005, 46, 2927.
Negishi’s 2005 paper extends the Stille reaction to cross-coupling of alkynylmetals and benzylic electrophiles.  This variation of the Stille reaction is called Sonogashira alkynylation.  A representative reaction is:

   cat. PdLn, THF

PhC≡CZnBr + BrCH2Ph    →    PhC≡CCH2Ph + PhCH2CH2Ph
The palladium catalysts used were Pd(PPh3)4, Pd(PPh3)2Cl2, Pd(TPF)2Cl2, Pd(tBu3P)2, Pd(DPEphos)Cl2 and Pd(dppf)Cl2, where TPF is tris(2-furyl)phosphine, DPEphos is bis(o-diphenylphosphinophenyl)ether, and dppf is 1,1’-bis(diphenylphosphino)ferrocene.  Pd(DPEphos)Cl2 proved to be the most effective catalyst.  Various metals were screened as countercations, with zinc and indium giving the best results. Unfortunately, the authors of the paper do not discuss the mechanism, but I expect the reaction to proceed in a way that is similar to the Stille cross-coupling reactions.  Negishi suggests that the reaction would also be successful with alkyl halides and alkynylmetals with aryl substituents.

Palladium-Catalyzed Arylation and Heteroarylation of Azolopyrimidines
J. J. Vaquero, J. Mendiola, I. Castellote, J. Alvarez-Builla, J. Fernández-Gadea, and A. Gómez, J. Org. Chem., 2006, 71, 1254.


Vaquero’s 2005 paper extends the Stille reaction to azolopyrimidines.  The inspiration for this project came from the pharmaceutical activity of indolizines, including anti-inflammatory and anti-tumor properties.  The reactions examined in this paper involve tricyclic reactants and products, and the authors employed both Stille and Suzuki palladium catalysis to obtain the desired products.  An example of a Suzuki coupling reaction is shown:

http://pubs.acs.org/doi/pdf/10.1021/jo051848e

The Suzuki reaction was chosen for aryl functionalization of the indolazine reactants, and was effective for electron-rich heteroaryl boronic acids.  However, the Suzuki reaction failed with the electron-poor boronic acids.  The failure of the Suzuki reaction led the authors to retry the Stille reaction, which was more effective for electron-poor heteroarenes.  Heating and higher solvent polarity proved effective in increasing the yield of the reactions. 
Buchwald-Hartwig Reaction:

Palladium-Catalyzed Formation of Carbon-Nitrogen Bonds. Reaction Intermediates and Catalyst Improvements in the Hetero Cross-Coupling of Aryl Halides and Tin Amides

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

Previously, forming the carbon-nitrogen bond in aryl amines was extremely difficult. It required high temperature and an ill-defined copper SRN1 reducing mechanism and usually led to a product with low regioselectivity. However, in 1984, it was realized that palladium catalysts could form aryl amines from aryl halides and an amine with relative ease and high regioselectivity. Hartwig’s group proceeded to study this reaction in much more depth and attempted to define the mechanism. They found that the mechanism is very similar to that of the Stille cross-coupling reaction. The group performed several different studies to determine the steps and the relative order in which they take place. The first step is oxidative addition, followed by a transmetallation with an amine source and finally a reductive elimination to yield the aryl amine product. This paper does not include a kinetic study, but the transmetallation is believed to be the rate-determining step based on parallels to the Stille cross-coupling reaction. 
Significantly Improved Method for the Pd-Catalyzed Coupling of Phenols with Aryl Halides: Understanding Ligand Effects
C. H. Burgos, T. E. Barder, X. Huang, S. L. Buchwald, Angew. Chem. Int. Ed., 2006, 45, 4321-4326.

Diaryl ethers are useful compounds that have a variety of applications, such as the biological property of being opioid receptor antagonists. Previously, synthesis of diaryl ethers required high temperatures and stoichiometric amounts of a copper catalyst. Even with such extreme conditions, the yields of these reactions were low. This group (as well as Hartwig and Beller) found a way to use much milder reaction conditions with a palladium catalyst to create diaryl ethers, but the scope of the reaction was very narrow. Buchwald’s group performed experiments to find a catalyst that would yield ethers from aryl halides with a variety of substituents. Synthesis with strongly electron-withdrawing or electron-donating ortho substituents or electron-deficient phenols or phenols without ortho substituents larger than a methyl were very difficult previously. 
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With all 4 of the above schemes, one of the 11 ligands tested worked extremely well with the palladium catalyst. Although some of the ligands produced moderate yields for some of the schemes, ligand 7 worked best overall for each with only ligand 6 outperforming it for schemes (1) and (2).  Below are the catalysts with ligands 6 and 7.
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In conclusion, Buchwald’s group has made important progress toward finding a catalyst that improves the scope and reaction conditions of the synthesis of diaryl ethers. 

(t-Bu)2PN=P(i-BuNCH2CH2)3N: New Efficient Ligand for Palladium-Catalyzed C-N Couplings of Aryl and Heteroaryl Bromides and Chlorides and for Vinyl Bromides at Room Temperature
Ch. V. Reddy, J. V. Kingston, J. G. Verkade, J. Org. Chem., 2008, 73, 3047-3062.
Palladium catalysts are known to be the most efficient for synthesis of aryl amines. However, its reactivity is determined by the ligand employed in conjunction with the metal. Verkade’s group focused on phosphines because such sigma-donor ligands can tune the steric and electronic properties of the metal while minimizing palladium precipitation. Finding a ligand that improves aryl amination is desirable for both economic and environmental reasons. 
Verkade was able to broaden the scope for the synthesis of aryl amines to include much bulkier functional groups by the use of the new ligand (t-Bu)2PN=P(i-BuNCH2CH2)3N with the Pd catalyst. Aryl halides with base-sensitive substituents (such as nitro, ester and keto groups) or other functional groups (such as cyano, amino, trifluoromethyl and phenol) could now couple with bulky aryl amines easily and produce highly functionalized amines with high yield. The ligand is shown below.
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Verkade’s group produced 64 examples of bulky aryl amine synthesis all with 54-98% yields, proving that this new ligand does indeed improve the scope of the Buchwald-Hartwig cross coupling reaction. 

In addition to improving the scope of the Buchwald-Hartwig amination, this catalyst can also form imines and enamines for the first time at room temperature. The catalyst is stable in air as well making it easier to work with. These reactions were carried out with lower catalyst loadings than those previously used without compromising yield. 

Tsuji-Trost Reaction:
Development of Aliphatic Alcohols as Nucleophiles for Palladium-Catalyzed DYKAT Reactions: Total Synthesis of (+)-Hippospongic Acid A
Trost, B. M.; Machacek, M. R.; Tsui, H. C. J. Am. Chem. Soc. 2005, 127, 7014.

A concise and highly selective deracemization of achiral Baylis-Hillman adducts using aliphatic alcohol nucleophiles was carried out, where the substrate undergoes either a kinetic transformation or a dynamic kinetic transformation to yield the substituted pyran. The reaction gave the product selectively with high yield. Aliphatic alcohols have been demonstrated to have the ability to generally function as competent nucleophiles in palladium-catalyzed asymmetric allylic alkylation (AAA) reactions. It was discovered that the substitution at C2 determines the orientation of the π-allyl complex. Also, it was found that the anti-π-allyl with ester coordination to the metal center gives ester substitution product, while the cyano substitution product comes from reactions with the syn pi-allyl that has no cyano coordination to the metal center. The shortest synthesis of (+)-hippospongic acid A to date was carried out using three palladium-catalyzed alkylation reactions. These three alkylations gave selective products and formed C-S, C-H and C-O bonds. The synthesis demonstrated the power of palladium-catalyzed allylic alkylation reactions in total synthesis.  

Predicting the Stereochemistry of Diphenylphosphino Benzoic Acid (DPPBA)-Based Palladium-Catalyzed Asymmetric Allylic Alkylation Reactions: A Working Model

Trost, B. M.; Machacek, M. R.; Aponick, A. Acc. Chem. Res. 2006, 39, 747.
Diphenylphosphino benzoic acid (DPBBA) based ligands for palladium-catalyzed asymmetric allylic alkylation (AAA) was explored, and a model developed for these reactions were reported. This model predicts the stereochemical outcome of DPPBA-based palladium AAA reactions. It predicts that, when ionization is enantiodiscriminating, the best results come from conditions that favor fast nucleophillic attack in basic reaction media, so soft nucleophiles and good leaving groups are very important here. The following reaction gave products predicted by the model, demonstrating that the model is accurate. 
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The model also predicts that when the addition is enantiodiscriminating, slow nucleophilic attack that promotes equilibration of the intermediate is best, and equilibration promoters and poorer nucleophiles are then important. The equilibration of intermediates is also essential when regiochemistry is an issue in the reaction. This method helps outline concepts that that are inherent to designing AAA reactions for various metals and ligand system, and it could be utilized to construct a diverse array of natural products.

Palladium(0)-Catalysed Synthesis of cis- and trans-Linalyl Oxides

Fournier-Nguefack, C.; Lhoste, P.; Sinou, D. Tetrahedron, 1997, 53, 12, 4353-4362.
Linalyl oxides were synthesized asymmetrically from both (Z) and (E)-6.7-dihydroxy-3,7-dimethyl-oct-2-enyl carbonate. (Z) and (E)-6.7-dihydroxy-3,7-dimethyl-oct-2-enyl carbonate are not commercially available compounds, and thus they were first synthesized via dihydroxylation and esterfication of geraniol. The cyclization to furan linalyl oxides were then catalyzed by palladium(0) in the form of Pd2(dba)3. The cyclization, with chiral starting materials, gave asymmetric diastereomeric linalyl oxides with good yields. The formation of pyran linalyl oxides gave products through a -elimination reaction. 
The Heck Reaction:
Heck Reactions with Various Types of Palladium Complex Catalysts: Application of Multiphase Catalysis and Supercritical Carbon Dioxide
Bhanage, B. M.; Fujita, S.; Arai, M. J. Organomet. Chem. 2003, 687, 211.

In this article, Arai relates the progress his lab has made to optimize multiphase Heck reactions, through studying kinetics of the homogeneous reaction, catalyst separation strategies, and utilizing supercritical carbon as a solvent.  The kinetic studies showed that in nonpolar solvents a palladium precipitate was formed, that did not form in polar solvents.  It is commonly known that homogeneous catalysts produce higher selectivity and activity but are harder to separate and reuse than heterogeneous catalysts. This demonstrates the benefit of utilizing biphasic catalysis, in which the catalyst exists in an inorganic phase.  Thus because the reactants and products exist in an organic phase, this provides a way to separate the catalyst without sacrificing selectivity or activity. There were also studies for numerous metal complexes which demonstrated that the palladium catalyst was superior in activity and it could be easily separated by simple phase separation.  This study also demonstrated the ability to use supercritical carbon dioxide  in order to eliminate the usual toxic, flammable organic solvents.  The effect of differing pressures was measured and it was found that a higher pressure led to a lower conversion, and bBa lower amount of Pd catalyst lost.  Thus there must be an equilibrium obtained in order to equalize the amount of Pd catalyst lost (since it is so expensive) and optimizing the percent conversion.

Palladium Catalysed Heck Reactions and Allylic Substitution Reactions Using Glass Bead Technology
Tonks, L; Anson, M; Hellgardt, K; Mirza, A; Thompson, D; Williams, J. Tetrahedron, 1997, 38, 4319.
In this article, Tonks’ studies use glass bead technology to decrease the amount of palladium leached in the Heck reaction as well as allylic substitution reactions.  The preparation of the palladium catalysts was in ethylene glycol with different sizes of glass beads depicted in Scheme 1 (pg. 4319).  

Using CPG 239 Å beads with either triphenylphosphine mono-sulfonate(tppms) or triphenylphosphine trisulfonate (tppts) as a ligand affords product in good yield with little palladium leaching.  This provides another technique to optimize the Heck reaction by recovering the expensive palladium catalyst.  The reaction shown above Table 1 (pg. 4320) was utilized in his studies

A Profile of Professor Richard F. Heck: Discovery of the Heck Reaction
Negishi. Journal of Organomettalic Chemistry 576 (1999) xv-xvi.   

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.  
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Through further study Heck was able to regenerate the palladium catalysts and thus this reaction became extremely appealing.  The reaction that Heck finally determined is shown below.
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 From this point many studies were preformed to determine the potential applications in organic synthesis and other valuable versions of the reaction.  These studies even demonstrated the ability for intramolecular Heck reactions as shown below.


[image: image7.emf]
_1322133539.cdx

_1322134161.cdx

_1322133790.cdx

_1322133223.cdx

