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    This eBook brings some of the most recent applications of synthetic organic molecules and research to the fore. To offer the reader a broader overview of the diversity of applications, examples carefully chosen from different categories have been included.




    The first two chapters deal with transition metal based catalysis. In the first article, Dr. Kostas reviews new developments in P,N-containing ligands for transition-metal homogeneous catalysis. Dr. Tam and his team then describe the construction of cyclobutene rings through transition metal-catalyzed [2+2] cycloaddition reactions between bicyclic alkenes and alkynes. In the next chapter Savoia and Gualandi review various techniques for the formation of ring structures ranging from nucloephilic substitutions to metal based reactions. Dr. Carmona and his coauthors focus on the glycosylation methodologies for the synthesis of oligosaccharides and related compounds. In another interesting update, Dr. Aranda and his team present research findings on the synthesis of β- Lactams. Next, Majumdar et al. review the formation of five- and six-membered heterocyclic compounds by ring-closing metathesis. In the last chapter of this eBook, Dr. Haldar describes the synthesis of amino acids and analogues for studying foldamers - oligomers that adopts a secondary structure stabilized by noncovalent interactions.




    I would like to thank all the contributing authors and personnel at Bentham Science Publishers for the time and efforts and the constructive suggestions by the external reviewers.
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      Abstract




      Phosphorus- and nitrogen-containing ligands are among the most important and widely used heterodentate ligands for transition-metal homogeneous catalysis (asymmetric or otherwise). The present review combines information on recent advances in the syntheses of these ligands, their coordination chemistry with transition-metals and their applications to homogeneous catalysis.
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      1.. INTRODUCTION




      In both academia and industry, the need for the development of more specific and efficient methods in organic synthesis and the production of fine chemicals has led to an increased interest in transition-metal homogeneous catalysis [1]. It is important to note that just within the first decade of the 21st century, three Nobel Prizes were dedicated to this field of chemistry: Knowles, Noyori and Sharpless for asymmetric catalysis (2001); Chauvin, Grubbs and Schrock for metathesis (2005); Heck, Negishi and Suzuki for palladium-catalyzed coupling reactions (2010). Ligand variation is the most powerful tool in transition-metal catalysis and therefore the design and synthesis of new ligands which provide high activity, selectivity and stability remains a challenge of high priority. Hybrid chelating ligands which contain at least two different chemical functionalities, such as soft and hard donor atoms, and more specifically hemilabile hybrid ligands that




      contain a substitutionally inert and a substitutionally labile group with a reversibility in the formation/displacement of the labile group to metal interaction, have been of great interest due to the improved catalytic activity of their transition-metal complexes in certain homogeneously catalyzed reactions [2]. Ligands which bear phosphorus and nitrogen donors are amongst the most important members of this class. P,N-Ligands can stabilize intermediate oxidation states or geometries during a catalytic cycle in a transition-metal catalyzed reaction. This is achieved by stabilization of the metal center in a low oxidation state due to the π-acceptor character of the phosphorus donor, and by the more susceptible character of the metal to oxidative addition reactions due to the σ-bonding ability of nitrogen. In some cases, it has also been found that the presence of nitrogen in the ligand as a stabilizing group during the course of a metal-mediated reaction improves its catalytic efficiency, despite there being no observable metal–nitrogen interaction in the complex [3].




      In 1977, one of the first examples of the constructive role of bidentate P,N-ligands over monodentate P-ligands in homogeneous hydrogenation was published by Rauchfuss, Roundhill et al. [4]. In the hydrogenation of 1-hexene (1) it was shown that iridium complexes with the bidentate ligands o-diphenylphosphino-N,N-dimethylaniline (3a) or o-diphenylphosphino-N,N-dimethylbenzylamine (3b) have a significant advantage as catalysts over the corresponding triphenylphosphine complex. As shown in Scheme 1, the yield of hexane was 54% using ligand 3a and 90% using ligand 3b, while the yield was 42% for the hydrogenation catalyzed by IrCl(CO)(PPh3)2 under identical conditions.
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Scheme 1)




      Hydrogenation of 1-hexene catalyzed by iridium complexes with monodentate P- or bidentate P,N-ligands.




      For the synthesis of optically active organic molecules, transition-metal asymmetric catalysis is a highly attractive strategy [5]. Chiral P,N-ligands, with clear-cut electronic asymmetry, as well as ligands with a P–N bond, are the most widely used heterodentate ligands for asymmetric induction [6]. (S)-α-[(R)-2-Diphenylphosphinoferrocenyl]ethyldimethylamine [4, (S,R)-PPFA] and (R)-α-[(S)-2-dimethylphosphinoferrocenyl]ethyldimethylamine [5, (R,S)-MPFA], reported by Hayashi, Yamamoto and Kumada in 1974, are the first representatives of P,N-bidentate chiral ligands (Fig. 1) [7]. These ligands were tested in the enantioselective hydrosilylation of prochiral ketones and displayed fairly good optical yields, with the best result (89% yield, 49% ee) being obtained by the reaction of acetophenone (6) with diphenylsilane (7) in the presence of [Rh(C6H10)Cl]2. 4[(R,S)-MPFA] as a catalyst (Scheme 2) [7].
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Figure 1)




      PPFA and MPFA.
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Scheme 2)




      Rhodium-catalyzed asymmetric hydrosilylation of acetophenone with diphenylsilane.




      In this survey, which represents an updated version of our previous report [8], advances in phosphorus- and nitrogen-containing ligands are reviewed with a particular emphasis on investigations within the last few years and avoiding those already mentioned in previous reviews. In the present review, the following points have been considered: (a) both achiral and chiral ligands are presented; (b) bi- and multidentate P,N-containing ligands as well as ligands bearing the P–N bond are addressed; (c) detailed information on the synthetic aspects, the coordination chemistry with transition-metals and applications to homogeneous catalysis is given. Transition-metal catalysis by P,N-containing ligands is an extremely broad field, and a large number of excellent ligands have been prepared and used. This review provides extensive information for only some representative recent examples, while a number of P,N-containing ligands are cited without being reviewed in detail. The achiral and chiral ligands are classified by the nature of their donor atoms.


    




    

      



      2.. ACHIRAL P,N-CONTAINING LIGANDS




      The development of P,N-containing ligands for homogeneous catalysis has been a subject of enormous interest. The phosphorus donor may be phosphine or an oxygen (or nitrogen) bound atom, and the nitrogen donor may be part of a chain or a ring. Here, the achiral ligands have been classified as acyclic and cyclic N-donors without a P–N bond, and as ligands including a P–N bond.




      

        



        2.1.. Acyclic N-Donor – P-Donor Ligands Without a P–N Bond




        The catalytic applications of achiral PN- [9], P2N- [10], PN2- [11] and P2N2-ligands [12] (such as Fryzuk’s ligands) without a P–N bond, in which the nitrogen atom is not a part of a ring, have been widely investigated (see also reference [2]).




        Hii has reported the synthesis of the sterically bulky aminophosphine ligand 15 in four steps, which included alkylation of N-methylamine (9) with bromoethylacetate (10), reduction of the amino ester 11 to give the amino-alcohol 12 (previously synthesized by us [9d] in a one-step process via methylation of 2-anilinoethanol (13)), transformation into amino-tosylate 14, and finally a nucleophilic substitution by di-tert-butylphosphide (Scheme 3) [13].




        Ligand 15 was employed in the palladium-catalyzed amination of a number of aryl bromides 16 (from electron-rich to electron-poor), and it displayed a considerably better catalytic activity compared to 1,1´-bis(diphenylphosphino) ferrocene (dppf) at 110ºC (Scheme 4) [13]. The sterically bulky, electron-rich ligand 15 led to very unusual results, as electron-deficient substrates gave very low yields of products (<40%), while electronically-neutral and electron-rich substrates gave much higher yields (>80%) under identical conditions. This was accounted for by the formation of 3- and/or 4-coordinated arylpalladium amido complexes within the catalytic cycle of the reaction. The electron density and Lewis acidity of the palladium(II) metal center are enhanced in the presence of an electron-rich aryl moiety, which discourages the coordination of the π-basic nitrogen donor, and favor the formation of a 3-coordinated intermediate complex, leading to a faster C–N bond formation.
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Scheme 3)




        Synthesis of a N-methylamine-derived bulky aminophosphine ligand.
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Scheme 4)




        Palladium-catalyzed amination of arylbromides with methylaniline using ligand 15.




        Ozerov has synthesized the diarylamido-based pincer P,N(H),P-ligand 20 and its complexes with palladium, platinum, and nickel, in which the ligand is bound to the metal in a P,N,P-tridentate coordination mode [14]. Synthesis of 20 was achieved via bromination of 18, and one-pot deprotonation and lithium–bromine exchange of 19 followed by selective C-phosphination with iPr2PCl (Scheme 5) [14a]. Its nickel complex was found to be an efficient catalyst for coupling of acetonitrile with aldehydes [14b]. Attempts to synthesize the ruthenium complex 22 by using K2CO3 as base led to the exclusive formation of (PNP)RuH(CO) (23), in secondary as well as primary alcohols [15]. On the other hand, utilization of NaBH4 and of a tertiary alcohol led to 22 in a good yield [15].
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Scheme 5)




        Synthesis of a diarylamido-based pincer P,N,P-ligand and its ruthenium hydride complex.




        Ruthenium complex 22 is sufficiently electron-rich to decarbonylate acetone (24), accompanied by hydrogenolysis of the C–C bonds and production of methane [15]. In the proposed mechanism shown in Scheme 6, thermolysis (40–70ºC) of 22 in neat acetone resulted in a mixture of 23 and 26, and the production of methane. When 26 was exposed to a hydrogen atmosphere, it was fully converted to 23. Hydrogenolysis of the C–C bonds in acetone instead of the C–C coupling is attributed to the hydrogen-rich nature of 22.




        We synthesized a nitrogen-containing bis(phosphinite) ligand 28 derived from the very cheap, commercially available N-phenyldiethanolamine (27), in a two-step,
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Scheme 6)




        Proposed mechanism for the decarbonylation of acetone catalyzed by ruthenium complex 22.




        one-pot process (Scheme 7) [16]. The corresponding cationic rhodium complex 29 was prepared by treatment of [Rh(COD)2]BF4 with one equivalent of the ligand 28. Evidence is provided by NMR studies that the ligand is coordinated to the metal in a P,P-bidentate mode without any Rh–N interaction. Replacement of the hydroxyl groups in 27 by the diphenylphosphino group for the synthesis of the analogous bis(phosphine) ligand 31 was achieved via its bis(tosylate), as previously reported by Hii [17]. In the rhodium complex 32, ligand 31 is also bonded to the metal in a P,P-bidentate mode but, in contrast to complex 29, it is also possible to observe a P,N,P-tridentate coordination mode at low temperatures. In palladium complexes, Hii found that ligands of the type R–N(CH2CH2PPh2)2 containing tunable, hemilabile nitrogen and phosphorus donors, form P,P-dimeric, P,N,P-monomeric, and P,P-monomeric modes of coordination, depending on the substituents on palladium, and the nature of the R group on the nitrogen donor [17]. On the other hand, it was found by Crabtree, that in rhenium complexes, 31 acts as a P,N-bidentate ligand with one phosphorus donor unbound [18]. We also synthesized the bis(phosphine oxide) ligand 33via oxidation of 31 with hydrogen peroxide, and the corresponding rhodium complex 34, in which the ligand is bound to the metal via a bidentate coordination mode and the nitrogen donor is unbound [19].




        Phosphine ligands possessing methoxy or hydroxy groups have been given particular attention due to their potential properties, such as hemilability [2a,b, 20] and, for the hydroxy containing ligands, the creation of secondary interactions with suitable substrates as well as providing hydrophilicity of the transition-metal complex, and its application to catalysis in water [21]. Using N-phenyldiethanolamine (27) as starting
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Scheme 7)




        Synthesis of N-phenyldiethanolamine-derived P,N,P-ligands and their rhodium complexes.




        material, we developed a synthetic procedure for the tetramethoxy and tetrahydroxy N,P,N-ligands 36 and 40, respectively (Scheme 8) [22]. Protection of the hydroxyl groups in 27 as methyl ethers, ortho-lithiation of 35 and subsequent reaction of the resulting aryllithium with 0.5 equivalents of dichlorophenylphosphine, yielded the tetramethoxy N,P,N-ligand 36. The use of trimethylsilyl iodide to cleave the methyl groups in 36 was not synthetically useful for the preparation of the analogous tetrahydroxy ligand 40 and this was therefore prepared by protection of the hydroxyl groups in 27 as methoxymethyl ethers, ortho-lithiation of 38 and subsequent treatment with 0.5 equivalents of dichlorophenylphosphine, and finally, removal of the protecting groups by concentrated hydrochloric acid. Treatment of [Rh(COD)2]BF4 with one equivalent of the ligands 36 or 40 yielded the rhodium complexes 37 and 41, respectively. Analytical data of the complexes in the solid state indicated their monomeric nature. The solution dynamics of the complexes was studied by variable-temperature NMR spectroscopy, and it was found that at room temperature both ligands are coordinated to the metal in a N,P,N-tridentate mode without any Rh–O interaction, whereas at low temperature a P–Rh–N bridged dimeric species was also found together with the most favored tridentate monomer (Scheme 9) [22].
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Scheme 8)




        Synthesis of N-phenyldiethanolamine-derived tetramethoxy and tetrahydroxy N,P,N-ligands and their rhodium complexes.
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Scheme 9)




        Dynamic equilibrium in solution for complexes 37 and 41.




        Complexes 29, 32, 34, and 37 were tested in the hydroformylation of styrene (42) using a substrate to rhodium molar ratio of 1455:1, in dichloromethane, under variable conditions of pressure and temperature, and displayed good activity, a high chemoselectivity for aldehydes (over 98%) and a good regioselectivity towards the branched aldehyde 43 of up to 96% (Scheme 10) [16, 19, 22]. The highest activity was achieved by rhodium complex 29, possibly due to the flexibility of the large-membered chelate ring. Using complex 29, the conversion of styrene was almost quantitative after 1 h at 60 ºC by 100 bar CO/H2 pressure, and the results were satisfactory even at lower temperature and pressure: 99% conversion and 87% selectivity for the branched aldehyde after 72 h at 40 ºC and 20 bar. Ligand 29 was the first acyclic-amino bis(phosphinite) ligand which was applied to rhodium-catalyzed hydroformylation. Complex 34 with the bis(phosphine oxide) ligand 33 displayed a higher activity and selectivity compared to complex 32 with the tertiary bis(phosphine) ligand 31, in accordance with the results obtained by Amer [9a,b], Abbayes [9c], and Marchetti [23] for phosphine oxide ligands compared to the phosphine analogs. Despite the absence of Rh–N coordination in complexes 29, 32, and 34 at room temperature, the existence of an additional coordination site as stabilizing group during the course of a metal-mediated reaction could improve the catalytic efficiency of the complexes. Indeed, in complexes of the type [[R(NCH2PPh2)2]Rh(COD)]BF4 developed by Reetz, where Rh–N coordination is absent, the presence of nitrogen in the backbone considerably improves the catalytic activities as opposed to analogous ligands with an all-carbon bridge [3a]. The amphiphilic rhodium complex 41 with the tetrahydroxy N,P,N-ligand 40 was evaluated in the hydrogenation of cinnamaldehyde (45) in iso-propanol/water as solvent, and displayed a good selectivity for the C═C hydrogenation, yielding preferably the hydrocinnamaldehyde (46) (Scheme 11) [22]. At 30 ºC and 30 bar hydrogen pressure, the conversion of cinnamaldehyde was 98% and the selectivity for 46 was 88%, using a substrate to rhodium molar ratio of 99:1.
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Scheme 10)




        Rhodium-catalyzed hydroformylation of styrene.
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Scheme 11)




        Rhodium-catalyzed hydrogenation of cinnamaldehyde.




        Ikariya has developed a Cp*Ru-based bifunctional catalyst with a suitably-designed P,N-ligand for the lactonization of unsymmetrically substituted 1,4-diols 49, which displayed a high regioselectivity (up to 96% for 50) (Scheme 12) [24]. This method provided convenient access to biologically important and naturally occurring lactone lignans.
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Scheme 12)




        Cp*Ru(PN)-catalyzed lactonization of unsymmetrically substituted 1,4-diols.


      




      

        



        2.2.. Cyclic N-Donor – P-Donor Ligands Without a P–N Bond




        Achiral P,N-containing ligands without a P–N bond, in which nitrogen is part of a heterocycle such as imidazole [25], pyrazole [26], pyrrole[27], oxazoline [28], pyridine [29], have also received much attention (see also reference [2]). These ligands can be bonded to the metal via the phosphorus and nitrogen donors or they can serve as P-monodentate ligands.




        Triazole-based monophosphines with the acronym ClickPhos, reported by Zhang, displayed a high activity in palladium-catalyzed Suzuki–Miyaura coupling and amination reactions of aryl chlorides [30]. However, the use of triazoles as nitrogen donors in P,N-ligands was first reported by Reek/van Maarseveen et al., who synthesized a novel P,N-type ligand family, named ClickPhine [31]. Based on Sharpless click-chemistry [32], ClickPhine ligands are easily accessible by the synthetic sequence shown in Scheme 13 [31]. Treatment of the commercially available borane-protected diphenylphosphine 52 with n-BuLi, followed by addition of propargyl bromide (53) afforded propynyl phosphine 54, the acetylene moiety of which was subjected to copper(I)-catalyzed azide–alkyne click-cycloaddition, providing the P-protected ClickPhine derivatives 56 in high yields. The protecting group of the phosphine, necessary to prevent iminophosphorane formation, was finally removed by treatment with 1,4-diazabicyclo[2.2.2]octane (DABCO) to yield ligands 57. This approach is efficient not only for aryl- and alkyl-substituted ClickPhine ligands, but also for the dendritic and polystyrene-supported analogs. Reaction of ligands 57 with [Pd(allyl)Cl]2 afforded neutral palladium complexes 58 which upon addition of AgBF4 yielded the corresponding cationic palladium complexes 59. NMR data of complexes 59 indicated a bidentate P,N-coordination mode for the ligands.
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Scheme 13)




        Synthesis of ClickPhine ligands and their palladium complexes.




        ClickPhine ligands 57 were tested in the palladium-catalyzed allylic alkylation of 3-phenyl-2-propenyl acetate (60) with sodium methyl diethylmalonate (61) at room temperature and found to be highly active and selective towards the formation of the trans linear product 62 (up to 98%) [31]. It is worth noting that catalysts with more electron-rich triazole rings, such as a dendritic analog, were considerably more active, and that the cationic palladium complexes were superior to the neutral analogs in terms of the reaction rate. The polystyrene-supported derivative could be recycled and reused for several runs with a small decrease in its activity.
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Scheme 14)




        Palladium-catalyzed allylic alkylation of 3-phenyl-2-propenyl acetate with sodium methyl diethylmalonate using ClickPhine ligands.




        P,N-Ligands have been widely used in nickel-catalyzed ethylene oligomerization [33]. Braunstein synthesized several oxazoline-based P,N-ligands, such as the phosphinooxazoline ligand 69, according to the synthetic sequence outlined in Scheme 15 [34]. Ligand 69 was prepared by the treatment of rac-2[1´-(diphenylphosphanyl)ethyl]-4,4-dimethyl-4,5-dihydrooxazole (68) with n-BuLi, followed by the addition of one equivalent of methyl iodide. The most efficient method for the synthesis of 68 was found to be the use of 2-ethyl-4,4-dimethyl-4,5-dihydrooxazole (65) (prepared by treating of 2-amino-2-methyl-1-propanol (63) with propionic acid (64), according to a known method [35]) as a precursor. Reaction of 65 with n-BuLi and subsequent treatment with P(BH3)Ph2Cl afforded the borane-protected compound 66, the protecting group of which was easily removed, and the product 68 was purified by column chromatography. A clean and rapid reaction between ligand 69 and NiCl2(DME) provided the mononuclear complex 70, in which the Ni(II) center adopts a tetrahedral coordination geometry. Complex 70 is the first [NiX2(phosphinooxazoline)] complex to be characterized by X-ray crystallography. Following an analogous procedure, Braunstein synthesized the bidentate P,N-phosphinopyridine ligand 74 and its paramagnetic nickel complex 75 (Scheme 16) [36]. The coordination sphere around the Ni(II) center is almost square planar, and it is the first square planar [NiX2(P,N)]-type complex that has been characterized by X-ray crystallography.
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Scheme 15)




        Synthesis of a bidentate P,N-phosphinooxazoline ligand and its nickel complex.
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Scheme 16)




        Synthesis of a bidentate P,N-phosphinopyridine ligand and its nickel complex.




        A series of nickel complexes containing P,N-ligands, such as 70 and 75, was evaluated for catalytic ethylene oligomerization in toluene as solvent, with the aim of using as little cocatalyst (AlEtCl2 or methylalumoxane (MAO)) as possible (Scheme 17) [33, 34, 36]. Complexes 70 and 75 were found to be highly efficient catalysts and much more active than [NiCl2(PCy3)2] under identical conditions. In a comparative study, it was also found that the nature of the N-heterocycle influences the catalytic activity. Thus, replacement of the oxazoline heterocycle with a pyridine led to increased activities and selectivities for the C4 olefins. In the presence of six equivalents of AlEtCl2, the turnover frequency (TOF) is 45 900 mol C2H4/mol Ni . h, and the C4-selectivity is 54% for complex 70, while the TOF is 58 100 mol C2H4/mol Ni . h, and the C4-selectivity is 65% for complex 75. However, the selectivity for 1-butene within the C4 fraction decreased from 20% for 70 to 11% for 75. When 800 equivalents of MAO were used as cocatalyst, the activity of the phosphinopyridine complex 75 was considerably higher compared to that of the phosphinooxazoline complex 70, but with similar selectivities: TOF = 7 900 mol C2H4/mol Ni . h, C4-selectivity = 72%, 1-butene-selectivity = 38% with 70, and TOF = 22 800 mol C2H4/mol Ni . h, C4-selectivity = 69%, 1-butene-selectivity = 38% with 75. The above-mentioned results indicate that, although MAO is a less suitable cocatalyst than AlEtCl2, it leads to a higher selectivity for 1-butene.
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Scheme 17)




        Ethylene oligomerization.




        Milstein has developed the novel ruthenium hydride complex 82 based on a dearomatized pyridine-based pincer P,N,N-ligand as shown in Scheme 18 [37]. Bromination of 2,6-dimethylpyridine (78) with NBS and subsequent treatment with diethylamine yielded 2-diethylaminomethyl-6-methylpyridine (79), which upon lithiation and then treatment with di-tert-butylchlorophosphine afforded 2-(di-tert-butylphosphinomethyl)-6-diethylaminomethyl)pyridine (80). Ruthenium complex 81 was prepared by reaction of RuHCl(CO)(PPh3)3 with the P,N,N-ligand 80. The crystal structure of 81 indicates a distorted octahedral geometry around the Ru(II) center, with the CO ligand coordinated trans to the pyridine nitrogen atom and the hydride trans to the chloride. The dearomatized complex 82 was prepared by deprotonation of the chloro hydride complex 81 with KOtBu at –32ºC. It is worth noting that deprotonation of the benzylic phosphine “arm” rather than the hydride ligand took place. NMR data of complex 82 indicate formation of an anionic P,N,N-system.




        Milstein used ruthenium complex 82 in several catalytic transformations, some of which are presented in Scheme 19. In a study concerning the direct synthesis of esters from alcohols, complex 81, with the P,N,N-ligand 80 having a potentially hemilabile amine arm, displayed superior catalytic activity compared to that of an analogous complex with a P,N,P-ligand [37]. However, a base is required in this reaction, the possible role of which is the deprotonation of complex 81 to the
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Scheme 18)




        Synthesis of a ruthenium complex with a dearomatized pincer P,N,N-ligand.




        corresponding Ru(0) complex. The reaction was further improved by the use of the deprotonated complex 82 as a catalyst and thus totally eliminated the need for a base. Complex 82 was found to be an outstanding homogeneous catalyst for acceptorless dehydrogenative esterification of alcohols to esters under mild, neutral conditions (Scheme 19a) [37]. Ester yields of over 90% and only traces of aldehydes were obtained in relatively short reaction times (2.5–6 h). The reaction is likely to proceed by dehydrogenation of the alcohol to aldehyde followed by hemiacetal formation and finally its dehydrogenation to ester. Complex 82 was also applied to the hydrogenation of non-activated esters to the corresponding alcohols in high yields or even quantitatively under relatively mild, neutral conditions, without any additives (Scheme 19b) [38]. The proposed catalytic cycle involves an unusual aromatization/dearomatization sequence. A comparison of its activity with the analogous P,N,P-systems reveals a major ligand effect, suggesting that pincer ligand hemilability and ester coordination take part in the reaction mechanism. Milstein also developed a new, environmentally benign reaction, catalyzed by complex 82, without base or acid promoters (Scheme 19c) [39]. In this reaction, primary amines are directly acylated by equimolar amounts of alcohols to form amides and molecular hydrogen as unique products in high yields and high turnover numbers, possibly via a mechanism involving hemiaminal intermediates formed by the reaction of an aldehyde intermediate with the amine. The direct catalytic synthesis of amides from alcohols and amines, which exhibits a high atom economy and generates no waste, is a clear departure from the conventional synthetic procedures.
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Scheme 19)




        a) Dehydrogenative esterification of alcohols, b) hydrogenation of esters to alcohols, and c) direct acylation of amines to amides, catalyzed by a ruthenium complex with a dearomatized pincer P,N,N-ligand.




        Very recently, new mechanistic details of the dehydrogenation of primary alcohols by the PNP−Ru(II) catalyst 83 are also described by Milstein (Scheme 20) [40]. Facile dehydrogenation occurred at −30 °C, a temperature far lower than in a typical catalytic process, thereby raising the possibility that dehydrogenation does not occur by the commonly invoked β-hydride elimination mechanism, since coordinative unsaturation is unlikely. The resulting aldehydes were not found in solution, as they were trapped by the catalyst through a new mode of metal−ligand cooperation involving Ru−O coordination and an unusual, highly reversible C−C coupling with the PNP pincer ligand.
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Scheme 20)




        Low-temperature reactions of the dearomatized PNP-Ru(II) complex 83 with alcohols.


      




      

        



        2.3.. Ligands Containing P–N Bonds




        Phosphines with P–N bonds have received specific attention due to the different electronic properties transferred by the nitrogen center to the phosphorus center. Although the main interest has been focused on the chiral analogs, achiral aminophosphine-type ligands, including phosphoramidites, are also of great interest [2d, 41]. For the synthesis of aminophosphine-type ligands, the most frequently used method involves the reaction of a phosphine chloride with an amine in the presence of a base such as triethylamine to form a salt with the liberated HCl. Alternatively, the amine can be deprotonated by n-BuLi leading to an amide anion, which subsequently reacts with a phosphine chloride.




        Wasserscheid reported systematic studies on the chromium-catalyzed tetramerization of ethylene using bis(diphenylphosphinoamine) ligands 87–91, with the nitrogen atom attached to a cycloalkyl moiety (Fig. 2) [42] or ligands 92–95 with an N-aryl functionality (Fig. 3) [43]. Ligands 87–95 were synthesized by reacting an amine with chlorodiphenylphosphine according to a known procedure [44]. Oligomerization of ethylene was carried out at 60ºC in methylcyclohexane using Cr(acac)3 and cocatalyst MMAO-3A (based on total Al) (Scheme 17). Selected N-cycloalkyl diphosphinoamines in the chromium-catalyzed ethylene tetramerization led to selectivities of up to 88% (1-octene and 1-hexene) with very high activities exceeding 2,000,000 g/g-Cr/h [42]. Evaluation of ligands 87 in this oligomerization, showed that the reaction is dependent on the size of the cycloalkyl ring, with the best ligand systems containing cyclopentyl (87c) or cyclohexyl moieties (87d). Substitution and, more importantly, an increase in steric bulk in the 2-position of the cyclohexyl ring (ligands 87d2–87d4), dramatically decreased the formation of side products. It was also found that an additional methyl substitution (ligand 87d5) changed the selectivity of the catalyst from predominantly tetramerization to a 1:1 mixture of 1-hexene and 1-octene. The analogous ligand 88 is also an efficient catalyst, comparable to 87d4. Introduction of a methylene spacer between the nitrogen atom and the cyclic moiety (ligands 89) increased slightly the alpha selectivity compared to that obtained by ligand 87d1. Ligand 90 afforded marginal selectivity gains relative to ligand 87d2, and ligand 91 gave comparable selectivities to ligand 87d1. An analogous study using N-aryl diphosphinoamines 92–95 showed that the oligomerization product selectivity is primarily dependent on the structure and size of the functionality [43]. It was found that addition of a sufficient steric bulk to the N-phenyl group increased the overall alpha selectivity to above 82% with an overall 1-octene selectivity of 56%. As in the case of N-cycloalkyl diphosphinoamines, introduction of a methylene spacer between the nitrogen atom and the aryl moiety increased the overall alpha selectivity to 84% and the overall 1-octene selectivity to 64%, which was obtained at catalyst productivities of 1,000,000 g/g-Cr/h.
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Figure 2)




        N-Cycloalkyl diphosphinoamines.
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Figure 3)




        N-Aryl diphosphinoamines.




        Wan easily synthesized in two steps, several new phosphoramidite ligands, such as 98, from commercially available amines, phosphorus trichloride and the corresponding alcohol (Scheme 21) [45]. The catalytic system Pd(OAc)2/98/K3PO4 (Pd/98 = 1:2) with dioxane as solvent, efficiently catalyzes the Suzuki-Miyaura coupling of a variety of aryl bromides (from electron-rich to electron-poor) with phenyl boronic acid at 80ºC for 12 h (Scheme 22). For example, a palladium loading of 0.05 mol% led to 98, 97, and 93% yields of coupling products for the non-activated bromobenzene, and the deactivated 4-bromotoluene, and 4-bromoanisole, respectively.
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Scheme 21)




        Synthesis of a naphthol-based phosphoramidite ligand.
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Scheme 22)




        Palladium-catalyzed Suzuki-Miyaura coupling of aryl halides with phenyl boronic acid.




        Kirchner has synthesized a series of tridentate pincer P,N,P-ligands based on N-heterocyclic diamines [46], using a method similar to that used for the synthesis of N,N'-bis(diphenylphosphino)-2,6-diaminopyridine (103) [47] (Scheme 23). Treatment of Pd(COD)Cl2 with ligand 103 afforded the air stable complex 104 [46]. Complex 104 was evaluated in the Suzuki-Miyaura coupling of aryl bromides with phenyl boronic acid in dioxane at 80ºC, using Cs2CO3 as base (Scheme 22). The coupling of the deactivated 4-bromoanisole, for instance, proceeded with 87% yield after 16 h, using 0.05 mol% palladium loading.




        Frech has synthesized N-piperidyl aminophosphine pincer palladium complexes, such as 109, according to the synthetic sequence shown in Scheme 24 [48]. Reaction of phosphorus trichloride with three equivalents of piperidine (105)
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Scheme 23)




        Synthesis of a N-pyridyl bis(phosphinoamine) pincer palladium complex.




        afforded 1,1',1”-(phosphine-triyl)tripiperidine (106), which upon treatment with 0.5 equivalents of Pd(COD)Cl2 led to complex 107. Reaction of 107 with an equimolar amount of 1,3-diaminobenzene (108) provided the pincer complex 109, which is thermally very stable. Complex 109 was found to be an extremely efficient Suzuki-Miyaura catalyst, even when the reaction was performed in air, while the formation of other catalytically active species, such as palladium nanoparticles, appears to be unlikely (Scheme 22). Catalysis was performed at 100ºC with toluene as solvent and K3PO4 as base. Bromobenzene afforded quantitatively biphenyl after 5 or 55 min with palladium loadings of 0.001 or 0.0001 mol%, respectively, and 4-bromoanisole led to coupling product in 95% yield after 5 min, using 0.001 mol% palladium loading. Complex 109 also efficiently catalyzes the reaction of the cheaper, but very unreactive and therefore more challenging, chlorobenzene, leading to a 99% yield after 90 min with a palladium loading of 0.1 mol%. By treatment of [PdCl2(COD)] with two equivalents of 1-(dicyclohexylphosphanyl)piperidine, Frech also synthesized the complex dichloro{bis[1-(dicyclohexylphosphanyl)piperidine]}palladium (110) [49] which selectively catalyzed the alkyne hydrothiolation for the formation of cis-configured vinyl thioethers 111 (Scheme 25) [50]. Complex 111 was also found to be a highly active Heck catalyst with an excellent functional group tolerance, and which reliably operates at low catalyst loadings [51].
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Scheme 24)




        Synthesis of a N-piperidyl aminophosphine pincer palladium complex.
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Scheme 25)




        General scheme for the hydrothiolation of a terminal alkyne with a diol.


      


    




    

      



      3.. CHIRAL P,N-CONTAINING LIGANDS




      An extremely important role is played by P,N-containing ligands in asymmetric catalysis, and many efforts for the development of efficient chiral ligands of this type are therefore carried out. In the present review, the classification of the chiral ligands follows that for the achiral analogs described above.




      

        



        3.1.. Acyclic N-Donor – P-Donor Ligands Without a P–N Bond




        As mentioned in the introduction, the first representatives of P,N-bidentate chiral ligands for enantioselective catalysis were reported in 1974 [7], and since that time, the development of this field has been extremely rapid. Among these ligands particular attention has been focused on P,N-containing ligands without a P–N bond and in which the nitrogen atom is not a part of a ring [52]. This category also includes P,N-bidentate phosphite ligands; for example, Gavrilov has synthesized such derivatives which were shown to be highly efficient ligands in asymmetric allylic alkylation and hydrogenation [53].




        Several chiral α- or β-P,N and mixed α,β- and β,γ-N,P,N ligands developed by Andrieu have been tested in the rhodium-catalyzed hydroformylation of styrene (42) (Scheme 10), and it was shown that the activity of the catalysts increases when the number of backbone carbon atoms linking P and N decreases [54]. The application of the chiral ligand 112 (S,S)-[Ph2PCH{o-C6H4Cl(Cr(CO)3)}NHPh] (Fig. 4) mixed in situ with the complex [RhCl(COD)]2 or Rh(acac)(CO)2 afforded (S)-2-phenylpropanal (43) with poor enantioselectivities of 7% or 14%, respectively. Mechanistic studies on the enantioselective process with H/D isotopic exchange experiments, using D2O as a deuterium source, showed for the first time that an intramolecular rhodium-acyl racemization takes place before the reductive elimination step, and can be catalyzed in the presence of certain ligands [54e]. This observation could be useful for the design of new efficient chiral ligands for hydroformylation.
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Figure 4)




        (S,S)-[Ph2PCH{o-C6H4Cl(Cr(CO)3)}NHPh].




        sp2-Hybridised imine donor nitrogen atoms form stronger bonds to metals compared to the sp3-hybridised amino counterparts since they are more electron rich, and therefore a great contribution has been made by phosphine-imine ligands to asymmetric catalysis. Zheng has prepared a series of phosphine-imine ligands 118 as shown in Scheme 26 [55]. (S)-α-Phenylethylamine (113) was monosilylated to form N-trimethylsilylamine 114 which without separation, was subsequently dilithiated yielding 115. Subsequent treatment with chlorodiphenylphosphine provided the phosphine-amine ligand 116. Reaction of 116 with a variety of benzaldehyde derivatives 117 yielded ligands 118. These ligands were found to be highly effective for the palladium-catalyzed asymmetric allylic alkylation of 1,3-diphenyl-2-propenyl pivalate (119b) with dimethyl malonate (120) in which up to 94% ee and 99% conversion were obtained (Scheme 27). The best result was obtained by the use of the ligand without any substituent on the benzaldehyde-derived phenyl ring (R = H). The results of this work demonstrate that the chirality resident on the chelate P–Pd–N ring is more effective for the transfer of the stereochemical information as compared with the results obtained by a phosphine-imine ligand, developed by Brunner in 1984 [56] (also by Hashimoto in 2000 [57]), in which the chirality lays outside of the chelate ring.




        
[image: ]


Scheme 26)




        Synthesis of a chiral α-phenylamine-derived phosphine-amine and phosphine-imine ligand.
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Scheme 27)




        Palladium-catalyzed asymmetric allylic alkylation.




        Trost-type ligands, such as 122, provide an outstanding selectivity in a broad range of palladium-catalyzed reactions [5i]. Recently, Trost has developed a general and efficient method for the preparation of chiral vicinal diamines 125 with ee’s of up to 94%, through a dynamic kinetic asymmetric allylic amination and acyl migration of vinyl aziridines 123 with imido-carboxylates 124 (or imido-dicarboxylates) (Scheme 28) [58]. Catalysis was performed by the use of ligand 122. The method was also found useful for the preparation of chiral amino-alcohols by the reaction of epoxides with imido-carboxylates. The above-mentioned discovery expanded the product scope and utility in natural product synthesis, such as the synthesis of the potent protein kinase C inhibitor balanol.
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Scheme 28)




        Dynamic kinetic asymmetric allylic amination of vinyl aziridines with benzoyl imido-carboxylates.




        Gao used the chiral diaminodiphosphine P2N2 ligand 126 (prepared by a known method [59]) in the iridium-catalyzed asymmetric transfer hydrogenation of aromatic ketones with HCOONa in water, yielding the corresponding alcohols in high yield and excellent enantioselectivity (Scheme 29) [60]. The reduction of propiophenone 127 proceeded smoothly even at a substrate to catalyst molar ratio of 8000 (the highest S/C ratio reported to date). This catalytic system was applied to a wide range of aromatic ketones with the best results (99% yield, 99% ee) being obtained for the 1-tetralone.
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Scheme 29)




        Iridium-catalyzed asymmetric transfer hydrogenation of aromatic ketones in water.


      




      

        



        3.2.. Cyclic N-Donor – P-Donor Ligands Without a P–N Bond




        Many chiral ligands possessing a P-donor and a N-donor within a ring such as aziridine, azetidine, pyrrolidine, azepine, oxazolidine, pyrazole, oxazoline, pyridine, have been widely used in asymmetric catalysis [6b,c,f,g,i,j,l-o, 61].




        Jiang developed two complementary synthetic routes for the preparation of the N-phenyl-(S)-prolinol-derived P,N-ligands 133a–c: one comprising stepwise nucleophilic aromatic substitution (SNAr) and trichlorosilane reduction of the phosphine oxides to tertiary phosphines (method A), and the other involving sequential C–N bond formation, bromine–lithium exchange and C–P bond formation (method B) (Scheme 30) [62].
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Scheme 30)




        Synthesis of N-phenyl-(S)-prolinol-derived P,N-ligands.




        Ligands 133a–c, which bear two chiral pyrrolidinyl groups were applied to the palladium-catalyzed allylic alkylation of 1,3-diphenyl-2-propenyl acetate (119a) with dimethyl malonate (120) in the presence of BSA/NaOAc, and displayed ee’s of up to 97% (the highest being obtained with 133a at –40 ºC with 10% yield) (Scheme 27) [62]. NMR data of their palladium complexes showed evidence for a highly selective P,N-bidentate coordination mode, and the stereochemical results led to the proposed mechanism for asymmetric induction (Scheme 31). The installation of an additional pyrrolidinyl moiety might facilitate internal ligation over disassociation of the weak N-donor to the metal and enable the selective construction of a P-stereogenic center. A selective attack of the deprotonated malonate trans to the phosphorus atom at the exo-(S,S,Sp)-complex present in the proposed equilibrium would lead to an (S)-product.




        Sinou has reported the synthesis of two epimeric P,N-ligands (142a and 142b) with a dinaphthazepine unit as shown in Scheme 32 [63]. The reaction of the
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Scheme 31)




        Proposed mechanism for the palladium-catalyzed asymmetric allylic alkylation by ligands 133.




        amino-alcohol 138 [64] with (S)- and (R)-2,2´-di(bromomethyl)-1,1´-binaphthyl (139a and 139b) led to the corresponding homopiperidine 140a and 140b, respectively, which upon treatment with tosyl chloride afforded the amino-tosylates 141a and 141b, respectively. Finally, phosphination of these amino-tosylates with lithium diphenylphosphide gave the chiral ligands 142a (SA,4S,5R) and 142b (RA,4S,5R), respectively, carrying the same two stereogenic centers, but differing in the absolute configuration of the binaphthyl unit. Ligands 142a (SΑ,4S,5R) and 142b (RΑ,4S,5R) were evaluated in the palladium-catalyzed allylic alkylation of 1,3-diphenyl-2-propenyl acetate (119a) with dimethyl malonate (120) (Scheme 27), and led to ee’s of up to 89% (S-configuration) and 36% (R-configuration), respectively, indicating that the binaphthyl moiety is the most important structure in the enantioselective creation of the new stereogenic center.




        Chiral pyridine-type phosphines, in which the pyridine framework is also part of more complex heterocycles such as quinolines, isoquinolines, phenanthridines, etc., occupy a prominent position in the context of P,N-ligands and have received much attention for their applications in asymmetric catalysis [6g,i,l, 61k-w, 65]. 1-(2-Diphenylphosphino-1-naphthyl)isoquinoline (QUINAP, 150) holds a special place among chiral bidentate pyridine-type phosphines. A multistage synthesis of
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Scheme 32)




        Synthesis of epimers of P,N-ligands containing a dinaphthazepine unit.




        QUINAP from 2-methoxynaphthyl-1-boronic acid (145) (prepared from 2-methoxynaphthalene (143) in a two-step procedure) and 1-chloroisoquinoline (146), as well as a modification of the initial process were reported by Brown (Scheme 33) [66]. The initial synthetic methodology was reported in 1993 and involves palladium-catalyzed cross coupling of 145 and 146 to the formation of 1-(2-methoxy-1-naphthyl)isoquinoline (147), which upon cleavage of the methyl ether with BBr3 and subsequent treatment with Tf2O gave the trifluoromethanesulphonate 148b [66a]. Phosphination of 148b was achieved via its reaction with Ph2P(O)H catalyzed by Pd(OAc)2/dppp to give the desired phosphine oxide 149 in a 60% yield. Further reduction of the phosphine oxide group in 149 with HSiCl3 led to the racemic mixture of QUINAP (150). An improved, alternative synthetic route was reported ten years later whereby the triflate 148b was converted directly to 150 in 68% yield via its nickel-catalyzed reaction with Ph2PH [66b].
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Scheme 33)




        Synthesis of rac-QUINAP.




        The racemic mixture of QUINAP (150) was resolved by formation of the corresponding diastereomeric complexes 152a (R,R) and 152b (R,S) (prepared in a ratio of 1:1) by mixing 150 and the enantiomerically pure dichlorobis[(R)-dimethyl(1-(1-naphthyl)ethyl)aminato-C2,N]dipalladium(II) (151) in a 2:1 molar
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Scheme 34)




        Resolution of rac-QUINAP with (R)-Pd dimmer.




        ratio, followed by fractional crystallization (Method A, Scheme 34) [66a]. Ligands 150a (R) and 150b (S) were regenerated from the palladium complexes 152a (R,R) and 152b (R,S), respectively, by treatment with 1,2-bis(diphenylphosphino)ethane (dppe) in dichloromethane. In this work, it was observed that the R,S-diastereomer 152b of the resolution complex was more stable than the R,R-diastereomer 152a. A modification of the resolution of rac-QUINAP (150) involves reaction of 150 with 151 in a 4:1 molar ratio in acetone, affording solely the R,S-diastereomer 152b of the complex together with the free ligand 150a (R) (Method B, Scheme 34) [66b]. Ligand 150b (S) was regenerated from the complex 152b (R,S) by treatment with dppe as mentioned above.




        Several examples of the application of QUINAP to catalytic processes have been reported to date, some of which are presented below. Knochel reported the one-pot three-component reaction of terminal alkynes 153, aldehydes 154 and secondary amines 155 in the presence of copper(I) bromide – (R)-QUINAP, which afforded the corresponding propargylamines 156 in high yields and enantioselectivities of up to 98% ee (the highest being observed for the trimethylsilyl-substituted propargylamine Et2CHCH(NBn2)C≡CSiMe3) (Scheme 35) [67]. The trimethylsilyl-protected propargylamines were used for the synthesis of terminal propargylamines via removal of the protecting group by treatment with Bu4NF in THF or with KOH in MeOH.
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Scheme 35)




        Copper(I)-catalyzed asymmetric three-component synthesis of propargylamines.




        Knochel also reported the new P,N-ligand 157 as a QUINAP ferrocene-analog bearing a plane of chirality instead of an axis of chirality (Fig. 5), prepared via a straightforward enantioselective synthesis using a Negishi cross-coupling and a sulfoxide/lithium exchange [68]. Ligand 157 was used in the palladium-catalyzed allylic alkylation of 1,3-diphenyl-2-propenyl acetate (119a) with dimethyl malonate (120), and the reaction proceeded with quantitative yield but with enantioselectivity (86% ee) lower than that observed with QUINAP (98% ee) (Scheme 27). Ligand 157 was also used in the palladium-catalyzed allylic amination of 119a with the two different nucleophiles, tosylamine (158a) and benzoyl hydrazine (158b), and afforded 77% and 83% ee, respectively (Scheme 36).
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Figure 5)




        QUINAP ferrocene-analogue.
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Scheme 36)




        Palladium-catalyzed asymmetric allylic amination.




        Zheng has reported the synthesis of a new family of P,N-ligands (easily prepared from (Rc,Sp)-PPFA (4) through a three-step transformation) which contain a planar chiral ferrocenyl backbone and a triazine unit, such as 160, and also analogs containing a pyridine or a pyrimidine unit, in order to investigate the role of the additional N atoms in palladium-catalyzed asymmetric alkylation (Fig. 6) [69]. These ligands, and for comparison purposes, ligand (Rc,Sp)-PPFA (4) without a heterocycle, were tested in the allylic alkylation of 1,3-diphenyl-2-propenyl pivalate (119b) and/or 1,3-diphenyl-2-propenyl acetate (119a) with dimethyl malonate (120) (Scheme 27). This work led to the observation of a very interesting phenomenon, according to which the catalytic activity and enantioselectivity significantly increased with an increase of the N atoms in the heterocycle. The reaction of 1,3-diphenyl-2-propenyl pivalate (119b) with dimethyl malonate (120) resulted in the highest enantioselectivity of 99% ee with 99% yield by the use of ligand 160. The same order in enantioselectivity was also observed for the allylic amination of 1,3-diphenyl-2-propenyl pivalate (119b) with benzylamine (158c), in which ligand 160 displayed the highest reactivity and enantioselectivity, yielding the product 159c with a 94% ee (Scheme 36).
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Figure 6)




        Ferrocene-based chiral phosphine containing a triazine unit.
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Scheme 37)




        Iridium-catalyzed asymmetric hydrogenation of γ-tocotrienyl acetate.




        Pfaltz has described the synthesis of bicyclic pyridyl phosphinites, such as 161, for the asymmetric iridium-catalyzed hydrogenation of unfunctionalized, purely alkyl-substituted olefins leading to the corresponding products with conversions of over 99% and the highest reported enantioselectivities for these systems (up to 98% ee) [70]. As the hydrogenation of substrates with more than one C=C bond could introduce two or more stereogenic centers in one step, iridium complexes with bicyclic pyridyl phosphinites were applied to the hydrogenation of γ-tocotrienyl acetate 162, with the aim of stereoselectively introducing the terpenoid side chain of tocopherols (principal components of Vitamin E) (Scheme 37). The best stereoselectivity was achieved with the iridium complex derived from ligand 161, which led almost exclusively to the natural (RRR)-isomer of γ-tocopheryl acetate 163, providing for the first time a highly effective one-step stereoselective route to this important class of bioactive antioxidants [70].




        Very recently, iridium catalysts bearing spiro-pyridine-aminophosphine ligands 164 for the asymmetric hydrogenation of β-ketoesters 165 have been developed by Xie, Zhou and co-workers (Scheme 38) [71]. The reaction represents the highest level of efficiency in the asymmetric hydrogenation of β-ketoesters, yielding the corresponding β-hydroxy esters 166 with an excellent enantioselectivity and high TONs.
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Scheme 38)




        Iridium-catalyzed asymmetric hydrogenation of β-ketoesters by spiroPAP ligands.




        Special attention has also been focused on bidentate P,N-phosphites with a cyclic N-donor. Although the first P,N-phosphite ligand and its rhodium complex was reported in 1993 by Gavrilov [72], the major contribution for the design of these systems for asymmetric catalysis started in 1997 by Pfaltz in their work [73]. Applications of such P,N-phosphites in asymmetric catalysis include Rh-catalyzed hydroformylation [61d,e, 74], Rh-catalyzed hydrosilylation–oxidation [61d, 75], Rh-catalyzed hydroboration–oxidation [61e, 76], Ni-catalyzed 1,2-addition reactions to aldehydes [77], Pd-catalyzed allylic substitution [53a, 61e,j, 73b, 75b, 78–82], Pd-catalyzed Heck reaction [83], Cu-catalyzed 1,4-addition reactions to enones [52c, 73a, 79, 84]. In addition, asymmetric hydrogenation has also been successfully achieved by P,N-phosphites in which the nitrogen atom is part of oxazoline [61e, 78, 85], the first example being a TADDOL-based phosphite-oxazoline [78], oxazole [86] or thiazole [86] moieties. A few representative examples are given below. At this point, it is worth noting that, although it had been accepted for the Rh-catalyzed asymmetric hydrogenation that chelating bidentate P-ligands are generally necessary for high levels of enantioselectivity probably due to restricted rotation in the Rh complexes, Reetz showed that monodentate BINOL-based phosphites are highly efficient ligands in asymmetric hydrogenation due to two important features: (a) two monodentate ligands are attached to the metal at the transition state of hydrogenation, and (b) the catalytic system obeys the lock-and-key mechanism [87]. The first highly enantioselective Rh-catalyzed hydrogenation using chiral monophosphite ligands was reported in 2000 by Reetz [88].




        The use of ligands containing a chiral oxazoline ring in asymmetric catalysis was reported for the first time in 1986 by Brunner [89]. In recent years, oxazoline-based ligands, and in particular P/oxazoline analogs, are among the most versatile classes of ligands for asymmetric catalysis [6b,c,f,j,m-o, 61e-j, 73, 75a,c, 77, 78, 82, 83, 84a,e,g, 85, 86, 90]. A library of phosphite-oxazoline ligands derived from D-glusosamine, which have been successfully screened in the palladium-catalyzed Heck reaction have been synthesized by Pàmies, Diéguez and co-workers [83a]. Phosphanyloxazoline ligands such as PHOX ligands developed by Pfaltz [61f], and ketopinic acid based phosphanyloxazolines developed by Gilbertson [61g], were known to catalyze successfully the intermolecular Heck reaction. However, these ligands were prepared from expensive chiral synthons or in tedious synthetic steps, and the reaction times for the Heck reaction were usually long. On the other hand, ligands 172 were synthesized from simple starting materials and found to provide high rates and selectivities for the Heck reaction. The synthetic sequence is illustrated in Scheme 39. Oxazoline alcohols 171 were prepared as previously reported by Ohe and Uemura [91]. Αcetylation of the D-glucosamine hydrochloride 167 afforded the amides 168, the hydroxy groups of which were protected with PhCHO and Ac2O. Compounds 169 were converted to oxazolines 170 in the presence of SnCl4, and subsequent deacetylation gave compounds 171. Phosphite-oxazolines 172 were synthesized in one step by the reaction of 171 with one equivalent of the corresponding phosphorochloride [83a].
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Scheme 39)




        Synthesis of sugar-based phosphite-oxazoline ligands.




        Chiral phosphite-oxazoline ligands 172 mixed in situ with [Pd2(dba)3].dba were used in the asymmetric Heck reaction of 2,3-dihydrofuran (173) as well as cyclopentene and 4,7-dihydro-1,3-dioxepin with several triflates 174 with different electronic and steric properties, and excellent regio- (up to 99% for 175) and enantioselectivities (ee’s up to 99%) were obtained (Scheme 40) [83a]. These results are among the best reported up to now. Optimization of the reaction conditions showed that the best activity and selectivity were obtained with tetrahydrofuran as a solvent, that the best trade-off between activity and selectivity was achieved at 50 ºC, and that diisopropylethylamine was the most efficient base. A screening for the oxazoline substituent showed that activities are highest with a phenyl oxazoline moiety, and that the regio- and the enantioselectivity of the catalyst increased when the size of the group on the oxazoline decreased (Me>Ph>i-Pr>t-Bu). The effect of the phosphite moiety was also investigated and it was found that bulky substituents at the ortho positions of the biphenyl moiety afforded higher activities and selectivities compared to ligands with small substituents in these positions, and that the presence of the bulky substituents at the ortho positions provided better results compared to ligands with these substituents at the para positions. The investigation also indicated a cooperative effect between the configuration of the biaryl moiety and the configurations of the ligand backbone on enantioselectivity. Therefore, the best results were obtained with the ligand which contains the optimal combination of substituents in both oxazoline and biaryl phosphite moieties (R = Me, R1 = SiMe3, R2 = H). A comparison with the activities obtained with the Pfaltz [61f] and Gilberston [61g] ligands indicated that the presence of a phosphite moiety in ligands 172 is highly advantageous.
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Scheme 40)




        Palladium-catalyzed asymmetric intermolecular Heck reaction.


      




      

        



        3.3.. Ligands Containing P–N Bonds




        Chiral aminophosphine-type ligands, including bidentate phosphine(phosphinite)-aminophosphine or phosphite(phosphinite)-aminophosphonite ligands have a special role in asymmetric catalysis [6a,h,k, 92].




        As organofluorine compounds are very popular in pharmaceutical industry [93], Anderson attempted the asymmetric hydrogenation of fluorinated olefins, and showed that it could be performed with low catalyst loadings and with low levels of defluorination with the use of iridium complexes with aminophosphine-thiazole(oxazole) ligands as catalysts [94]. Hydrogenations of an E/Z mixture of olefins 178 catalyzed by complex 177 were achieved with high conversions, selectivities for 179, and enantioselectivities (Scheme 41). The best results were obtained for the substrate PhCH=C(F)CH2OH: 97% conversion; 100% selectivity for 179; 99% ee.




        The first successful application of monodentate phosphoramidites, ligands which contain both P–O and P–N bonds, such as MonoPhos (181) (Fig. 7), in asymmetric catalysis, was reported by Feringa in 1996 for the copper-catalyzed conjugate addition of dialkylzinc reagents to enones [95]. In 2000, Feringa/Minnaard/de Vries reported that this type of ligands displayed unprecedented high ee’s of up to 99.6% in the rhodium-catalyzed hydrogenation of olefins [96]. In recent years, monodentate phosphoramidites (e.g. MonoPhos, SiPhos, DpenPhos, PipPhos, MorfPhos, PegPhos) and also diphosphoramidites, so-called “privileged ligands”, have been successfully used in many different catalytic asymmetric transformations [6d,e, 97, 98].
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Scheme 41)




        Iridium-catalyzed asymmetric hydrogenation of fluorine-containing olefins by a chiral aminophosphine-thiazole ligand.




        
[image: ]


Figure 7)




        MonoPhos.




        In recent years, the combination of the functional moieties of phosphines and phosphoramidites in a new class of bidentate ligands has received particular attention, and several ligands of this type, such as QuinaPhos [99], PPFAPhos [100], PEAPhos [101], Me-AnilaPhos [102], INDOLPhos [103], THNAPhos [104], HYPhos [105], and others [106], were shown to display remarkable enantioselectivities in a variety of metal-catalyzed reactions (Fig. 8).




        We have synthesized the chiral phosphine-phosphoramidite ligand 183 (Me-AnilaPhos) by hydrogen abstraction of 2-diphenylphosphino-N-methylaniline (182) (prepared from N-methylaniline [107]) using n-BuLi and subsequent reaction of the resulting lithium amide with one equivalent of [(R)-(1,1'-binaphthalene-2,2'-diyl)]chlorophosphite (Scheme 42) [102]. Treatment of [Rh(COD)2]BF4 with one equivalent of ligand 183 yielded the cationic rhodium complex 184, in which the rhodium is part of a six-membered chelate ring. The complex provided a remarkably high activity and enantioselectivity in the asymmetric hydrogenation of methyl (Z)-α-acetamidocinnamate (185a) (100% conversion after 10 min, 98% ee) and dimethyl itaconate (185b) (100% conversion after 26 min, 96% ee) under ambient conditions (1 bar hydrogen pressure, room temperature) using 1 mol% of the catalyst in dichloromethane as solvent (Scheme 43) [102]. Leitner has reported the synthesis of analogous phosphine-phosphoramidite ligands which demonstrate high enantioselectivities in mechanistically distinct hydrogenations of C=C, C=N and C=O double bonds in combination with three different transition metals (Rh, Ir, and Ru, respectively) [106g].
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Figure 8)




        Representative examples of phosphine-phosphoramidite ligands for asymmetric catalysis.
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Scheme 42)




        Synthesis of Me-AnilaPhos and its rhodium complex.
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Scheme 43)




        Rhodium-catalyzed asymmetric hydrogenation of prochiral olefins.




        Zhang has reported a new phosphine-phosphoramidite ligand 191 [106e,f] as an electronically and sterically different analog of BinaPhos (reported by Takaya [108]). Ligand 191 was synthesized from (R)-(+)-2-amino-2´-hydroxy-1,1´-binaphthyl (NOBIN, 187) (Scheme 44). Phosphine oxide 189 was prepared from 187 by reaction with AcCl, followed by treatment with Tf2O, and Pd-catalyzed coupling of 188 with Ph2P(O)H, a procedure developed by Kočovský et al. for the synthesis of MAP ligands [109]. Phosphine oxide and amide groups in 189 were reduced with excess BH3 and subsequent treatment with diethylamine gave 190. Deprotonation of 190 with n-BuLi and then quenching with [(S)-(1,1'-binaphthalene-2,2'-diyl)]chlorophosphite afforded ligand 191 as an air-stable solid. Ligand 191 displayed a high reactivity and an unprecedented high enantioselectivity in rhodium-catalyzed hydroformylation, making this system potentially useful for industrial applications [106e,f]. Hydroformylation reactions were performed using 1:1 CO/H2 gas (20 bar) with 0.1 mol% of the catalyst, prepared by mixing in situ Rh(acac)(CO)2 with 4 equivalents of ligand 191. In non-polar solvents (dichloromethane, benzene), hydroformylation of styrene (42) led to regioselectivities for the branched aldehyde 43 of up to 89%, and excellent enantioselectivities of up to 99% (Scheme 10). No hydrogenation by-product was detected, and it is worth noting that the racemization of the hydroformylation product was significantly lower with ligand 191 compared with that for BinaPhos.




        Very recently, Hu/Zheng et al. reported the H8-BINOL-derived phosphine-phosphoramidite ligand 192, analogous to PEAPhos, which displayed excellent results in the Ir-catalyzed enantioselective hydrogenation of sterically hindered N-arylimines 193 with TONs up to 100000 and ee’s up to 99%, representing the most versatile catalyst reported up to now for the hydrogenation of sterically hindered imines (Scheme 45) [106h]. The results suggested that the presence of an N-H proton and a H8-binaphthyl moiety on the ligand motif are crucial for high catalytic activity and enantioselectivity in this hydrogenation. The utility of this catalytic system was demonstrated by the synthesis of the chiral herbicide (1S)-metolachlor at a catalyst loading of 0.001 mol%.
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Scheme 44)




        Synthesis of a NOBIN-derived phosphine-phosphoramidite ligand.
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Scheme 45)




        Ir-catalyzed asymmetric hydrogenation of sterically hindered N-arylimines by H8-BINOL-derived phosphine-phosphoramidite analogous to PEAPhos.




        As the phosphoramidite moiety is also as good an π-acceptor group as the phosphite moiety [110], mixed phosphite-phosphoramidite chiral ligands offer the opportunity of an electronic differentiation whilst maintaining a similar spatial disposition around the metal center [111]. Thus, several ligands of this type have been used in asymmetric catalysis in recent years [52c, 90b, 98t, 106b, 112]. In some representative examples, Reetz reported the BINOL-derived phosphite-phosphoramidite ligand 195 (Fig. 9) (prepared by phosphorylating 4-hydroxypiperidine), which displayed 100% conversion and 96% ee in the rhodium-catalyzed hydrogenation of dimethyl itaconate (185b) (Rh:substrate = 1:1000, 1.3 bar of hydrogen; dichloromethane; 22 ºC; 20 h) (Scheme 43) [98t]. Pàmies/Diéguez/Claver reported several phosphite-phosphoramidite ligands, such as 196 (Fig. 9), efficiently synthesized in one step from the corresponding 1,2-amino alcohols by the reaction with two equivalents of a phosphorochloridite [111]. These ligands mixed in situ with [Pd(allyl)Cl]2 were tested in the allylic alkylation of 1,3-diphenyl-2-propenyl acetate (119a) with dimethyl malonate (120) in the presence of BSA in dichloromethane at room temperature, and provided high reaction rates and enantioselectivities of up to 99% (the highest being observed by ligand 196 at 5 ºC, with 100% conversion after 2 h) (Scheme 27) [111].
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Figure 9)




        Phosphite-phosphoramidite ligands.




        Gavrilov et al. have synthesized MOP-type monodentate diamidophosphite ligands 199 based on O-methyl-BINOL 197via direct phosphorylation with 198 (Scheme 46) [112h]. Ligands 199 combine the chiral auxiliaries (S)-2-(anilinomethyl)-pyrrolidine and BINOL. The calculated Tolman angle in the ligands was found to be 141º, indicating that they are very bulky ligands. Ligands 199 were evaluated in several asymmetric catalytic transformations, such as palladium-catalyzed allylic alkylation of 1,3-diphenyl-2-propenyl acetate (119a) with dimethyl malonate (120) in the presence of BSA/KOAc, either in THF (optimal solvent) or in dichloromethane, at 20 ºC for 48 h (Scheme 27). Catalysis was performed by mixing the ligand in situ with [Pd(allyl)Cl]2. Ligands 199a and 199b were found to be highly efficient stereoselectors, as up to 95 and 99% ee, respectively, were obtained. The 99% ee achieved in this reaction is among the highest enantioselectivities reported so far using P monodentate phosphite-type ligands.
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Scheme 46)




        Synthesis of MOP-type diamidophosphite ligands.




        We have synthesized the phosphite–phosphoramidite ligand 201 based on 2-anilinoethanol (200) and R-BINOL moieties in only one step (Scheme 47) [112i]. The ligand was utilized for the rhodium-catalyzed asymmetric hydrogenation of α- and β-dehydroamino acid methyl esters and dimethyl itaconate, and in most cases provided good activity and ee’s of up to 63%. It was found that the rate of the reaction, the enantioselectivities and the configuration in the products were strongly dependent on the solvent, the pressure and the substrate. In most hydrogenations of dehydroamino acid methyl esters, methanol as solvent led to better ee’s compared to tetrahydrofuran or dichloromethane.
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Scheme 47)




        Synthesis of a phosphite–phosphoramidite ligand based on 2-anilinoethanol and R-BINOL moieties.




        Very recently, a furanoside phosphite–phosphoroamidite 202–205 and diphosphoroamidite 206 ligand library was used by Pàmies/Diéguez and co-workers for the asymmetric Rh-catalyzed hydrogenation of α,β-unsaturated carboxylic acid derivatives and enamides, and reported ee’s of up to 99% (Fig. 10) [112k]. Enantioselectivity is highly affected by the position of the phosphoroamidite group, the configuration of C-3 of the furanoside backbone, the introduction of a second phosphoroamidite moiety and the substituents/configurations in the biaryl phosphate/phosphoroamidite moieties. Kinetic and NMR studies on the intermediates of the catalytic cycle of the reaction indicate that the [Rh(P1–P2)(substrate)]+ species is the resting state of the reaction and that the rate dependence is first order in rhodium and hydrogen pressure and zero order in the substrate.
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Figure 10)




        Library of phosphite–phosphoroamidite and diphosphoroamidite ligands with furanoside backbone.


      


    




    

      CONCLUSIONS




      In the present review, only some recent representative examples of P,N-containing ligands were discussed but the data clearly demonstrate the maturity of the field. Metal complexes of these versatile heterodentate ligands have been shown to exhibit high activity and selectivity in a number of catalytic transformations (asymmetric or otherwise) of enormous academic and/or industrial interest. Although several problems have still to be solved, such as how the electronic and steric properties of the ligands must be tuned for particular substrates and applications, the use of P,N-containing ligands has opened a new phase in catalysis where significant new opportunities are waiting to be explored in this unlimited field of research.
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