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Abstract

:

This review is devoted to the theoretic and synthetic aspects of asymmetric electrophilic substitution reactions at the stereogenic phosphorus center. The stereochemistry and mechanisms of electrophilic reactions are discussed—the substitution, addition and addition-elimination of many important reactions. The reactions of bimolecular electrophilic substitution SE2(P) proceed stereospecifically with the retention of absolute configuration at the phosphorus center, in contrast to the reactions of bimolecular nucleophilic substitution SN2(P), proceeding with inversion of absolute configuration. This conclusion was made based on stereochemical analysis of a wide range of trivalent phosphorus reactions with typical electrophiles and investigation of examples of a sizeable number of diverse compounds. The combination of stereospecific electrophilic reactions and stereoselective nucleophilic reactions is useful and promising for the further development of organophosphorus chemistry. The study of phosphoryl group transfer reactions is important for biological and molecular chemistry, as well as in studying mechanisms of chemical processes involving organophosphorus compounds. New versions of asymmetric electrophilic reactions applicable for the synthesis of enantiopure P-chiral secondary and tertiary phosphines are discussed.
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1. Introduction


Electrophilic reactions are one of the main types of transformations in the chemistry of trivalent phosphorus compounds [1,2,3]. Electrophilic reactions allow to obtain important products such as phosphine ligands, pharmaceuticals and agricultural substances [3,4,5,6]. Electrophilic asymmetric catalysis, which allows one to obtain a number of chiral substances that are difficult to access by other methods, is of particular interest. Therefore, asymmetric electrophilic reactions are of increasing interest to synthetic chemists. Many chiral ligands that are derivatives of trivalent phosphorus (DIOP, DuPhos, PAMP, DIPAMP, etc.) and catalysts generated based on them were obtained using electrophilic reactions of alkylation, arylation and so forth [2,6]. Electrophilic reactions of phosphorus compounds with reagents bearing positive halogen (Appel, Atherton-Todd, Corey-Fuchs reactions and others [2,3,4,5,6]) are widely used for the synthesis of natural compounds and their analogues (Scheme 1).



In contrast to nucleophilic substitution reactions at phosphorus stereogenic centers that have been studied in great detail, electrophilic aliphatic substitution reactions have been relatively unexplored. It is accepted that bimolecular nucleophilic substitution at carbon involves backside attack resulting in an overall inversion of configuration at phosphorus. However, no such general statement can be made concerning bimolecular electrophilic substitution. The mechanistic intricacies of SE2 reactions have just begun to be realized and appear to be more complicated and varied than SN2 cleavages. Electrophilic reactions proceed with retention of absolute configuration at the chiral phosphorus center unlike to nucleophilic SN2(P) reactions, which, as a rule, proceed with inversion of absolute configuration. This feature of electrophilic SE2(P) reactions is a powerful tool in studying mechanisms of organophosphorus reactions. Moreover, the stereospecificity of electrophilic reactions is important for the syntheses of natural compounds with participation of chiral organophophorus reagents. Therefore, the analysis and systematization of stereospecific electrophilic reactions are important from theoretical and practical viewpoints. At the same time, despite the large number of publications devoted to classical examples of electrophilic reactions involving phosphorus, the stereochemistry of electrophilic reactions has not yet been analyzed and generalized and a review article devoted to the study of these reactions has not been published. At the same time, general conclusions on the stereochemistry and mechanisms of electrophilic reactions are interesting and necessary. Therefore, we propose to discuss stereochemistry of electrophilic reactions proceeding with participation of chiral phosphorus compounds.




2. Alkylation and Arylation Reactions


The alkylation and arylation of chiral tertiary phosphines proceed, as a rule, stereospecifically with retention of absolute configuration. In many cases, the electrophilic reactions of P(III)-compounds proceed via the addition-elimination mechanism, that involves the addition of electrophile to phosphorus with formation of adduct, which then cleaves the leaving group to give the final product. In some cases, the reaction can stop at the first step with the formation of a stable phosphonium cation (Equation (1)). An electrophile providing a free orbital to a substrate interacts with the front-side of the phosphorus center, where a free pair of electrons is located. The limiting step in the case of SE(P) reactions is the first step. Trivalent phosphorus compounds can be electrophiles and nucleophiles. For example, tertiary phosphines easily enter electrophilic and nucleophilic substitution reactions as shown in Equations (1) and (2) [4,5].
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In the case of SE2(P) reactions a positively charged electrophile Y+ interacts with the electron-enriched phosphorus center from the front-side forming a new P-Y bond. As a result, a positively charged intermediate is formed with retention of absolute configuration, which can turn into a final product or remain in the form of a phosphonium salt (Equation (3)) [5,6].
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In contrast to the bimolecular nucleophilic substitution, which usually occurs with inversion of configuration due to the orientation of the coupled orbitals and electron pairs, electrophilic substitution, as a rule, proceeds with the retention of absolute configuration. The most common types of electrophilic reactions are the alkylation and arylation of trivalent phosphorus compounds and their boranes, namely: quaternization, substitution of metal phosphides, Michaelis–Arbuzov or Michaelis–Becker reactions (Scheme 2).



Alkylation and arylation of metal phosphides is one of the convenient methods for the synthesis of tertiary phosphines (Equation (4)) [7,8,9,10]. The starting metal phosphides can be easily obtained by cleaving the CP bond in triaryl- or diarylphosphines by various reagents—alkali metals in mineral oil, sodium in liquid ammonia, naphthalene sodium, sodium suspended in THF, sodium or potassium absorbed on silica gel (M-SG reagent) and other methods [7]. The resulting alkali metal phosphides can serve as useful building blocks for a variety of phosphines. For example, methylmenthylphenylphosphine was obtained by alkylation of neomenthylmethylphenylphosphine (Equation (5)) [10,11,12,13]. The reaction of sodium methylphenyl phosphide with (+)-(R)-1-chloroethylbenzene afforded (−)-(SP, SC)-phosphine oxide with 25% ee. Stereochemically pure products were obtained after crystallization of the corresponding phosphine oxides.
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(5)







Using this method, a number of phosphine ligands were synthesized, including chiral bis-phosphines (DIOP, DIPAMP, PAMPOP, etc.) [11,12], which use for carrying out asymmetric catalytic hydrogenation reactions (Equation (6)) [2,5,14,15].
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(6)







Alkylation and arylation of chiral tertiary phosphines also allow us to obtain chiral phosphonium salts, which have various practical applications as chiral phase transfer catalysts, organocatalysts, ligands in transition metal complexes and chiral reagents [9,16,17,18]. Chiral phosphonium salts were synthesized and characterized, their practical application has been studied [16,17,18,19,20]. A method for producing chiral phosphonium salts by quaternizing phosphines and their derivatives with arenes formed in situ from 2 (trimethylsilyl)aryl triflates is described. Alkylation and arylation of P-stereogenic phosphines proceeds stereospecifically with retention of absolute configuration and in high yields of phosphonium salts (Equations (7)–(9)) [16,17,18,19,20].
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Glueck and colleagues synthesized the C2 symmetric P-stereogenic BenzP* bisphosphine ligand—a building block for chiral bis(phosphines)—by electrophilic alkylation of benzodiphosphetane with methyl triflate and subsequent reaction with methyl magnesium bromide [21]. The benzodiphosphetane is configurationally stable and does not racemize when heated to 105 °C in toluene for 18 h. As a result, the C2-symmetric P-stereogenic ligand Benz2* was stereospecifically formed with >90% de (Equation (10)).
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Interesting observations were made during P-alkylation of alkoxycarbonylphosphine with methyl triflate [22,23]. Alkylation of alkoxycarbonylphosphine in methylene chloride at −78–−20 °C followed by hydrolysis of the intermediate alkoxycarbonylphosphonium led to the formation of tertiary phosphine as a mixture of (RP)- and (SP)-diastereomers with low de. However, dynamic stereoselective crystallization of the resulting mixture of diastereomers from ethanol at room temperature led to the enrichment of the mixture with one diastereomer. The ratio of diastereomers changed to 25:1 dr at room temperature and to 91:1 dr when heated to 50 °C for 22 h. After removal of the BH3 group, the reaction product was converted into a PAMP ligand with enantiomeric purity of 99.5% and in yield of 74% (Equation (11)) [22,23].
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Alkylation and arylation of phosphine-boranes. Phosphine-boranes are the Lewis acid-base complexes formed as a result of the interaction between a lone pair of phosphorus atom and a vacant orbital of boron atom. Phosphine boranes are important class of organophosphorus compounds due their reactivity and applications in organic synthesis. Phosphine boranes have become valuable reagents as precursors for chiral tertiary phosphines (Equation (12)) [24,25,26,27,28,29,30].
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Phosphine boranes are configurationally stable compounds that do not racemize at room temperature, although they can racemize at elevated temperatures [31,32,33,34]. Phosphine-boranes react with alkali metals to form lithium, sodium or potassium derivatives, which undergo electrophilic substitution at phosphorus when interact with electrophiles (Equation (13)). In solutions, the alkali metal is coordinated to the BH3 hydrides in an η2-manner. In the condensed crystalline structure of phosphine-boranes, as was found by X-ray diffraction (XRD) analysis, the metal ion is coordinated not only with the BH3 group but also with the phosphorus atom. In some cases, metal-substituted phosphine-boranes can exist as solvent-separated ion-pairs (Scheme 3) [24,25,26].
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Phosphine-boranes are in general available compounds. Convenient methods for their synthesis have been developed and found practical application [26,27,28,29,30,31,32]. For example, phosphine oxides and sulfides can be converted into corresponding phosphine-boranes by treatment with oxalyl chloride and subsequent reduction with sodium borohydride, which acted as a reducing agent and a source of borane (Equation (14)). The reaction proceeds through the formation of secondary phosphine dichlorides, which, after reduction with sodium borohydride, give phosphine-boranes. Using this methodology, various phosphine oxides and phosphine sulfides were stereospecifically converted into corresponding phosphine boranes in high yields [33,34,35]. In some cases, the reaction proceeded with racemization, probably due to the influence of the nucleophilic chloride counterion. However, the switching from chlorophosphonium to alkoxyphosphonium salts as intermediates and the use of methyl triflates or Meerwein salts as alkylating agents increase the stereospecificity of the reaction with inversion of configuration (Equation (15)) [33]. Thus, from one P-stereogenic phosphine oxide, both optical antipodes of the corresponding phosphine-borane were obtained (Equation (16)).
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A convenient method for producing tertiary phosphines is the electrophilic substitution of phosphide anions with alkyl halides obtained from phosphine-borane complexes. The alkylation reactions of metal-substituted phosphine boranes proceeds, as a rule, with the retention of absolute configuration, which corresponds to the attack of electrophile to electron-enriched phosphorus atom from the front side. The reaction proceeds through the formation of a transition state, which is stabilized by the removal of electrofuge M+ and the formation of the final substitution product (Equation (17)).
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The treatment of secondary phosphine-borane with butyllithium and subsequent alkylation led to the formation of tertiary phosphine-boranes with retention of configuration and very good ee. The absolute configuration of the reaction products was established by X-ray analysis (Equation (18)) (Table 1) [30]
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(18)







Livinghouse et al. developed a method for enantioselectively producing chiral tertiary phosphine-boranes from racemic secondary phosphine-boranes [35,36]. Alkylation of lithium phosphide was carried out using enantiocontrolled dynamic resolution. Sparteine increased the stereoselective formation of one enantiomer of secondary phosphines under thermodynamic control. Stirring the suspended (−)-sparteine-lithium complex of secondary phosphine at room temperature led to the increase in optical purity of the alkylation product from 40% to 92–95% ee (Equation (19)).
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The reductive cleavage of the fluorenyl group from the corresponding tertiary phosphines by the lithium naphthalenide gave the corresponding lithium derivatives with dr 2.5:1. A mixture of diastereomers in a heptane solution underwent an asymmetric transformation induced by crystallization into one predominant diastereomer upon slow evaporation of the solvent. As a result, the diastereomer ratio changed to 20:1 in favor to a more stable crystalline stereoisomer. Alkylation of lithium derivatives with alkyl dihalides allowed to obtain bis-phosphine-boranes (Equation (20)) [23,37]
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The reaction of menthoxyphenylphosphine-borane with methyl iodide in the presence of sodium hydride in THF proceeds with complete stereospecificity [33,34] and the formation of menthyl (RP) methylphenylphosphinite borane with the retention of absolute configuration. Then the phosphine-borane by reaction with i-PrMgI was converted into the methylisopropylphenylphosphine-borane (Equation (21)) [37,38,39,40].
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Chiral menthyl phosphinite boranes were stereoselectively reduced to phosphine-boranes by such reducing agents as lithium naphthalene, lithium 4,4’-di-tert-butyl biphenylide (LDBB) or lithium in liquid ammonia. The reaction proceeded through the formation of lithium derivatives. The intermediate phosphide borane was then alkylated with alkyl halides to tertiary phosphines with retention of configuration at the phosphorus atom (Equation (22)) [31,41,42,43].
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Phosphine-borane complexes reacted under mild conditions with alkyl (or aryl) halides in the presence of an olefin to form quaternary phosphonium salts. For example, the reaction of (R)-PAMP·BH3 with alkyl bromides led to the formation of enantiomerically pure phosphonium salts with the retained configuration (Equation (23)) [42].


 [image: Symmetry 12 00108 i023]



(23)







The stereoselective synthesis of secondary phosphine-boranes containing amino acid substituents was achieved by alkylation of phenylphosphine-borane with γ-iodine-α-aminoether under phase-transfer catalysis (PTC). Then the amino ester was hydrolyzed and reacted with α, γ-diamine, which led to the formation of the corresponding dipeptides in good yields. The hydrophosphination reaction of C60-fullerene with phosphine-borane was carried out under PTC conditions, with the formation of P-C derivatives of C60-dipeptides in yield up to 80%. The addition reactions of fullerene C60 were carried out under mild conditions without racemization of the amino acid or peptide moiety (Equation (24)) [44].
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Halogenphosphine-boranes possessing unique chemical properties are very valuable chiral reagents for the preparation of P-chiral phosphine ligands as shown in Equations (25) and (26). For example, enantiomerically pure (S)-tert-butylmethylphosphine-borane was deprotonated with n-BuLi at −78 °C and then halogenated with 1,2-dibromoethane or 1,2-diiodoethane to form halogenphosphine-boranes, which were isolated as crystalline substances with high yields Equation (25) [32]. The treatment of halophosphine-borane with tert-butyl lithium and subsequent reaction with alkyl halide through the formation of the corresponding phosphide-ion led to the formation of tertiary phosphine-boranes and bis-phosphines (Equation (26)) [32,39].
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(26)







Samarium carbenoid formed from diiodomethane and samarium reacted with secondary phosphine boranes to form P-methylated tertiary phosphines. The reaction proceeded with retention of configuration at the stereogenic phosphorus atom. Experiments with deuterium showed that the methylene group is introduced directly into the P-H bond through the transition state A. The P-H bonds of secondary phosphine-borane undergo methylene incorporation of a carbenoid to form the corresponding P-methylated derivatives (Equation (27)) [45].
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(27)







Copper complexes, as well as copper salts, were used as cocatalysts in phosphorylation reactions catalyzed by palladium [35]. Aromatic phosphorylation has been shown to occur at low temperatures with the addition of copper iodide. Using this method, the reaction catalyzed by Pd(0)-Cu(I) of the enantiomeric secondary methylphenylphosphine-borane with aryl iodides was performed (Equation (28)).
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The P-chiral ligand QuinoxP* was synthesized by deprotonation of chiral secondary phosphine-borane with n-butyl lithium followed by nucleophilic substitution of 2,3-dichloroquinoxaline at low temperature. Subsequent aromatic substitution and deboration reaction resulted in the formation of (R,R)-QuinoxP* as an orange crystalline solid (Equation (29)) [46].
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An efficient synthesis of -P-stereogenic o-halogenaryl phosphine-boranes based on arine chemistry has been reported [40]. The key step of this synthesis is based on the reaction of a secondary phosphine borane with the 1,2-dibromo- (or diiodo)arene, owing to the formation in situ of an aryne species in the presence of n-butyllithium. When P-chirogenic secondary phosphine boranes were used, the corresponding o-halogenoarylphosphine boranes were obtained without racemization with ee up to 99% and with complete retention of the configuration at the phosphorus center as shown in Equation (30).
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(30)







The reaction mechanism involves the deprotonation of phosphine-borane by n-BuLi to form lithium phosphide, which reacts with aryne (Scheme 4). The latter is generated in situ from 1,2-dihaloarene as a result of the exchange of metal halogene by the excess of n-BuLi, followed by LiX elimination. The resulting o-lithiated phosphine-borane undergoes a halogen metal exchange with 1,2-dihaloarene, forming o-halogen phenylphosphine-borane and promoting the formation of aryne. P-stereogenic o-bromophenylphosphine-boranes easily converted into P-stereogenic o-(hydroxyalkyl) phenylphosphines, which served as new functional chiral Lewis bases. It is important to note that the use of enantiomerically enriched (R)-1,2-dibromoarene (77% ee) made it possible to obtain enantiomerically pure (R,RP)-dibenzophosphine-borane after recrystallization (Scheme 4) [40].



Bimolecular electrophilic addition and substitution of chiral secondary phosphines, as a rule, proceeds with retention of absolute configuration at phosphorus. However, one exception to the rule is known. The reaction of diastereomerically pure (SP)-(menthyloxy)phenylphosphine-borane with o-iodoanisole in the presence of Pd(PPh3)4 in acetonitrile or dimethylformamide proceeded with the retention of configuration, giving the product with an inverted (SP)-configuration. However, the reaction in tetrahydrofuran in the presence of K2CO3 or CH3CO2K proceeded with inversion of configuration, yielding an (RP)-product, as shown in Equation (31). Probably in the high polar acetonitrile, deprotonation of secondary phosphine-borane during interaction with K2CO3 occurred very fast. Therefore, the resulting phosphoric anion interacted with palladium catalyst retaining the configuration of phosphorus intermediate C. On the contrary, in the less polar THF solvent, deprotonation proceeded slowly and therefore the absolute configuration of the product depended on the inversion of configuration (Scheme 5) [31].
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(31)







Reactions of P-chiral secondary phosphine-boranes with fluorobenzene tricarbonylchromium in the presence of sec-butyl lithium led to the formation of phosphine ligands in yields of 75–99% and complete retention of the absolute configuration (Equation (32)) [47]. Using this method, chiral phosphine ligands containing primary alkyl, sec-alkyl or aromatic substituents, including ferrocenyl and phenyl groups, were obtained. Phosphine ligands were used in the asymmetric catalytic reduction of alkynes and aldehydes with formation of chiral allyl alcohols with high regioselectivity and full (E)-selectivity as shown in Equation (33) [48].
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(33)







The Michaelis–Arbuzov reaction is one of the most universal methods for the formation of carbon-phosphorus bonds. The classical Michaelis–Arbuzov reaction consists in the alkylation of trivalent phosphorus acid esters with alkyl halides to form derivatives of the corresponding pentavalent phosphorus acids containing a new P–C bond: phosphonates, phosphinates or tertiary phosphine oxides (Equation (34)) [49,50,51,52,53,54]. The stereochemistry of this reaction is of particular interest, the research results of which have not been fully generalized, although intensive studies were carried out.
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(34)







Studies of the mechanism and stereochemistry of the Michaelis–Arbuzov reaction showed that it consists of two stages: at the first stage, the electrophilic reaction of a carbonyl compound with a trivalent phosphorus atom containing a pair of free electrons leads to the formation of alkoxyphosphonium salt. In the next stage, the intramolecular nucleophilic attack of a halide ion to the carbon atom of alkoxy group afforded an alkyl halide and phosphine oxide. The Michaelis–Arbuzov reaction of chiral phosphinites with alkyl halides proceeds stereospecifically with complete retention of absolute configuration at the phosphorus atom (Equation (35)) [49,50,51].
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(35)







The reaction of trialkylphosphites containing chiral alkoxy groups stereospecifically led to the formation of chiral alkyl halides with the inverted configuration [50]. For example, the Michaelis–Arbuzov reaction of tri-(S)-2-octylphosphite with ethyl iodide resulted in the (−)-(R)-2-iodoctane, which, according to the authors, occurs as a result of intermolecular dealkylation of the tri-2-octyloxyethylphosphonium cation with an iodide anion (Equation (36)) [51].
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(36)







Alkylation of trimethylsilyl or trimethylstannyl derivatives of the ethyl phenylphosphinate, as well as the free radical addition to alkenes, proceeded with complete retention of configuration and with good yields (Equation (37)) [55].
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Stereochemical studies of the Michaelis–Arbuzov reaction of dioxaphospholane with alkyl halides, performed by Michalski et al., showed the evidence for equilibrium between phosphorane and phosphonium intermediates as shown in Equations (38) and (39) [54]. The decomposition of alkoxyphosphonium intermediates as a result of a nucleophilic attack of X− to P-OAlk led to the formation of phosphoryl groups. The dealkylation of phosphonium intermediate D occurs via the SN2 mechanism at the chiral carbon atom and is accompanied by inversion of configuration. When optically active secondary alcohol R*OH was used, the reaction led to the formation of alkyl halide with inverted configuration in agreement with the SN2. Evidently the concerted dealkylation of the phosphorane intermediate C result in the retention of configuration at the carbon atom of alkyl halide
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The asymmetric version of the Michaelis–Arbuzov reaction was investigated by several authors. For example, it was found that the cyclic phenylphosphonite obtained from (S)-1,3-butanediol reacts with alkyl halides with ring opening through cleavage of the P-O bonds and the formation of an acyclic product (Equation (40)) [52].
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The reaction of diastereomerically pure (2R,4S,5R)-3,4-dimethyl-2,5-diphenyl-1,3,2-oxazaphospholidine with alkyl halides led to the formation of diastereomeres of the phosphonium salt in the ratio 85:15 (de 70%). Using nuclear magnetic resonance (NMR) spectroscopy, it was registered phosphonium intermediates with the same diastereomeric ratio as in the final products (Equation (41)) [43]. The Michaelis–Arbuzov reaction of triethylphosphite with benzyl bromide was studied using ultrafast NMR spectroscopy (UF-HMBC). In the presence of Lewis acids catalyzing the reaction was registered the benzyltriethoxyphosphonium intermediate. Initially, the slow formation of intermediates A  [image: Symmetry 12 00108 i130] B occurred, which then quickly turned into phosphonate. The discovery of stable intermediate A, according to the authors, indicates a monomolecular mechanism of reaction (Equation (42)) [53].
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The Michaelis–Arbuzov reaction of (5S, 6S)-dimethoxy-2-phenyl-1,2,3-dioxaphosphacycloheptane with various alkyl halides led to the formation of corresponding phosphinates with a satisfactory enantiomeric excess. These phosphinates were converted into optically active phosphine oxides by reaction with Grignard reagents as shown in Equation (43) [49].
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(43)







It was found that the stereochemistry of this reaction is determined by the equilibrium between the threo- and erythro-intermediates (Equation (43)). The interaction of a free electron pair of phosphorus (III) with an alkyl halide occurs through the axial position of phosphonite, with the formation of a quasi-phosphonium intermediate. The thermodynamic equilibrium between threo- and erythro-intermediates led to an increase of erythro-diastereomeric excess, which then turned into (S)-phosphinate. This phosphinate was introduced into the Grignard reaction resulted in the tertiary (R)-phosphinates. Thus, the stereospecific Michaelis–Arbuzov reaction of the geometric isomer of 2-methoxy-5-tert-butyl-1,1,3,2-dioxaphosphorinan with the alkyl halide X-R1 led to the formation of chiral tertiary phosphine oxides (Scheme 6) [49].



The butoxy(phenyl)(vinyl)phosphine reacts with (−)-menthyl homoacetate to form a diastereomeres of Michaelis–Arbuzov reaction products, which were resolved by crystallization of the crude reaction mixture. After recrystallization, the (SP)-stereoisomer was obtained with 100% de (Equation (44)) [56,57,58].
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(44)







Buono et al. found that a chiral oxazaphospholidine obtained from (S)-(+)-prolinol stereoselectively reacts with benzyl bromide in refluxing methylene chloride to afford the (RP)-benzylphenyl-[2-(S)-bromomethylpyrrolidine-l-yl]phosphine oxide in 80% yield (Equation (45)) [59].
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(45)







The Michaelis–Becker reaction is the reaction of a H-phosphonates with a base and alkyl halide, followed by a substitution of the hydrogen atom at phosphorus on an alkyl with formation of alkyl phosphonates. The Michaelis–Becker reaction is completely stereospecific. Examples of the stereospecific Michaelis–Becker reaction with alkyl halides and aryl halides are shown in Equations (46) and (47) [60,61,62]. Sodium ethylate, sodium in THF, sodium hydride, butyllithium, sodium naphthalide, Ca(OH)2 in DMF, KOH in acetonitrile and others were used as bases in the Michaelis–Becker reaction. Under the effect of strong bases H-phosphonates are deprotonated with formation of the phosphinite-anion of corresponding P(III)-acid, which easily reacts with electrophiles (Equation (46)). For example, alkylation of the sodium ethyl phenylphosphonite with methyl iodide or ethyl iodide in dimethylformamide gave an enantiomerically pure product in accordance with the stereospecificity of the Michaelis–Becker reaction. The reaction of chiral metal phosphides with alkyl halides afforded tertiary phosphine oxides with retention of absolute configuration at phosphorus center (Scheme 7).
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(46)
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Several other examples of the stereospecific Michaelis–Becker reaction of sterically hindered H-phosponates with alkyl halides are shown in Equations (48) and (49) [31,37].
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(48)
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(49)







Cis- and trans-2-methoxy-4-methyl-1,3,2-dioxaphosphorinans react with various sulfenyl chlorides stereospecifically with retention of configuration at phosphorus (Equation (50)). The same stereochemical course was observed for the reaction between optically active isopropyl ethylphosphinate and methylsulphenyl chloride, which stereospecifically leads to the O-isopropyl (R)-ethylphosphonothioate (Equation (51)) [63]. Montchamp proposed chiral menthyl H-hydroxymethylene phosphinate as an available P-chiral synthon for the preparation of chiral phosphines. (RP)-H-Hydroxymethylphosphinate represent a chiral equivalent of alkylphosphinates ROP(O)H2, which can be stereospecifically alkylated and then the hydroxymethylene moiety can be removed with formation of (RP)-methyl phosphonate (Equation (52)) [64,65].
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(51)
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(52)







In some cases, ultrasonic activation of the P=O group reduction increases the reaction rate and yields of enantiomerically pure (RP)- and (SP)-secondary phosphine oxides. For example, allyl- and 2-butenyl-tert-butylphenylphosphine oxides were obtained in two steps from (RP)- and (SP)-tert-butylphenylthiophosphinic acid by ultrasound irradiation in the presence of Raney-Ni at room temperature and then converted into the (S)-tret-butyl(phenyl)phosphine oxide. This compound was then metallated, treated with lithium diethylamide (LDA) and alkenyl bromides, resulting in the allyl and 2-butenyl-tert-butylphenylphosphine oxides in good yields (Equation (53)) [66].
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(53)







The Hirao cross coupling is a particular case of the Michaelis–Becker reaction. The reaction includes palladium-catalyzed [Pd(PPh3)4 or Pd(OAc)4/PPh3] cross-coupling of a trialkylphosphite and aryl halide to form phosphonates containing a new P-C bond (Equation (54)). Cross-coupling is stereospecific and the reaction of chiral H-phosphonates with aryl halides proceeds with retention of absolute configuration at the phosphorus atom [67,68,69,70,71,72,73,74]. For example, it was found that the reaction of (RP)-(+)-isopropylmethylphosphinate with bromobenzene, catalyzed by tetrakis (triphenylphosphine)palladium and triethylamine, proceeds through the frontal attack of phenylpalladium bromide on the phosphorus center with formation of the isopropyl (S)-methyl(phenyl)phosphinate as shown in Equations (55) and (56) [72].
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(54)
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(55)
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The enantioselective C–P cross-coupling of secondary phosphine oxides with ortho-substituted aryl iodides was achieved using a kinetic resolution strategy leading to the formation of chiral triarylphosphine oxides in high yields and with good enantioselectivity. The best solvent for the reaction is acetonitrile (Equation (57)) [71]. The highest enantioselectivity (61–83% ee) was achieved for such diarylphosphine oxides as (2-methoxyphenyl)(phenyl)phosphine oxide, phenyl (o-tolyl) phosphine oxide, [1,10-biphenyl-2-yl(phenyl)phosphine oxide in the presence of palladium triflate catalyst with a bis-phosphine ligand in acetonitrile at 70–80 °C [71].


 [image: Symmetry 12 00108 i057]



(57)







The reaction of (R)-(+)-isopropyl methylphosphinate with vinyl bromides, catalyzed by tetrakis(triphenylphosphine)palladium and triethylamine, proceeds through the frontal attack of alkenylphosphinates on a phosphorus center with complete retention of configuration [70]. As a result, enantiomerically pure (S)-β-isopropylalkenylmethylphosphinates were obtained stereospecifically in good yields and with high ee. The absolute configuration of the compounds was determined by chemical correlation, which confirmed the retention of configuration at the chiral phosphorus center (Equation (58)) [69].
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The Hirao cross-coupling reaction is used for the synthesis of biologically active compounds. Using this reaction, various electrophilic aryl iodides, bromides or triflates were combined with H-phosphonates containing cholesterol or nucleoside substituents, providing a convenient approach to biologically active arylphosphonates. For example, in this way, the tyrosine triflate derivative was reacted with diethyl phosphite into the corresponding aryl phosphonate in high yield (Equation (59)) [70].
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Asymmetric synthesis of the new calcium antagonist (S)-(+)- and (R)-(−)-NZ-105 was carried out using the modified Hunsdiecker reaction with pyridinium ion and the modified Michaelis–Arbuzov reaction catalyzed by tetrakis(triphenylphosphine)palladium. Phosphination of dihydropyridine carboxylate bromide was carried out by heating trialkylphosphite with bromide in the presence of tetrakis(triphenylphosphine)palladium and triethylamine in toluene for 5 h at 110 °C. As a result, the product was obtained in yield 87%. The synthesized 1,4-dihydropyridines have a chiral center at position 4. Therefore their enantiomers show different biological activities; for example, (S)-NZ-105 exhibited no less than 850-fold calcium antagonistic activity compared with that of (R)-isomer (Equation (60)) [62].
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3. Halogenophilic Reactions of P(III) Compounds


The reaction of trivalent phosphorus compounds with tetrahalomethanes and other reagents containing a positive halogen atom is a type of halogenophilic transformations. There is an extensive class of reactions in which the nucleophile interacts with a halogen atom and the organic R moiety in RHal acts as a leaving group, forming a carbanion. The halogenophilic reactions of P(III) compound with methane tetrahalide proceed via the formation of phosphonium intermediate bearing trihalomethyl anion CX3−. The formation of the phosphonium intermediate was proved by chemical and physicochemical methods [75,76,77,78]. For example, the reaction of the intermediate with trimethylchlorosilane led to the formation of Me3SiCX3 (X = Cl, Br), which were isolated and characterized. In the second stage, the phosphonium intermediate reacts with the nucleophile ROH, RSH, R2NH, RNH2 to form a quasi-phosphonium salt, which can be further decomposed to form phosphine oxide and an alkyl halide or rearrange to form a trihalomethylphosphonium salt [75]. The quasi-phosphonium salt can be stabilized by adding water, which increases the stability of the phosphonium salt due to solvation or by converting the phosphonium halide to phosphonium perchlorate The formation of chloroform in halogenophilic reactions in the presence of a proton donor is also an argument in favor of the formation of phosphonium intermediate (Scheme 8).



The reactions of P(III) compounds with positive halogen donors are very diverse. The halogenophilic reactions are widely used in synthetic organic and organophosphorus chemistry for halogenation, dehydration and PN binding [79,80,81,82,83,84,85]. The most famous and applicable in organic synthesis are such halogenophilic reactions as the Atherton-Todd reaction, Appel reaction, Corey-Fuchs and the reaction of tertiary alkylphosphines with methane tetrahalides [2].



The Atherton-Todd reaction (AT) is a classical synthetic method used to obtain various phosphorus compounds [79,80,81,82,83,84,85,86,87]. Atherton and Todd described this reaction in 1945 [79]. Steinberg investigated the mechanism of the AT reaction and discovered the formation of intermediate products such as phosphoryl chloride A (Equation (61)) [80]. The AT reaction is a two-stage process. The first stage—the formation of chloride A, proceeds with the retention of configuration and the second stage—substitution, proceeds with the inversion of configuration. This allows to get the final product with inversed absolute configuration at phosphorus [81,82,83,84].
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Reiff and Aaron studied the stereochemistry of the AT reaction [85]. Enantiomeric O-isopropylmethylphosphonite was used as a substrate (Equation (62)). The AT reaction of O-isopropylmethylphosphonite with CCl4, tributylamine and aniline afforded the corresponding phosphonoamide with complete stereocontrol. Mikolajczyk studied the stereochemistry of the reaction of optically active phosphoryl halides with alcohols and amines [86]. Optically active phosphonates were obtained from menthyl phosphinates (or secondary phosphine oxides) and nucleophilic compounds (amines or alcohols) under the conditions of the AT reaction [81]. The reaction proceeded with full stereoinversion on the phosphorus atom and led to the formation of optically pure phosphonoamide products with an almost quantitative yield (94%). In all cases, the authors came to the conclusion that the first stage (i.e., the formation of intermediate phosphoryl chloride) occurs according to the SE2 mechanism with retention of the absolute configuration. Then, the attack of a nucleophilic substrate (amine, alcohol or thiophenol) occurs via the SN2 mechanism on the opposite side of the phosphorus-chlorine bond with the formation of a substituted product with high stereospecificity and inverted configuration (Equation (63)) [81,82,83,84].
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The AT reaction is carried out in the presence of bases, which convert tetracooordinated P-H form 3A into tricoordinated form 3B. The latter easily reacts with methane tetrahalide (in this case, BrCCl3) to afford the intermediate C, which converts into a bromide with retention of absolute configuration. At the second stage, the reaction of bromide with a secondary amine (in this case, Me2NH) leads to the formation of the substitution product with the inversion of configuration (Scheme 9) [84].



(1R,2S,5R)-Menthyl-H-phosphinate was prepared by reacting anhydrous hypophosphoric acid with (1R,2S,5R)-menthol in the presence of trimethoxymethane. The AT reaction of (1R,2S,5R)-methylphosphinate with CCl4 and isopropylamine led to the formation of the corresponding amide. The (1R,2S,5R)-Menthylphosphinate also enter into the Heck reaction with iodobenzene in the presence of a palladium complex to form diastereoisomerically enriched (SP)-(−)-methylphenylphosphonite (Equation (64)) [87].
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Y. Zhao et al. studied the stereochemistry of the reaction of chiral valine hydroxypyrophosphorane with CCl4 and phenol, which is similar to the AT reaction. The reaction led to the formation of chlorine-substituted spirophosphorane with retention of configuration at phosphorus, that was supported by X-ray diffraction analysis of a single crystal structure. Then, in the second stage, the reaction with phenol proceeded with an inversion of configuration as a result of the SN2 nucleophilic attack (Equation (65)) [88]. The mechanism of the formation of spirophosphorane chloride is not completely clear, although one can assume the opening of one of the five-membered oxazaphospholidinone rings with the formation of a tricoordinated tautomeric form capable of reacting with carbon tetrachloride (Authors).
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The Appel reaction is an important synthetic method for the conversion of alcohol to alkyl halides using triphenylphosphine and carbon tetrahalogenide (Equation (66)). The reaction is named after R. Appel [77], although it was described earlier by Steinberg, who considered this reaction as a special case of the Todd-Atherton reaction [80]. The use of carbon tetrabromide or bromine as a source of halogen gives alkyl bromides, while the use of tetraiodofuran, methyl iodide or iodine allows obtaining alkyl iodide. Today, the Appel reaction is often used in laboratory syntheses of natural compounds [2]. The Appel reaction begins with the formation of a phosphonium salt, bearing CCl3-anion which exists as a tight-ion pair [75,77] and therefore does not enter into the alpha-elimination reaction with the formation of dichlorocarbene. The nucleophilic substitution of a chloride ion with an alkoxide gives an alkoxyphosphonium salt, which, by the type of Michaelis–Arbuzov reaction, turns into an alkyl halide and phosphine oxide (Equation (66)). In the case of optically active alcohols, alkyl halides with inverted configuration are formed.
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The reaction of optically active tertiary phosphines with methane tetrahalides and achiral alcohols leads to the formation of chiral phosphine oxides with an inversion of the absolute configuration at the phosphorus atom (Scheme 10). Optically active alcohols provide optically active alkyl halides with inverted configuration and with complete stereospecificity as shown in Equations (67) and (68) [78].
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The reaction of racemic tertiary phosphines with polyhalomethanes and chiral alcohols in some cases can lead to the formation of chiral tertiary phosphine oxides formed under the conditions of asymmetric synthesis. An asymmetric version of the Appel reaction was developed [89,90]. For example, the oxidation of aminophosphines containing a chiral substituent R* occurs stereoselectively with the transfer of chirality from the R* to the trivalent phosphorus atom to result in phosphinate amide with 50–98% ee. The compounds were purified by crystallization and obtained as optically pure compounds. Studying the reaction mechanism using NMR showed that the reaction passes through the formation of chlorophosphoranes [89]. In the case of compounds containing a five-membered 1,3,2-oxaphospholane ring, the formation of pentacoordinated hydroxyhalogenphosphoranes (R=H) or alkoxyhalogenphosphoranes (R=n-Alk) (dr = 94: 6), which exists in equilibrium with alkoxyphosphonium salts, was discovered. Alkyl groups at the phosphorus atom contribute to a shift of the P(V)  [image: Symmetry 12 00108 i130] P(IV) equilibrium of compounds towards the alkoxyphosphonium salt. The pseudo-rotation of ligands at the P(V) atom leads to the formation of the most thermodynamically stable diastereomer of the halogen-phosphonium intermediate, which then turns into one diastereomer of the final product (Equation (69)) [89].
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Gilheany et al. [91,92,93,94] carried out the asymmetric Appel reaction by oxidizing tertiary phosphines with polyhaloalkanes in the presence of chiral L-menthol. As a result, chiral phosphine oxides were obtained with a good ee. This phosphine oxide by reaction with LDA and copper chloride was converted to the DiPAMP analog, which is used in asymmetric catalysis. A chiral bis-(R,R)-phosphine oxide was obtained with 98% ee and a small amount of the meso isomer impurity was removed by recrystallization from benzene (Equation (70)) [90]. Interesting synthesis routes, providing access to both enantiomers of the reaction product, were developed using double separation of phosphine oxides, which afforded enantiomerically enriched products in yields up to 94% ee. The synthesis of diastereomeric alkoxyphosphonium salts was achieved by dynamic separation of racemic phosphines in reaction with hexachloroacetone and menthol as shown in Equation (71) [94].
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The asymmetric induction in the case of the Appel and Atherton-Todd reactions was explained by the formation of long-lived phosphorane intermediate and Berry pseudorotation. The reaction mechanism was studied using theoretical calculations (Scheme 11) [95].



The reaction of tertiary alkylphosphines with donors of positive halogen leads to the formation of P-halogenylides [96,97,98]. The reaction of tertiary alkylphosphines with carbon tetrahalide (CC14, CBrCl3, CBr4, C2Cl6) is usually carried out in pentane, diethyl ether or dichloromethane under cooling below 0 °C. The reaction with carbon tetrachloride takes place at the temperature below 0 °C, carbon tetrabromide and bromotrichloromethane easily react at −70 °C. The reaction of tertiary alkylphosphines with N-halides proceeds at room temperature. The yields of P-halogenylides are very high (up to 99–100%) as shown in Equations (72)–(74).
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Substituents R1 and R2 can be electron acceptors, increasing the CH-acidity of alkylphosphine, electron-neutral or electron-donating groups [99,100,101,102]. The reaction mechanism of tertiary alkylphosphines with CX4 is apparently of an ionic nature. The reaction proceeds through the formation of intermediate complex to form an ylide. The mechanism was proved by the reaction of sterically hindered tri-tert-butylphosphine with carbon tetrabromide at −120 °C in pentane proceeding with the formation of a phosphonium salt containing CBr3− -anion, which was fixed by chemical methods (Equation (75)) [99,103,104].
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P-Chlorilides are reactive compounds and enter into various reactions. They easily react with aldehydes with the formation of phosphorus-containing alkenes, interact with carbon dioxide to form phosphorus-containing ketenes and give carbon-containing thioketenes with carbon disulfide. The compounds possessing a chiral center at phosphorus react stereospecifically (Equation (76)) [78,96,97].
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4. Electrophilic Asymmetric Catalysis


Asymmetric alkylation or arylation of racemic secondary phosphines, catalyzed by chiral Lewis acids, in many cases led to the formation of enantiomerically enriched tertiary phosphines [105,106,107,108,109,110,111,112]. For example, the chiral platinum complex Pt(Me-Duphos)(Ph)(Br) catalyzed the asymmetric alkylation of secondary phosphines with benzyl halides to form tertiary phosphines (or their boranes) in good yields and with 50–93% ee (Equation (77)) [107]. Secondary phosphines with bulky substituents (Ar’) reacted with para-substituted aryl iodides to form tertiary phosphines with an enantiomeric excess up to 88% [105,106]. Glueck [106,107] reported that racemic secondary phosphines in the presence of Pt(Me-Duphos)(Ph)(Br) and NaOSiMe3 in toluene afforded adducts 4 which interconvert rapidly by P-inversion (SP)-4  [image: Symmetry 12 00108 i130] (RP)-4 (Equation (77)). Adducts were isolated and studied by low temperature NMR. X-Ray diffraction analysis showed the (RP)-absolute configuration of this compound [107]. The treatment of this adduct with benzyl bromide resulted in the formation of (RP)-tertiary phosphine with 72–78% ee and the initial catalyst. Alkylation of secondary phosphines occurred with retention of absolute configuration, that confirmed the proposed mechanism. Based on these results, it was concluded that the enantioselectivity of electrophilic substitution is determined by the thermodynamic preference of one of the diastereomers in the equilibrium between the (SP)-4 and (RP)-4 complexes.
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The enantioselective alkylation of secondary phosphines with benzyl halides, catalyzed by ruthenium complex [RuH(i-Pr-PHOX)2]+, led to the formation of tertiary phosphines with 57–95% ee. Complex [(R)-Difluorophos)(dmpe]Ru(H)][BPh4] effectively catalyzed the asymmetric alkylation of secondary phosphines with benzyl bromides, while the ruthenium complex with the (R)-MeOBiPHEP/dmpe ligand was more effective in the case of benzyl chlorides (Equation (78)) [108,109,110,111].
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The reaction of chiral secondary phosphine boranes with anisyl iodide, catalyzed by chiral Pd complex with (S,S)-Chiraphos ligand, proceeded with retention of configuration at the phosphorus atom [112]. Addition of Pd((S,S)-Chiraphos)(o-An) to enantiomerically enriched secondary phosphine in the presence of NaOSiMe3 led to the formation of a stable complex, which, when heated in excess diphenylacetylene, was converted to the tertiary (RP)-phosphine borane in 70–98% yields (Equation (79)).
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Enantioselective alkylation of secondary phosphines with benzyl halides catalyzed by [RuH(i-Pr-PHOX)2]+ complexes produced bisphosphines with high enantiomeric excesses [108,109]. The alkylation of 1,2-bis((2R,5R)-2,5-dimethylphospholano)ethane afforded (R,R)-Me-BPE) analogues with high diastereoselectivity [109]. Catalytic asymmetric alkylation of bis(secondary phosphines) with benzyl bromide using NaOSiMe3 base and Pt((R,R)-Me-Duphos)(Ph)(Cl) led to the formation of bis-tertiary phosphines. Catalytic alkylation of bis-phosphines with 2-(bromomethyl) naphthalene using 10 mol% of the Pt((R,R)-Me-DuPhos)(Ph)(Cl) catalyst and NaOSiMe3 allowed to obtain diastereomerically pure bis(tertiary)-phosphines as shown in Equations (80) and (81) [110,111,112,113,114,115,116].
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Alkylation of secondary diphosphines with o-trifluoromethylbenzyl bromide using NaOSiMe3 as a base and platinum catalysts [Pt((R,R)-Me-DuPhos)(Ph)(Cl), Pt((R,R)-Me-BPE)(Ph)(Cl)] gave tertiary diphosphines, which were isolated as optically pure boranes (Equation (82)) [73,117,118].
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Arylation of secondary phosphines by aryl halides, catalyzed by chiral copper complexes [97], platinum [106,110,115,117], ruthenium [108,109], palladium [73,105,112,118,119,120] in many cases proceeded with good enantioselectivity and is a convenient method for the synthesis of tertiary phosphines. For example, the reaction of aryl iodides with secondary arylphosphines, catalyzed by chiral complex Pd((R,R)-Me-Duphos)(trans-stilbene), gives tertiary phosphines with enantioselectivity up to 88% ee [110,119] (Equation (83)). Arylation of secondary phosphines with o-aryl iodides, in situ catalyzed by the Pd2(dba)3-CHCl3 complex containing the chiral ligand Et,Et-FerroTANE and LiBr, led to the formation of corresponding tertiary phosphines with enantioselectivity 90% ee [121]. Palladium complex Pd2dba3/(R)-i-Pr-PHOX also showed high enantioselectivity during arylation of secondary phosphines [119,121]. Examples of arylation of secondary phosphines with low enantioselectivity, catalyzed by this complex, are described. Arylation of secondary phosphines with anisyl iodide, catalyzed by the chiral palladium complex (R)-i-Pr-PHOX/MeCN/PdL2/K2CO3, afforded enantiomerically enriched tertiary phosphines with 45% ee [119,121,122].
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The reaction of secondary phosphine borane with o-anisyl iodide and sodium trimethylsilylanoate catalyzed at room temperature by the complexes Pd((R,S)-Bu-t-Josiphos)-(o-An) or Pd((R)-Tol-Binap)(o-An)(I) led to the formation of tertiary phosphines but no intermediate was detected (Equation (84)), Table 2. When this reaction was carried out at −78 °C, the formation of PAMP-BH3 was observed by 31P NMR-spectroscopy even at −80 °C, however, in this case, intermediate products could not be detected [118].
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The catalyzed (S,S)-Me-DUPHOS-PdCl2 asymmetric cross-coupling reaction of the racemic secondary methylphenylphosphine borane with achiral triflate gave a chiral tertiary phosphine borane with a moderate optical yield (Equation (85)). The activity and selectivity of the reaction were influenced by such parameters as the structure of the chiral ligand, the temperature and nature of the solvent [121]. The use of α-amido-enolphosphates to activate the vinyl bond in the palladium-catalyzed C–P cross-coupling reaction proceeds with a high ee (Equation (82)). The reaction was carried out under mild conditions due to the activation of P-H bonds of phosphine boranes (or phosphine oxides) with palladium complexes and enol-phosphate binding agents. Optimal conditions included the use of (dppf)PdCl2 as a catalyst, Cs2CO3 as a base and acetonitrile as a solvent at the temperature of 60 °C. As a result, the chiral and achiral α-β-alkenylphosphinite boranes containing the amido group were obtained in yields up to 70% and with 99% ee as shown in Equations (86) and (87) [12,123].
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5. Oxidation, Thionation, Imination


The oxidation and thionation of trivalent phosphorus compounds usually proceeds with the retention of absolute configuration (Equations (88) and (89)) [124,125,126,127,128,129,130,131]. Despite the complexity of the oxidation processes, in many cases they can be attributed to electrophilic reactions. For example, the oxidation of chiral tertiary phosphines with hydrogen peroxide, hydroperoxide and also with atmospheric oxygen proceeds stereospecifically with retention of absolute configuration [131,132].
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Oxidation of racemic phosphines using a chiral dioxoruthenium(VI) complex containing optically active methoxy(trifluoromethyl) phenylacetyl groups on both sides of the porphyrin plane led to the formation of optically active phosphine oxides with 41% ee. Oxidation of chiral (+)-(R)-benzylmethylphenylphosphine with this complex gives (−)-(S)-benzylmethylphenylphosphine oxide with the same configuration. It was found that the reaction proceeds without racemization, with enantiospecific control of oxygen atom transfer (Equation (90)) [127].
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The addition of sulfur to aminophosphines, as well as the oxidation with hydrogen peroxide (Equation (88)), proceed stereospecifically with retention of optical purity and absolute configuration [131,132]. The reactions of chiral tertiary phosphines with sulfur proceed as well with retention of configuration at phosphorus. For example, the optically active (−)-(S)-methylthioethyl-tert-butylphenylphosphonium triflate was obtained from methyl triflate and (+)-(S)-ethyl-tert-butylphenylphosphine sulfide, which in turn was prepared by thionation of tertiary (S)-phosphine (Equation (91)) [111,126].
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The addition of sulfur to the (S)-(−)-isopropyl methylphosphinate and thiomethylation proceeded with retention of configuration and leads to the formation of (+)-isopropyl (S)-methylphosphonothioate (Equation (92)). The absolute configuration of the compound was confirmed by X-ray analysis [128]. The (R)-tert-butyl(phenyl)phosphine sulfide was converted into optically active thioselenoic acid by addition of selenium in the presence of trimethylamine (Equation (93)). Another optically active selenothioacid Et(EtO)P(Se)SH was resolved into enantiomers with high ees by crystallization with quinine [113,125]. Thiomethylation of menthyl (R)-P-phenylphosphinate followed by reaction of menthyl-S-methylphenylphosphonothioate with methylmagnesium bromide led to the formation of menthyl P-methylphenylphosphinate with retention of configuration (Equation (94)). It follows that the Grignard reaction and thiomethylation proceed with the retention of configuration at phosphorus [128]. In addition, S-alkylphosphonothioates were stereospecifically prepared by the reaction of menthyl phenylphosphinate with sulfur and subsequent S-alkylation with alkyl halides (Equation (95)) [124].
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The treatment of racemic P-stereogenic tertiary phosphines with enantiomerically pure bis-thiophosphoryl disulfides under conditions of kinetically controlled resolution (reagent ratio 2:1) gave enantiomerically enriched tertiary phosphine oxides and phosphine sulfides with enantioselectivity 39% (Equation (96)) [129]. Under similar conditions, enantiomerically enriched (S)- and (R)-O-isopropyl (R)-methylphosphinothioate stereospecifically reacted with diphenyl disulfide to form (S)-O-isopropyl S-phenyl (S)-methylphosphinodithioate with the same values of ees (Equation (97)) [128].
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Chlorination of (S)-tert-butyl(phenyl)phosphine oxide with N-chlorosuccinimide yielded the (R)-tert-butyl(phenyl)phosphino chloride with retention of configuration, which, after treatment with phosphorus pentasulfide, was stereospecifically converted into (R)-tert-butyl(phenyl)phosphinoic chloride. The synthesis of optically active methyl (S)-tert-butyl(phenyl)phosphinodithioate, (S)-tert-butyl(phenyl)phosphintionium iodide and (R)-tert-butyl(phenyl)phosphinoselenothioacid (Equation (98)) was also described [130].
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6. Reduction


The reduction of phosphorus compounds proceeds along different mechanisms, sometimes complex and multi-step, including electrophilic mechanisms. The reaction can lead to the formation of products with the retention or inversion of the phosphorus configuration depending on the nature of the reducing agent [133,134]. For example, in one of the early works, the reduction of tertiary phosphine oxides by chiral aminoalanes (aluminum hydrides bound to chiral (S)-phenylethylamine) led to the formation of chiral tertiary phosphines with a moderate enantiomeric excess [135]. Moreover, hydride transfer from alane to phosphorus can occur in two different paths: monomolecular, proceeding with retention of configuration or bimolecular, flowing with the inverse configuration. The advantage of one of two competing mechanisms determines the stereoselectivity of reduction (Equation (99)).
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At present, stereospecific methodologies for the synthesis of optically pure tertiary phosphines from P-stereogenic phosphine oxides have been developed [136,137,138,139,140,141,142]. Some of them proceed according to the electrophilic mechanism with retention of configuration. For example, the trichlorosilane-triphenylphosphine system reduces (R)-(2-methoxyphenyl)methylphenylphosphine oxide [(R)-PAMPO] to (S)-PAMP with complete retention of configuration and high optical purity (Equation (100)) [136]. At the same time, reduction with trichlorosilane in the presence of triethylamine took place with an inverse configuration. Hexachlorodisilane reduces 1,1’-binaphthalen]-2-yl)(methyl)(phenyl)phosphine oxide to tertiary phosphine with complete stereospecificity [137]. Reduction with phenylsilane under the same conditions also proceeded with retention of configuration at the phosphorus atom (Equation (101)) [139,140,141].
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The reactivity of silane can be increased by adding titanium(IV)isopropoxide. In this case, the reduction proceeds with the retention of configuration. The catalytic cycle probably involves the formation of an intermediate silyl radical that reacts with phosphine oxide. For example, under these conditions, DIPAMP was obtained with 86% ee from optically pure diphosphine oxide (Equation (102)) [137].
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Keglevich et al. [138] used dimethyl sulfide borane under mild conditions to directly convert dimethyl-1-phenylphospholane-1-oxide to phosphine boranes. Five-membered cyclic phosphine oxides smoothly reacted with a 4–5-fold excess of borane-dimethyl sulfide complex in chloroform at 25–65 °C with the formation of phosphine boranes in yields 39–92%. It should be noted that under these conditions the reduction of phosphine oxide occurs with full stereospecificity, that was confirmed by X-ray diffraction analysis (Equation (103)).
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The MeOTf/LiAlH4 system proved to be a good reagent for reducing chiral phosphine oxides (Equation (104)) [133,134]. Chiral phosphines and phosphine boranes were obtained with high enantiospecificity and inversion of configuration (88–98% ee). Among the various electrophiles, methyl triflate, tosylates, mesylates and iodides were most effective, which reduced phosphine oxides with very good yields of tertiary phosphines (Table 3) [133].
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The reduction of phosphinite boranes with sodium borohydride and mesyl anhydride proceeded with the formation of phosphinic acid boranes. Optically pure phosphine boranes were stereoselectively converted into mesylates by reaction with mesyl anhydride, which was reduced with sodium borohydride in ethanol to form chiral secondary phosphine boranes in yield 90%, complete stereospecificity and configuration inversion (Equation (105)) [30,133].
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7. Imination


The Staudinger reaction is a two-step process, including the initial electrophilic addition of azide to a compound of trivalent phosphorus, followed by removal of nitrogen from intermediate phosphazide A, which is converted into iminophosphorane. The reaction rate is controlled by the inductive effect of the substituents and the electrophilicity of azide. The formation of phosphazides (Me2N)3P-N3R ’(R = Me, Ph) is practically irreversible. The equilibrium of phosphite amination with arylazides is significantly shifted towards the formation of imines. Phosphazide A decomposes with the formation of corresponding iminophosphoranes via the intramolecular mechanism through the 4-membered cyclic transition state B, as was established by Gololobov and Kasukhin (Scheme 12) [143]. Staudinger imination proceeds with retention of configuration at the phosphorus atom [144,145,146,147,148,149]. This conclusion has been confirmed by a number of examples of the imination of optically active phosphines. The chiral phosphines were used to study the mechanisms of the Staudinger reactions (Equation (106)) [145,149]. For example, the chiral methyl-propyl-phenylphosphine reacts with tosylazide to form chiral iminophosphorane with the retention of configuration at phosphorus.
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Nuretdinov investigated the reaction of O-trimethylsilyl-O-ethyl ethylphosphonite with 3-azido-1,4-diphenylazetidin-2-one in benzene [148]. The reaction proceeded with migration of silyl group from oxygen to nitrogen, desilylation in the presence of atmospheric moisture and consecutive formation of (−)-O-ethyl ethylphosphonamino-1,4-diphenylazetidin-2-one. It was found that the Staudinger reaction of silylphosphinite with 3-azido-1,4-diphenylazetidin-2-one proceeds with the retention of configuration at the phosphorus atom as shown in Equation (107).
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The reaction between aromatic azides and diastereomeric diazaphospholenes gives the corresponding cyclic phosphazenes (Scheme 13). Hydrolysis of phosphazenes led to the formation of the corresponding acyclic compounds. The stereochemistry of the reaction and cis-trans isomerization observed during the imination of diazaphosphole is explained by the pseudorotation of the pentacoordinated phosphorane intermediate 5A  [image: Symmetry 12 00108 i130] 5B [148].



The separation of racemic α-P-stereogenic phosphines into enantiomers was achieved by the reaction of racemic phosphine with enantiomerically pure (1S,2R)-O-(tert-butyldimethylsilyl) isobornyl-10-sulfonylazide. The resulting mixture of diastereomers of phosphinimines was separated by fractional crystallization and flash chromatography. Subsequent acid hydrolysis led to the formation of corresponding optically pure phosphine oxides in high yield and inversion of configuration at the phosphorus atom (Equation (108) and Table 4) [150]. By this method, were obtained phosphine ligands which are used in rhodium (I) complexes [151,152,153].
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8. Addition to Multiple Bonds


Unsaturated compounds C=X enter into electrophilic reactions with phosphorus reagents, representing anions, which use their pair of electrons for the formation of a new bond. In phosphorus chemistry, the most well-known electrophilic additions to multiple bonds are the phospha-aldol reaction (the Abramov reaction) [154,155], the phospha-Mannich reaction and the phospha-Michael reaction (the Pudovik reaction) [155,156,157,158,159].



The phospha-aldol reaction (the Abramov’s reaction) is the addition of dialkylphosphite to carbonyl compounds with formation of α-hydroxyphosphonates. Haines et al. [160] studied the stereochemistry of the phospha-aldol reaction. The addition of a configurationally stable P-chiral base-ionized tert-butylphenylphosphine oxide to various saturated aldehydes or unsaturated carbonyl compounds leads to the formation of functionalized phosphonates with diastereoselectivity from 33% to 98% de and retention of the absolute configuration (Equation (109)).
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The addition of phosphorous acid esters to carbonyl compounds involves two steps: the formation of a P-C bond and the removal of the ester function with formation of phosphonyl group. The first step of the addition reaction is reversible [156,157,158]. In the presence of strong bases, hydroxyalkyl phosphonates dissociate to form the starting dialkyl phosphite and carbonyl compound. This transformation is known as the retro-phospho-aldol reaction [157] and it significantly affects the stereochemistry of hydroxyphosphonates. The chiral substrates in the asymmetric phosphoaldol reaction may be chiral phosphonites having a stereogenic phosphorus atom or phosphites derived from chiral alcohols, amino alcohols or amines. The addition of achiral aldehydes to chiral dialkyl phosphites leads, as a rule, to the formation of hydroxyphosphonates with moderate stereoselectivity (Equation (110)) [157,158,159,160,161,162].
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The one-step reaction of (1R,2S,5R)-menthyl-(RP)-phenylphosphine oxide with α, β-unsaturated aldehydes, catalyzed by KOH at room temperature, leads to the formation of P, C-stereogenic 1,3-bis-phosphinyl-propane as one stereoisomer bearing five stereogenic centers. The reaction proceeded with retention of absolute configuration at the phosphorus atom as shown in Equations (111) and (112) and Table 5 [160,161].
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Stereochemically pure secondary phosphine oxides were prepared using a crystallization-induced asymmetric transformation (CIAT) involving radical-dynamic resolution. This methodology provides access to enantio- and diastereomerically pure tert-butyl(hydroxyalkyl)phenylphosphine oxides [163]. To this end, an equimolar mixture of secondary phosphine oxide and benzaldehyde was reacted in the presence of 0.05 M aqueous sodium hydroxide. As a result, diastereomers of tert-butyl(hydroxybenzyl)phenylphosphine oxide were obtained in a ratio of 1:1. However, heating this mixture to 80 °C was accompanied by a reversible dynamic transformation, which led to the predominant formation of a single diastereomer in 89% isolated yield. Treatment of the complex with 1% iodine solution, stoichiometric amount of L-dibenzoyl tartaric acid (DBTA), aldehyde and subsequent crystallization in a mixture of toluene-diisopropyl ether under CIAT conditions led to the formation of tertiary phosphine oxides with good yields and high enantioselectivity (Equation (113)), Table 6.
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The reaction of diphenyl(trimethylsilyl)phosphine with chiral aldehydes proceeding with high stereoselectivity gives diastereomerically pure tert-α-trimethylsiloxyalkyl phosphines. The diastereomeric purity of the adducts was 90% de. The products were purified through the formation of borane-phosphine complexes. The reaction of bis(trimethylsilyl)phenylphosphine with acetonide (R)-glyceraldehyde provides tertiary bis(glyceryl)phosphines (Equation (114)) [162].
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Aromatic and enolizable aliphatic aldehydes turned out to be the most suitable reagents in this case, leading to the formation of one diastereomer at room temperature. Quantitative addition of formaldehyde to secondary phosphine oxides gave enantiomerically pure (hydroxyalkyl)phosphine oxides in quantitative yield. Phosphine boranes were obtained from the tert-butyl(hydroxyalkyl)phenylphosphine oxide by treatment with an excess borane complex (BH3·Me2S or BH3 THF) (Equation (115)) [164,165].
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A number of optically pure α- and β-hydroxyalkylphosphine boranes were prepared using a three-step method from readily available adamantyl H-phosphinates. First, an one-pot reaction gave enantiomerically pure tertiary hydroxyalkylphosphine oxides in good yield and high ee. Then, the treating the product with excess BH3 resulted in the formation of phosphine borane, with high stereospecificity (Equation (116)). Adamantyl H-phosphinates as precursors of P-stereogenic ligands were obtained in one step from chlorophosphines. Enantiomers of these air- and moisture-stable intermediates were separated by chiral HPLC on a multigram scale and introduced into stereoselective transformations to afford enantiomers of various P-stereogenic compounds such as secondary phosphine oxides and boron-protected monophosphines. The strategy is based on the introduction of a hydroxymethyl group to the phosphorus center of adamantyl phenylphosphinates, which serves as a protective group. The stereoselective conversion of tertiary hydroxyalkylphosphine oxides to the corresponding tertiary hydroxyalkylphosphine borane is achieved by reduction of P=O bond with excess BH3 under mild conditions. The distance between the P=O bond and the OH groups in α- to β-positions leads to a noticeable lowering of the propensity of the P=O toward reduction by BH3 and elevation of the reaction temperature which is required that the reduction was effective. The reduction of the P=O bond with BH3 is possible due to the intramolecular complexation of P=O·B coordinated by α- or β-hydroxy groups present in the phosphine oxide structure. The conversion of hydroxyalkylphosphine oxides to hydroxyalkylphosphine boranes were obtained with a full inversion of the configuration at phosphorus [163,165,166,167,168]. It was found that the P-alkylation reaction proceeds with good yield and high enantiospecificity (ee > 95%) with various alkyl halides. Chiral phosphine boranes obtained from adamantylphosphinates are of interest as synthetic blocks (Equations (117) and (118)) [137].
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An alternative method for the synthesis of P-stereogenic adamantyl phosphinates is based on the introduction of a hydroxymethyl group into phosphinates to control the stereoselectivity of the subsequent reduction by borane-THF complex [166,167,168]. The reaction of adamantylphosphinates with formaldehyde led to the formation of optically pure hydroxymethylphosphinates (Equation (119)). The synthesis of functionalized (R)-benzyl(butyl)(adamantoxy)phosphine borane was achieved by the conversion of (hydroxymethyl)phosphine borane into secondary phosphine borane and subsequent alkylation to form adamantyl phosphinates. Alkylation of adamantyl H-phosphinate proceeded with good yields and high enantiospecificity (es > 95%) of the formed phosphine boranes using various alkyl halides as electrophiles (Equation (120)).
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The synthesis of functionalized tertiary phosphine boranes was developed using a chemodivergent approach from readily available (hydroxymethyl)phosphine boranes under mild conditions and high regioselectivity with the formation of an exclusively O-alkylation product. The reaction proceeded with a moderate or very good yields and high enantiospecificity (es> 95%) (Equation (121)) [168].
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The phospha-Mannich reaction is the addition of phosphites to imines leading to the formation of aminophosphonates possessing diverse biological activity [169,170,171,172]. A special case of the phospha-Mannich reaction is the Kabachnik-Fields reaction, which is a three-component methodology that involves the interaction of a carbonyl compound, amine and dialkylphosphite leading to the formation of aminophosphonate. The stoichiometric and catalytic activity of the geometrically hindered triamide phosphate with pinacoloborane (HBPin) under the conditions of the phospha-Mannich reaction was reported. The addition of HBPin to phosphorus triamide led to the formation of phosphine with a cleavage of the B–H bond in pinacolborane. Activation of the B–H bond gives a P-hydride-1,3,2-diazaphospholine intermediate, which reacts with imines to form an intermediate phosphorus triamide, as confirmed by independent synthesis. First-order kinetics indicates the monomolecular mechanism of this process [171]. Triamidophosphite reacted with N-tosylbenzaldimine at room temperature in a benzene solution with complete conversion into the addition product (Scheme 14).



The addition of alkylphosphinates to imines catalyzed by guanidinium salts in the presence of K2CO3 proceeded with good diastereoselectivity, high ee and very good yields leading to the formation of corresponding addition products (Table 7). It was possible to obtain unreacted alkylphosphinate with 87% ee, if the reaction was stopped at 63% conversion (Equation (122)) [170].
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An effective method for the formation of P-C bonds with substoichiometric amounts of copper iodide as a catalyst has been developed. A number of sterically hindered phosphines were introduced into the addition reaction with diazo compounds and the corresponding products were obtained in high yield and with retention of configuration. The reaction proceeded under neutral conditions, which avoided the base-catalyzed racemization. For example, (R)-tert-butyl-phenylphosphine-borane was reacted with ethyl diazoacetate in the presence of 5 mol% CuI in acetonitrile at room temperature to form ethyl (R)-2-(tert-butyl(phenyl)phosphonoacetate, which was isolated in 80% yield. The phosphonoacetate was hydrolyzed, followed by decarboxylation, resulting in the formation of the (RP)-tert-butyl(methyl)(phenyl)phosphine borane in 75% yield (Equation (123)) [169].


 [image: Symmetry 12 00108 i125]



(123)







The phospha-Michael reaction (Pudovik reaction) representing the addition of trivalent phosphorus anions to the activated carbon-carbon multiple bond is one of the most convenient methods for the formation of PC bonds [2,156,173,174,175,176,177,178]. As a result of this reaction, dialkylphosphites are attached to compounds with activated multiple bond C=C under the action of bases. As P(III) reagents anions of the compounds R2P(O)H or R2PH can be used. The phospha-Michael asymmetric reaction can be carried out in two ways: by substrate-controlled diastereoselective coupling, using chiral starting reagents and chiral inducers or catalytic enantioselective coupling (Equation (124)). For example, the addition of unsaturated carbonyl compounds to lithium tert-butyl (phenyl) phosphine oxide leads to the formation of chiral tertiary phosphines in good yields and with a diastereoselectivity of 82–96% de. In most cases, the reaction proceeds with retention of the configuration at the phosphorus atom. The absolute configuration of the products was established by X-ray analysis (Scheme 15) [156,160].
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Chiral phosphite obtained from TADDOL was used in addition reactions with aromatic alkylidene malonates or nitrostyrenes (Equation (125)) [169]. The reactions were carried out under heterogeneous conditions using KOH supported on solid Fe2O3. Phosphonates were obtained with moderate or good yields (86–91%) and very good stereoselectivity. The chiral inductor was removed by treatment with Me3SiCl/NaI and subsequent hydrolysis. Alkyl substituted alkylidene malonates reacted in good yields but with low diastereoselectivity. The stereoselective addition of nucleophiles to an asymmetrically substituted tert-butyl(1,4-cyclohexadienyl)phosphine oxide and its derivative proceeded with 65–94% ee.
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Functionalized P,C-stereogenic tertiary phosphine oxides were obtained by the addition of (RP)-phenylphosphine oxide to activated olefins with a high dr (P) and dr (C) values and were isolated in very high yields (Equation (126)). The reaction was catalyzed by metal hydroxides or carried out by heating. The (RP)-(−)-menthylphenylphosphine oxide is configurationally stable during electrophilic addition reactions, since the (−)-menthyl group stabilizes the configuration of phosphorus. The addition of secondary phosphine oxide to various activated alkenes catalyzed by calcium hydroxide at +20 °C proceeded completely stereospecifically with retention of configuration on the phosphorus center. Functional P,C-stereogenic tertiary phosphine oxides were obtained with 94–98% de. Optically pure stereoisomers were isolated in high yields and converted into P-stereogenic tertiary phosphines (Equation (127)) [175,176].
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9. Conclusions


Summarizing the data considered in this review, we can conclude that the electrophilic reactions of organophosphorus compounds is interesting from both theoretical and practical considerations. The reactions of bimolecular electrophilic substitution SE2(P), as a rule, proceed stereospecifically with the retention of absolute configuration at the phosphorus center, in contrast to the reactions of bimolecular nucleophilic substitution SN2(P), which proceed with inversion of absolute configuration. This conclusion was made on the basis of stereochemical analysis of wide range of trivalent phosphorus reactions with typical electrophiles and investigation of a big number of diverse compounds. The combination of stereospecific electrophilic reactions and stereoselective nucleophilic reactions is useful and promising for the further development of organophosphorus chemistry [176,177]. In particular, for the design of synthesis schemes of new chiral organophosphorus compounds.



The electrophilic substitution reaction at the trivalent phosphorus usually proceeds in one step by the addition of electrophile to the phosphorus substrate or in two steps, by the type of addition-elimination, that is, first the electrophile is linking with the phosphorus to form an adduct and then the leaving group is removed. An electrophile providing a free orbital to a substrate interacts with the front-side of the phosphorus center, where a free pair of electrons is located, forming a new bond with the phosphorus atom. For example, the reactions such as the alkylation of tertiary phosphines proceed in one step according to the type of addition with the formation of phosphonium salts but the Michaelis–Arbuzov reaction passes in two steps - first with formation of a quasi-phosphonium intermediate, which then eliminates alkyl halide. To this type of reaction is also refer the phospha-Aldol, phospha-Mannich, phospha-Michael reactions, as well as halogenophilic, oxidation, reduction, imination and some other reactions. An interesting type of electrophilic reactions of phosphorus compounds is electrophilic catalysis, which results in the formation of various phosphine ligands for the transition metal complexes, some of which have found practical application. Thus, the study of electrophilic reactions in phosphorus chemistry has promising prospects. And therefore, we can expect that the study of the features of electrophilic reactions of organophosphorus compounds will be the subject of intensive research, especially in the field of creating ligands for metal complex catalysts or as potentially biologically active compounds.
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Ad—1-adamantyl; Boc—tert-butoxycarbonyl; de—diastereomeric excess; dppf—1,1′-bis (diphenylphosphino)ferrocene; DIPAMP—ethane-1,2-diylbis[(2-methoxyphenyl)phenylphosphine]; dmpe—1,2-bis(dimethylphosphino)ethane; DPTA—diisopropyl tartrate; DiPE—diisopropyl ether; DIPEA—diisopropylethylamine; ee—enantiomeric excess; es—enantiospecificity; Fc—ferrocenyl; Fu—furyl; HBPin—4,4,5,5-tetramethyl-1,3,2-dioxaborolan; is—2,4,6-(i-Pr)3C6H2—2,4,6-triisopropylbenzene; LDBB—lithium 4,4’-di-tert-butylbiphenylide; Mes—mesyl; Mnt—(1R,2S,5R)-Menthyl; MTBE—methyl tert-butyl ether; Np—naphthyl; NCS—N-chlorosuccinimide; PTC—interphase catalysis; QuinoxP—2,3-bis(tert-butylmethylphosphino) quinoxaline; rac—racemate; TADDOL—α,α,α’,α’-tetraaryl-1,3-dioxolane-4,5-dimethanol; TBDMS—tert-butyldimethylsilyl; Tf—trifluoromethane-sulfonyl; TFA—trifluoroacetic acid; TMS—trimethylsilyl; Tol—Tolyl; Ts—4-toluenesulfonyl (tosyl).
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Scheme 1. Versions of electrophilic reactions at the phosphorus atom. 
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Scheme 2. Versions of alkylation/arylation of P(III) compounds. 
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Scheme 3. Coordination of metal cations in phosphine-boranes. 
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Scheme 4. The mechanism for the formation of o-bromophosphine boranes. 
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Scheme 5. Effect of solvent on the stereochemistry of arylation of phosphine-boranes. 
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Scheme 6. The Michaelis–Arbuzov reaction of the 2-methoxy-5-tert-butyl-1,1,3,2-dioxaphosphorinan with alkyl halides. 
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Scheme 7. Alkylation under conditions of Michaelis Backer reaction. 
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Scheme 8. Mechanism of reaction of tetrahalomethanes with trivalent phosphorus compounds. 
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Scheme 9. The mechanism of AT reaction. 
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Scheme 10. The Appel reaction with chiral or achiral alcohols. 
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Scheme 11. Mechanism of the Appel reaction. 
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Scheme 12. The mechanism of Staudinger reaction. 
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Scheme 13. The mechanism of diazophosphole imination. 
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Scheme 14. The phospha-Mannich reaction of the geometrically hindered triamide phosphite with pinacoloborane. 
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Scheme 15. The stereospecificity of phospha-Michael reaction. 
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Table 1. Synthesis of optically active tertiary phosphine-boranes 2a-k (Equation (18)) [30].






Table 1. Synthesis of optically active tertiary phosphine-boranes 2a-k (Equation (18)) [30].





	Substrate
	RX
	Product
	Yield, %
	ee, %





	(SP)-1a
	MeI
	(RP)-2a
	85
	99



	(SP)-1a
	BnBr
	(RP)-2b
	91
	98



	(SP)-1a
	CH2=CHCH2Br
	(RP)-2c
	83
	89



	(SP)-1a
	CH≡CCH2Br
	(RP)-2d
	65
	89



	(SP)-1a
	Me3SiCH2I
	(RP)-2e
	93
	86



	(SP)-1a
	o-PyCH2Cl
	(RP)-2f
	68
	99



	(SP)-1b
	MeI
	(RP)-2g
	77
	98



	(SP)-1b
	BnBr
	(RP)-2h
	90
	99



	(SP)-1b
	CH2=CHCH2Br
	(RP)-2i
	90
	78



	(SP)-1b
	CH≡CCH2Br
	(RP)-2j
	68
	77



	(SP)-1c
	MeI
	(RP)-2k
	89
	91
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Table 2. Asymmetric arylation of secondary phosphine catalyzed by the complex Pd/(R,S)-t-Bu-JOSIPHOS (Equation (84)).






Table 2. Asymmetric arylation of secondary phosphine catalyzed by the complex Pd/(R,S)-t-Bu-JOSIPHOS (Equation (84)).





	R
	X
	Base
	LiX
	Yield, %
	ee, %/(Config)





	CO2Bu-t
	2-Ph
	NEt3
	-
	63
	71 (S)



	CO2Bu-t
	2-Ph
	NBnMe2
	-
	45
	77 (S)



	CO2Bu-t
	2-Ph
	N-Me-piperidine
	-
	76
	84 (S)



	CO2Bu-t
	2-Ph
	NEt3
	LiF
	76
	66 (S)



	CO2Bu-t
	2-Ph
	NEt3
	LiCl
	66
	86 (S)



	CO2Bu-t
	2-Ph
	NEt3
	LiBr
	76
	90 (S)



	CO2Bu-t
	2-Ph
	NEt3
	LiI
	58
	87 (S)



	CO2Bu-t
	2-MeO
	N-Me-piperidine
	LiBr
	43
	86 (S)



	CO2Bu-t
	2-CF3
	NEt3
	LiBr
	39
	93 (R)



	CO2Bu-t
	2-Ph
	NEt3
	LiBr
	69
	85 (S)



	CHO
	2-Ph
	NEt3
	LiBr
	71
	63 (S)
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Table 3. Reduction of enantiomerically pure phosphine oxides (Equation (104)).
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	R1
	R2
	Yield, (%)
	% ee
	Configuration





	Np
	Ph
	92
	97
	(S)



	Np
	Ph
	90
	98
	(S)



	Ph
	o-An
	85
	98
	(R)



	c-C6H11
	o-An
	74
	95
	(R)



	c-C6H11
	Np
	81
	88
	(R)



	Ph
	o-(Pr-i)C6H4
	97
	98
	(R)



	(CH2)2Ph
	Bu-t
	55
	97
	(R)



	(CH2)2Ph
	c-C6H11
	96
	92
	(R)










[image: Table] 





Table 4. The reaction of racemic tertiary phosphines with enantiomerically pure (1S,2R)-O-(tert-butyldimethylsilyl) isobornyl-10-sulfonylazide (Equation (108)).






Table 4. The reaction of racemic tertiary phosphines with enantiomerically pure (1S,2R)-O-(tert-butyldimethylsilyl) isobornyl-10-sulfonylazide (Equation (108)).





	R1
	R2
	Yield, (%)

6
	Yield, (%)

7
	Configuration





	Me
	C6H11
	94
	93
	SP



	Me
	C5H9
	90
	93
	-



	Me
	CH(CH3)2
	87
	94
	RP



	Me
	1-Np
	94
	96
	SP



	Me
	9-Phnt
	89
	>99
	-



	1-Np
	p-PhC6H4
	91
	93
	RP
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Table 5. Stereospecificity of the phosphaaldol reaction (Equation (112)).
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	RCH=O
	Yield, (%)
	dr





	PhCH=CHCHO
	77
	80:20



	PhCH=CHCHO
	83
	80:20



	CH2=CHCHO
	65
	78:22



	MeCH(=CH2)CHO
	77.2
	82:18



	c-C6H11CHO
	80
	85:15



	PhCHO
	77
	98:2



	MeCHO
	80
	70:30



	2-PyCHO
	76
	80:20



	Me2CHCH2CHO
	78
	67:33



	1-NpCHO
	71
	98:8



	2-NpCHO
	71
	85:15



	2-ThienylCHO
	68
	82:18



	2-FurylCHO
	76
	90:10










[image: Table] 





Table 6. Synthesis of tert-butyl (hydroxyalkyl) phenylphosphine oxide using the CIAT methodology (Equation (113)).






Table 6. Synthesis of tert-butyl (hydroxyalkyl) phenylphosphine oxide using the CIAT methodology (Equation (113)).





	R
	dr
	Configuration
	Yield, %





	Ph
	20:1
	RP,R
	89



	p-Tl
	1:20
	RP,S
	94



	o-Tl
	1:20
	RP,S
	94



	p-(i-Pr)C6H4
	20:1
	RP,R
	96



	p-An
	20:1
	RP,S
	96



	m-HOC6H4
	1:20
	RP,S
	90



	p-ClC6H4
	1:3.5
	-
	90



	p-O2NC6H4
	1:4.4
	-
	93



	Pr-i
	1:20
	RP,S
	95



	Bu-t
	1:20
	RP,S
	89



	H
	-
	-
	100
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Table 7. Phospha-Mannich reaction of Benzyl Alkylphosphinates with Various Imines Catalyzed by Guanidinium Salt HBArF (Equation (122)).






Table 7. Phospha-Mannich reaction of Benzyl Alkylphosphinates with Various Imines Catalyzed by Guanidinium Salt HBArF (Equation (122)).





	R1
	R2
	Yield (%)
	dr
	ee (%)





	Bn
	Ph
	83
	6:1
	94



	Bn
	4-FC6H4
	90
	6:1
	90



	Bn
	4-ClC6H4
	90
	4:1
	92



	Bn
	4-Tol
	85
	4:1
	90



	Bn
	2-naphthyl
	93
	6:1
	91



	Bn
	2-furyl
	71
	7:1
	94



	Bn
	E-CH=CHPh
	92
	3:1
	90



	2-Naphthylmethyl
	Ph
	92
	6.5:1
	94



	4-F3CC6H4CH2
	Ph
	92
	16:1
	94



	4-TolCH2
	Ph
	83
	5:1
	88



	(E)-H2CCH=CHPh
	Ph
	82
	7:1
	82
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