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Abstract

:

The review is devoted to the theoretical and synthetic aspects of the stereochemistry of organophosphorus compounds. Organophosphorus compounds are not only widely exist in biologically active pharmaceuticals and agrochemicals, but also have widespread applications in material science and organic synthesis as ligands for transition metal complexes. One of the mainstreams for the development in this field is the creation of biologically active organophosphorus compounds that are searched and used as drugs or plant-protecting agents, which leads to the elaboration of advanced methods and monitoring, yielding up-to-date approaches to perform synthesis in an environmentally friendly manner. The review consists of two parts. The first part presents methods for the asymmetric synthesis of organophosphorus compounds using asymmetric organocatalysis and metal complex catalysis. In the review is described the nature of the chirality generation in the prebiotic period, the mechanisms of asymmetric induction, and double stereodifferentiation are discussed. The use of these methods for the preparation of chiral phosphorus analogs of natural compounds (phosphono-isonorstatin, phosphono-GABOB, phosphacarnitine, bis-phosphonates, and others) is described. Some data concerning of λ5-phosphanediones as metaphosphate anion analogues are also reported. The second part of the presented review shows examples of the use of these methods for the synthesis of phosphorus analogues of natural compounds—chiral phosphonoamino acids and hydroxyphosphonates: phosphonoaspartic acid, phosphonoglutamic acid, phosphonohomoproline, chiral bis-phosphonates. The reaction of dehydration aromatization with the formation of pho sphono isoindolinones, including isoindolinone bis-phosphonates, has been studied. Some of the synthesized compounds showed biological activity as protein tyrosine phosphatase inhibitors. A phosphonic analogue of iso-norstatine was synthesized. A stereoselective method for the synthesis of tetradecapentaenoic acid derivatives was developed.
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1. Introduction


Organophosphorus compounds play a vital role as nucleic acids, nucleotide coenzymes, metabolic intermediates and are involved in many biochemical processes. They are part of DNA, RNA, ATP and a number of important biological elements of living organisms. Phosphorus compounds are essential for modern biological systems, and their diverse biological properties indicate their importance in the world of living organisms. They provide stable ligation necessary for information fixation in RNA and DNA, contribute to the cellular structure of phospholipids, serve as a major source of biochemical energy (e.g., ATP, phosphoenolpyruvate, creatine phosphate), and are present in a large number of metabolites. Phosphates remain central to biological systems, suggesting that they played an important role in the emergence of life on Earth [1,2,3,4]. Phosphates were the most important compounds for prebiotic evolution. But most of the phosphorus on the early Earth was in the form of water-insoluble apatite, so the origin of water-soluble polyphosphates was unclear. Yamagata, based on experiments simulating magmatic conditions, concluded that volcanic activity could produce water-soluble polyphosphates through partial hydrolysis of phosphorus anhydride [5], The earliest forms of life existed on Earth more than 3.5 billion years ago, refs. [6,7,8,9,10] during the Archean Era, while a sufficient amount of the earth’s crust was established after the molten state in the Catarchaean period. Published data indicate that geological formations 3.5 billion years old contain the fossilized remains of cyanobacterial microorganisms containing phosphorus [6,10]. These findings suggested that the formation of life occurred almost immediately after the formation of the oceans [10]. Other similar geological evidence was also found in sedimentary rocks aged 3.7 billion years [6]. D. England [11] proposed a hypothesis according to which the emergence of life was inevitable taking into account the principles of thermodynamics: “… when a group of atoms is influenced by an external source of energy such as the sun and is surrounded by a thermal bath (such as the ocean or atmosphere), it will often gradually change its structure in order to dissipate more and more energy. This could mean that, under certain conditions, matter will inexorably acquire key physical attributes associated with life. This includes a necessary condition for storing and transmitting information, which is a higher form of organization of matter in the form of chirality of organic molecules. As is known, the human genome contains approximately 3.2 billion nucleotides of DNA, divided into 23 pairs of chromosomes [12]. All of them have the chirality of D-deoxyribose. However, not a single nucleotide can be racemic. In the process of searching for a solution to the problem of homochirality, interesting chemical reactions were discovered, the purpose of which was to prove the availability of chiral compounds in the prebiotic period: nonlinear effects (Kagan [13]); asymmetric autocatalysis (Soai [14]) Dynamic kinetic crystallization according to Ostwald (Wiedma [15]); as well as space theories (meteorites and comets). For example, the Murchison meteorite contains 14 thousand different organic compounds, in low concentration (1–10 ppm), among which amino acids with 2–8% of it were found [16].



Unfortunately, none of these theories has been confirmed in real nature, primarily due to the lack of chiral substances of abiogenic origin with high ee. In addition, to initiate viable reactions that can lead to the formation of RNA, DNA, and then proteins, energy is required, which “living” molecules can receive from the energy radiation of the Sun through phosphagens, that is, through ATP-ADP [17]. ATP-ADP reactions are the source of energy for all living organisms. In addition, ATP is an important membrane-stabilizing, antiarrhythmic agent, used in the treatment of coronary heart disease, cardiac arrhythmias, and ATP is a source of energy for living organisms, including both mechanical movement and the energy of all biochemical processes. The energy accumulated by phosphagens and the further evolution of phosphorus molecules is realized in the generation of nucleotides, which ends with the formation of RNA and DNA molecules in accordance with stereoselective substitution and addition reactions controlled by the formation of a chiral double helix of these molecules [6].




2. Stereochemistry of Organophosphorus Compounds


In the chemistry of phosphorus, the monomolecular, and bimolecular reactions of nucleophilic substitution at the phosphorus atom, SN1(P) and SN2(P), are well-known. The SN1(P) reactions participate in the processes of genetic inheritance through nucleic acids and the chemical energy generation that allows to stimulate the thermodynamically unfavorable processes required for the construction of living cells. The study of the mechanism for the transfer of phosphoryl groups in natural phosphates is important for understanding the basic metabolic pathways and for the cellular signal transduction of fundamental processes in living systems. There are the following mechanisms for the transfer of phosphoryl groups in the substitution reactions at the phosphorus atom (Figure 1) [2,4]:




	(a)

	
dissociative SN1-type mechanism that consider the formation of a stable metaphosphate ion (PO3), which is attacked by a nucleophile in the subsequent, rate limiting step of reaction;




	(b)

	
associative, two-step addition-elimination mechanism through the formation of a phosphorane intermediate.









The mechanism of the ATP hydrolysis reaction, proceeding through the formation of a metaphosphate intermediate, was reported by Westheimer [1]. A dissociative method of breaking the bond of P-C to form a metaphosphonate intermediate is observed in the case of sterically hindered phosphorus compounds, most often in weakly nucleophilic solvents. Pentavalent three-coordinated metaphosphate is very active in aqueous solutions. Therefore, it can not be registered in aqueous solutions because of an insignificant lifetime under these conditions. However, metaphosphate can be detected in highly polar and weakly nucleophilic non-aqueous media.



The difference between nucleophilic and electrophilic addition reactions is that the intermediates have opposite charges: negative in nucleophilic addition and positive in electrophilic addition. Therefore, the influence of substituents on these reactions is opposite. The electron-withdrawing group deactivates the phosphorus center in the case of electrophilic addition and activates the phosphorus center in the case of nucleophilic addition. Electron-withdrawing groups, due to their participation in the delocalization of the negative charge, stabilize the transition state, which leads to the formation of an intermediate anion in the nucleophilic reaction. In the case of substrates for which these two options are distinguishable, the configuration is maintained if the reaction proceeds according to the first mechanism, and in the second case it is inverted (Figure 2 and Figure 3) [3].



The electronegative group deactivates the phosphorus center with respect to electrophilic addition and activates the phosphorus center in the case of nucleophilic addition. Electron-withdrawing groups, due to their participation in the delocalization of the negative charge, stabilize the transition state, which leads to the formation of a negatively charged intermediate in the nucleophilic reaction. The configuration of the phosphorus center is preserved if the reaction proceeds by the first mechanism. In the second case, the configuration is reversed. In SE2 reactions, a positively charged electrophile attacks the phosphorus center from the front side, on which a free pair of electrons is located [18,19,20,21] dedicated to monomolecular nucleophilic reactions SN1(P). This reaction is important in the study of the processes of phosphorylation-dephosphorylation of natural phosphates, primarily adenosine triphosphate (ATP). The hydrolysis of ATP in ATPase enzymes passes through an intermediate in which the phosphate ATP is bound to the protein as metaphosphate (PO3). phosphorylation of ADP and subsequent use of ATP as an energy source.



Phosphorylation-dephosphorylation reactions of natural phosphates, such as adenosine triphosphate, which is an important energy-generating molecule that ensures the vital activity of living organisms, proceed through a monomolecular mechanism with the formation of metaphosphate anion [1,2,3]. At the same time, all compounds containing the dioxaphosphorane fragment -P(=O)2 are extremely unstable and poorly studied molecules. Only two unstable, inorganic molecules of the dioxophosphorane structure were detected under extreme conditions by physicochemical methods [22]. We found that flash vacuum thermolysis (650 °C, 0.01 mmHg) of trimethylsilyl-tert-butylchlorophosphonate eliminates trimethylchlorosilane and leads to the formation of unstable dioxaphosphorane 1, which is collected in a trap cooled with liquid nitrogen. The chemical properties of the generated tert-butyldioxaphosphorane confirm the structure of this compound:



	(1)

	
Dioxaphosphorane 8 readily polymerizes to the trimer tert-butyldioxophosphorane 9, which was isolated and its structure confirmed by spectroscopy and elemental analysis.




	(2)

	
Compound 8 reacts with styrene oxide to form a [2+3]-cycloaddition product 9, which is a five-membered phosphorus heterocycle, 2-tert-butyl-2-phenyl-1,3,2-dioxophospholane 10, which was obtained as a mixture two diastereomers in a ratio of 1:2 and purified by distillation under reduced pressure.




	(3)

	
Using alcohol as a reagent, tert-butylphosphonic acid esters were obtained (Figure 4) [22].







In SN2 reactions, the nucleophile cannot attack the negatively charged front reaction center carrying the electron pair, so it attacks the phosphorus from the back side (Figure 5). In many cases, electrophilic substitution reactions begin with electrophilic addition to form an adduct that readily eliminates the leaving group to form P(III) or P(IV) compounds. Consequently, two types of reactions are possible on phosphorus. atom—nucleophilic addition-substitution or addition-elimination. Many of the important reactions in organophosphorus chemistry proceed by the addition-elimination mechanism (for example, the Arbuzov, Michaelis-Becker, Appel, Todd-Atherton reactions, etc.) [23,24,25,26].




3. Methods for the Synthesis of Chiral Organophosphorus Compounds


3.1. Asymmetric Catalysis


Transition metal complexes containing phosphine ligands are widely used for the asymmetric formation of C–H and C–C bonds. Many methods can be used to obtain enantiomerically pure organophosphorus compounds. Over the past few years, great advances have been made in the asymmetric synthesis of organophosphorus compounds: metal complex catalysis, organocatalysis and biocatalysis [23].



Methods of asymmetric catalysis, primarily asymmetric metal complex catalysis, organocatalysis and enzymatic biocatalysis, not only attract the interest of academic chemists interested in the development of fundamental organic and theoretical chemistry, but also of chemists working in the field of fine organic synthesis, pharmaceutical chemistry and agrochemistry [23,25].



Reactions of asymmetric chlorophosphines with chiral nucleophiles proceed with asymmetric induction. which leads to the formation of enantiomerically enriched phosphinites.




3.2. Diastereoselective Substitution Reactions


Diastereoselective reactions are those in which one diastereomer is formed in greater abundance relative to another (or where one of several possible diastereomers predominates in a mixture of products), establishing better relative stereochemistry. Optically active secondary alcohols (L-menthol, endo-borneol, glucofuranose derivatives and others) are cheap and available chiral inductors for the production of enantiomerically pure organophosphorus compounds (Table 1) [23,24,25,26].



Nucleophilic substitution at the trivalent phosphorus atom of chlorophosphines with (−)-1,2:5,6-diisopropylidene- or (−)-1,2:5,6-dicyclohexylidene-D-glucofuranose occurs with good stereoselectivity and leads to the formation of enantiomerically pure phosphinites with very good yields. Using different bases in the preparation of phosphinites, each of the (SP)- or (RP)-diastereomers can be obtained with good diastereoselectivity. Levorotatory (−)-(SP)-phosphinite (or (SP)-phosphinate) was prepared in the presence of triethylamine in toluene, and dextrorotatory (+)-(RP)-phosphinite (or (RP)-phosphinate) was prepared in tetrahydrofuran with pyridine, which acts as a base. Esters have been converted to the corresponding tertiary (RP)- or (SP)-phosphines (or phosphine oxides) by reaction with organomagnesium reagents (Figure 6) [26,27,28,29].



Glucofuranosyl phosphinites are an interesting alternative to menthyl phosphinites. The reaction of chlorophosphines with menthol or borneol proceeds with low diastereoselectivity, so it is necessary to separate diastereoisomer mixtures by crystallization or chromatography. At the same time, the nucleophilic reaction of (−)-1,2:5,6-diisopropylidene or (−)-1,2:5,6-dicyclohexylidene-D-glucofuranose with chlorophosphines proceeds with good stereoselectivity, yielding enantiomerically pure phosphinites (Table 2 and Figure 6).



Reactions of chlorophosphines with primary amines or with amino acid esters or alpha-methylbenzylamine involve a transfer of chirality from the chiral amine to the phosphorus atom. Unsymmetrical chlorophosphines react diastereoselectively with chiral 1-methylbenzylamine to form diastereomeric aminophosphines 10 and 11 (up to 80–85% de), which after crystallization were isolated as stereochemically pure compounds. It was found that the reaction of (S)-1-methylbenzylamine with chlorophosphines leads to the formation of (RP)-aminophosphines, while (R)-1-methylbenzylamine gives aminophosphines of the (SP) configuration. These reactions have been described by us previously. In this work, these reactions were used as objects to study the mechanism of diastereoselective substitution for phosphorus (Figure 7 and Table 3).



Treatment of chiral aminophosphines 11 with borohydride in THF leads to the formation of stable crystalline phosphine borane 12 in quantitative yield. The BH3 phosphine borane group can be removed by treatment with diethylamine, yielding enantiomerically pure (RP)-aminophosphine in almost quantitative yield. Deprotection of the aminophosphine borane was achieved by treatment with lithium amide, resulting in the formation of an aminophosphine borane with an unsubstituted amino group. Enantiomerically pure aminophosphine boranes were used as intermediates for the preparation of chiral ligands. The reactivity of the amino group allowed further functionalization, which led to new structures that retain the original P-chirality. Amino group of the compound was replaced by a methoxyl group when boiled in methanol containing sulfuric acid to form the corresponding phosphinate 13. Acidolysis of aminophosphine with formic acid led to the formation of enantiomers of tert-butylphenylphosphine oxide 14 (Figure 8) [23,24].



The mechanism of the reaction of aminophosphines with carbon tetrachlooride and alcohol showed that the reaction proceeds through the formation of an alkoxyphosphorane with a pentacoordinated phosphorus atom. The reaction mechanism was confirmed in the case of trivalent phosphorus compounds containing a five-membered 1,3,2-oxazaphospholane ring. The reaction of compounds 10 with methane tetrahalides led to the formation of two diastereomers of haloiminophosphoranes 15. Using 31P NMR spectra, it was possible to register signals belonging to the diastereomers of intermediate 15 (δp −56 and −58 ppm) in accordance with the structure of the five-coordinated phosphorus atom (Figure 9) [23,25].



One of the methods for improving the stereoselectivity of reactions is multi tereoselectivity (multiple asymmetric induction), if the stereochemical process occurs under the control of more than one chiral inductor [15,16,17,18,19,20,21]. To obtain the highest stereoselectivity, it is necessary to introduce two or more chiral asymmetric centers into the reaction system. In this case, we get double stereoselectivity or multistereoselectivity if we have multiple chiral inductors in the asymmetric synthesis. Reaction of chiral di- and trialkyl phosphites, which are derivatives of (lR,2S,5R)-Mentyl, endo-bornyl or isopropylidene di-O-l,2:5,6-D-glucofuranose with aldehydes under phosphaldol reaction propylphosphonate conditions, proceeding with the transfer of chirality from phosphorus to carbon atom of alkylphosphonates (Figure 10) [29].



In recent years, organocatalytic enantioselective hydrophosphonylation of aldehydes has been the subject of detailed investigation. It has been shown that cinchone alkaloids (quinine, cinchonine, cinchonidine), which are chiral compounds of natural origin, catalyze the phosphaldol reaction to form enantiomerically enriched hydroxyphosphonates. Kolodiazhna A.O. discovered that the stereoselectivity of the reaction increases significantly if chiral dimenthylphosphite is introduced into the reaction with aldehydes as a result of double asymmetric induction [29]. The reaction was carried out in toluene or without a solvent in the presence of 20 mole percent of the alkaloid. The progress of the reaction was monitored by thin layer chromatography and 31P NMR [29,30,31]. The reaction proceeded rather slowly, but with good yields of chiral hydroxyphosphonates. To complete the reaction, it took from 1 to 3 days at +20 °C. The structure of the products was studied by X-ray diffraction analysis [32]. The stereoselectivity of the reaction depended on the structure of the initial reagents and reaction conditions. As shown in Figure 11 (S)-Prolinal reacted stereoselectively with diethylphosphite to form a diastereomeric mixture of (S,R) and (S,S)-hydroxyphosphonate in a 2:1 ratio (single asymmetric induction), however, the stereoselectivity of the reaction increased if chiral (S)-Prolinal reacted with chiral trimentyl phosphite. or dimenthylphosphite (double asymmetric induction) [29]. Chiral phosphites (R*O)2POH make it possible to increase the stereoselectivity of the phosphal-aldol reaction catalyzed by quinine or cinchonidine. For example, quinine catalyzed the enantioselective phosphaldol reaction of dimethyl phosphites with ortho-nitrobenzaldehyde with low enantioselectivity. However, the stereoselectivity of the reaction increased if dimentyl phosphites or dibornyl phosphite reacted with aldehydes in the presence of quinine or cinchonidine, as a result of double asymmetric induction (Figure 11) [29,30,31].



Thus, multistereoselectivity provides additional opportunities for studying stereoselective reactions and stereoselectivity. The use of two asymmetric inductors instead of one in the reaction of addition of chiral phosphites to C=N compounds leads to a significant increase in the stereoselectivity of the reaction. Double asymmetric induction is observed in reactions of addition of chiral phosphites to compounds containing a C=N bond. For example, the reaction of chiral di[(1R,2S,5R)-ment-2-yl]phosphite with chiral (S)-1-methylbenzyl benzaldimine when heated to 80 °C gives practically only one (1R,2S)-diastereomer of N-substituted aminophosphonic acid (de ~92–96%). An increase in the stereoselectivity of the reaction was not observed when the asymmetric inductions of the two chiral inducers act in different directions with a discordant double asymmetric induction. Therefore, the reaction of di[(1R,2S,5R)-ment-2-yl]phosphite with (R)-methylbenzylbenzaldimine proceeded with less stereoselectivity. The stereoselectivity of the reaction depended on the nature of the substituents in the aromatic ring of the Schiff bases (Figure 12) [19,30,31].



Enantioselective reduction of α-ketophosphonates with borohydrides and 1,3,2-oxazaborolidines catalyzed resulted in the formation of α-hydroxyarylmethylphosphonates with moderate to good enantioselectivities. Enantiomerically pure carboxylic acids of natural origin have been used for the chiral modification of borohydrides. In particular, the chiral reducing agent NaBH4-Pro, derived from NaBH4 and (S)-proline, reduced ketophosphonates with good enantioselectivity. This reducing agent has been applied to the synthesis of a number of hydroxyphosphonates (Figure 13) [32,33].



An interesting method is the enantioselective reduction of ketophosphonates by complexes of borohydrides with tartaric acid [33,34,35,36,37]. The chiral complex of sodium borohydride with natural (R,R)-(+)-tartaric acid is a convenient stereoselective reagent for the reduction of ketophosphonates (Figure 14). This reagent can be prepared by treating sodium borohydride with tartaric acid in THF. After removal of the solvent, if necessary, the adduct can be isolated as a colorless solid with a high melting point (>250 °C). The reduction of ketophosphonates with this reagent was carried out by cooling to −30 °C in THF (Figure 15).



The stereoselectivity of reduction of ketophosphonates containing chiral menthyl groups at the phosphorus atom with NaBH4-(R,R)-TA was higher than the stereoselectivity of ketophosphonates containing achiral methyl or ethyl groups at phosphorus. The higher stereoselectivity of reduction in the case of dimenthyl aryl ketophosphonates was explained by the double effect asymmetric induction Reduction of ketophosphonates by the sodium borohydride-tartaric acid complex (R,R)-TA/NaBH4 complex gave the (S)-β-hydroxyphosphonates with higher enantioselectivity than in the case of reduction of diethyl 2-ketophosphonates (Figure 15 and Table 4).



Stereoisomers of dimenthyl (S)- and (R)-2-hydroxy- 3-chloropropylphosphonate were obtained with an optical purity of 96–98% ee. These compounds represent useful chiral synthons for the synthesis of enantiomerically pure β-hydroxyphosphonates (Figure 16 and Table 4) [33]. For example, phosphono-carnitine 20 and γ-amino-β-hydroxypropyl-phosphonic acid (phosphono-GABOB) 21 were obtained from them. Treatment of (S)-2-hydroxy-3-chloropropylphosphonate with potash in DMF in the presence of potassium iodide, led to the formation of (S)-epoxide 22 with 99% de. Reaction of the epoxide with sodium azide in the presence of ammonium chloride in methanol gave (R)-2-hydroxy-3-azidopropylphosphonate 23 in high yield, which was converted to aziridine 24, as shown in Figure 16 [34,35,36,37].





4. Phosphorus Analogues of Natural Compounds


Hydroxy- and aminophosphonic acids are a class of compounds that occur naturally and have important biological significance [36]. Until 1959, naturally occurring organophosphorus compounds with C-P bonds were unknown [38]. Many of the aminophosphonates and hydroxyphosphonates have interesting pharmacological properties: as antibacterial, antiviral, anticancer drugs, antibiotics, enzyme inhibitors, amino acid mimetics, and pesticides. It has been established that the biological activity of natural phosphonic acids is largely determined by the absolute configuration of the stereogenic α-carbon atom. For example, of the four possible diastereomers of the antibiotic alaphospholine, the (S,R)-diastereomer exhibits the greatest activity against pathogenic microorganisms. Three other stereoisomers are significantly inferior to it in activity. Many bioregulators and medicines have been developed based on aminophosphonic acids [38,39,40,41] (Figure 17).



4.1. Synthesis of Phosphonic Acids Using Natural Amino Acids as Reagents


The synthesis of chiral functionalized phosphonates using available natural amino acids as starting reagents is of considerable interest. We used amino acids to synthesize phosphonic analogues of natural β-amino-γ-hydroxybutyric acid, which is an important neurotransmitter and is used in the treatment of epilepsy and a number of other diseases (Figure 18) [42,43]. This simple synthesis scheme was based on (R)- butoxycarbonylamino-3-bromopropionate, which at the key stage of the synthesis was obtained by reacting (S)-butoxycarbonylamino- 3-hydroxypropionate with bromotrichloromethane according to the Appel reaction. At the final stage of the synthesis, the bromide was introduced into the Michaelis-Arbuzov reaction with an excess of triethylphosphite, which proceeded at 135–140 °C and was completed within 12 h, with a yield of 65%. The synthesized phosphonates 25 were purified by vacuum distillation, and their structure was proven by NMR spectra. After treating phosphonates with hydrochloric acid, phosphono-aspartic acid was obtained in good yield (Figure 18) [42]. The presented Figure consists of chemically simple steps and allows one to obtain phosphonoaspartic acid in good yield. The Barfood and Juaristy methods known in the literature for the production of phosphonoaspartic acid offer difficult-to-reproduce methods of asymmetric catalysis [43].



In a five-step synthesis scheme, the carboxyl group of L-serine was functionalized. To this end, the hydroxyl and amino groups were first protected by reaction with Boc2O and dimethoxypropane to form oxazolidiine, which was reduced to alcohol by reaction with lithium aluminum hydride. In the next stage, the alcohol was converted into bromide by the Appel reaction, which was introduced into the Michaelis-Arbuzov reaction with trimethylsilyldiethylphosphite. Deprotection of this intermediate configuration with (S)-bromotrimethylsilane, methanol and hydrochloric acid resulted in the formation of (S)-(2-amino-3-hydroxypropyl)phosphonic acid 26 (Figure 19) [39,43].



Hammerschmidt developed a two-step synthesis method to obtain a similar (R)-1-Amino-2-hydroxyethylphosphonic acid (R)-29. The first stage of the synthesis used enzymatic resolution of azido-1-acetoxyethylphosphonate into enantiomers (Figure 20). In the second stage of the synthesis, azido-1-acetoxyethylphosphonate was reduced to aminophosphonic acid. Diisopropyl-2-azido-1-acetoxy- ethylphosphonate was hydrolyzed with high enantioselectivity by lipase SP 524 to form (S)-α-hydroxyphosphonate and (R)-(−)-ester, which was hydrolyzed to a crystalline solid (Figure 21) [44].



The next compound whose synthesis was developed starting from a natural amino acid was the phosphonic analogue of glutamic acid 30. Natural aspartic acid was chosen as the starting compound. The starting compound was acylated at the carboxyl group with ethyl chloroformate and reduced with sodium borohydride in methanol to form tert-butyl (S)-N-(tert-butoxycarbonyl) homoserine, and then converted to bromide by reaction with triphenylphosphine and bromotrichloromethane. Bromide was introduced into the Arbuzov reaction with trimethylsilyldiethylphosphite, which resulted in phosphonate. The treatment of phosphonate with dilute hydrochloric acid led to the removal of NBoc and t-BuO groups with the formation of a phosphorus analogue of glutamic acid 30 (Figure 22) [39,43]. Phosphonic analogues of glutamic acid 31–33 as irreversible inhibitors of Staphylococcus aureus endoproteinase GluC: effective synthesis and inhibition of human IgG degradation Endoproteinase GluC (V8 protease) is one of the virulence factors secreted by Staphylococcus aureus species in vivo. Peptidyl derivatives of the phosphonic glutamic acid analog exhibit Staphylococcus aureus endoproteinase compound Boc-Phe-Leu-Glu(P)(OC6H4 33 demonstrated an apparent second-order inhibition rate value. Compound 33, with the greatest inhibitory activity, demonstrated the ability to prevent V8-mediated proteolysis of human IgG in vitro (Figure 23) [45,46].



P-Homoproline synthesis. L-β-Homoproline is a natural alkaloid, which increases the resistance of peptides to enzymatic hydrolysis while maintaining μ-opioid properties. In the chosen synthesis scheme, N-Boc-prolinal was produced, which was phosphonylated with triethylphosphite, in the presence of pyridine perchlorate, which is the catalyst for this reaction. As a result, hydroxyphosphonate 34 was obtained in quantitative yield. Then the hydroxyphosphonate was dehydroxylated using the Barton-McCombe method in two stages: first, the compound was reacted with thiocarbonylbisimidazole. As a result, a compound 35 substituted at the hydroxyl group was obtained. The compound 35 was then treated with tributylstanane in the presence of bis-isobutyronitrile to initiate a radical reaction. As a result, beta-aminophosphonate was obtained, which was converted into phosphonogomoproline 36 by treatment with a solution of hydrogen chloride (Figure 24) [47].



Synthesis of chiral phosphonotyrosine. O-phosphorylated tyrosine plays an important role in cellular signal transduction. Phosphinic acid derivatives, β-hydroxyphosphonates, α-hydroxy-β-amnophosphonates, polyhydroxyphosphonates, difluoromethylenephosphonates, show high biological activity as enzyme inhibitors. Synthesis of chiral phosphonotyrosine representatives was achieved by the reaction of aldehydes 37 from ethyl azidoacetate (Figure 25). Addition of a methanol solution of sodium methoxide to a solution of phosphonate and ethyl azidoacetate in methanol at −78 °C, followed by stirring at 0 °C resulted in the formation of phosphonovinyl azide, which was extracted with ethyl acetate and was obtained as an oil in 60% yield. The resulting azide was used in the next stage of the synthesis without purification. The azide was hydrogenated in the presence of 10% palladium on carbon (Pd-C) in methanol solution. As a result, phosphonotyrosine 38 was obtained in good yield. The structure of the product 38 was confirmed by NMR and mass spectra (Figure 26) [48].



Another method for the synthesis of phosphonotyrosine diastereomers has been proposed by canadian and japanese chemists as shown in Figure 27 [49].




4.2. Bisphosphonates with an Asymmetric Center in the Side Chain


In pharmacology, bisphosphonates are a class of drugs that prevent bone loss and are used for the treatment of osteoporosis and the treatment of oncology, to relieve hypercalcemia in malignant neoplasms, multiple myelomas, metastases of breast cancer, prostate cancer [50,51,52] Antihypercalcemia. Bisphosphonates are used in the treatment and prevention of Paget’s disease. bone metastases, etc. Bisphosphonates are metabolically stable analogues of pyrophosphate in which the bridging oxygen atom is replaced by a substituted methylene group. Recently, bisphosphonates containing asymmetric chirogenic centers have been obtained. Studies have been carried out on the influence of chirality on the biological properties of bisphosphonates. When cooled, N-Moc- and N-Boc-proline chlorides react with triethylphosphite to form (S)-ketophosphonate. In the presence of pyridinium perchlorate, ketophosphonate reacted with trialkyl phosphite in methylene chloride at room temperature or when cooled to 0 °C to form hydroxy-1,1-bisphosphonate 39 (Figure 28) [50].



According to a similar scheme, the reaction of Garner’s aldehyde with triethylphosphite in the presence of pyridinium perchlorate was carried out. As a result, chiral bisphosphonates 40 were obtained in the form of two diastereomers in a 3:1 ratio (Figure 29) [39].



A number of bisphosphonates have been derived from naturally occurring terpenes and sesquiterpenes. For example, chiral bisphosphonate 41 was obtained based on (+)-(R)-citronellal. Bisphosphonates 42,43 shown in Figure 30, which are terpene derivatives containing an asymmetric center in the side chain, were synthesized using the same scheme. Studies have been conducted on the influence of chirality on the biological properties of bisphosphonates (Figure 30) [39,53,54,55,56].



Squalene synthase catalyzes the conversion of two molecules of (E,E)-farnesyl diphosphate to squalene via a cyclopropylcarbinyl intermediate, presqualene diphosphate (PSPP). Key intermediates aziridine-2-methanol (6-OH, 7-OH and 8-OH) were prepared by N-alkylation or N-acylation-reduction, (2R,3S)- and (2S,3R)-2, 3 -aziridinofarnesol (9-OH) is protected with tert-butyldimethylsilyl ether. Nucleophilic SN2 substitution of the corresponding methanesulfonates with pyrophosphate and methanediphosphonate anions led to the formation of aziridine-2-methyldiphosphates and methanediphosphonates containing N-undecyl, N-bishomogeranyl and N-(R-methylene)bishomogeranyl substituents as 2,6,10-trimethylundecamimics. 2,5,9-trienyl side chain of PSPP. The absolute stereochemistry of PSPP was found to be an effective inhibitor (IC50 1.17 (0.08 μM) in the presence of inorganic pyrophosphate), which is 4 times less than that of its 2S,3R stereoisomer (Figure 31) [57,58].



Cyclic bisphosphonates 44 were synthesized starting from phthalic acid. The reaction of 3,3-bis(diethylphosphono)-1-(3H)-isobenzofuranone 44 with benzylamine in the presence of triethylamine results in the replacement of endocyclic oxygen in the PhCH2N group with the formation of bisphosphonate phthalimide. The structure of compounds 44 was confirmed by chemical transformations and IR, 1H, 13C, and 31P NMR spectroscopy data. mass spectra and X-ray diffraction analysis of a single crystal (Figure 32) [52].



Interesting aminophosphonates have been synthesized using a combination of the Mannich and Petasis reactions involving organoboron reagents. The Petasis reaction with aminophosphonates has been used to produce a number of specially designed compounds with additional functional groups to test their biological activity as protein tyrosine phosphatase inhibitors and immunomodulators. Using this method, α-aminophosphonates derived from N-phosphonomethylglycine were obtained in good yields and high diastereoselectivity (Figure 33 and Table 5) [59,60].



The use of α-aminophosphonates has allowed the synthesis of several N-phosphonomethylglycine derivatives in moderate to good yields and high diastereoselectivity. The method made it possible to vary the substituents at position a on the phosphorus and nitrogen atoms. Using the same procedure, highly functionalized amino acids were obtained based on (R)-β-amino-α,α-difluoromethylphosphonate. In most cases described, the Petasis Reaction involves the reaction of an organoboron acid, an amine, and certain carbonyl compounds such as a-hydroxyaldehydes, a-keto acids, and salicylaldehydes, resulting in the formation of a-amino acids, β-amino alcohols, and aminophenol. derivatives accordingly. Several biologically important imino-biscarboxylic acid derivatives have been prepared by the one-step reaction of organoboron acids, glyoxylic acid and amino acids [59].



The synthesized phosphonoamino acids were used in the synthesis of peptidomimetics. Phosphonopeptides with P-terminal aminophosphonate residues exhibit biological activity as antimicrobial drugs (Alafosfalin). Phosphopeptides serve as tumor antigens in the treatment of colorectal cancer. Method for the synthesis of peptidomimetics with a diethoxyphosphoryl group in the side chain [57], based on the acid cleavage of the oxazole ring in derivatives of 5-alkylamino-2-aminoalkyl- 1,3-oxazol-4-ylphosphonic acid, produces new peptide compounds containing a phosphonoglycine group without laborious purification. Derivatives of diethyl 5-amino-2-phthalimidoalkyl-1,3-oxazol-4-ylphosphonates were used in the synthesis of phosphorylated peptidomimetics containing a phosphonoglycine residue. It has been found that many R-amino acids (corresponding to the L-configuration of natural amino acids) change their activity when replaced by the S-configuration. Racemic 1-aminoethylphosphonic acid diisopropyl ester was converted to a phosphonopeptide by treatment with N-benzyloxycarbonyl derivatives of amino acids in MeCN solution in the presence of papain immobilized on a polyamide support. This approach was used in the papain-catalyzed synthesis of the antimicrobial agent Alafosfalin (Figure 34) [61,62].




4.3. Synthesis of Isoindolinones


The isoindolin-1-one fragment is present in synthetic biologically active compounds (indoprofen, an anti-inflammatory agent), as well as in natural compounds, in particular in alkaloids (for example, lennoxamine, nuevamin). α-Acylaminophosphonates, having an epoxyisoindolone group, have been prepared with good stereoselectivity (de 80%) tandem acylation/[4+2]-cycloaddition reaction between maleic anhydride and α-aminophosphonates derived from furfurylamine. The tandem acylation/[4+2]-cycloaddition reaction of α-aminophosphonates with maleic anhydride proceeded with the exclusive formation of Diels-Alder exoadducts. Isomeric phosphonates α-acylaminophosphonates having an epoxyisoindolone group were obtained with good stereoselectivity (de 80%). The structure of the compounds was confirmed using 1H-, 13C- and 31P-NMR spectroscopy. N-substituted furfurylamines are known to react readily with acylating dienophiles such as maleic anhydride via a tandem acylation/[4+2]-cycloaddition reaction. The tricyclic epoxy-isoindolone system is formed by initial N-acylation followed by an intramolecular Diels-Alder reaction (Figure 35) [63,64].



The tandem acylation/[4+2]-cycloaddition reaction proceeded exclusively with the formation of Diels–Alder exoadducts, which was confirmed by assessing the spin-spin interaction constants of the hydrogen atoms of the oxabicycloheptene fragment. Epoxyisoindolinone phosphonates and their carboxamide derivatives, when heated for 1 h at 80 °C in 85% H3PO4, underwent dehydration aromatization to convert to isoindolin-1-ones 49. Acid hydrolysis of the phosphonate proceeded with the removal of t-Bu groups and conversion to 3-ylphosphonic acid 49 with an overall yield of 70% (Figure 36). Exo-epoxyisoindolylphosphonates were isolated as a mixture of two diastereomers derived from two chiral elements: the bridging system and the a carbon atom of the phosphonate (Figure 37). The highest content (11%) of the minor diastereomer, in which these groups are unidirectional, was found for compound 47. This stereoselectivity is likely a consequence of the steric influence of the phosphonate group in the geometry of the transition state of the cycloaddition reaction. The main diastereomer of compounds 47 was isolated in pure form by crystallization from an appropriate solvent. The relative stereochemistry of the main diastereomer of compounds 47 was confirmed by single-crystal X-ray diffraction analysis (Figure 38) [63].



Isomeric phosphonates α-acylaminophosphonates 47 containing an epoxyisoindolon fragment were obtained with good stereoselectivity (de > 80%). The epoxy and phosphonate groups in these compounds are oriented in opposite directions. This was confirmed by 1H, 13C and 31P NMR spectroscopy data, as well as X-ray diffraction analysis (Figure 38) [65].



Inhibition of nucleotide pyrophosphatase/phosphodiesterase-1 Bothrops Atrox R=H, R’=COOH, IC50 4.3 mM Inhibition of protein tyrosine phosphatase Yersinia R’=H; R=C(O)COOH; n = 0; IC50 = 59 mM [59] The inhibitory effects of enantiomerically pure α-(N-benzylamino) benzylphosphonic acids 50–52 were studied on human prostate acid phosphatase derivatives. As expected, (R)-α-(N-benzylamino)benzylamino acid showed higher affinity for the enzyme than the (S)-enantiomer. At the same time, it was found that (1R,2S)-phenyl[(1-phenylethyl)amino]methylphosphonic acid is a significantly weaker inhibitor than its (1S,2R) analogue. Enantioselectivity was explained using molecular modeling by computationally docking inhibitors to the active site of prostatic acid phosphatase. We found higher activity of (R)-α-(N-benzylamino)benzylphosphonic acid. acid compared to the (S)-enantiomer. (Figure 39) [64,65].




4.4. Synthesis of Phosphonic Analogue of Iso-Norstatine


(2S,3R)-Isostatin is a fragment of cyclic didemnins, which are active immunosuppressants and have highly cytostatic properties, used in the treatment of hypertension, malaria, and Alzheimer’s disease. Statin derivatives have received considerable attention in recent years, especially those that are key components of peptidomimetic protease inhibitors [1,2]. In particular, the phosphorus analogue of isostatin is a component of didemnins, which have a wide spectrum of biological activity. They are active anti-cancer drugs, have high antiviral, immunosuppressive activity, and are effective in the treatment of P388 and L1210 leukemia, B16 melanomas. The asymmetric synthesis of phosphono-isonorstatine was developed on the basis of natural isoleucine. The original benzylated amino acid was obtained in 90% yield by treating isoleucine with benzyl bromide and potash at boiling (Figure 40) [66,67].



The reaction of benzyl ethers with an excess of diethyl lithium methylphosphonate gave ketophosphonate in good yield, and the reduction of ketone with sodium borohydride at a strictly fixed temperature of 50 °C in alcohol made it possible to obtain hydroxyaminophosphonate. By treating compound with trimethylsilyl bromide, acid, which is a phosphorus analogue of isostatin, was obtained in 90% yield [67]. The double asymmetric induction method was applied to the synthesis of organophosphorus analogues of taxoids. Taxoids are important naturally occurring anticancer substances, some of which, such as docetaxel and paclitaxel, are used in clinical medical practice. The reaction of achiral diethyl phosphite with aminoaldehydes proceeded with low stereoselectivity, giving an inseparable mixture of stereoisomers. At the same time, the reaction of chiral dimenthyl phosphite and dibornyl phosphite with leucinal and phenylalaninal under conditions of double asymmetric induction gave chiral aminohydroxyphosphonates with high stereoselectivity. Moreover, the reaction of aldehydes with dibornylphosphite gave a (1S,2R) stereoisomer, while the reaction of a chiral aldehyde with a chiral dimentylphosphite led to the formation of a (1R,2R) stereoisomer. The final condensation of phosphonic acid with 10-Deacetylbaccatin-III made it possible to obtain a phosphonic analogue of docetaxel [66].




4.5. Tetradecapentaenoic Acid Derivatives


Lipid amides are widespread in higher plants and have a certain common structure. Some of these amides have antiproliferation activity and induction of apoptosis. for example, tetradecapentaenoic acid derivatives are isolated from Zanthoxylum Bungeanum (Rutaceae), a family of polyunsaturated fatty acid amines that differ in the geometry of the polyunsaturated chain double bond and the presence of a hydroxylated isobutylamide group [68]. Representatives of these compounds are used in medicine as painkillers. Tetradecapentaenoic acid amides inhibit cell proliferation in a both dose- and time-dependent manner. We have developed a stereoselective method that allows us to obtain these compounds in relatively high yields from simple and commercially available reagents (Figure 41) The synthetic scheme used organophosphorus reagents [68,69,70] involved in the Corey-Fuchs [71,72] and Trost-Kazmaier reactions [72]. The key step in this synthesis is the Corey-Fuchs reaction or Ramirez-Corey-Fuchs reaction, which is a method designed to convert an aldehyde to an alkyne. The reaction is two-stage. First, the reaction of triphenylphosphine with tetrabromomethane produces a phosphylide with a dibromomethylene group, which reacts with the aldehyde to form a 1,1-dibromoolefin. Treatment of dibromoalkene 54 with butyllithium gives the terminal alkyne 55 [69,70,73,74]. The alkyne is then obtained by the Fritsch-Buttenberg-Wichell rearrangement. The alkyne is then converted to methoxycarbonyl alkyne and treated with triphenylphosphine using the Trost–Kazmaier method, which results in rearrangement of the alkyne to 1,3-diene 56 (Figure 42).



As a result of carrying out the Wittig reaction under salt-free conditions, synchronous [2+2]-cycloaddition of the ylide to the carbonyl group is achieved, resulting in the formation of oxaphosphetane, which has a cis configuration. This type of transformation is achieved if the approach of the reagents is carried out in accordance with the Woodward-Hoffman rules and leads to minimal steric unfavorability and repulsion of the substituents R and R’. Finally, in the last stage of the synthesis, the amidation of the acid with primary amines such as isobutylamine or n-butylamine, in the presence of the reagent Carpino (HATU, 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazoles [4,5-b] pyridine 3-oxide (hexafluorophosphonates) led to the formation of amides in 30% and 32% yields 57 [75,76].





5. Conclusions


In this review, we examined several options for asymmetric catalysis that make it possible to obtain chiral phosphonates with high enantiomeric excess. The prospects for chemical modification of C-chiral phosphonates with the introduction of new, more complex groups, including those with a specific configuration, into the side chain are far from exhausted. The exact absolute configuration can only be successfully established in a limited number of cases. In addition, only in exceptional cases does the range of substrates and the cost of the catalyst meet the requirements necessary for industrial use. Therefore, the search for new, more efficient catalytic systems is an urgent task in this area of chemistry. In this regard, the development of highly efficient methods of asymmetric organocatalytic and metal complex catalysis is an urgent task [70]. It is not difficult to predict that the main efforts in studying the chemistry of chiral analogues of natural compounds will be concentrated in this direction, and new enantioselective reactions are promising for solving these problems. It is obvious that asymmetric catalysis using chiral bifunctional organocatalysts can be a very useful tool in the creation of chiral phosphorus-containing compounds of complex structure. Organocatalysis, which has shown its promise in many syntheses of chiral phosphonates, is necessary for the search for new catalysts and new reactions. It can be expected that catalytic methods for the synthesis of C-chiral phosphonates will remain the focus of intense research, especially in the field of biologically active compounds.
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Figure 1. Mechanisms of phosphoryl group transfer in substitution reactions at phosphorus atom. 
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Figure 2. Mechanism of ATP hydrolysis in ATPase enzymes. 
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Figure 3. Options for generating dioxaphosphoranes. 
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Figure 4. Chemical modeling of the mechanism of ATP conversion in ATPase enzymes. 
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Figure 5. Diastereoselective reactions of chlorophosphines with chiral alcohols. 
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Figure 6. Diastereoselective reactions of chlorophosphines with glucofuranose. 
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Figure 7. Diastereoselective reactions of chlorophosphines with chiral primary amines. 
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Figure 8. Aminophosphines as chiral synthons. 
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Figure 9. Mechanism of reaction of aminophosphines with tetrachloromethane and alcohol. 
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Figure 10. Asymmetric phosphaaldol reaction using the example of N-Boc-prolinal. 
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Figure 11. (a) Asymmetric organocatalysis of the Abramov reaction; (b) X-ray diffraction analysis of dimethyl (hydroxy(2-nitrophenyl)methyl) phosphonate [31]. 
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Figure 12. Double asymmetric induction of the phospha-Mannich reaction. 
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Figure 13. Reduction of ketophosphonates by NaBH4-Pro complex. 
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Figure 14. Reduction of ketophosphonates by sodium borohydride-tartaric acid complex. 






Figure 14. Reduction of ketophosphonates by sodium borohydride-tartaric acid complex.



[image: Symmetry 16 00342 g014]







[image: Symmetry 16 00342 g015] 





Figure 15. Stereochemistry of asymmetric reduction by a chiral complex of sodium borohydride with tartaric acid. 
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Figure 16. Synthesis of biologically important β-hydroxyp hosphonates. 
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Figure 17. Biologically active aminophosphonates. 
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Figure 18. Synthesis of phosphonoaspartic aci. 
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Figure 19. Five-step synthesis of (S)-Phosphonic acid 26. 
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Figure 20. Enzymatic resolution of azido-1-acetoxyethylphosphonate. 
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Figure 21. Synthesis of (R)-(−)-1-Amino-2-hydroxyethylphosphonate 29. 
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Figure 22. Synthesis of phosphonic analogue of glutamic acid. 
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Figure 23. Phosphonic analogues of glutamic acid 31–33 as irreversible inhibitors of Staphylococcus aureus endoproteinase. 
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Figure 24. Synthesis of chiral (S)-homoproline 36. 
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Figure 25. Synthesis of chiral dimenthyl (S)-((4-formylphenyl) (hydroxy)methyl)phosphonate 37. 
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Figure 26. Synthesis of chiral phosphonotyrosine 38. 
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Figure 27. Synthesis of phosphonotyrosir diastereomers. 
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Figure 28. Synthesis of L-Proline-hydroxybisphosphonate. 
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Figure 29. Asymmetric synthesis of a chiral bisphosphonate 40 based on Garner’s aldehyde. 
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Figure 30. Synthesis of bis-phosphonates, chiral in the side chain. 
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Figure 31. Presqualene diphosphate (PSPP) squalene synthase inhibitors. 
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Figure 32. (a) Synthesis of bis(diethylphosphono)-1 (3H)-isobenzofuranone 44; (b) X-ray diffraction analysis of compound 44 [52]. 
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Figure 33. Synthesis of aminophosphonates via the Petasis reaction. 
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Figure 34. Stereoselective papain-catalyzed synthesis of alafosfalin. 
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Figure 35. Tandem method for the synthesis of isoindolin-1-ones 46,47. R = Ph, 4-FC6H4, piperonyl, 2-furyl, H. 
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Figure 36. Synthesis of diethylphosphonoisoindolinindoprofen. 
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Figure 37. Diastereomer pairs of isomeric epoxyisoindolyl phosphonates 46 and 47. 
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Figure 38. Major diastereomer of compound 47: molecular structure showing the numbering used in the crystallographic work [63]. 
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Figure 39. Protein Tyrosine Phosphatase Inhibitors. 
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Figure 40. Synthesis of the Didemnin fragment. 
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Figure 41. Synthesis of All-trans-tetradecapentaenoic acid 53. 
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Figure 42. Total method for the synthesis of tetradecapentaenoic acid amides 57. 
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Table 1. Reaction of racemic chlorophosphinates with chiral secondary alcohols.






Table 1. Reaction of racemic chlorophosphinates with chiral secondary alcohols.



[image: Symmetry 16 00342 i001]





	Entry
	R
	R’
	R*OH
	B
	Ratio
	Ref.





	1
	Ph
	Me
	GF
	Et3N
	90:10
	[23]



	2
	Ph
	Et
	GF
	Et3N
	96:4
	[23]



	3
	Ph
	i-Bu
	GF
	Et3N
	95:5
	[23]



	4
	Ph
	PhCH2
	GF
	Et3N
	~100:0
	[23]



	5
	Ph
	PhCH2
	GF
	Py
	25:75
	[24]



	6
	Ph
	Me
	(1S)-Borneol
	DMAP
	4:1
	[24]



	7
	Ph
	Me
	L-Menthol
	DMAP
	1:1

2:1
	[24]



	8
	Ph
	Me
	(−)-Isopinocampheol
	DMAP
	1:1
	[23]



	9
	Ph
	Me
	(+)-isoborneol
	DMAP
	74:26
	[23]



	10
	4-An
	Ph
	(−)-Menthol
	Et3N
	4:1
	[23]










 





Table 2. Reaction of phenylphosphine chlorides with glucofuranose.
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	Entry
	R1
	CR32
	B
	Solvent
	Yields (%)
	(SP):(RP)
	Ref





	1
	Me
	CMe2
	Et3N
	Toluene
	70
	90:10
	[23,24]



	2
	Et
	CMe2
	Et3N
	Toluene
	70
	96:4
	[23]



	3
	i-Bu
	CMe2
	Et3N
	Toluene
	70
	95:5
	[23]



	5
	Bn
	CMe2
	Py
	THF
	70
	25:75
	[23]



	6
	Me
	c-C5H10
	Et3N
	Toluene
	75
	95:5
	[23,27]



	7
	Me
	c-C5H10
	Et3N
	THF
	70
	95:5
	[23,27]



	8
	Me
	c-C5H10
	Et3N
	CH2Cl2
	70
	87:13
	[23]



	9
	Et
	c-C5H10
	Et3N
	Toluene
	93
	93:7
	[23]



	10
	Et
	c-C5H10
	Py
	THF
	94
	30:70
	[23]



	11
	i-Pr
	c-C5H10
	Et3N
	Toluene
	92
	86:14
	[23]



	12
	Bn
	c-C5H10
	Et3N
	Toluene
	95
	90:10
	[23,24]



	13
	o-An
	c-C5H10
	Py
	THF
	94
	55:45
	[23]



	14
	1-Nphth
	c-C5H10
	Et3N
	Toluene
	87
	40:60
	[20]










 





Table 3. Stereoselectivity of the reaction t-Bu(Ph)PCl with (S)-NH2CH(Me)Ph.
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	пп
	Solvent
	B
	Temp. °C
	1:2:B
	dr a





	1
	Benzene
	Et3N
	20
	1:1:1
	8:92



	2
	Toluene
	Et3N
	70
	1:1:1
	16:84



	3
	Toluene
	DABCO
	20
	1:1:1
	25:75



	4
	Toluene
	PEA
	20
	1:1:1
	17.5:82.5



	5
	Toluene
	DBU
	20
	1:1:1
	42:58



	6
	Ether
	Et3N
	20
	1:1:1
	12:88



	7
	Hexane
	Et3N
	20
	1:1:1
	20:80



	8
	THF
	Et3N
	20
	1:1:1
	38:62










 





Table 4. Asymmetric reduction of ketophosphonates to hydroxyphosphonates.
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	Entry
	R
	R’
	n
	Yields

(%)
	Auxiliary
	Configuration
	ee (%)





	1
	Ph
	Mnt
	0
	90
	L-Pro
	S
	52.6



	2
	2-F-C6H4
	Mnt
	0
	90
	L-Pro
	S
	79.2



	3
	2-An
	Mnt
	0
	90
	L-Pro
	S
	60.6



	3
	Ph
	Mnt
	0
	95
	L-TA
	R
	92.4



	4
	Ph
	Mnt
	0
	98
	D-TA
	S
	46



	5
	2-F-C6H4
	Mnt
	0
	97
	L-TA
	S
	80.5



	6
	2-An
	Mnt
	0
	96
	L-TA
	S
	74



	7
	Pyperonyl
	Mnt
	0
	97
	L-TA
	S
	96



	8
	i-Pr
	Mnt
	0
	97.6
	L-TA
	S
	68



	9
	Ph
	Et
	0
	95
	L-TA
	S
	60



	10
	Ph
	Et
	0
	94
	D-TA
	R
	60



	11
	CH2Cl
	Et
	1
	86
	L-TA
	S
	80



	12
	CH2Cl
	Et
	1
	82
	D-TA
	R
	80



	13
	CH2Cl
	Mnt
	1
	94
	L-TA
	S
	96



	14
	CH2Cl
	Mnt
	1
	80
	D-TA
	R
	82



	15
	Ph
	Et
	1
	95
	D-TA
	S
	44










 





Table 5. Reaction of aminophosphonates with glyoxalic acid and organoboron acids.
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	Comp-d
	R1
	R2
	R3
	dr
	Yields (%)





	45a
	PhCH=CH-
	4-An
	H
	90:10
	75



	45b
	4-An
	4-An
	H
	90:10
	76



	45c
	5-Benzo[1,3]dioxole
	4-An
	H
	90:10
	53



	45d
	1-Thienyl
	4-An
	H
	90:10
	45



	45e
	PhCH-CH-
	Ph
	Bn
	95:5
	80



	45f
	4-An
	Ph
	Bn
	95:5
	95



	45g
	5-Benzo[1,3]dioxole
	Ph
	Bn
	95:5
	88



	45h
	1-Thienyl
	Ph
	Bn
	95:5
	69
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