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Abstract: The current review is devoted to the achievements in the development of methods for
the catalytic asymmetric synthesis of phosphonates containing a chiral center in the side chain.
C-chiral phosphonates are widely represented among natural compounds with various biological
activities as insecticides, herbicides, antibiotics, and bioregulators. Synthetic representatives of this
class have found practical application as biologically active compounds. The review summarizes
methods of asymmetric metal complex catalysis and organocatalysis as applied to such reactions as
phospha-aldol reaction, two-component and three-component phospha-Mannich reaction, phospha-
Michael reaction, as well as hydrogenation of unsaturated phosphonates and phosphine oxides,
ketophosphonates, and iminophosphonates. Methods for the asymmetric hydride reduction of C=X
phosphonates (X=O, S, NR) are also discussed in detail. The review presents updated literature
reports, as well as original research by the author.

Keywords: C-chiral phosphonates; metal complex catalysis; organocatalysis; phospha-aldol reaction;
phospha-Mannich reaction; phospha-Michael reaction; asymmetric hydrogenation; asymmetric
reduction

1. Introduction

C-chiral phosphonates containing asymmetric centers in the side chain are the most
numerous and interesting type of organophosphorus compounds in terms of biologi-
cal activity [1,2]. Various representatives of C-chiral phosphonates have been found
among natural compounds. In addition, a great number of optically active C-chiral
functionalized phosphonates have been synthesized that are of great biological impor-
tance [3,4]. For example, various C-P-phosphonates, amino- and hydroxyphosphonates,
hydroxy-2-aminoethylphosphonic acid HO-AEP, dihydroxyphosphonic acid FR-33289,
1,5-dihydroxy-2-oxopyrrolidiphosphonic acid SF-2312, phosphonotrixine (PTX), etc. Many
of these compounds have attracted attention for their interesting pharmacological prop-
erties as antibacterial, antiviral, anticancer drugs, antibiotics, enzyme inhibitors, amino
acid mimetics, pesticides [5,6]. The physiological activity of phosphonates containing a
hydrolytically stable P–C bond was attributed, on the one hand, to their structural simi-
larity to biologically important phosphates, in which the P–O bond is replaced by a P–C
bond, and on the other hand, phosphonic acids are structural analogs of carboxylic acids.
Replacing the carboxyl group in “normal” hydroxycarboxylic acids with a phosphonate
group causes them to exhibit an inhibitory effect on enzymes or receptors to which nat-
ural amino or hydroxycarboxylic acids normally bind. Acting as antagonists of these
acids, they inhibit enzymes involved in the metabolism of carboxylic acids and thus affect
physiological processes.

The biological activity of phosphonic acids depends on the absolute configuration of
the stereogenic α–carbon atom. For example, of the four diastereomers of the antibiotic
alaphospholin, the diastereomer having the (S,R) configuration exhibits the highest activity
against pathogenic microorganisms. Three other stereoisomers are significantly inferior
to it in activity (see [5,6] and references cited therein). Derivatives of phosphinic acid,
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β–hydroxyphosphonates, α–hydroxy–β–aminophosphonates, polyhydroxyphosphonates,
and difluoromethylene-phosphonates show high biological activity as enzyme inhibitors.
Some hydroxyphosphonates with high antitumor activity are used to treat cancer. Bisphos-
phonates are attracting considerable interest as the most effective drugs in the treatment of
osteoporosis. Recently, bis-phosphonates containing chiral centers in the side chain have
been obtained. These compounds have shown interesting biological activity [7–15].

Some of natural phosphonates have found commercial applications in agriculture
and medicine. For example, aminophosphonic acids and phosphonopeptides exhibit
antibacterial, antitumor, antiviral, and antifungal activity [7]. Their representatives are
herbicides and plant growth regulators. Various natural phosphonates have been found
and isolated from bacteria, while the antibiotic phosphonochlorine has been found in
soil-isolated fungal strains such as Fusarium avenaceum, Fusarium oxysporum, Fusarium
tricinctum, and Talaromyces. flavus [8]. The phosphonate antibiotic SF-2312 was found in
the actinomycete Micromonospora. SF-2312 is active under anaerobic conditions and is a
potent low nanomolar enolase inhibitor [9]. It is also moderately active against some Gram-
negative bacteria, and its synergistic effect with glucose-6-phosphate has been observed
against Staphylococcus aureus and Escherichia coli (Figure 1).

Figure 1. Antibiotics of natural origin.

Fosfomycin is used to treat urinary tract diseases and prostatitis; it is effective as
an antibiotic against gram-positive and gram-negative MDR and XDR bacteria [10]. Fos-
midomycin and FR-900098 have been proposed as drugs against Plasmodium, the causative
agent of malaria [11]. Phosphinothricin was first synthesized as a racemate, which is used
as the active ingredient in several commercial herbicides (Figure 2).

Figure 2. Examples of natural herbicides.

A number of ciliathrin derivatives are known that play an important role in the
life of various organisms and exhibit interesting biological properties. Phosphonopy-
ruvate is a key substrate in the synthesis of many naturally occurring phosphonates:
ciliathrin, phosphonoalanine, (R)-2-amino-1-hydroxyethylphosphonic acid, phosphonoac-
etaldehyde, phosphonomethylmalic acid, and 2-keto-4-hydroxy-5-phosphonopentanoic



Symmetry 2022, 14, 1758 3 of 56

acid [13,14]. Cyanophos, which has pesticidal properties, was found in Streptomyces regensis
(Figure 3) [15].

Figure 3. Natural phosphonates of agrochemical interest.

Of great interest in recent applications is new technologies and approaches for the
use of chiral biologically active compounds, such as, for example, a chiral switch, which
significantly expands the field of chiral drugs and opens up new opportunities for their
patenting. Of great interest are the available methods for the synthesis of chiral compounds
of high enantiomeric purity. Particular attention is paid to catalytic methods for the
synthesis of chiral phosphonates using metal complex catalysis and organocatalysis. In this
review, we analyze progress in this area over the past 5–7 years.

2. Methods for the Synthesis of Chiral Phosphonates

Recent years have seen a steady growth in the use of chiral organophosphorus catalysts
in asymmetric synthesis. To obtain enantiomerically pure C-chiral phosphonates, various
methods can be used, including asymmetric metal complex catalysis, stereo-differentiation
reactions, enzymatic kinetic resolution, chromatographic separation. Asymmetric catal-
ysis using transition metal complexes containing chiral ligands PAMP, DIPAMP, DIOP,
CHIRAPHOS, and others are widely used in the asymmetric synthesis of C-chiral phospho-
nates. [16–21]. Over the last few years, great success has been achieved in the asymmetric
catalytic methods for the preparation of C-chiral phosphonates. The most important
method for the synthesis of this type of organophosphorus is the phosphonylation of com-
pounds containing a C=X group, i.e., carbonyl compounds, imines, and compounds with
an activated C=C bond. There are several known methods of asymmetric phosphonylation
of C=X compounds with dialkyl phosphites: phosphoaldol addition, phospha-Mannich
reaction, phospha-Michael reaction, reaction of phosphonate carbanions with aldehydes,
ketones, imines. Phospha-aldol reaction (the Abramov reaction) usually leads to the for-
mation of hydroxyphosphonates, while the phospha-Mannich reaction is one of the most
convenient methods for the synthesis of chiral α–aminoalkylphosphonates (Figure 4).

Figure 4. Various routes to achieve chiral functionalized phosphonates.
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As shown in Figure 5, the coordination of a source of chirality (a chiral phosphine
ligand) with a chiral catalyst creates an asymmetric center from which chirality is trans-
ferred to the reacting substrate, resulting in the formation of an optically active reaction
product [18–21]. Therefore, the use of catalytic methods in the asymmetric synthesis of
organic compounds is highly economical, since the use of a relatively small amount of a
chiral catalyst makes it possible to obtain a largely superior amount of the reaction product.

Figure 5. Transfer of chirality to substrate from chiral catalyst.

2.1. Addition of Phosphorus Nucleophiles to C=X Compounds

The reactions of unsaturated C=X compounds with phosphorus nucleophiles, which
donate their pair of electrons to form a new bond, are the most important in organophos-
phorus chemistry. Through these reactions, the largest number of organophosphorus
compounds were synthesized, many of which have gained great practical importance
in the chemistry of phosphorus. The most important place is occupied by the reac-
tions of addition to C=X compounds: phospha-aldol reaction, phospha-Mannich reaction,
phospha-Michael reaction.

The phospha-aldol reaction is a special case of the aldol reaction. The most common
case of the P-aldol reaction is the addition of dialkyl phosphites to aldehydes or ketones
catalyzed by Brønsted bases or Lewis acids (Figure 6) [22].

Figure 6. Aldol and Phosphaaldol Reactions.

Phospha–Mannich reaction (or Kabachnik–Fields reaction). By analogy with the
classical Mannich reaction, in this case, the reaction proceeds in the ternary system alde-
hyde, amine, and dialkyl phosphite, which is considered as an analog of the carbonyl
component. Upon mixing reagents, primary amines or anilines often easily react with alde-
hydes to form aldimines, and the three-component phospha-Mannich reaction turns into a
two-component one. Therefore, the addition reaction of dialkyl phosphites to aldimines can
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be considered as a phospha-Mannich reaction [22]. There are two variants of the P-Mannich
reaction, which are (a) the two-component and (b) the three-component versions (Figure 7).
Several variants of the phospha-Mannich reaction are possible: (a) the reaction of phosphites
with imines; (b) reaction of phosphites with aldehydes and amines; (c) addition of sec-
ondary phosphines to imines in the presence of proton donor reagents or Lewis acids; and
(d) adding secondary silylphosphines to imines.

Figure 7. Two- and three-component phospha–Mannich reaction.

The phospha–Michael reaction (or phospha–Michael addition) is a general addition
reaction of phosphorus nucleophiles to an acceptor-substituted alkene or alkyne. A special
case of the phospha-Michael reaction is the Pudovik reaction. which consists in the addition
of H–phosphite to an alkene activated by an electronegative group under the catalytic
action of bases. The phospha-Michael reaction is an important method for the synthesis
of compounds with a P–C bond. There are several versions of such reactions, namely,
asymmetric phosphonylation reactions proceeding with the transfer of chirality from
a chiral reagent to an achiral substrate. Phosphonylation reactions proceed under the
stereochemical control of a chiral substituent in the substrate or reagent and under the
conditions of asymmetric metal complex catalysis or organocatalysis.

In this review, we consider the addition reactions of phosphorus nucleophiles to
compounds containing an activated C=C bond, proceeding under the control of chiral
catalysts or chiral transition metal complexes. The addition of nucleophilic phosphorus
reagents to unsaturated substrates is catalyzed by both chiral bases and acids (Figure 8) [23].

Figure 8. Phospha–Michael reaction.

2.1.1. Phospha-Aldol Reaction

The phospha-aldol reaction is a method of hydroxyphosphonylation of carbonyl com-
pounds with trivalent phosphorus acid esters, usually in the presence of catalysts, which
can be either Brønsted bases or Lewis acids. In the case of chiral catalysts, an asymmetric
variant of the reaction is possible [7,22]. Metal complex catalysis, organocatalysis, and
biocatalysis are used, leading to the formation of functionalized molecules with high
enantiomeric purity and, therefore, having great potential in synthetic chemistry [24–27].

Several types of asymmetric catalysts have been proposed for the stereochemical
control of the phospha-aldol reaction. For example, Shibazaki reported that heterobimetal-
lic complexes containing chiral bis-dinaphthol ligands efficiently catalyze asymmetric
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hydrophosphorylation. The bimetallic binoyl complexes LLB and ALB catalyze the addi-
tion of dimethyl phosphite to aromatic aldehydes, giving α–hydroxyphosphonates whose
optical purity reached 90% ee. The reaction proceeds through the formation of an interme-
diate complex LLB with phosphite and aldehyde, in which the nucleophilic attack of the
phosphite on the aldehyde occurs. The first metal-complex enantioselective hydrophospho-
nylation of aldehydes was described by Shibazaki and coworkers using heterobimetallic
complexes [AlLi(binaphthoxide)2] [27–29] (Figure 9). Shibuya used a Sharpless catalyst
generated from diisopropyl L-tartrate and Ti(OPr-i)4 to initiate the P-aldol reaction. The re-
action of para-substituted benzaldehyde with diethyl phosphite in the presence of 20 mol%
catalyst in ether solution gave enantiomerically enriched (R)-hydroxyphosphonate with a
yield of 75% and 53% ee. At the same time, LLB catalysis under the same conditions gave
hydroxyphosphonates in 69–98% yield and 20–82% ee (Figure 9).

Figure 9. Phospha–aldol reaction catalyzed by metallic complexes.

Nakajima used the atropisomeric ligand BINAPO as a phospha-alldol reaction catalyst
for the enantioselective phosphonylation of aldehydes. The effectiveness of chiral BINAPO
as a catalyst for enantioselective addition has been studied in detail [30–32]. Chiral phos-
phine oxides (Lewis bases) catalyze the enantioselective phosphonylation of aldehydes with
trialkyl phosphites in combination with silicon tetrachloride, resulting in optically active
hydroxyphosphonates (Figure 10). The reaction conditions were optimized using benzalde-
hyde as a model substrate in the presence of various trialkyl phosphites in dichloromethane
at −78 ◦C. Among several Lewis bases tested, the atropisomeric diphosphine dioxide
(S)-BINAPO, used in combination with diisopropylethylamine as a base and additive, was
found to provide the best catalytic activity, yielding the desired α–hydroxyphosphonates in
91% yields and up to 52% enantioselectivity. The addition of SiCl4 to the reaction mixture
is a key parameter to ensure high stereoselectivity of the reaction. This study also shows
that higher yields are obtained with trialkyl phosphites, which carry smaller alkyl groups,
while triphenyl phosphite does not react at all (Figure 10) [30].
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Figure 10. Phospha–aldol reaction catalyzed by BINAPO/SiCl4.

The reaction mechanism, confirmed by 31P{1H} NMR analysis, involves the coordi-
nation of a chiral phosphine oxide ligand (LB*) with silicon tetrachloride, which leads
to the formation of the cationic complex [(LB*)/SiCl3]+Cl−. Subsequently, later reactive
compounds can effectively activate prochiral aldehydes and therefore promote an enan-
tioselective nucleophilic attack of the trialkyl phosphite to form a chiral trichlorosilylated
α–hydroxyphosphonate with simultaneous release of the corresponding alkyl chloride via
a nucleophilic substitution reaction to form a P=O group (Figure 11) [33–35].

Figure 11. Mechanism of the reaction catalyzed by tetrachlorosilane.

Laborde, Sevrain et al. [33–35] demonstrated that 1,10–dibenzyl-bis-(triazolyl)dipheny-
lphosphine is effective for SiCl4-mediated enantioselective hydrophosphonylation of alde-
hydes with trialkyl phosphites. After optimizing the reaction conditions, the bulkier
diisopropyl phosphite proved to be a better phosphonylating agent than diethyl phosphite,
yielding the corresponding enantioenriched α-hydroxyphosphonates in excellent yields
and moderate-to-good selectivity.

The bifunctional chiral complex Al(III)-BINOL (or Ti(OPr-i)4-BINOL) containing two
chiral centers exhibited very good enantioselectivity in phospha-aldol reaction
(Figure 12) [36]. A number of aromatic, heteroaromatic, α,β-unsaturated, and aliphatic
aldehydes were hydrophosphonylated using this catalyst to form α-hydroxyphosphonates
in yields up to 99% and enantioselectivity up to 87% ee [36]. The effectiveness of this catalyst
is probably explained by coordination of asymmetric inductions of the chiral Lewis base
(cinchona alkaloid) with the chiral Lewis acid (the BINOL-Ti complex) (Figure 13). In this
case, the asymmetric inductions act in one direction, which contributes to the achievement
of high catalytic efficiency and enantioselectivity (Figure 14) [7,36].
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Figure 12. Enantioselective hydrophosphonylation of aldehydes catalyzed Al(III)-BINOL.

Figure 13. Structures of ligands used in the formation of bifunctional catalysts.

Figure 14. The phospha–aldol reaction catalyzed by bifunctional catalysts and the proposed transition-
state model.
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Benjamin List et al. [37] used a chiral disulfonimide catalyst to carry out the catalytic
enantioselective Abramov reaction. Several functionalized α-hydroxyphosphonates have
been synthesized in good yields with excellent enantiomer ratios up to >99 ee (Figure 15).

Figure 15. The enantioselective P-aldol reaction initiated by chiral disulfonimide catalyst.

Chiral phosphine oxides (Lewis bases) paired with silicon tetrachloride catalyze the
enantioselective phosphonylation of aldehydes with trialkyl phosphites, which leads to
optically active α–hydroxyphosphonates with moderate enantioselectivities. 31P NMR
analysis of benzaldehyde phosphonylation with triethyl phosphite confirms the proposed
reaction mechanism [38–40].

The strategy of synergistic activation by two or more reaction sites is a convenient
approach to increase the stereoselectivity of asymmetric catalysis. Double stereoselectivity
was achieved in the case of the reaction of chiral di(1R,2S,5R)-mentylphosphite with chiral
2,3-D-isopropylidene-(R)–glyceraldehyde. The reaction of glyceraldehyde with dimentyl
phosphite in the presence of a chiral catalyst (R)-ALB proceeds under the stereochemical
control of three chiral inductors and is the most stereoselective, which indicates the additiv-
ity of the stereoselectivities of chiral reagents under the conditions of a stereodifferentiating
reaction. (Figure 16) [32].

Figure 16. The reaction of chiral di(1R,2S,5R)-mentylphosphite with chiral 2,3-D-isopropylidene-(R)-
glyceraldehyde.

Optically active aluminum-Salalen complexes are effective catalysts for the hydrophos-
phonylation of aldehydes, giving the corresponding α–hydroxyphosphonates with good
enantioselectivity. The high enantioselectivity of the Salalen complex is attributed to its
unique structure, which has a distorted triangular bipyramidal configuration, which allows
the Salalen ligand to adopt a cisoid structure in which the chiral amino group is close to the
aluminum atom [38–40]. The mechanism of the hydrophosphonylation reaction of dimethyl
phosphite with benzaldehyde catalyzed by the Al(Salalen) complex was studied by DFT
(discrete fourier transform) and ONIOM methods. The authors [40] came to a conclusion
that the stereochemistry of the reaction catalyzed (own N–layered integrated molecular
orbital and molecular mechanics) methods by the chiral Al(Salalen) complex is controlled
by the steric repulsion between the ortho t-Bu groups of the ligand and dimethylphosphite,
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as well as the coordination mode of dimethylphosphite to the catalyst. The calculations
reproduce the predominant (S)-product with high ee, confirming the experimental obser-
vations. The high enantioselectivity of the complex is explained by its unique structure,
which has deformed trigonal-bipyramidal configuration. Such configuration allows the
Salalen ligand to occupy a cisoid position in which the chiral amino group is located close
to aluminum atom [39–44].

In another case, a chiral, trigonal-pyramidal aluminum(Salalen) complex was studied,
in which the asymmetric nitrogen atom is bonded to a metal ion and the N-methyl group
is cis to the chlorine ligand controlling the asymmetric reaction. The complex effectively
catalyzes the enantioselective hydrophosphonylation of various aldehydes with dimethyl
phosphite [42,43]. Electron-donor groups in the para-position to the OH group, as well as
an increase in the volume of substituents R’ in the ortho position of the aromatic substituent
of the Salalen complex (t-Bu, Ad, Et2MeC), increased the enantioselectivity of the reaction.
Calculations confirmed the predominant formation of the (S) product formed during the
reaction (Figure 17).

Figure 17. Hydrophosphonylation of benzaldehyde with dimethyl phosphite catalyzed by Al(Salalen)
complexes.

A new strategy for sequential asymmetric C-H oxidation/phosphonylation of primary
alcohols has been developed [44]. This methodology involves a combination of oxidation
with air oxygen catalyzed by Cu(I)/TEMPO/NMI (N-methylimidazole) with chiral enan-
tioselective addition catalyzed by Al(Salalen). Various primary alcohols, including benzyl
alcohols, allyl alcohols, propargyl alcohols, alkyl alcohols, and other alcohols containing
oxygen-, sulfur-, and nitrogen-containing heterocycles, were readily converted to chiral α-
hydroxyphosphonates in good yields and high enantioselectivity. Using this methodology,
various biologically active compounds have been synthesized, including a CD45 inhibitor
and plant growth regulators (Figure 18).

Figure 18. Sequential C-H oxidation/asymmetric phosphonylation reaction of primary alcohols.
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Chiral catalysts for the asymmetric hydrophosphonylation of aldehydes have been
proposed, which are Al(III) complexes with tridentate Schiff bases. For example, the
tridentate Schiff base obtained from L-Valinol and 3,5-di-tert-butylsalicylicaldehyde re-
acted in situ with Et2AlCl to form complexes that catalyzed the reaction of dialkyl phos-
phites with various alkyl and arylaldehydes and trifluoromethyl ketones [45–50] with
high enantioselectivity; the reaction with acetophenone proceeded with low enantiose-
lectivity, but with high yields. The counterions of Schiff’s base/Al(III) complexes had a
significant effect on the enantioselectivity of the reaction. Yamamoto et al. synthesized
α–hydroxy- and α–aminophosphonates in high yields and high enantioselectivity using
bis(8-quinolinato)(TBOx) aluminum complex (0.5–1 mol%) [47]. Under optimized reaction
conditions, it was found that electron-enriched aldehydes, compared with electron-deficient
aromatic aldehydes, are more reactive and selective. Aliphatic aldehydes also reacted with
satisfactory selectivity. All reactions proceeded very fast, with high yields and enantioselec-
tivities. Reducing the catalyst loading to 0.5 mol% had no effect on enantioselectivity and
yields. The best results were obtained with phosphites containing trifluoroethyl groups
(Figure 19) [48].

Figure 19. Phospha–aldol reaction catalyzed by bis(8–quinolinato)(TBOx)aluminum complex.
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Triiminophosphorane, generated in situ from chiral P-spiro-tetraaminophosphonium
salt and potassium tert-butoxide, proved to be a very efficient catalyst for the phosphaaldol
reaction. Iminophosphoranes with electron-donating substituents in the aromatic ring
were catalytically active even at a loading of catalyst up to 1 mol% and a decrease in the
temperature of the reaction mixture to −98 ◦C (Figure 20). The investigation of reaction
mechanism showed that the catalyst molecule simultaneously interacts through hydrogen
bonds with the nucleophile and electrophile, transferring a proton to the aldehyde along
with the formation of a carbon–carbon bond. The most favorable transition structure results
from the minimum energies of geometric distortion [49].

Figure 20. Phospha–aldol reaction catalyzed by triiminophosphorane.

The reaction allows phosphonilation of aliphatic, heteroaromatic, and aromatic aldehy-
des with high yields of corresponding α–hydroxyphosphonates and optical purity reaching
99% ee. The authors suggested that the reaction proceeds through the formation of a highly
active salt of dimethyl phosphite with a chiral tetraaminophosphonium cation, which is
responsible for the addition stereochemistry.

Along with metal-complex catalysts for the asymmetric phospha-aldol reaction, organo-
catalysts such as quinine and other alkaloids were also used [50]. For example, one of
the recently published articles shows the possibility of using quinine as a catalyst for the
addition of H-phosphonates to activated ketones with satisfactory enantioselectivity (67%
ee and high yields). Phospha-aldol reaction of diphenylphosphite to N-alkylated isatins
catalyzed by quinine and quinidine proceeded successfully [39]. For example, crystalliza-
tion of scalemic dimethylhydroxy-(2-nitrophenyl)methylphosphonate from diethyl ether
gave an optically pure crystalline product having the (S)-absolute configuration, while the
(R)-product remained in solution (Figure 21) [51].

Figure 21. Phospha-aldol reaction of diphenyl phosphite with N-alkylated isatins.

Good results in the hydrophosphonylation of aldehydes were achieved, using a
bifunctional catalyst that simultaneously activated the aldehyde (through interaction with
the H-compound) and the H-phosphonate (through the polarization of the P-H bond),
previously proved to be an effective catalyst for this reaction (Figure 22) [52].
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Figure 22. Catalytic phospha-aldol reaction.

Zhao et al. [53] reported an enantioselective cross-aldol reaction between enoliz-
able aldehydes and α-ketophosphonates. This reaction is a convenient enantioselective
method for the synthesis of tertiary β–formyl–α–hydroxyphosphonates. The present re-
action is a convenient enantioselective method for the synthesis of tertiary β–formyl–
α–hydroxyphosphonates. The use of quinine as an organocatalyst made it possible
to achieve excellent enantioselectivity of the cross-aldol reaction. Some β–formyl–α–
hydroxyphosphonates showed biologically active properties and inhibited the growth
of malignant tumor cells. As a result of selection, 9-amino-9-deoxy-epiquinine in the
presence of 4-methoxybenzoic acid (MBA) was chosen as the most effective catalyst. The
reaction was carried out in toluene at 0 ◦C. It was found that the size of the ester alkyl group
in the phosphonate does not affect the yields and enantioselectivity of the reaction [53].
The products were obtained in good yields and enantioselectivities using cinchonidine as a
bifunctional catalyst and pyruvic nitrile as a source of the cyano group (Figure 23) [53,54].

Figure 23. Cross–aldol reaction of enolizable aldehydes with ketophosphonates.

Kong et al. [55] studied the enantioselective synthesis of tertiary α-hydroxyphosphonates.
Reactions between acylphosphonates and trimethylsilyl cyanide were carried out in the
presence of a bifunctional catalyst, a quinine derivative with thiourea, containing two chiral
groups. The resulting Me3Si ester of cyanophosphonate was converted to cyanohydrinphos-
phonate by acid hydrolysis. The best results were obtained in the presence of p-nitrophenol.
Modifications of the R1 group in the acylphosphonate, from aromatic radicals with electron-
withdrawing groups to donor groups, had little effect on the yields and enantioselectivity.
Interestingly, the enantioselectivity decreased with increasing volume of the R2 groups. In
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addition, the reaction between diethylcinamoylphosphonate and Me3SiCN has also been
studied. The reaction product (R1 = PhCH=CH-) was obtained in good yield and high
enantioselectivity. The asymmetric synthesis of the phosphonate was controlled by the thio
group of the catalyst due to the formation of an H–bond. Also, p-nitrophenol generated
HCN from Me3SiCN, followed by cyano-anion attack on the carbonyl group of activated
α-ketophosphonate (Figure 24).

Figure 24. Enantioselective synthesis of tertiary α–hydroxycyanophosphonates.

The reaction between aromatic ketoesters and dimethyl phosphite catalyzed by
thiourethane derivatives of cinchona alkaloids resulted in the formation of hydroxyphos-
phonates in good yields and enantioselectivities. The best results were obtained with
cinchonidine thiourethane organocatalysts [56,57]. For example, enantioselective phospha-
Mannich reaction of diphenylphosphite with N-Boc-ketimines derived from N-substituted
isatins, catalyzed by the bifunctional quinine derivative which is a Brønsted base (Figure 25).
Under optimal reaction conditions, chiral addition products were obtained in high yields
and enantioselectivity reaching 98% ee. Among the studied N–substituted imines, the
reaction of N–benzyl-substituted ketimine with secondary phosphites led to the formation
of 3-hydroxy-2-oxindolyl-3-phosphonate with high enantioselectivity and in 95% yield

Figure 25. Reaction of ketoesters and dimethyl phosphite catalyzed by thiourethane derivatives of
cinchon alkaloids.

The enantioselective synthesis of α-hydroxyphosphinates using the proline-catalyzed
phosphaaldol reaction of L-α-acylphosphinates with acetone was described by Yuan [58].
The conversion of α-hydroxyphosphinates to α-hydroxy-H-phosphinates was achieved by
treatment with trifluoroacetic acid (TFA). In addition, the redox reaction of both products,
with the formation of phosphonates, occurred in the presence of trimethylchlorosilane and
alcohol (Figure 26).
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Figure 26. Catalytic phospha-aldol reaction of L-α-acylphosphinates with acetone.

2.1.2. Phospha-Mannich Reaction

The phospha-Mannich reaction is a convenient method for the preparation of α-
aminophosphonates, which can be readily converted to α-aminophosphonic acids via
removal of alkoxy groups by hydrolysis or hydrogenolysis [59–63]. The phospha-Mannich
reaction, involving the condensation of primary or secondary amines, oxo compounds
(aldehydes and ketones), and >P(O)H compounds, especially dialkyl phosphites, is a conve-
nient method for the synthesis of α-aminophosphonates, which are of great importance due
to their biological activity [64]. Typically, a three-component Mannich reaction can proceed
through the formation of an imine or α-hydroxyphosphonate intermediate. Monitoring of
several Kabachnik–Fields reactions in situ using Fourier transform infrared spectroscopy
(FTIR) showed the participation of an imine intermediate, which was confirmed by theoret-
ical calculations [64,65].

For example, nucleophilic addition of diethylphosphite to (S)-aldimine obtained from
(9S)–amino-deoxyquinine and 4-chlorobenzaldehyde in toluene at 90 ◦C gave (S,S)-α-
aminophosphonate in 60% yield and high diastereoselectivity. Salen-like compounds such
as bis-aminophosphone systems containing a (R,R)-1,2-diaminocyclohexyl moiety have been
synthesized by adding dialkyl phosphites to the azomethine bond of N,N’–dibenzylidene-
1,2-diaminocyclohexane (Figure 27).

Figure 27. Synthesis of bis-aminophosphonates containing a (R,R)-1,2-diaminocyclohexyl moiety.

The synthesis of enantioenriched α-aminophosphonates using asymmetric catalytic
hydrophosphonylation and asymmetric P-Mannich reaction has attracted great interest [59].
For catalytic asymmetric aminophosphonylation, chiral metal complexes, LLB, BINOL, etc.
have been successfully used.
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Fehn et al. reported that the N,N′-dioxide-Sc(III) complex initiates a three-component
phospha-Mannich reaction, giving the corresponding α–aminophosphonates in good yields
and high enantioselectivities (up to 87% ee) (Figure 28) [66].

Figure 28. An example of a three-component Kabachnik–Fields reaction.

Chiral N,N’-dioxide-Ytterbium(III)–complexes promoted the asymmetric addition of
diethyl phosphite to aldehydes, giving the corresponding products with good yields and
enantioselectivities [66]. The use of bicyclic iminium salts to prepare asymmetric cyclic
α-aminophosphonates has been reported (Figure 29). Chiral cyclic imines are synthesized
from diamine and ketoesters, and their subsequent treatment in toluene with dialkyl phos-
phites leads to tetrasubstituted α-aminophosphonates in high yields and diastereoselectiv-
ity [67]. However, if imines were activated with bromotrimethylsilane, they react with an
iminium ion reactive towards tris(trimethylsilyl)phephite, after which α-aminophosphonic
acid derivatives can be obtained in high yields (70–99%) and a diastereoselectivity of 70 to
98% de (Figure 29).

Figure 29. Synthesis of bicyclic α–aminophosphonates and α–aminophosphonic acid derivatives.

An interesting example of an asymmetric phospha–Mannich reaction was described
by B. List et al. [68]. The reaction of a three-component mixture consisting of alde-
hyde, p-anisidine, and di-3-pentylphosphite, catalyzed by a chiral atropisomeric acid, a
p-anthracenyl-substituted analog of TRIP, resulted in the formation of aminophosphonates
in high yield and good diastereoselectivity and enantioselectivity. The Kabachnik–Fields
reaction proceeded under conditions of dynamic kinetic resolution and catalysis by chiral
phosphoric acid. It has been found that the volume of alkyl substituents of the aldehyde
affects the stereochemical outcome of the reaction. Aldehydes containing branched alkyl
substituents (isopropyl, cyclopentyl, cyclohexyl) reacted with high stereoselectivity. In con-
trast, aldehydes containing R=methyl or ethyl react with low stereoselectivity (Figure 30).
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Figure 30. The Kabachnik–Fields reaction proceeding under conditions of dynamic kinetic resolution.

Akiyama et al. [69] studied the reaction of imines with dialkyl phosphites catalyzed
by Brønsted’s chiral acid, 3,3′-bis(3,5-ditrifluoromethylphenyl)-1,1′-8-binaphthyl-2,2′-diyl.
The reaction led to the formation of α–aminophosphonates with moderate yields and good
enantioselectivities reaching 90% ee [70]. To explain the stereoselectivity of the reaction, the
authors proposed a nine-membered transition state E (Figure 31). Probably, the catalyst,
like Brønsted’s acid, activates the imine, and phosphoryl oxygen, like Brønsted’s base,
forms a hydrogen bond with the OH group P(III) of the tautomeric form of phosphite,
which provides a facial attack on the imine and promotes the growth of enantioselectivity
due to the effect of convergence of reaction centers. The structure of the substrate is
an important factor influencing the result of the reaction. The reactions of diisopropyl
phosphite with aldimines, which are derivatives of cinnamaldehyde containing electron-
withdrawing groups in the ortho-position of the aromatic ring (CF3, NO2, Cl), proceeded
with the highest enantioselectivities. The asymmetric reaction of achiral imines with dialkyl
phosphites in the presence of 10 mol% chiral Brønsted acid led to the formation of α-
aminophosphonates in moderate yields (30–65%) and with good enantiomeric excesses (up
to 90.6% ee) (Figure 31) [70].
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Cramer et al. described an interesting example of asymmetric addition of phosphorus
nucleophiles to imines with formation of tetrasubstituted α–aminophosphonates [70]. The
reaction of imidoyl chloride in the presence of palladium catalyst (Cat) and CsOAc first led
to the formation of chiral imine in good yield and with high enantiomeric excess (90%, 97%
ee). Then, the hydrophosphonylation of chiral imine with diethylphosphite in the presence
of boron trifluoride resulted in the α-aminophosphonate as a single diastereoisomer in
good yield (Figure 32).

Figure 32. Synthesis of α–aminophosphonates.

The one-pot Kabachnik–Fields reaction catalyzed by the Salalen complex, described
by Katsuki [71], proceeded with satisfactory enantioselectivity. Optically active alu-
minum(Salalen) complexes are effective catalysts for Mannich hydrophosphonylation of
aldehydes and aldimines, giving the corresponding α–hydroxy- and α–aminophosphonates
with high enantioselectivity. The reaction proceeded with high enantioselectivity with
aldimines derived from aliphatic or aromatic aldehydes. The efficient catalysis of the com-
plex is explained by its unique structure: it has a distorted trigonal bipyramid configuration,
which allows the Salalen ligand to adopt a cisoid structure in which the amine chiral group
is located near the metal center. Particularly high enantioselectivities have been obtained
with aldimines containing R=4-methoxy-3-methylphenyl at the nitrogen. The reaction
of dimethylphosphite with alkynyl or alkenylaldimines derived from phenylpropargy-
laldehyde and diphenylmethylamine proceeded with high enantioselectivity. However,
the reactions of aldimines derived from cinnamaldehyde and diphenylmethylamine or 4-
methoxy-3-methylphenylaniline proceeded with low enantioselectivity (Figures 33 and 34).

Figure 33. Asymmetric hydrophosphonylation of aldimines.
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Figure 34. One-pot hydrophosphonylation of aldimines catalyzed by aluminum-Salalen
complex (Cat).

The aluminum catalyst (Cat) showed high enantioselectivity towards aldimines
(Figure 35). Hydrophosphonylation of a number of aldimines substituted with various
substituents and heteroatoms with this catalyst proceeded with high enantioselectivity. The
enantiomeric excesses and yields of the reaction of aldimines with phosphites catalyzed by
a sterically hindered 8-quinoline-bis (TBOx) aluminum complex depends on the volume of
substituent at the nitrogen atom (Figure 35).

Figure 35. Reaction of aldimines with phosphites catalyzed by 8-quinoline-bis(TBOx) aluminum
complex.

Petersen et al. [72] investigated the effect of various chiral bases on the P-Mannich
reaction of N-Boc-protected arylimines with diethyl phosphite. They revealed the key role
that the free hydroxyl group plays in the cinchona catalysts (Figure 36).

Figure 36. Phospha–Mannich reaction catalyzed by Quinine.
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The first example of organocatalyzed enantioselective addition of phosphite to ke-
timines derived from isatins was described by Reddy et al. Enantioselective addition of
diphenyl phosphite to isatin-ketimines has been achieved using a bifunctional squaramide
catalyst [56,73]. The method works efficiently with ketimines to produce the corresponding
3–amino–2–oxoindolin-3-yl-phosphonates in very good yields and with enantioselectivity
up to 98% ee [74]. Under optimal reaction conditions, chiral addition products were obtained
in high yields and enantios1electivity reaching 98% ee. Among the studied N-substituted
imines, the reaction of N–benzyl-substituted ketimine with secondary phosphites led to the
formation of 3–hydroxy-2-oxindolyl-3-phosphonate with the highest enantioselectivity and
in 95% yield (Figure 37).

Figure 37. Enantioselective addition of diphenyl phosphite to ketimines derived from isatins.

The reaction of imines obtained from aromatic and aliphatic aldehydes with di-
alkylphosphites catalyzed by chiral thioureas resulted in the formation of aminophos-
phonates in high yields and very good enantioselectivities. The hydrophosphonylation
products were then converted to α–aminophosphonic acids with the high optical purity
achieved in the organocatalytic phospha-Mannich reaction retained (Figure 38) [75].

Figure 38. Thiourea–catalyzed enantioselective hydrophosphonylation of imines.

The enantioselective aldol reaction of acetylphosphonates with activated carbonyl
compounds was studied with organocatalysts that are derivatives of quinine. The aldol
formed at the previous stage was converted by methanolysis or aminolysis without isolation
from the reaction mixture into the corresponding esters or amides [76]. Thiourethane
quinines have also been used to initiate the enantioselective organocatalytic phospha–
Mannich reaction with cyclic β–unsaturated ketones and diarylphosphine oxides. Optically
active products having a stereocenter on the quaternary chiral carbon were obtained in
high yields and enantioselectivities reaching 98% ee.
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Tan et al. reported the phospha–Mannich reaction of -phosphinates with N-tosylimines
to synthesize α-aminophosphine oxides and phosphinates. Guanidinium salts showed high
catalytic activity in the P–C bond formation reaction. The reaction was carried out with
a triple excess of H-phosphinates, and K2CO3 was added to increase the stereoselectivity
and reaction rate. Aminophosphinates containing a stereogenic center at the phosphorus
atom were formed as mixtures of diastereoisomers with a predominance of the syn-isomer
(Figure 39) [77].

Figure 39. Phospha–Mannich reaction of H-phosphinates with N–tosylimine.

Shibasaki described the hydrophosphorylation reaction of N-thiophosphine imines
with phosphites using copper complexes with chiral bis-phosphines as catalysts. As a
result, tetrasubstituted α–aminophosphonates with high enantioselectivity (86–97% ee)
were obtained [78]. The reaction gave good yields and enantioselectivity of aminophos-
phonates even with a small amount of catalyst (0.5–2%), which, moreover, could be reused
(Figure 40).

Figure 40. Catalytic asymmetric hydrophosphorylation of N–thiophosphinyl ketimines.

Bhusare et al. [79] developed a one-pot method for the synthesis of optically active
α-aminophosphonates in three-component reactions between aromatic aldehydes, aniline,
and triethyl phosphite, initiated by an organo-catalyst. As a result of process optimiza-
tion and selection of organo-catalysts, it was found that 1-acetyl-N-tosylpyrrolidine-2-
carboxamide is the best catalyst for this reaction, providing the corresponding α-aminopho-
sphonates in high yields (71–90%) and excellent enantioselectivity (73–92% ee). Various
aromatic aldehydes and amines were reacted with triethyl phosphite in the presence of a
catalyst in glacial acetic acid and ethanol. In all cases, α-aminophosphonates were obtained
in good yields and enantioselectivities. (Figure 41).
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Figure 41. Three-component reaction: aldehyde–aniline–triethylphosphite.

Organo-catalysts based on chiral atropisomeric phosphoric acids initiate the asym-
metric Kabachnik–Fields reaction [68,79,80]. Bulky alkyl substituents have been found
to increase the stereoselectivity of the reaction. The reaction proceeded with high stere-
oselectivity in the case of aldehydes containing branched alkyl substituents (isopropyl,
cyclopentyl, and cyclohexyl). In contrast, aldehydes containing substituents R = methyl or
ethyl reacted with low stereoselectivity (Figure 42).

Figure 42. Catalysis of the Kabachnik–Fields reaction with atropoisomeric phosphoric acid.

2.1.3. Phospha–Mukayama Reaction

The reaction of silyl enolates with aldehydes catalyzed by titanium tetrachloride was
discovered by Mukayama in 1973 and named after him [81]. This reaction is a conve-
nient method for the synthesis of hydroxyphosphonates, in connection with which several
papers have been published on the use of the Mukayama reaction in the asymmetric syn-
thesis of hydroxyphosphonates. For example, TADDOL catalyzes the enantioselective
Mukayama reaction of acylphosphonates with silylenolates to form hydroxyphosphonates
with one quaternary carbon atom, forming with high diastereo- and enantioselectivity [82]
(Figure 43). An enantioselective reaction of silyl enolates with N-acyl-α–iminophosphonates
catalyzed by chiral copper complexes, resulting in chiral α–aminophosphonates, has also
been described. Complexes of Cu(OTf)2 and diamine were effective catalysts for this
reaction, providing the formation of aminophosphonates in high yields and enantioselec-
tivities [83]. The enantioselective reaction of N-acyl-α–iminophosphonates silylenolates
leads to the formation of chiral α–aminophosphonates (Figure 44).
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Figure 43. Mukayama reaction of acylphosphonates with silylenolates.

Figure 44. Enantioselective reaction of silyl enolates with N-acyl–α–ιminophosphonates.

Rawal et al. [82] reported a highly stereoselective Mukayama reaction of diethyl
α–ketophosphonate with N-acetal-O-ketenes catalyzed by commercially available TAD-
DOL. The stereoselectivity of the reaction increased with decreasing temperature. The
tert-butyldimethylsilyl (TBDMS) group could be easily removed from the final product
by treatment with 5% HF in CH3CN. All tertiary alcohols with tertiary and quaternary
stereogenic centers were obtained in good yields and with high enantio- and diastere-
oselectivities. This method gives access to optically active α,β–dihydroxyphosphonates
(Figure 45).

Figure 45. The Mukayama reaction of diethyl α–ketophosphonate with N-acetal–O–ketenes.

2.1.4. Phospha-Michael Reaction

The asymmetric Michael addition of phosphorus nucleophiles (R2PO− or R2P− groups)
to activated alkenes proceeds stereoselectively in the presence of chiral catalysts [84–88].
Trimethylsilyl ethers of diarylprolinol proved to be particularly effective catalysts, by means
of which highly enantioselective hydrophosphination of α, β-unsaturated aldehydes with
diphenylphosphine was carried out. As a result, the organocatalytic asymmetric β–function-
alization of aldehydes with a P-centered nucleophile was developed, which is a simple method
for obtaining highly enantioenriched tertiary phosphines (Figure 46) [84–90]. Asymmetric
cascade cyclization reaction of o-hydroxycinnamic aldehydes and diphenylphosphine oxide
catalyzed by the silyl ether of L-diarylprolinol was followed by cyclization with formation
of highly enantioenriched 4-diphenylphosphinylchroman-2-ols with 84–99% ee. This cat-
alytic method was successfully extended to the enantioselective β-phosphonylation of
α,β-unsaturated aldehydes with trivalent trialkyl phosphites [91]. However, the asym-
metric phospha-Michael addition of α,β-unsaturated aldehydes to diphenylphosphine
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proceeded with moderate enantioselectivity [92], although diarylphosphine oxides and
diphenoxyphosphine successfully phosphonylated analogues of nitroalkenes in the pres-
ence of chiral guanidines [93,94], quinine [95], squaramids [96], etc. [97] (Figure 46).

Figure 46. Phospha–Michael reaction catalyzed by a chiral diarylprolinol catalyst.

Activated vinyl phosphonates containing an electron-withdrawing group have at-
tracted great interest in asymmetric organo-catalysis [98–106]. For example, the reaction of
α,β-unsaturated ketones and aldehydes with diarylphosphine oxides catalyzed by diaryl-
prolinol, resulted in optically active products in high yields and with enantioselectivity up
to 86–99% ee (Figure 47) [92].

Figure 47. Organocatalytic phospha-Michael reaction of α,β-unsaturated ketones with diarylphos-
phine oxides.

The asymmetric Michael reaction of vinyl bis-phosphonates with enol compounds
catalyzed by the pyrrolidine organocatalyst proceeded with satisfactory enantioselectivity
(Figure 48). The reaction was completed in 12 h at room temperature in the presence
of 20 mol% catalyst in CHCl3 with formation of Michael adducts in 80% yield and with
enantioselectivities reaching 90% ee. Lowering temperature led to decrease of enantioselec-
tivity from 90% to 80% ee [105,106]. Barros and Phillips [107] synthesized chiral keto-bis-
phosphonates by Michael addition of cyclic ketones to vinyl bis-phosphonate catalyzed by
0.1 mol equiv. (S)–(+)-1-(2-pyrrolidinyl)-pyrrolidine and benzoic acid as a cocatalyst. All
reactions proceeded with the formation of geminal bis-phosphonates in yields up to 86%, dr
1:99 and high enantioselectivities. While cyclohexanone and its derivatives gave monoalkyl
products regioselectively, the reaction with cyclopentanone resulted in the formation of
2,5-dialkylated products with 99% ee (Figure 49).
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Figure 48. Synthesis of chiral γ–keto-bis-phosphonates.

Figure 49. Phospha-Michael reaction of aldehydes with vinyl bis-phosphonate.

The reaction mechanism based on stereochemical studies of the reaction was proposed.
The mechanism postulated the Michael acceptor attack from the Si-face of E-enamine. The
selectivity of the organocatalytic the asymmetric conjugate addition was explained by the
authors as an acyclic synclinal transition state based on the Seebach model, in which there
are electrostatic interactions between the enamine nitrogen and the phosphonate fragment.
The bulky aryl and silyl groups favor the selective formation of E-enamine and the selective
shielding of its Re-face (Figure 50) [105].

Figure 50. The proposed transition state of Michael reaction catalyzed by the pyrrolidine organocatalyst.

Enantioselective addition of cyclic 1,3-dicarbonyl compounds to ethyl (E)-but-2-enoylpho-
sphonate proceeds easily in the presence of cinchonine thiourethanes (Figure 51) [101,102].
Chiral quinine squaramides were the most efficient catalysts for these reactions. The ini-
tially formed α-oxophosphonates were converted to the corresponding esters or benzy-
lamides in basic media. The addition of 2-hydroxy-1,4-naphthoquinones to β,γ–unsaturated
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α-ketophosphonates was performed by cooling to –25 ◦C in a chloroform-toluene solution
(Figure 52). Thiourethanes have shown themselves to be effective organocatalysts that provide
high enantioselectivity. The resulting adducts were converted to β-(3-hydroxy-1,4-dioxo-1,4-
dihydronaphthalen-2-yl) by treating the reaction mixtures with methanol in the presence of
DBU (Figure 53) [96].

Figure 51. The phospha-Michael reaction catalyzed by a chiral quinine thiourethane.

Figure 52. Enantioselective addition of cyclic 1,3-dicarbonyl compounds to ethyl (E)-but-2-
enoylphosphonate.
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Figure 53. The phospha–Michael reaction catalyzed by a squaramide catalyst.

The enantioselective phospha–Michael reaction of diphenylphosphonate with ni-
troolefins was catalyzed by a guanidinium/bis-thiocarbamide organocatalyst. Nitroolefins
containing various aromatic and aliphatic substituents reacted with H-phosphites to form
addition products with 90–98% ee. Among a number of solvents studied, toluene provided
the highest enantioselectivity (89% ee). The enantioselectivity of the reaction increased to
95% ee with the addition of water [102,103]. It was found that the reaction enantioselectively
led to the formation of products having the (R)-absolute configuration (Figure 54).

Figure 54. The phospha-Michael reaction catalyzed by guanidinium/bis-thiocarbamide.

Asymmetric addition of phosphonates to trans-crotonophenone and chalcone deriva-
tives using diaminomethylenemalononitrile as an organo-catalyst led to the formation of
the corresponding chiral γ–ketophosphonates in high yields and excellent enantioselectiv-
ity (up to 95% ee). The reaction resulted in the corresponding β-substituted carboxylates
in high yields and with high enantioselectivity (94–99% ee) with subsequent neutraliza-
tion of the resulting products by the action of DBU and MeOH as the second nucleophile
(Figure 55) [104].

Figure 55. Asymmetric additions of phosphonates to trans-crotonophenone derivatives.
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High stereoselectivity was achieved in the case of using iminium complexes, with
the trans-configuration, creating the most effective shielding of the Re-stereoface side
(R=Ar) of the iminium complex with the large chiral group of the protected diarylprolinol.
Substituted enals containing aryl, heteroaryl, alkyl, and alkenyl groups could be phospho-
rylated by this method, yielding products with 75–94% ee and good yields. The highest
enantioselectivities were obtained with diphenylphosphine and diarylprolinol containing
3,5-bis(trifluoro)phenyl groups in toluene or chloroform with 2-fluorobenzoic acid addi-
tives. In this case, depending on the substituent R’, yields of the products were 80–85%,
and the enantioselectivity was 76–99% ee. Cordova et al. [90] proposed a mechanism for
a chemo- and enantioselective organocatalytic hydrophosphination of α,β-unsaturated
aldehydes based on theoretical calculations using the Gaussian-93 program. They came
to the conclusion that the bulky substituent (R=Ar) shields the Re-stereoface side of the
iminium ion, which favors the Si-stereoface attack (Figure 56) [105,106].

Figure 56. The reaction of enals with diphenylphosphine.

Terada et al. [94] synthesized β–nitrophosphonates using axially chiral guanidine
derivatives as catalysts for the Michael addition of diphenyl phosphite to nitroalkenes. The
enantioselectivity of the reaction increased with increasing substituent size. The reaction
was carried out in the presence of 1 mol% catalyst, and low catalyst loading did not affect
the enantioselectivity of addition. It was noted that the addition of α–nitrophosphonates to
α,β–unsaturated ketones, catalyzed by quinine–thiourethane, proceeded with moderate
enantioselectivity depending on the structure of the ketone. In the presence of electron-
donating aromatic substituents, the enantioselectivity was at the level of 70% ee. On the
contrary, the introduction of electronegative groups into the aromatic nucleus led to a
decrease in enantioselectivity to 35–44% ee (Figure 57).

Figure 57. Addition of diphenyl phosphite to nitroalkenes catalyzed by guanidine derivatives.

An organocatalytic domino reaction consisting of Michael addition/intramolecular
alkylation between α,β-unsaturated aldehydes and bromophosphonoacetates was devel-
oped. The reaction consists of Michael addition and intramolecular alkylation of α,β-
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unsaturated aldehydes with bromophosphonoacetates. Highly functionalized cyclopropy-
lphosphonates containing three chiral centers, one of them quaternary, were obtained
with good diastereoselectivities of up to 83:17 and very high enantioselectivities of up to
99% [107]. Aromatic, heteroaromatic, and aliphatic nitroalkenes were phosphonylated
using this reaction. The corresponding adducts were obtained with high yields and enan-
tioselectivities. The authors used Michael adducts in the synthesis of biologically important
β–aminophosphonates. Noteworthy are the works devoted to the study of the reaction of
isatin-based ketimines with α-diazomethylphosphonates catalyzed by chiral binaphthanol-
derived silver phosphate [108] and click reactions for protein functionalization [109]. Pro-
line and its derivatives catalyze the reaction of ketophosphonates with enolizable ketones,
which leads to the formation of chiral ketophosphonates [110]. The highest yields and
enantioselectivities were obtained in the reaction of ketophosphonates with acetone and
proline. It was found that methyl and isopropyl ethers of ketophosphonates in reaction
with acetone give hydroxyphosphonates with the highest enantiomeric excess (ee). At the
same time, the reaction of butanone and methoxyacetone with ketophosphonates, while
yielding optically active phosphonates, presented relatively low enantioselectivity. The
organocatalytic reaction of ketones with α–ketophosphonates having an asymmetrically
substituted phosphorus atom was also studied. However, due to the stereogenic center on
phosphorus, a mixture of two diastereomers of α–hydroxyphosphinates was obtained in
a ~1:1 ratio, some of which were separated by crystallization. The optical purity of these
diastereomers was very good (from 91% to 99% ee), and their absolute configurations were
determined by X-ray analysis (Figure 58) [111,112].

Figure 58. Reaction of ketophosphonates with ketones catalyzed by L-proline derivatives.

L-Prolinamide catalyzes the reaction of diethyl formylphosphonates with ketones to
form secondary hydroxyphosphonates in high yields (Figure 59). The authors suggested
that the addition proceeds through the transition states, which have a nine-membered chair
conformation, in which the phosphonate occupies a pseudoequatorial position. As a result,
enamine undergoes addition from the Si-stereoface side of diethyl formylphosphonate,
giving the observed product configuration (Figure 60) [112].
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Figure 59. Reaction of diethyl formylphosphonates with ketones catalyzed by L-prolinamide.

Figure 60. The proposed by authors [75] transition state structures of the diethylformylphosphonate
reaction with ketones.

Jorgensen et al. [91] reported enantioselective phosphonylation of α,β–unsaturated
aldehydes with trialkyl phosphites, in combination with a Brønsted acid and a nucleophile.
Optically active β-aldehyde phosphonates formed as a result of β–phosphonylation of
β-unsaturated aldehydes are universal chiral synthons for many syntheses. The organocat-
alytic enantioselective reaction of β-phosphonylation of aliphatic α,β-unsaturated alde-
hydes proceeded with good yields and enantioselectivities (84–85% ee). The use of chiral
catalyst in this reaction allows for yields of enantiomeric product in 55% yield and with 82%
ee. The same results were obtained for functionalized enals; however, yields were slightly
lower. The reaction proceeded readily also with aromatic α, β-unsaturated aldehydes such
as cinnamic aldehyde and its para-substituted derivatives. Using aromatic α, β-unsaturated
aldehydes, the corresponding phosphonates were obtained in satisfactory yields and with
enantioselectivities 74–88% ee (Figure 61).

Figure 61. Enantioselective phosphonylation of α,β–unsaturated aldehydes.

The asymmetric addition of dialkylphosphites or dialkylphosphine oxides to electron-
deficient alkenes by the Michael reaction is successfully realized under the conditions of
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metal-complex catalysis [113–117]. For example, Gluck reported asymmetric hydrophos-
phination of activated olefins catalyzed by a platinum complex containing the (R,R)-Me-
Duphos)(trans-stilbene) ligand, resulting in chiral phosphines in good yields and with
moderate enantiselectivities [114] (Figure 62). Togni et al. [115,116] proposed a method
for the asymmetric hydrophosphination of methacrylonitrile with secondary phosphines,
catalyzed by a nickel complex containing the chiral Pigiphos ligand (Figure 63). The
authors suggested that methacrylonitrile coordinates with the nickel atom through the
nitrile nitrogen and increases the electrophilicity of the activated double bond. Increasing
the volume of the substituents resulted in an increase in stereoselectivity (95% yield and
94% ee), although the reaction time was increased in some cases. The enantioselectivity of
the reaction reached 89–94% ee. The addition of secondary phosphines proceeded more
easily, since the methacrylonitrile ligand is in the chiral environment of bulky substituents
that initiate chirality. The absolute configuration of the obtained enantiomers of tertiary
phosphines was (S). The Pigiphos/nickel(II) complex catalyzed the reaction of secondary
phosphines with methacrylonitrile to form chiral 2-cyanopropylphosphines in good yields
and with high enantiomeric purity (up to 94% ee). A reaction mechanism was proposed that
takes into account the coordination of methacrylonitrile with a dicationic nickel catalyst,
accompanied by 1,4-addition of phosphines and proton transfer in the subsequent stage,
which determines the reaction rate. Kinetic data, including the isotope effect, and DFT
calculations supported the proposed mechanism. Features of this mechanism suggest
stereospecific proton transfer, reversible format ion of the P-C bond, as well as the forma-
tion of an unusual Ni intermediate ketenimine [116] (Figure 64). Fehn et al. showed that
claw-like (S,S)-complexes of palladium catalyze the asymmetric addition of diarylphos-
phines to various enones with formation of chiral phosphines in good yields and with high
enantioselectivities (yields 63–93%, 90–99% ee) [117] (Figure 65).

Figure 62. Asymmetric hydrophosphination of activated olefins catalyzed by a platinum complex.

Figure 63. Enantioselective phospha-Michael reaction of secondary phosphines catalyzed by the
complex Pigiphos–Ni(II).
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Figure 64. Enantioselective addition of secondary phosphines catalyzed by organic nickel complex
(A) Pigiphos–Ni(II) complex, (B) catalytic cycle of hydrophosphonylation of methacrylonitrile by the
complex [Ni(3-Pigiphos) (NCMeCCH2)].

Figure 65. Asymmetric addition of diarylphosphines to enones.

Wang et al. reported the asymmetric 1,4-addition reaction of diethyl phosphite with
simple enones catalyzed by a binuclear zinc complex [118,119] with formation of ketophos-
phonates in high yields and very good enantioselectivity (up to 99% ee). This catalytic
phospha-Michael reaction was tested on a range of enones containing aryl and alkyl sub-
stituents in the β–position which reacted with good enantioselectivities (Figure 66).
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Figure 66. Reaction of enones with P(O)H compounds.

Chiral cyclic complexes of palladium with N-heterocyclic carbene ligands were syn-
thesized starting from enantiomerically pure benzylamines [120]. These complexes exist
as two atropisomers which have been isolated by column chromatography. The com-
plexes were used as catalysts in 1,4-additions of diarylphosphines to α,β-unsaturated
ketones. As a result, tertiary phosphine oxides were obtained in good yields but moderate
enantioselectivities (Figure 66) [121]. Cyclic palladium complexes catalyzed the diastereo-
and enantioselective addition of phenylphosphine to bis(enones). This reaction allows
the intermolecular construction of chiral tertiary phosphorus heterocycles by the one-pot
method in high yields [122–125]. The highly active, chemo- and enantioselective addition
of diphenylphosphine to α,β-unsaturated imines, catalyzed by the cyclic (S)-palladium
complex, was used to synthesize a number of chiral tertiary enaminophosphites in excellent
yields (Figure 67) [120].

Figure 67. P-Michael addition catalyzed by a chiral palladium complex.

The cyclic palladium complex catalyzed the diastereo- and enantioselective addition
of primary and secondary phosphines to enones and enamines. The reaction of bis-enones
with phenylphosphine made it possible to obtain chiral phosphorus heterocycles in a
one-pot synthesis with high yields and high enantioselectivities as shown in Figure 68.



Symmetry 2022, 14, 1758 34 of 56

This chemo- and enantioselective reaction was also used to synthesize a number of chiral
tertiary enamidophosphites (Figure 68) [122,123].

Figure 68. Asymmetric synthesis of enaminophosphines via palladacycle-catalyzed addition of
Ph2PH to α,β–unsaturated imines.

Michael addition of dialkyl phosphites to nitroalkenes in the presence of (S)-(−)- alu-
minum lithium bis(binaphthoxide) complex ALB gave β–nitrophosphonates, which are
precursors of beta-aminophosphonic acid with good enantioselectivities. The dinaphthox-
ide complex (S)-ALB catalyzed the reaction giving addition products in good yields and
with good enantioselectivities [126,127] (Figure 69).

Figure 69. The Michael addition of dialkyl phosphites to nitroalkenes.

Tessema et al. [97] used a salt of 4-N,N-dimethylaminopyridinium saccharinate (DMAP
Hsac) and long-chain pyridine fluoride (4–Rf-CH2OCH2-Py, where Rf = C11F23) to catalyze
the phospha–Michael reaction. The addition of diisopropyl-, dimethyl-, or triethylphos-
phites to β-unsaturated malonates in the presence of these catalysts proceeded easily at
80–100 ◦C in high yield and the possibility of catalyst reuse up to eight cycles. Addition
products containing phosphorus and benzimidazole units were in most cases formed in
high yields and with excellent enantioselectivity. Reduction of the phosphine oxide unit in
the addition product gives the corresponding chiral phosphine, which is a potential chiral
P,N-ligand based on benzimidazole, without loss of enantiomeric excess (Figure 70) [128].

Figure 70. Preparation of potential chiral P,N-benzimidazole ligand using the Michael addition.
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Phospha-Michael addition in recent years has spread to new and unusual struc-
tures [128]. For example, Palacios [129–132] and Onys’ko [133] reported an asymmetric
aza-Henry reaction with phosphonoketimines catalyzed by bifunctional thiourethane al-
kaloids. The reaction easy proceeds with compounds containing both electron-donating
and electron-withdrawing substituents in the aromatic nucleus. As a result of the reaction,
α–amino-p-nitrophosphonates were obtained with good yields and enantioselectivities
(yields 82–87% and 80–84% ee). The same authors described an enantioselective reaction of
aza-reformed non-cyclic ketimines using dialkylzinc reagents and a chiral ligand derived
from BINOL. The reaction products were converted to aryl- and heteroarylketimines and
alkyliodoacetates with high yields and enantioselectivities (76–92%, 93–99% ee) (Figure 71).

Figure 71. Asymmetric aza-Henry reaction with phosphonoketimines catalyzed by bifunctional
thiourethane alkaloids.

More recently, an example of a dipolar cycloaddition has been reported by Peng et al. [134].
The interaction of diazophosphonates with acryloyloxazolidones in the presence of the Mg-
complex led to the formation of enantio-enriched pyrazolines in high yields and with very
good enantiomeric excesses (Figure 72).

Figure 72. Asymmetric [3 + 2] cycloadditions of α-diazophosphonates.

3. Asymmetric Hydrogenation of Unsaturated Phosphonates

The reactions of catalytic hydrogenation and reduction of unsaturated compounds are
undoubtedly the most important methods of modern organic synthesis. An example of a
significant industrial scale of enantioselective catalytic processes (more than 10,000 tons
annually) is the production of (S)-Metolachlor, an herbicide widely used in agriculture on
crops of cereals and soybeans [135]. Metolachlor is an atropisomeric compound, forming
four stereoisomers, of which only two (S)-diastereomers are biologically active. The steric
effects of 2,6-disubstituted aniline make it difficult to rotate around the Ar-C to N bond.
Therefore, the (R)- and (S)-enantiomers exist as atropisomers. A key step in the production



Symmetry 2022, 14, 1758 36 of 56

of metolachlor is the asymmetric hydrogenation of an intermediate imine using an iridium
complex with the JOSIPHOS ferrocenyldiphosphine ligand [136]. Various examples of in-
dustrial use of catalytic asymmetric hydrogenation to obtain enantiomerically pure organic
substances, including organophosphorus compounds, are presented in the literature [7,17].

3.1. Asymmetric Hydrogenation of Alkenephosphonates

Asymmetric hydrogenation of unsaturated phosphonates in the presence of chi-
ral transition metal complexes is an important method for the synthesis of functional-
ized phosphonates. For example, the hydrogenation of β,β-diarylvinylphosphonates
catalyzed by the Rh-(R,R)-f-spiroPhos complex [127] made it possible to obtain chiral
β,β-diarylethylphosphonates with 99.9% ee. In addition, this catalyst also demonstrates
relatively excellent performance for β-aryl -β-alkyl unsaturated phosphonates, providing
the corresponding chiral phosphonates with ee values up to 99.9%. This methodology
provides direct access to the asymmetric synthesis of chiral phosphonates. Hydrogenation
with the PROPRAPHOS ligand in both absolute configurations led to the formation of
(R)- and (S)-enantiomers of α–aminophosphinates with enantioselectivities of 88–92% ee.
Et-DuPhos-Rh(I) chiral complexes providing enantioselectivity reaching 94–94% ee are
effective catalysts for the asymmetric hydrogenation of N-aryl and N-benzyloxycarbonyl-
enamidophosphonates (Figure 73).

Figure 73. Hydrogenation of β,β-diarylvinylphosphonates catalyzed by the Rh-(R,R)-f-spiroPhos
complex.

Unsaturated phosphonates have been implemented for the synthesis of β,β-diarylchiral
phosphonates with excellent enantioselectivity (up to 99.9% ee) catalyzed by the Rh-(R,R)-f-
spiroPhos complex. In addition, this catalyst also exhibits comparatively excellent perfor-
mance for β-aryl-β-alkyl-unsaturated phosphonates, providing the corresponding chiral
phosphonates with ee up to 99.9%. This methodology provides direct access to the asym-
metric synthesis of chiral phosphonates (Figure 74).

Figure 74. Catalytic hydrogenation of N-[1-(dimethoxyphosphoryl)vinyl]formamide.
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Wang et al. [137,138] used rhodium complexes containing chiral phosphine-aminopho-
sphine ligands for the enantioselective catalytic hydrogenation of α–enol phosphonates
and α–enamidophosphonates. Phosphine-aminophosphine ligands showed higher enan-
tioselectivity compared to BoPhoz analogs. Very good enantioselectivity (93–97% ee) was
achieved in the hydrogenation of various substrates catalyzed by the (S)-(L)/Rh(COD)]BF4
complex, indicating a high potential of phosphine-aminophosphine ligands in the produc-
tion of optically active hydroxyphosphonates and α–aminophosphonates (Figure 75).

Figure 75. Hydrogenation of α–enamidophosphonates catalyzed by the Rh/(S)-L1 complex.

Iridium complexes containing chiral phosphine ligands are highly efficient catalysts for
asymmetric hydrogenation. For example, the catalytic hydrogenation of vinylphosphonates
using a rhodium complex containing a ferrocene ligand (Lig) proceeded with the formation
of optically active (E)-2-amino-1-thiophosphinylalkanes in high yields and with high
ee [139]. Subsequent desulfurization of the hydrogenation products led to the formation of
2-amino-1-phosphinoalkanes, which are chiral N,P ligands (Figure 76).

Figure 76. Catalytic hydrogenation of vinylphosphonates using an iridium complex.

Hydrogenation of prochiral β–N-acetylamino-vinylphosphonates catalyzed by chiral
rhodium complexes containing chiral ferrocene ligands led to the formation of chiral
β–N-acetylaminophosphonates with almost 100% yields and high enantioselectivities
(up to 92% ee). The highest enantioselectivities were achieved when the reaction was
carried out in dichloromethane or THF. In some cases, during the hydrogenation of (Z)-
alkenephosphonates, an inversion of the generated chirality was observed. The catalysts
were prepared in situ by mixing [Rh(COD)2]BF4 with an equimolecular amount of a
bidentate phosphorus ligand (Figure 77) [135].
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Figure 77. Hydrogenation of prochiral β–N-acetylamino-vinylphosphonates catalyzed by chiral
rhodium complexes.

Asymmetric hydrogenation of β,β-diarylunsaturated phosphonates catalyzed by the
Rh-(R,R)-f-spiroPhos complex has been used to synthesize β,β-diarylchiral phosphonates
with high enantioselectivity (up to 99.9% ee). In addition, this catalyst also exhibits excellent
performance for β-aryl-β-alkyl unsaturated phosphonates, giving the corresponding chiral
phosphonates with optical purity up to 99.9% ee [127] (Figure 78).

Figure 78. Rh-catalyzed asymmetric hydrogenation of α,β–unsaturated phosphonates.

Doherty et al. [140] found that rhodium complexes containing the ligands (R,S)-
JOSIPHOS and (R)-Me-CATPHOS are efficient enantioselective catalysts for the asymmetric
hydrogenation of (E)- and (Z)-β–aryl–β–(enamido) phosphonates. Rhodium complexes
with the ligands (R)-Me-CATPHOS and (R,S)-JOSIPHOS in most cases provided asym-
metric hydrogenation of both (E)- and (Z)-β–aryl–β–enamidophosphonates in yields of
72–97% and with 99% ee and up [141]. Enantioselective hydrogenation of vinylphospho-
nates (70–94% ee) was achieved using iridium complexes with phosphinoxazoline ligands.
For example, optically active 1-arylethylphosphinates, which are phosphorus analogues of
naproxen, have been synthesized with 92–95% ee by hydrogenation of vinylphosphonates in
methylene chloride, at +20 ◦C or low heat and a pressure of 5–60 bar (Figure 79) [142]. Chiral
phosphine ligands, 1,2-bis(alkylmethylphosphino)ethanes (BisP) and bis(alkylmethyl) phos-
phinomethanes) (MiniPHOS) exhibited high enantioselectivity in the rhodium-catalyzed
hydrogenation of vinylphosphonates (Figure 80) [143].
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Figure 79. Asymmetric hydrogenation of (E)- and (Z)–β–aryl-β–(enamido) phosphonates with chiral
Iridium complex.

Figure 80. Hydrogenation of β–arylalkenesphosphonates catalyzed by rhodium complexes.

Chiral rhodium complexes containing P–OR ligands have proven to be effective
catalysts for the enantioselective hydrogenation of enolphosphonates. The highest enan-
tioselectivity (98% ee) was achieved with substrates containing an alkyl substituent in
the β–position, while the hydrogenation of olefins containing an aromatic substituent
proceeded with enantioselectivities not exceeding 92% ee [141–144] (Figure 81).

Figure 81. Enantioselective hydrogenation of enolphosphonates catalyzed by chiral rhodium com-
plexes containing P–OR ligands.

Much attention was paid to the development of an enantioselective method for the
synthesis of α-hydroxyphosphonates by catalytic hydrogenation of β-aryl-, β-alkoxy-,
and β-alkyl-substituted enolphosphonates. Wang [138] used for this purpose rhodium
complexes containing unsymmetrical phosphine–amide–phosphite THNAPhos ligands. As
a result of asymmetric hydrogenation, phosphonates with an optical purity of 99.9% ee were
obtained. In another study [145], the hydrogenation of enolphosphonates in the presence of
cationic rhodium catalysts L/Rh(COD)OTf containing C2-symmetric ligands L=DuPHOS
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and BPE also proceeded with high stereoselectivity 85–99.9% ee at room temperature
and low hydrogen pressure (10 bar), in methylene chloride or isopropanol solution. Good
results were also obtained with rhodium complexes containing phosphine-aminophosphine
ligands (S)-HY–Phos (yields 95–99%, 93–96% ee), as well as with chiral (S)-HY–Phos ligand
(98–99% ee) [142,143,145] (Figure 82).

Figure 82. Asymmetric hydrogenation of enolphosphonates.

The Rh/ClickFerrophos complexes also proved to be efficient catalysts in the hydro-
genation of β-dialkylphosphonates, (Z)-β-enolvinylphosphonates, and α-phenylethylen-
ephosphonates, which were converted to the corresponding chiral phosphonates in good
yields and enantioselectivities reaching 96% ee [141,144,146,147] (Figure 83).

Figure 83. Catalytic hydrogenation of unsaturated phosphonates.

Hydrogenation of β–substituted α,β–unsaturated phosphonates catalyzed by rhodium
complexes containing ferrocene ligands led to the formation of chiral β–substituted alka-
nephosphonates with high ee. Moreover, hydrogenation of (E)-substrates occurred with 100%
conversions, enantioselectivities reaching 99.5% ee, and hydrogenation of (Z)-substrates with
98.0% ee. The absolute configurations of most compounds were not determined, although
it was noted that hydrogenation catalyzed by a rhodium complex containing the (RC,SC)–
FAPhos ligand proceeded to form compounds having the (R)-configuration. The chiral
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phosphine-amidophosphite ligand (S)–HY–Phos has been used for Rh-catalyzed asymmetric
hydrogenation of α–acetamido)-cinnamates, enamides, and enolphosphonates with 98–99%
ee [143–145] (Figure 84).

Figure 84. Hydrogenation of β–substituted α,β–unsaturated phosphonates catalyzed by rhodium
complexes containing ferrocene ligands.

Asymmetric hydrogenation of 1-aryl- and 1-alkylethenylphosphonates in the presence
of rhodium complexes containing P-chiral aminophosphine-phosphine ligands of the
BoPhoz type led to the formation of chiral 1-aryl and 1-alkyl-substituted ethylphosphonates
with 92–98% ee and yields up to 90–95% (Figure 85). Hydrogenation was carried out at
the hydrogen pressure of 10 bar, room temperature, 1.1 mol% of catalyst and 0.25 mmol of
substrate (Figure 86) [146].

Figure 85. Hydrogenation of vinyl phosphonates with Rh/(SC, RFc, RP) catalyst.

Figure 86. Rh-catalyzed asymmetric hydrogenation of α–enolphosphonate.

Hydrogenation of electron-deficient carboxyethylvinylphosphonates also occurred
with high enantioselectivity reaching 96% ee [144,147]. Diphenylvinylphosphine oxide
and di- and trisubstituted vinylphosphonates were used as substrates in asymmetric
hydrogenation catalyzed by an iridium complex. The highest enantioselectivity (up to 99%
ee) was observed for substrates with aromatic and aliphatic groups at the prochiral carbon
(Figure 87).
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Figure 87. Asymmetric hydrogenation of carboxyethylvinylphosphonates.

Kafarsky et al. performed the hydrogenation of substituted vinylphosphonates using
rhodium complexes containing P–OP L1, ent–L1, or (R,R)-Me–DuPHOS ligands as catalysts.
As a result, α-aminophosphonic acids of high enantiomeric purity (up to 99% ee and de)
were obtained. Due to the high quality of the obtained amino acids, it was possible to use
in the synthesis of phosphonopeptides, which are valuable building blocks for obtaining
biologically relevant molecules [148] (Figure 88).

Figure 88. Asymmetric hydrogenation of N-substituted vinylphosphonates.

3.2. Asymmetric Hydrogenation and Reduction of Ketophosphonates

Chiral transition metal complexes catalyze the hydrogenation and hydrosilylation
of prochiral ketones. From a practical point of view, the asymmetric hydrogenation
of ketophosphonates is one of the convenient methods for the synthesis of chiral hy-
droxyphosphonates [21,149]. The asymmetric catalytic synthesis of α–amino and α–
hydroxyphosphonates is of great interest due to the pharmaceutical activity of these com-
pounds. Asymmetric hydrogenation uses various catalysts, in particular Ru(II)–BINAP
complexes. Early works in this area include studies by Noyori et al. [149] who showed
that Ru(II)–BINAP complexes (1 mol% RuCI2(R)-BINAP](dmf)n) successfully catalyze the
hydrogenation of 1-(formamido) alkenylphosphonates in methanol at low pressure H2 and
30 ◦C to form α–formamidophosphonates with high yields and 94–98% ee. Phosphoala-
nine, phosphoethylglycine, and phosphophenylalanine were obtained by this method in
high enantiomeric purity. It was found that the use of the (S)-BINAP–Ru(II) catalyst gave
predominantly (R)-products, while the (R)-BINAP complexes resulted in the formation of
products having the (S)-configuration. Genet reported the asymmetric hydrogenation of
ketophosphonates catalyzed by chiral (R)-MeO–BIPHEP complexes and obtained hydrox-
yphosphonates with enantioselectivities up to 99% ee (Figure 89) (for detailed information
see [7]. (Figure 89).
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Noyori et al. developed a catalytic method for the synthesis of fosfomycin, an antibiotic
used in clinics to treat patients. Starting from racemic (rac)-β-keto–α–bromophosphonate,
fosfomycin was prepared in yield of 84%, with 98% ee and a syn:anti ratio of 90:10
(Figures 90 and 91) [149].

Figure 90. Enantioselective synthesis of Fosfomycin.

Figure 91. Asymmetric hydrogenation of β-ketophosphonates catalyzed by BINAP–Ru(II).

By this method, racemic α–acetamido-β–ketophosphonate was converted to (1R,2R)-
hydroxyphosphonate with high diastereoselectivity (syn:anti = 97:3) and an enantiose-
lectivity of 98% ee (Figure 92). Next, (1R,2R)-hydroxyphosphonate was converted to
enantiomerically pure (1R,2R)-phosphothreonine in 92% yield. BINAP–ruthenium catalytic
hydrogenation of labile ketophosphonates led to the formation of (R,R)- or (S,S)-α–amido-
hydroxyphosphonates with high enantio- and diastereoselectivity (95% ee, syn:anti 98:2)
(Figure 93).
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Figure 92. Hydrogenation of ketophosphonates catalyzed by (R)-BINOL/Ru.

Figure 93. Dynamic kinetic resolution of amido-ketophosphonates.

Dynamic kinetic resolution of α-amido-β-ketophosphonates by asymmetric hydro-
genation in the presence of atropoisomeric ruthenium catalysts led to the formation of the
corresponding β–hydroxy-α-amidophosphonates with high diastereo- and enantioselectiv-
ities (syn/anti = 99:1 and 99.8% ee). The catalysts were synthesized from atropisomeric (S)-
SunPhos ligands and [RuCl2(benzene)]2. Hydrogenation was carried out under a hydrogen
pressure at 10 bar and a temperature of 50 ◦C in methanol. As a result, chiral phosphonates
were obtained with 98.0% ee and a M isomer ratio of 97:3, with corresponding β-hydroxy-
(R)-amido phosphonates with high enantioselectivity [150,151]. As a result of hydrogena-
tion of a series of methyl, ethyl, and isopropyl (2-oxo-2-phenylethyl)phosphonates, the
corresponding alcohols were obtained with 99.7, 95.5, and 90.0% ee, respectively. Additives
have been found to play an important role in increasing the diastereo- and enantioselectiv-
ity of the reaction. For example, the addition of CeCl3-7H2O increased the stereoselectivity
of the reaction to syn/anti = 99:1 and 99.8% ee [152]. The electron-donating groups in
the para-position of the phenyl group of ketophosphonates increased the stereoselectivity,
while the electron-withdrawing groups decreased the chemical yields of the hydrogenation
products. Ma et al. has recently reported the hydrogenation of β-ketophosphonates with
chiral Ir/P,N,N-ligands (L) catalyst. A number of β-ketophosphonates were hydrogenated,
and the corresponding β-hydroxyphosphonates were obtained in high yields with very
good enantioselectivities under mild condition (Figure 94) [151].

Figure 94. α–Asymmetric hydrogenation of α-amido-β-ketophosphonates.



Symmetry 2022, 14, 1758 45 of 56

Zhow et al. developed the asymmetric hydrogenation of a range of linear and cyclic
α-iminophosphonates with a palladium catalyst, providing efficient access to optically
active α-aminophosphonates with ee up to 99% (Figure 95) [153].

Figure 95. Asymmetric hydrogenation of α-iminophosphonates with a palladium catalyst.

Enantioselective reduction of prochiral ketophosphonates is one of the important
methods for obtaining enantio-enriched hydroxyphosphonates. The reduction with boro-
hydrides in the presence of chiral catalysts (oxazaborolidines, alcaloids, chiral amines) is
the most effective catalytic system. A number of biologically active compounds have been
synthesized by oxazaborolidine-catalyzed reduction of ketones with boron hydrides at a
key stage. The chiral-modified borohydrides fixed on a polymer support were reusable.
Asymmetric CBS (Cory, Bakshi, Shibata) catalytic reduction is an efficient method for
preparing various chiral alcohols [154,155]. This method has been applied for the synthesis
of enantiomerically enriched hydroxyphosphonates via enantioselective catalytic reduction
of α-ketophosphonates with catecholborane and oxazoborolidine catalyst. Meier et al., us-
ing this methodology, obtained hydroxyphosphonates with enantioselectivities up to >99%
ee (Figure 96) [154]. The borohydride, coordinated to the nitrogen atom of oxazaborolidine,
increases the acidity of the intracyclic boron atom, facilitating the coordination of the ketone
that is being reduced. The mechanism of catalysis was investigated using ab initio MO
calculations. An interesting example of asymmetric reduction catalysts developed on the
basis of the oxazaborolidine structure is the oxazophospholidine borohydride complex com-
pound, which reduced aromatic and aliphatic ketophosphonates when heated in toluene,
giving hydroxyphosphonates with moderate enantioselectivity (Figure 96). Barco et al.
have described a diastereoselective synthesis of β-amino-α-hydroxyphosphonates using
borohydride reduction of β-phthalimido-α-ketophosphonates catalyzed by chiral oxaz-
aborolidines. While reduction with borohydride-dimethyl sulfide in THF gave a mixture
of (S,S)- and (S,R)-diastereomers (dr = 8:1–10:1), the reaction of ketophosphonates with
catecholborane in the presence of a catalytic amount (12 mol.%) oxazaborolidine in toluene
at −60 ◦C led to the formation of a single (S,S)-diastereomer in good yield [156].

Figure 96. Enantioselective synthesis of hydroxyphosphonates by catecholborane reduction.
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The enantioselective reduction of NH-imines catalyzed by oxazaborolidines is a con-
venient method for the preparation of aminophosphonates. Reduction with catecholborane
catalyzed by methyloxazaborolidine makes it possible to obtain aminophosphonates in
high yields and enantioselectivity (Figure 97) [157,158]. Palacios et al. [159] described
the asymmetric reduction of 2H-azirine-2-phosphonates. The key step in this reaction
is the Neber reaction of p-toluenesulfonyl oximes derived from phosphonates. Various
alkaloids such as sparteine (SP), quinidine (QN), hydroquinidine (HQ), or quinine (Q) were
used for cyclization. Reduction of 2H-azirines with sodium borohydride in ethanol gave
cis-aziridine phosphonates with moderate ee (Figure 98).

Figure 97. Enantioselective reduction of 1-imino-2,2,2-trifluoroethylphosphonates.

Figure 98. Asymmetric synthesis of 2H-azirine-2-phosphonates.

Enantiomerically pure carboxylic acids of natural origin have been used for the enan-
tioselective reduction with borohydrides of ketophosphonates into hydroxyphosphonates.
In particular, the reduction of ketophosphonates with NaBH4 catalyzed with L-proline
afforded hydroxyphosphonates with 50–70% ee. This reducing system was applied for the
preparation of a number of chiral hydroxyphosphonates (Figure 99) [160].

Figure 99. Recovery of ketophosphonates with the NaBH4–Pro complex.
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An interesting method for the enantioselective reduction of ketophosphonates was
developed based on the reduction with sodium borohydride in the presence of (S,S)-
or (R,R)-tartaric acid [161–163]. The reduction of α–ketophosphonates with this reagent
was carried out by cooling to −30 ◦C in THF. The stereochemistry of reduction of α-
and β-ketophosphonates with sodium borohydride/tartaric acid depended on the ab-
solute configuration of tartaric acid. Reduction of α-ketophosphonates with a reagent
derived from sodium borohydride and (R,R)-tartaric acid led to the formation of (S)-α-
hydroxyphosphonates, and reduction with sodium borohydride/(S,S)-tartaric acid gave
(R)-α -hydroxyphosphonates (Figure 100).

Figure 100. Reduction of ketophosphonates with sodium-borohydride–tartaric-acid complex.

The reduction stereoselectivity of ketophosphonates containing chiral mentyl 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 is explained
by the effect of double asymmetric induction. The higher stereoselectivity of the reduction
of dimentyl aryl ketophosphonates can be explained by the effect of double asymmetric
induction, since in this case the asymmetric inductions of the menthyl groups and tartaric
acid were summed up. At the same time, the reduction of dimentylketophosphonates
with sodium borohydride/(S,S)-tartaric acid proceeded with lower stereoselectivity. For
example, reduction of dimentylbenzoylphosphonate gave the corresponding hydroxyphos-
phonate with only 45% de. Obviously, the asymmetric inductions of (1R,2S,5R)-mentyl
groups and (R,R)-tartaric acid act in concert in the same direction and therefore add up,
increasing the resulting stereoselectivity. At the same time, the asymmetric inductions of
(1R,2S,5R)-mentyl groups and (S,S)-tartaric acid act inconsistently in opposite directions
and are therefore subtracted, reducing the resulting stereoselectivity.

The stereoisomers of dimenthyl (S)- and (R)-2-hydroxy-3-chloropropylphosphonate
were obtained with enantioselectivity of 96% ee [161]. These compounds are useful chiral
synthons (chirons) for the synthesis of enantiomerically pure β-hydroxyphosphonates.
Through these chirons, various biologically important chiral β-hydroxyphosphonic acids,
such as phosphono-carnitine and γ–amino-β–hydroxypropylphosphonic acid (phosphono-
GABOB), have been obtained. The treatment with potash of (S)-2-hydroxy-3-chloropropyl-
phosphonate in DMF in the presence of potassium iodide led to the formation of (R)-
epoxide with 99% de. Reaction of epoxide with sodium azide in the methanol containing
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additive of ammonium chloride gave (R)-2-hydroxy-3-azidopropylphosphonate, which
was converted into aziridine in high yield (Figure 101) [162,163].

Figure 101. Synthesis of biologically important β–hydroxyphosphonates. Reaction conditions:
(a) NaBH4/L-TA, THF, −30–+20 ◦C, (b) Me3SiBr/MeOH/Me3N, (c) K2CO3/KI, (d) Bn2NH, H2/Pd-
C, (e) NaN3/NH4Cl, (f) Ph3P/Ph3PO.

The reduction of acylphosphonates with formic acid and triethylamine, catalyzed by
RuCl [(S,S)-TsDPEN] (p-cymene) complex containing a chiral aminosulfonamide ligand,
led to the formation of (R)-hydroxyphosphonate with high diastereo- and enantioselectivity
up to 99% ee. Highly selective catalytic hydrogenation of acylphosphonates has been
used for dynamically kinetically resolution of α-aryl-acylphosphonates with formation of
β-stereogeneous α-hydroxyphosphonic acid derivatives. The absolute configurations of
the products were established by X-ray diffraction analysis, showing anti-orientation of the
groups OH и Ar (Figure 102) [164].

Figure 102. Reduction of acylphosphonates with formic acid and triethylamine catalyzed by a
ruthenium complex.

Silane in the presence of (S)-SegPhos/Cu(OAc) 2H2O (1–5 mol %) PMHS and t-BuOH
complex reduced 3-aryl-4-phosphonobutenoates with enantioselectivities up to 94% ee. The
enantioselectivity of the reduction was influenced by the spatial and electronic effects of the
substrates [165]. Substrates having an electron-withdrawing group in the para-position of
the phenyl ring were reduced with higher ee values than substrates with electron-donating
groups (Figure 103). Mhamdi aand Touil reported a green and universal method for the
preparation of γ-hydroxyphosphonates and phosphine oxides by means of reduction of γ-
phosphonyl ketones with sodium borohydride deposited on alumina at room temperature
in the absence of a solvent [166].
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Figure 103. Reduction of 3-aryl-4-phosphonobutenoates by PMHS in the presence of (S)-
Segphos/Cu(OAc) complex.

4. Conclusions

Metal-complex catalysis and organo-catalysis are important methods for the syn-
thesis of C-chiral phosphonates, which are the most numerous and interesting type of
organophosphorus compounds in terms of biological activity. In this review, we have
considered several variants of asymmetric catalysis, which make it possible to obtain C-
chiral phosphonates with a high enantiomeric excess (ee). It should be noted that, despite
intensive studies of catalytic methods for the synthesis of C-chiral phosphonates, not all
problems in this area have been solved. The prospects for the chemical modification of
C-chiral phosphonates with the introduction of new, more complex groups into the side
chain, including those with a specific configuration, are far from being exhausted. The
exact absolute configuration can only be set successfully in a limited number of cases. In
addition, only in a limited number of cases do the wide 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 field of chemistry. In this re-
gard, the development of highly efficient methods for the asymmetric organo-catalytic and
metal-complex catalysis is an urgent task. 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.

Obviously, asymmetric catalysis by means of chiral bifunctional organocatalysts can be
a very useful tool in the design of chiral phosphorus-containing compounds with a complex
structure [167]. Organo-catalysis, which has shown its promise in many syntheses of C-
chiral phosphonates, is necessary for the search of new catalysts and new reactions. It can
be expected that catalytic methods for the synthesis of C-chiral phosphonates will remain
the focus of intensive research, especially in the field of biologically active compounds. In
the future, the development of various methods for applying catalysts, their modification,
and the creation of new preparative forms of organo- and biocatalysts will serve as the
basis for the creation of new asymmetric catalysts suitable for industrial application.
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Abbreviations

Ala—Alanine; ALB—[AlLi(binaphthoxide)2]; An—Anisyl; Arg—Argenine; BINAPO—
Boc—tert-Butoxycarbonyl; CHIRAPHOS—(2S,3S)-(–)-Bis(diphenylphosphino)butane; de—
Diastereomeric excess; DIBAL-H—Diisobutylaluminum hydride; DIOP—O-Isopropylidene-
2,3-dihydroxy-1,4-bis(diphenylphosphino)butane; DIPAMP—(R,R)-(Ethane-1,2-diyl)bis[(2-
methoxyphenyl)(phenyl)phosphane]; DMSO—Dimethylsulfoxide; DiPT—Diisopropyl tar-
trate; DiPE—Diisopropyl ether; ee—Enantiomeric excess; Gly—Glycine; GTP—Guanosine-
5′-triphosphate; i-Pr—iso-Propyl; Leu—Leucine; Mes—Mesyl; Mnt—(1R,2S,5R)-Menthyl;
MTBE—Methyl tert-butyl ether; Nphth—Naphthyl; PAMP—phenylanisylmethylphosphine
PEP—Phosphoenolpyruvate; rac—Racemate; TA—Tartaric acid; TBDMS—tert-Butyldimeth-
ylsilyl; TBDMS—Tert-butyl-dimethylsilan; Tl-Toluyl; TMS—Trimethylsilyl; THF—Tetrahy-
drofurane; TFA—Trifluoroacetic acid; TMS—Trimethylsilyl; Tol—Tolyl; Ts—toluenesulfonyl
(tosyl); Val—Valine.
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