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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=0O, 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 a—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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B-hydroxyphosphonates, x-hydroxy—B—-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).
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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).
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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
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acid [13,14]. Cyanophos, which has pesticidal properties, was found in Streptomyces regensis
(Figure 3) [15].
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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 a—aminoalkylphosphonates (Figure 4).
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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.

chirality transfer

product of catalytic chiral reaction of achiral substrate
asymmetricv reaction  catalyst from preferred direction

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 Brensted bases or Lewis acids (Figure 6) [22].
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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.

0 e}
RNH, /” P R'\G R~ il NR
' S T Y\ - P ¢ J
H NHR |_’| R’
Three-component P-Mannich Two-component P-Mannich
reaction reaction

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].
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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 Brensted 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 a—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);] [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).

Raieo [ R, P RQ_ OH
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Cat HO R" d R"

R'=MeO, EtO; ArO; R"=H, Alk, Ar, Me;SiCH, etc
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Cat= Al 02
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RO/ \O CO5R

R” (yield, %; ee,%)=Ph (96%, 95%); 2-Tol (93%, 96%); 3-Tol (95%, 96%); 4-Tol (89%, 97%);

2-NO2CeH4 (79%, 94%); 2-An (87%, 95%); 4-An (94%, 97%); 4-FCsHa (87%, 97%); 4-CICeH4

(82%, 95%); R=4-BrCeHa (83%, 97%); 1-Nphth (87%, 96%); 2-Nphth (89%, 96%); 2-Thienyl (90%,

93%); 2-Furyl (89%, 94%); Bu (92%, 85%); i-Pr (87%, 90%); t-Bu (73%, 91%) (for the Sharpless

catalyst)

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 a—hydroxyphosphonates in
91% yields and up to 52% enantioselectivity. The addition of SiCly 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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EO)P (S)-BINAPO
L SiCl, /i-Pr,NEt P(O)Ph,
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2-Nphth (98%, 33%); (E)-PhCH=CH (89%, 49% (R)); (E)-PhCH=CH (64%, 52%
(S); PhCH2CH2 (65%,17%); Cyclohexyl (49%, 23%).

Figure 10. Phospha-aldol reaction catalyzed by BINAPO/SiCly.

The reaction mechanism, confirmed by 3!P{!H} 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
a-hydroxyphosphonate with simultaneous release of the corresponding alkyl chloride via
a nucleophilic substitution reaction to form a P=O group (Figure 11) [33-35].

=
siCl, RCH=0 S SiChs LB*
LB* —— [LB*-SiCl;]* CI — P Clr| —»
R ‘\FL (6 1 -R'CI
:P\‘--OR1
_SiCl; OR;

dlle)

—_—

R”  P(O)(OR),

Figure 11. Mechanism of the reaction catalyzed by tetrachlorosilane.

Laborde, Sevrain et al. [33-35] demonstrated that 1,10—-dibenzyl-bis-(triazolyl)dipheny-
Iphosphine is effective for SiCly-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 a-hydroxyphosphonates in excellent yields
and moderate-to-good selectivity.

The bifunctional chiral complex AI(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, «,-unsaturated, and aliphatic
aldehydes were hydrophosphonylated using this catalyst to form x-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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(88%, 67%), Ph-CeH4 (85%, 82%), 1-Nphth (90%, 78% (S)), (E)-PhCH=CH (86%, 63%,
(S)), CsH11 (85%, 77%).

Figure 12. Enantioselective hydrophosphonylation of aldehydes catalyzed AI(III)-BINOL.
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Figure 13. Structures of ligands used in the formation of bifunctional catalysts.
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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 «-hydroxyphosphonates have
been synthesized in good yields with excellent enantiomer ratios up to >99 ee (Figure 15).

Ar
C e,
NH

O SO,
Ar EtO OH
(EtO),POSIMe3 (5 mol%) Eto—\PAQHH
+ —_— //

RCH=0 CHJCl,, -78°C 0O R
50-98% 82-98% ee
R=2-Nphth, Ph, 3-An, 4-Tl, 3-Tl, 2-furyl, 2-thiophenyl, Ph(CH,),
Ar=3,5-(CF3),CgH>

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 a—hydroxyphosphonates with moderate enantioselectivities. 3'P 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,25,5R)-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].

i (S-or(R-ALB HO O o &
(RO),POH +O\ Q/S o v\ — >——\
M ;gh;gne, (EtO)2P(0) © (HO)2P(O) OH
(1R,2R)- (1S,2R)-

R (Base, df) = Et (DBU, 45:55); i-Pr (DBU, 45:55); Mnt (DBU, 20:80); Mnt (DBU, 25:75); Mnt (DBU,
20:80); Mnt (DBU, 26:74); Mnt (DBU, 28:72); Mn (DBU, 35:65); Mnt (NaOH, 30:70); Mnt [(S)-ALB,
5:95]; Mnt [(R)-ALB, 22:78]

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 a—~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, EtpMeC), increased the enantioselectivity of the reaction.
Calculations confirmed the predominant formation of the (S) product formed during the
reaction (Figure 17).

Cat (10mol%) 'VleO\ OH
(MeO),P(O)H +R'CH=0 ————— Meo_p_(SJ{.H
THF, -15°C, 48 h o/ R

Cat=t- Budo | o l !

=N, _
R=t-Bu, EtzMeC / R
M=Al, Ti, Cr, Mn

X=Cl. OAc, OTf

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(l)/ 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 «-
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).
QL

P(O)(OH)
OH 1) Air, CuOTF (5mol%) OH 2
> 1 2 2 OH
R’ 2)HPO)ORY, /cat R PONORD)  ——
O,N
inhibitor of CD45

\ ; 2
Cat= N® N=
,TI
- (0] -
t-Bu CIO Bu-t
Bu-t t-Bu

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 AI(IIl) 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 Etp AICl 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/AI(IIT) complexes had a
significant effect on the enantioselectivity of the reaction. Yamamoto et al. synthesized
a—hydroxy- and a—aminophosphonates in high yields and high enantioselectivity using
bis(8-quinolinato)(TBOy) 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].

O L/ EtAIC, 10 mol% 'VleO\ OH
(MeO),P(O)H * — MeO—P CFs
O Ar
X=F, Cl
Ar=XCgHa, X=H, 4-Me, 4-Br, 4-CI, 4-F yield up to 98%, 90%
t-Bu OH t-Bu OH
Bu-t Ad
L-2
L1

[s)
CaTq(l mol%) F,CCHO OH
exane, r.t. R

(CF:CH0),P(O)H + RCH=0 —»  F4CCH,0—P—=aH
up to 96% d :R

Mes UP1t097% ee

osige

cat= (R)- Cl—,}m(g

1

N Bu-t
Mes=1,3,5-Me;CgH, OO A O
Mes

R’ (yield, ee): Ph (95%, 96%), 2-Nphth (98%, 95%), 4~CICsHa (94%, 95%),
4-BrCsHa (96%, 95%), 4~NO2CeHa (93%, 92%), 4—An (93%, 97%), 4—Tol (94%,
94%), 3-An (93%, 95%), 2—An (93%, 93%), 2-Tol (95%, 95%), c—Hexyl (95%, 82%)

Bu-t

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].

(MeO) ,(O)P~_-R
+ R* H @

Ar =Ph (a), p-CF4CgH, (b), OH
p-Tl(c), p-An (d), 90-99% 91-99% ee

(MeO) ,P(O)H j)\

Figure 20. Phospha-aldol reaction catalyzed by triiminophosphorane.

The reaction allows phosphonilation of aliphatic, heteroaromatic, and aromatic aldehy-
des with high yields of corresponding a«~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].

R O Quinine (20mol%) HQ P(0)(0R?),
, 0°C, CH,Cl -
(R°0),P(O)H + N o] . N )

\ 60-99% |
Me R2
26-67% ee

R'=H, R2=CHj3, yield 99%, ee= 67%, R'=H, R2=CH3CHy, yield 96%, ee= 64%,
R'=H, R?=PhCHg, yield 89%, ee= 51%, R'=CHas, R?=CH3s, yield 88%, ee= 62%,
R'=F, R2=CHs, yield 80%, ee= 52%, R'=Cl, R2=CHBa, yield 70%, ee= 25%, R'=Br,
R2?=CHs, yield 60%, ee= 44%, R'=CHs, R?>=PhCHz, yield 93%, ee= 58%, R'=F,
R2=PhCHz, yield 77%, ee= 41%,

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 o-ketophosphonates. This reaction is a convenient enantioselective
method for the synthesis of tertiary f—formyl-a—hydroxyphosphonates. The present re-
action is a convenient enantioselective method for the synthesis of tertiary f—formyl-
a—hydroxyphosphonates. The use of quinine as an organocatalyst made it possible
to achieve excellent enantioselectivity of the cross-aldol reaction. Some B—-formyl-o—
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].

0 0 R,
)l\ _o0  CatMBA B OHO
+ = <z
H R, P, — Y P2,
R (IDRQR Toluene, 0°C | §)R
1 60-75% Ry OR
93-99% ee
R'=H, Me;
R2=Ph, 4-TI, 4-An, 3-CICgHy4, 4-FCgH, /h NH,
R3=Me, Et, i-Pr )v 2N
Cat= & =~ N
MeO

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

Kong et al. [55] studied the enantioselective synthesis of tertiary o-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 R! 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 R? groups. In
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addition, the reaction between diethylcinamoylphosphonate and Me3SiCN has also been
studied. The reaction product (R! = 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
a-ketophosphonate (Figure 24).

0 Cat (10 mol%)

€30l + , PhMe, -76 °C
R PO)OR%); —— 3~ (R20),(O)P R—OH
2) HCI =

80-90% yield
27-99% ee

Figure 24. Enantioselective synthesis of tertiary a—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 Brensted 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

(MeO),P(O)H OH HSYNHPh
Cat * R =

+ MeO\PJ< \/%N
R MeO/” COo,Me

A °
0 COxMe (S)-Cat, 88-91% ee N
(R)-Cat, 80-90% ee Cat

R=Ph, 92%, ee= 90%, R=3-CH3CsH4, 92%, ee= 90%, R=4-CH3CsH4, 90%,
ee= 90%, R=4-CH30CsHa4, 90%, ee= 91%, R=3-FCgH4, 94%, ee= 90%,
R=4-FCsHa4, 90%, ee= 90%, R=4-ClC¢H4, 85%, ee= 90%, R=4-BrCsHa, 87%,
ee= 90%, R=2-thiophenyl, 91%, ee= 91%, R=2-Nphth, 86%, ee= 88%

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

cinchon alkaloids.

The enantioselective synthesis of a-hydroxyphosphinates using the proline-catalyzed
phosphaaldol reaction of L-x-acylphosphinates with acetone was described by Yuan [58].
The conversion of a-hydroxyphosphinates to o-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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(0]

ee= up to 96%
Figure 26. Catalytic phospha-aldol reaction of L-x-acylphosphinates with acetone.

2.1.2. Phospha-Mannich Reaction

The phospha-Mannich reaction is a convenient method for the preparation of «-
aminophosphonates, which can be readily converted to x-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 x-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 a-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,5)-«-
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).

Ph (RO)2(0)P< _,Ph
¢ M

(RO),P(O)H NH
. = T
“/N MW, 100W “'NH
l )"/
Ph (RO),(O)P Ph
(R,R)- (R,R,S,S)-
R=Me, Et, i-Pr, Bn, Allyl;

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

The synthesis of enantioenriched x-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 c—aminophosphonates in good yields
and high enantioselectivities (up to 87% ee) (Figure 28) [66].

R_ _P(O)(OPh
OH Cat/Sc(II) (O)OPh):
RCH=0 4+ + (PhO)POH — HN
NH; THF, -20°C D
HO
O R autll
N AN 0
Ar/N\H/O O Mar

Cat, Ar=2,6-i-Pr;CgHs
Figure 28. An example of a three-component Kabachnik-Fields reaction.

Chiral N,N’-dioxide-Ytterbium(Ill)-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
a-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 o-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 x-aminophosphonic
acid derivatives can be obtained in high yields (70-99%) and a diastereoselectivity of 70 to

98% de (Figure 29).
H
N__O
(RO).P(O)H «R
RCOCO,Et >80 0C NN
H Toluene 80 H P(O)(OR),

78-95% dr=up to 98:2

NHz2  iproH, 20 °C N O
) —
‘NH, N7 BrSiMes,

. H
R=Alk, Ar POSiNes)s N Q
MeOH L
70-99% ‘N

H P(O)(OH),
drup to 98:2

Figure 29. Synthesis of bicyclic x—aminophosphonates and x—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=methy]l or ethyl react with low stereoselectivity (Figure 30).
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2-Nphth, 2-Thienyl; R3= tert-Pentyl; Ar = Ph, 3-An,4-An, 3-Tol, 4-Tol, 2-Nphth

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 Brensted’s chiral acid, 3,3-bis(3,5-ditrifluoromethylphenyl)-1,1’-8-binaphthyl-2,2’-diyl.
The reaction led to the formation of a—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 Brensted’s acid, activates the imine, and phosphoryl oxygen, like Brensted’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;, NO,, Cl), proceeded
with the highest enantioselectivities. The asymmetric reaction of achiral imines with dialkyl
phosphites in the presence of 10 mol% chiral Brensted acid led to the formation of -

aminophosphonates in moderate yields (30-65%) and with good enantiomeric excesses (up
to 90.6% ee) (Figure 31) [70].

X
X IS
Cat
/O/ + (RORPOH —> HN

N :
_ (¢
P m-Xylene, 24°C - R7P(O)(ORY),

R'=Et, i-Pr, Ph 52-90%ee
Me, Ph, 4-FC6H4, 3-FC5H4, 4-CF3C6H4, 3'CF3C6H4

Cat

CF3;

R=Ph, PhCH=CH, 2-Tol, 0-NO2CsH4, 4-TICH=CH, 2-TICH=CH, 0-NO2CsH4CH=CH,
4-CF3CsH4CH=CH, 1-Nphth-CH=CH

Figure 31. Asymmetric reaction of achiral imines with dialkyl phosphites.
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Cramer et al. described an interesting example of asymmetric addition of phosphorus
nucleophiles to imines with formation of tetrasubstituted x—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 x-aminophosphonate as a single diastereoisomer in
good yield (Figure 32).

Me Me_ Me
Me. Mo Pd(ally)Cp(5%)  Me
(CH)sPh Cat (10%), CsOAC SCH2Ph (BL01POH
N Toluene 110 °C \ i o
PN o ¥ cono
- 90% S
Fc o 90% FoC (Et0)2(0O)P (CH2)3Ph

dr99:1

Figure 32. Synthesis of x—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 ax-hydroxy- and a—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).

(MeO),P(O)H,

R —_— —_— MeO—P H
THF, 24°C THF, -15 °C, 24h o/

R'= 3-Me(4-MeO)CgH3, CHPh,

-
”

N N/
AL
Cat=t-Bu ol o t-Bu
Cl

But  But

R, R’ (yield, ee: cyclohexyl, 3-Me(4-MeO)CgHs (84%, 94%), (CH3)2CHCH2, Ph2CH (80%, 91%);
octyl, Ph2CH (83%, 84%); PhC=C, Ph2CH (92%, 86%).

Figure 33. Asymmetric hydrophosphonylation of aldimines.
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2— [5-PhCsH20], (92%, 79%).

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).

Cat}; (1 mol%t) F2CH,CO NH-R
i~ exane, r.t. S
(CF3CH,0),P(O)H +RCH=N-R e FaCHzCO_p_\
up to 96% //
R'=Aryl, Heteroaryl o R
Mes
>97% ee

R (yield (%), ee (%)): Ph2P(O) (95, 96); Ph (98,96); 4-CICsHs (85, 90); 4-BrCeHs (88, 92);
4-NO2CsH4 (90, 88); 4-An (91,90); 3-An (93, 98); 2-Tol (90, 90); 2-Tol (96, 92); 2-Furyl (89, 91);
2-Thienyl (93,94)

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).
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