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Abstract: a-Aminophosphonates and related compounds are important due to their real and
potential biological activity. «-Aminophosphonates may be prepared by the Kabachnik-Fields
condensation of oxo compounds, amines and dialkyl phosphites, or by the aza-Pudovik addition
of the same P-reagents to imines. In this review, the methods that allow for the synthesis of «-
aminophosphonates with optical activity are surveyed. On the one hand, optically active catalysts
or ligands may induce enantioselectivity during the Kabachnik-Fields reaction. On the other hand,
asymmetric catalysis during the aza-Pudovik reaction, or hydrogenations of iminophosphonates,
may prove to be a useful tool. Lastly yet importantly, it is possible to start from optically active
reagents that may be associated with diastereoselectivity. The “green” aspects of the different
syntheses are also considered.

Keywords: optically active c-aminophosphonates; asymmetric syntheses; organocatalysts; Kabachnik—
Fields reactions; aza-Pudovik reactions; enantioselective hydrogenations; green syntheses

1. Introduction

a«-Aminophosphonates form a representative group within phosphonates due to their
potential biological activity, enabling them to be used in the pharmaceutical industry [1].
The biological activity is related to the enzyme inhibitory properties of the compounds
under discussion. The biological activity includes anticancer and anti-HIV effects, among
others. The basic methods for the synthesis of x-aminophosphonates are the Kabachnik—
Fields condensation and the aza-Pudovik reaction [2]. The phospha-Mannich condensation
involves the reaction of an oxo compound, such as an aldehyde or ketone, a primary
and secondary amine, and dialkyl phosphite, while the Pudovik approach utilizes the
addition of diakyl phosphites to the double bond of imines. As a matter of fact, the imines
formed from the oxo compound and the primary amine may be the intermediate of the
Kabachnik-Fields reaction.

It is a challenge to run the syntheses of ax-aminophosphonates in an enantioselective
manner. The stereoselective syntheses of x-aminophosphonic derivatives were summarized
by Ordéiiez and colleagues [3], and Palacios et al. [4]. The phospha-Mannich condensa-
tion of an oxo compound, amine and >P(O)H reagent may be carried out in the presence
of an optically active catalyst or additive to obtain the corresponding product as a pre-
dominant enantiomer. The most relevant method for the preparation of optically active
ax-aminophosphonates is the enantioselective addition of dialkyl phosphites to the C=N
unit of imines [5-10]. This is promoted by chiral catalysts or additives. The asymmetric
hydrogenation of iminophosphonates is also an attractive method of choice. Lastly yet
importantly, the Kabachnik—Fields reactions were performed using optically active amines,
aldehydes or phosphites as the starting materials [8-11].
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2. Synthetic Approaches for Optically Active x-Aminophosphonates
2.1. Enantioselective Kabachnik—Fields Reactions

An enantioselective three-component Kabachnik-Fields reaction was elaborated to pro-
vide (S)-«-aminophosphonates (1). The method comprised zinc bis(trifluoromethylsulfonyl)
imide (2) as the catalyst, along with an optically active ligand (1,3-bis(imidazolin-2-yl)pyridine:
pybim) (3) in dichloromethan as the solvent at —50-—80 °C. The enantiomeric purity of
the resulting aminophosphonates (1) depended on the substituent in the aromatic ring
(Scheme 1) [12]. The highest ee values (90-93%) were obtained by starting from 3-methoxy-
or 4-methylbenzaldehyde or 2-furylaldehyde.

OMe
-50 — (-80) °C, 0.5-96 h /©/
NH; Zn(NTf,), (10 mol%) HN

C L (10 mol%) By
ArCHO + + HP(O(O-CH3OC6H4))2 Ar (S) IFI)(O(O'CHSOCGHti)Z
CH,Cl,
OMe 1
85-99%
ee 31-93%
Zn(NTh),: L:

CF3 CF3 ociPr | N Jprco
0=8=0 0=8=0 N NN
N-zn—N Ph“'s/l Dai
N~
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0=§=0 0=5=0 N
CFs CF3 Ph
2 3
pybim

Ar Yield (%) ee (%) Ar Yield (%) ee (%)
Ph 99 90 2-naphthyl 99 82
4-MeOCeH4 86 90 cinnamyl 85 68
3-MeOCsH4 99 90 2-benzofuryl 99 82
2-MeOCsHa 99 68 2-furyl 99 93
4-MeCeHa4 99 91 2-thienyl 90 89
4-HOCsH4 99 84 PhC=C 92 76
4-CICeHa4 99 76 secBu 99 31
4-MeO2CCsHas 99 80 <Hex 98 61

Scheme 1. Enantioselective synthesis of x-aminophosphonates (1) using zinc bis(trifluoromethylsulfonyl)
imide (2, 3) as the catalyst.

The condensation of benzaldehydes, para-aminoanizole and diisopropyl phosphite
gave the corresponding aminophosphonates (4) under mild conditions, and when using an
optically active phosphinic acid derivative (5) as the catalyst (Scheme 2) [13].

A series of optically active x-aminophosphonate derivatives (6) was synthesized under
mild conditions by applying substituted benzaldehydes, aniline derivatives and, in this
case, triethyl phosphite and a chiral pyrrolidine-based organocatalyst (7). The yields fell in
the range of 71-90%, and the enantiomeric purity was 73-92% (Scheme 3) [14]. The use of
triethyl phosphite instead of diethyl phosphite is not advantageous due to the smell and
atom efficiency of the condensation reaction.

The three-component reaction of 2-alkynylbenzaldehydes (8), an aniline derivative,
and diethyl phosphite produced cyclic a-aminophosphonates (9) in the presence of silver
carbonate, and an optically active spirocyclic phosphoric acid (10) as the catalyst. The
yields and enantiomeric purities were variable (Scheme 4) [15].
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NH,
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R=H, 4-MeO, 2-MeO, 4-Me, 4-Cl, 2-Cl, 2-NO,, 4-NO, 61-91%
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Scheme 2. Three-component asymmetric Kabachnik-Fields reaction using optically active phosphinic
acid derivative (5) as the catalyst.
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R R1 Yield (%) ee (%) R R1 Yield (%) ee (%)
H H 88 89 4-OH  4F 81 85
H 4-Me 79 74 4-OH  4-Cl 77 77
H 4-F 86 87 4-Cl H 89 87
H 4-Cl 82 79 4-Cl  4-Me 82 74
4-MeO H 84 83 4-C1 4-C1 84 80
4-MeO  4-Me 73 71 4-Cl 4-F 85 86
4-MeO  4-F 83 81 4-NO2 H 90 90
4-MeO  4-C1 75 78 4-NO: 4-Me 85 76
4-OH H 85 83 4-NO:  4-F 89 92
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Scheme 3. Synthesis of x-aminophosphonates (6) using a pyrrolidine-based organocatalyst (7).
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4-MeCgHy4, 2-MeCgHy4, 3-MeCgHy, 4-FCgHy, 3-FCgHa, 4-CICgH., ee 27-94%
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Scheme 4. Three-component reaction of 2-alkynylbenzaldehydes (8), an aniline derivative, and
diethyl phosphite to provide x-aminophosphonates (9).

In the above sub-chapter, enantioselective Kabachnik-Fields reactions as described in
the literature were summarized. The methods applied different optically active catalysts
under a wide variety of reaction conditions. The efficiency of the catalysts depended on the
nature of the reaction models. The products were obtained in good yields and in variable,
31-94% enantioselectivities. These catalysts are not simple, and in most cases, their cost is
considerable, which constitutes a shortcoming.

2.2. Optically Active a-Aminophosphonate Derivatives Provided by the Aza-Pudovik Reaction

A highly enantioselective nucleophilic addition of dialkyl phosphites to imines, which
was (11) catalyzed by a chiral cinchona-based phase transfer catalyst (12), was developed.
Phase transfer catalysis is an up-to-date and “green” approach. The hydrophosphonylation
took place in good to high yields and enantioselectivities (Scheme 5) [16].

a-Aminophosphonates containing an N-benzothiazole moiety (15) were synthesized
from imine 14 in excellent yields, and enantiomeric purities were synthesized using chiral
thiourea-coupled cinchona organocatalysts (16a or 16b). These derivatives displayed
activity against cucumber mozaik virus (Scheme 6) [17].

Cinchona-catalyzed (17) enantioselective hydrophosphonylation of trifluoromethyl-
substituted quinazolinone derivatives (18) afforded the corresponding x-aminophosphonates
(19) in good yields, and gave enantiomeric purities (Scheme 7) [18].

Other heterocyclic c-aminophosphonic species, such as quinoxalin derivatives, were
also prepared by the aza-Pudovik approach [19].

Quinine-squaramide (20) catalyzed the enantioselective addition of diphenyl phos-
phite to imines (21) to give the corresponding optically active adducts (22) in good yields,
and in most cases, high enantioselectivities (Scheme 8) [20].
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6-MeO 4-CICeHa Et 95 98 4-Me 2-CICsHa Et 93 96
6-MeO 2-CICeHa Et 94 92 4-Me 2-BrCsHa Et 95 94
6-MeO 2-FCeHa Et 95 99 4-Me 4-BrCesHa Et 94 91
6-MeO 4-BrCesHa Et 95 98 4-Me 2,4-diCICeHs  Et 93 89
6-MeO 2-BrCesHa Et 92 96

Scheme 5. Asymmetric addition of dialkyl phosphites to imines (11) in the presence of a chiral PTC

catalyst (12).
Me Me
N N
|
NJ'\S 25°C, 12h HNJ\S
| o\\P,OPh catalyst (10 mol%) =
+ PN
R H H~ OPh CH,Cl, Rgg(oph)z
14 15
R= H, 4-MeO, 2-MeO, 4-Me, 2-F, 4-C|, 2-C|, 93-99%
4-Br, 2-Br, 2-CF3, 2-NO,, ee 92-99%
F3C \ FsC N
H
NS N_s
HN N N
FsC or FsC HN
MeO N MeO N
N N7
(S) (R)
16a 16b

Scheme 6. Asymmetric synthesis of biologically active x-aminophosphonates (15).
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HW
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hexane:CH,Cl,
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Scheme 7. Cinchona (17)-catalyzed enantioselective aza-Pudovik reaction.
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Bn 5-MeO 93 90 Me H 95 91
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Bn 5-NO: 96 68

Scheme 8. Quinine-squaramide (20)-catalyzed enantioselective addition of diphenyl phosphite to
ketimines (21).
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The chiral binaphthyl-modified squaramide (23)-catalyzed enantioselective addition of
diphenyl phosphite to imines (24) was also described. This method afforded the correspond-
ing aminophosphonates (25) in high yields with excellent (up to 99%) enantioselectivities
(Scheme 9) [21].

0°C, 15-48h
el
FsC ﬁo C
HN
CF3©N
Boc, OQ Boc

NH
2 / N
N H OPh EtOAc mo
R? R
24
25
45-88%
ee 26-99%
R R2 Yield (%) ee (%)
H Cl 74 73
Bn H 87 99
Bn MeO 79 99
Bn F 88 99
Bn Cl 78 78
Bn Br 84 99
Boc H 45 26

Scheme 9. Synthesis of a-aminophosphonates (25) by the aza-Pudovik reaction of ketimines (24).

A SPINOL-based phosphoric acid-catalyzed (26) enantioselective reaction of
cinnamaldehyde-derived aldimines (27) and diethyl phosphite gave the correspond-
ing a-aminophosphonate derivatives (28) under mild conditions in 85-98 yields
(Scheme 10) [22].

25 °C, 46-72h

H (10 mol%) /\/f\ﬂ'l Ar?
2 O~ _OFEt molo X
AN A + P 1
Ar' /\)\N i COEt xylene Ar P (O
27
28
85-98%
ee 57-98
Ar! Ar2 Yield (%) ee (%) Ar! Ar2 Yield (%) ee (%)
CeHs 4-MeOCsH4 85 87 3-ClCsHa 4-MeOCsH4 90 80
CeHs CeHs 86 93 2-ClCsHa 4-MeOCsH4 90 97
CeHs 3-CICesHa 88 95 4-NO2CeéHa 4-MeOCesHa 88 91
CeHs 4-BrCeHs 85 88 2-NO2CeH4 4-MeOCsH4 86 98
4-MeOCesHa 4-MeOCesHa 85 91 2-NO2CsHa 3-CICsHa 85 97
2-MeOCsHa 4-MeOCsH4 94 90 2-NO2CeH4 CeHs 98 94

Scheme 10. A SPINOL (26)-based chiral phosphoric acid-catalyzed aza-Pudovik reaction.
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An (R,R)-Ph-BPE-catalyzed (29) asymmetric hydrophosphonylation of N-thiophosphinoyl
imines (30) with dialkyl phosphites was performed at room temperature (Scheme 11) [23].
The method gave the corresponding a-aminophosphonates (31) in 68-97% yields and
94-96% enantiomeric purities.

25°C, 72h
[Cu(CH3CN),4]PFg (0.5-2 mol%)
NEt3 25 mol%

Ph
{ Ph
P
S
Ph >
Ph

29

. s
Il .PPh,
NPz o oRt (0.5-2 mol%) @HN
| P oR R ')\P(OEt)z
CHs H THF HiC 1
R O

30 31
R= H, 4-MeO, 3-MeO, 4-Me, 3-Me, 4-F, 2-F, 4-Cl, 4-Br, 3-Br, 4-CF; 68-97%
ee 94-96%

Scheme 11. Asymmetric hydrophosphonylation of iminophosphonates (30).

In this sub-chapter, enantioselective aza-Pudovik addition reactions were summarized.
The presented chiral catalyst-promoted methods gave the corresponding products in vari-
able yields and enantiomeric purities. The typical catalysts are the cinchona alkaloids, or
their modified versions. There were no data released on the re-circulation of the organocat-
alysts. The aza-Pudovik addition is an attractive approach due to the mild conditions
required, and the 100% atomic efficiency.

2.3. Synthesis of Enantiopure a-Aminophosphonates by the Asymmetric Hydrogenation
of Iminophosphonates

The palladium-catalyzed asymmetric hydrogenation of x-iminophosphonates
(32) performed at 40 °C for 24 h in a solvent mixture afforded the corresponding
a-aminophosphonates (33) in 91-98% yields and 85-97% enantiomeric purities. (R)-
Difluorophos or its analogue (34a or 34b) served as the ligand for Pd (Scheme 12) [24,25].

Ts< 40°C/41bar/ 24h T
N H ®NH
2
Q/k%rv)z Pd(OCOCF3), L dP(OR1)2
R © TFE/CH,Cl, (2:1) R o
32 33
91-98%
L: ee 85-97%

IO
: @
o PPh, &o PPh,
2SS e
0

F3C
34a 34b
R R1 Yield (%) ee (%) R R1 Yield (%) ee (%)
H Et 93 96 4-Me iPr 96 97
H Me 97 94 4-F iPr 91 97
H iPr 98 96 4-Cl iPr 93 94
H Bn 93 95 4-Br iPr 90 92

4-NO: iPr 92 85

Scheme 12. Synthesis of (S)-a-phenyl-a-amino-methylphosphonates (33).
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A Pd/(R)-difluorophos (34a)-catalyzed hydrogenation was also described as affording
cyclic sulfonamido derivatives (36) (Scheme 13) [25].

40°C/41bar/24h
H,
Pd(OCOCFs),

5
0 PPh,
PPh
e
0 0

g0 X.J
R’ ' 34a 1 \§:O
_N R NH
P(O)(OR? TFE/CH,CI, (2:1)
35
36
X=0,0rC 85-99%
ee 91-99%
R R2 X Yield (%) ee (%)
H iPr (@] 90 96
H Et (@) 85 93
8-MeO iPr (@) 87 97
7-MeO iPr (@) 90 98
6-MeO iPr (@) 92 94
7-Me iPr (@] 86 99
H iPr C 91 96
H Et C 92 91
6-Me iPr C 99 94

Scheme 13. Pd-catalyzed asymmetric hydrogenation of ring a-iminophosphonates (36).

Asymmetric hydrogenation of hydroxy-iminophosphonates (37) gave the correspond-
ing hydroxy-aminophosphonates (38) in up to 90% ee using catalytic amounts of palla-
dium(Il)acetate, together with an (R)-BINAP (39) ligand in 2,2,2-trifluoroethanol (TFE). (15)-
(+)-10-Camphorsulfonic acid (CSA) served as a Brensted acidic activator (Scheme 14) [26].

60°C, 1h

H>

Pd(OAC),

PPh,

l : PPh,

HO.
oN

| CSA (10 mol%)

Ar” " P(OEt),
o}

37

39
5 mol% HO.
( ) O\
Ar” TP(OEt),
TFE A
38
61-94%
ee 72-85%

Ar= CGHs, 4-MeOCGH4, 4-MeCGH4, 4-FC6H4, 4-CICGH4,

Scheme 14. A Pd-catalyzed asymmetric hydrogenation of hydroxy-iminophosphonates (37).
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The Pd-catalyzed asymmetric hydrogenation of c-hydrazonophosphonates (40) was
performed under mild conditions. After a second, more forcing hydrogenation, the method
provided the corresponding a-aminophosphonates (41) in up to 96% yield and 90-98%
enantiomeric purities (Scheme 15) [27].

1) 20°C, 1.5h
H, (50 atm)
Pd(OAc),
cl
MeO : PPh,
MeO PPh,
cl E
|- NHPh (5 mol%) NH,
L CSA (10 mol%), TFE/CH,Cl, (1:3) PO,
P(O Pr)2 > R 1
R o 2.)60°C, 5h O
H, (50 atm), Pd/C, (10 mol%) (R)
40 CSA, TFE/CH,Clo/MeOH (1:3:2) a1
60-96%
R= H, 4-Me, 2-Me, 4-F, 3-F, 4-Cl, 4-Ph o6 90-98%

Scheme 15. Pd-catalyzed asymmetric hydrogenation of a-hydrazonophosphonates (40).

Asymmetric hydrogenation of «,[3-enaminophosphonates (42) was performed using
a thodium(I)-phosphoramidite (43) catalyst (Scheme 16) [28]. This method gave the cor-
responding products (44) in up to 95% yield and 99% enantiomeric purity under mild
reaction conditions.

25°C, 1h
H,
[Rh(cod),]BF.

Bn‘N 0 B
~P-N
o< | 0 H
N
Bn
I 44 I
5, Xy P(OMe); 5, P(OMe),
NHR CH,Cl, NHR
43
42 95%

R= CgHs, 4-FCgHa, 4-CICgH,, 3-CICgH4, 4-BrCeHs  ee 99%

Scheme 16. Asymmetric hydrogenation of «,f-enaminophosphonates (42) using a rhodium(I)-
phosphoramidite (44) catalyst.

a-Acylamino-f3-ketophosphonates (45) were subjected to selective hydrogenation
affording 3-hydroxy-a-aminophosphonates (46) in high diastereo- and enantioselectivities.
The conditions included a ruthenium chloride catalyst incorporating an optically active (S)
bis(diphenyl-phosphino)biaryl ligand (47) (Scheme 17) [29].
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0]

R= Me, Pr, Bu, 'Pr, Bu,
3-butenyl, PhCH,CH,

Cl

R)J\!I:’(inr)z ¥ @ANHz
0

50°C, 24h
H,
[RuCl(benzene)L]CI

>

X

o}
o
o

@)

-

PPh, PPh,
(S)
o 9 CeCl "177H 0 oH @
< P(OMe), i A i~ P(OMe),
MeOH .
NHCOMe NHR
46
45 99%
R= CgHg,4-MeOCgH, 4-MeCgH,, 3-MeCeH,, €6 91-99

2-MeCgHyg, 4-FCgHy, 4-CICgH,4, 4-BrCgHg,
4-CF3CgHy, 2-furyl, Me, Et, Pr, Bn

Scheme 17. Asymmetric hydrogenation of x-acylamino-f3-ketophosphonates (45).

In this sub-chapter, in most cases, enantiopure o-aminophosphonates were synthe-
sized by asymmetric hydrogenation of iminophosphonates and enaminophosphonates.
The methods discussed apply chiral catalysts, thereby allowing for the preparation of the
corresponding products in good yields and 72-99% enantiomeric purities. The application
of transition metal catalysts and the complexity and high cost of P-ligands constitutes a
disadvantage.

2.4. Optically Active a-Aminophosphonates by Miscellenious Methods

The asymmetric synthesis of x-iminophosphonates (49) was performed in two steps.
First, the imin (48) was prepared, followed by a desymmetrized isomerization in the
presence of a chiral cinchona catalyst (50). Following a deprotonation on the methylene
unit of the benzyl group, an enantioselective protonation constituted the main enantio-
differentiating step. The deprotonated species was complexed by the phenolic OH function
of the cinchona catalyst, establishing a =N. . .H...O=P network. The yields of this elegant
method were variable, and fell in the range of 20-63%. The enantiomeric purities were
between 72 and 96% (Scheme 18) [30].

40 °C, 24-30h

Cl 50 Cl
50 °C, 0.5-3h N (10 mol%) X
" oHo, I :
CHCI, CHCl, :
R”P(OiPY), R™P(OiPr),

"

o

- - 49

48 20-63%
ee 72-96%

Scheme 18. Asymmetric synthesis of x-iminophosphonates (49) by desymmetrization.
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A thiourea-coupled cinchona alkaloid-catalyzed (51) aza-Henry reaction of iminophos-
phonates (52) and nitromethane provided the corresponding x-aminophosphonates (53)
under mild conditions in good yields, and with enantiomeric excesses (Scheme 19) [31].
This addition method has the advantage of 100% atomic efficiency.

25 °C, 24-48 h

CF3
CF3 .
Ts\N S\NH\/NOZ
| (10 mol%) > p(OPr),
P(O'Pr), + MeNO, ~ R !
R o PhMe
52 53
82-87%
R=H, 4-Me, 2-Me, 4-CF3, 4-NO,, 2-NO, ee 80-84%
Scheme 19. Asymmetric synthesis of x-aminophosphonates (53) by aza-Henry reaction.
A chiral phosphoric acid (54) efficiently promoted the asymmetric addition of several
indoles (55) to the N=C unit of x-iminophosphonate (56) to afford enantio-enriched -
aminophosphonate derivatives (57) (Scheme 20) [32].
-40-25°C, 12-48h
Ar
OO o\F,)Q
/ “OH
X
Ar
54 0
o Ar= 9-phenanthrenyl )J\
o Ph NH R
L (10 mol%)
4 R + N~ “Ph - PrOY.P
N o CH,Cl, (PrOXP™ Y
H (PrO),P ©  TNH
55 O 56 57
68-75%
R=H, 5-MeO, 7-MeO, 5-Me, 2-Me, 5-F, 6-F, 5-NO, ee 39-82%

Scheme 20. Enantioselective addition of indoles (55) to an iminophosphonate (56).

The Reformatsky synthesis is a valuable process that is widely used for the formation
of C—C bonds. An enantioselective aza-Reformatsky reaction starting from iminophospho-
nates (58) was developed. The reaction of x-iminophosphonates (58) and iodoacetate (59)
in the presence of a Zn catalyst with a BINOL-ligand (60) afforded the corresponding amino
acid esters (61) in excellent yields and enantioselectivities (Scheme 21) [33]. The amino
acid esters (61) were converted to amino acids, and then they were used in the synthesis of
P-containing [3-lactams. The products (61) were of high enantiopurity.
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25°C, 2 ora
Me,Zn

: O Ar
OH

O l OH
Ar

60 o

NTs O I NHTs
)J\ I\)J\ (20 mol%) (MeO),P.,,
(MeO),P” "R+ OEt g R
8 MeCN

59 COOEt

58 61

R= CgHs, 4-MeCgHg, 2-MeCgHa, 4-FCgHa, 3-FCgH4, 4-CICgH., 81-93%
ee 93-99%

3-CICgHy, 4-BrCgHy, 2-FCgHy, 3,4-diFCgH3, 2,4-diFCgH3,
3,4-diCICgH3, 3-Cl-4-MeOCgHs,4-Ph-CgHa, 4-NO,CgHy, 4-CF3CeH,

Scheme 21. An enantioselective aza-Reformatsky reaction.

A catalytic asymmetric [3+2] cycloaddition reaction of iminophosphonates (62) with
methyl acrylate carried out using a Cu- or Ag-FeSulphos catalyst (63) afforded phosphonoyl-
proline derivatives (64) in variable yields and high enantioselectivities (Scheme 22) [34].

-40°C, 18h, 25°C, 48h
Ag or CUHMDS (5 mol%)

thp/@,\sfsu
Fe
o

o 63 MeOOC (I?
R o (5 mol%) P(OEY),
> N
= N\/P(OEt)Z + | OMe N
mesitylene R
62 64
46-96%
R= H, 4-MeO, 4-Me, 3-Me, 2-Me, 4-F, 4-Br, 4-CF3 ee 91-99Y%,

Scheme 22. A catalytic asymmetric [3+2] cycloaddition reaction.

a-Iminophosphonates (52) were converted to amino-cianophosphonates (65) in reac-
tion with acetyl cyanid using a cinchona alkaloid (66) as the catalyst at —45-0°C. The yields
fell in the range of 75-80%. The enantiomeric purity was 73-92% (Scheme 23) [35]. This
transformation may be regarded as a special, rarely applied method. The low temperature
needed is not robust.

A series of optically active x-aminophosphonates (68) was synthesized from cyclic
a-iminophosphonates (66) and indole derivatives (67) using a chiral phosphoric acid (69)
as the catalyst under mild conditions. The method provided the corresponding multi-
cyclic x-aminophosphonate derivatives (68) in 85-98% yields and 91-98% enantiomeric
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purities (Scheme 24) [36]. As this is an addition, the transformation is attractive due to
its enantioselectivity.

-45-0°C,72h

N
o .
Ts< >
IN 66 N!:lCN
. 10 mol% i
POPY, + MecooN — TR P(OPr),
s CH,Cl, R ©
R
65
52 75-80%
R=H, OMe, CI, CF3, NO, ee 73-92%
Scheme 23. Asymmetric synthesis of «-amino-cianophosphonates (65) using cinchona alkaloid (66)
as the catalyst.
30°C,12h
) \ /,o
0 S,
P (o
(6 mol%) “1P(O)(O'Pr),

H
S\N N
4 + R? /R
_P(OP), o mesitylene R2 O N_R
0 N
H
66 68
85-98%
ee 91-98%
R R2 ee (%) Yield (%) Rt R2 ee (%) Yield (%)
H H 96 98 H 5-F 94 94
H 5-MeO 93 98 H 6-F 95 85
H 4-Me 87 91 H 5-Cl 95 98
H 5-Me 95 98 H 5-Br 96 98
H 6-Me 94 93 H 5-CN 91 94
H 7-Me 95 96 Me H 59 91
H 7-Et 95 96

Scheme 24. Enantioselective synthesis of indole-based «-aminophosphonates (68).

The Pd-phosphine complex (70)-catalyzed arylation of cyclic sulfonyl-iminophosphonate
derivatives (71) with boronic acids gave the corresponding products (72) in 81-97% yields, and
with up to 99% ee (Scheme 25) [37].

An asymmetric Mannich reaction was developed by reacting «-iminophosphonates
(73) with keto acids (74) in the presence of a saccharide-derived bifunctional amine-thiourea
organocatalyst (75). The yields were up to 93%, and the enantiomeric purities covered the
range of 90-99% (Scheme 26) [38].
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70 °C, 7-72h

Pd(L)(OCOCF3), (5 mol%)

70 By

O/g

SN
- d

PPh,

8 (ON //O (ON7
R17 §:O R’ §:o
6 _N + ArB(OH), . NH
2,2,2-trifluoroethanol S 2
P(0)(OR?), Ar(S)P(O)(OR )2
71 72
81-97%
ee 99.2-99.9%
R! Ar Yield (%) R! Ar Yield (%)
H CsHs 95 H 4-MeOCsHa 90
H CsHs 97 H 3-MeOCesH4 92
8-MeO CsHs 89 H 3,5-Me2CsHs 90
7-MeO CsHs 91 H 4-MeCeHa 89
6-MeO CsHs 86 H 3-MeCsHa 81
7-Me CsHs 89 H 4-FCeHa 96
6-F CeHs 92 H 4-ClCeH4 86
6-Cl CsHs 89 H 4-BrCesHa 91
6-Br CsHs 73 H 4-PhCeH4 95
Scheme 25. Enantioselective synthesis of cyclic x-aminophosphonates (72).
-20 °C, 24-60h
ACO OAc S
c
- N A N
AcO OACH H
UG GRS @i (1 moi%) I =
6 N + R? OH R NH
74 CCly 2
P(O)(OR?) P(O)(OR?)2
& R®N0
76
80-93%
ee 90-99%
R! R? R3 Yield (%)  ee (%) R! R? R3 Yield (%)  ee (%)
H iPr CeHs 84 99 H iPr 2-CICsHs 83 95
H Et CesHs 92 99 H iPr Me 80 90
H Pr 4-MeOCsHs 84 99 6-Me Pr CeHs 86 97
H iPr 4-MeCsHs 92 98 7-Me Pr CsHs 88 90
H Pr 3-MeCsHa 83 95 6-MeO Pr CeHs 84 97
H Pr 2-MeCsHa 87 94 7-MeO Pr CeHs 82 96
H Pr 4-FCeHa 93 96 8-MeO Pr CeHs 84 98
H Pr 4-CICsHa 90 98 7-F Pr CeHs 82 95
H Pr 4-BrCeHa 81 98 6-Cl iPr CeHs 85 97
H Pr 3-ClCsHs 80 95 6-Br Pr CeHs 86 96

Scheme 26. Saccharide-derived bifunctional amine-thiourea (75)-catalyzed Mannich reactions.
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The reaction of &, 3-unsaturated aldehydes (78) and cyclic sulfonyl-iminophosphonate
(77) in the presence of dibenzoquinone (79) as an oxidant afforded the corresponding
products (81). The efficient carbene-catalyzed enantioselective cyclization reaction took
place with 97-99% enantiomeric selectivity (Scheme 27) [39]. The precursor of the carbene
is heterocycle 80. The mechanism of the reaction was substantiated. The key steps involve
the formation of a vinyl enolate intermediate (82) from enal and the catalyst, and the
subsequent addition of vinyl enolate (82) to ketiminophosphonates to form the complex
(83). The overall process is an asymmetric formal aza [4+2]-cycloaddition reaction.

30°C, 12h
NaOAc (20%)

o< <" )0
7

9
(1.2 equiv.)
o
R — ©)]
'IN\¢"\I® BF4
o Mes
o\\S// o
o \IN H 80 (A)
Br
POEY, 4 | (5 mol%)
(e} THF
77 78
81
R= 4-MeOCgH,, 3-MeOCgH,4, 2-MeOCgHg, 44-96%
4-MeCgHy, 2-MeCgHy, 4-FCgHs, 2-FCgHy, ee 97-99%

4-CICeHy, 2-CICgH,, 4-BrCqH,

‘N N@
Mes O\,,O - _
°S.
Lo~ ] T8 )
; =N
Br 50 =N P(OE), N N®
NN o Mes o
+ Mes . o0 |
o o) N-S< ®)
07N I 0
(6] Br R W'
Br R Oﬁ?
H L J EtO\
| 82 L OEt ™" _|
R 83 81

Scheme 27. Enantioselective method for the synthesis of tricyclic x-amino phosphonates (81) (A),
and the possible mechanism of the reaction (B).

Ordonez applied different N-acyliminium salts for the synthesis of racemic «-
aminophosphonates [40].

The enantioselective Michael addition of x-nitrophosphonates to enones affording
o-nitro-d-oxophosphonates (85) was also described. Using a quinine thiourea chincona
catalyst (84), the products (85) were obtained in good yields and variable enantioselectivi-
ties. The o-nitro-5-oxophosphonates (85) were transformed to cyclic a-aminophosphonates
(86) after the in situ reduction of the NO, group, followed by intramolecular cyclization
(Scheme 28) [41].
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-65°C, 32-65h

o e
7

MeO
=N
0]
84 (o) 0 o . Il
O Il 25°C, 30 min
RZ_P(OEY), (10 mol%) B(OEt 5 P(OEt)
o v Y S L [ X
NO, mesitilene:xylene R2 NO, THF-NH,CI RN
85:15 85 R1= 3,4-(MGO)206H3 86
R'= CgHs, 3,4,5-(MeO)3CeHy, 3,4-(MeO),CeHs, 70-97% 82%
4-MeOCgH,, 4-MeCgH,, 3-BrCgHy4, 4-CF3CgHy, ee 35-94% ee 92%
4-NO,CgHy, 2-furyl, 2-thienyl, “Hex R2= Et, Pr, Bu, ‘Bu, pentyl,
®Hex, °Pr, Bn

Scheme 28. Synthesis of cyclic x-aminophosphonates (86) using a bifunctional organocatalyst (84).

The reaction of benzyloxycarbonylamino-alkylphosphonium salts (87) with dimethyl
phosphite in a cinchona-coupled quinine (89a or 89b)-catalyzed method at —70°C led to
optically active c-aminophosphonate derivatives (88) in good yields (Scheme 29) [42].

e -70°C, 3 days o R
(0] R BF4 KOH )J\
O)J\N (l-:?Ph O\\ /\OMe catalyst (0) H E(OMe)Z
H 8 * H OMe [0}
PhMe
87 88
R= Me, Bn 84%
ee 73-84%
catalyst:
o —
S)
a\ Br Cl
H H C)
HO N—F or Ho N</OMe
MeO 2 ) MeO z ) K@
N \N
89a 89b

Scheme 29. Enantioselective reaction of benzyloxycarbonylamino-alkylphosphonium salts (87) with

dimethyl phosphite.

Enantioselective reductive phosphonylation of acetamide derivatives using an iridium
complex ([Ir(COE),Cl],: chlorobis(cyclooctene)iridium(I) dimer), and as a combination,
a chiral thiourea organocatalyst (90) as the catalyst system, gave the optically active o-
aminophosphonates (91) in good yields and high enantiomeric purities (Scheme 30) [43].

In this chapter, we collected methods for the synthesis of optically active «-
aminophosphonates that can be obtained by different types of reactions. Each process
results in the formation of the desired optically active product using a chiral catalyst.
The methods presented, in some cases, may differ from each other. For example, they
may differ in the reaction conditions used. A few protocols gave the corresponding
optically active products either in good yields, or else only in good enantiomeric
purity, but in lower yields. The selection of the best method for the synthesis the
corresponding products depends on the substrates. The enantioselective methods
demonstrated may be useful in special cases.
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25-0°C, 24h
Et,SiH,
[Ir(COE)ZCI]g (0.1 mol%)

H
90

By OPiv P(OCH206H4N02)2

le) (10 mol)
3 “ph :/P(OCHZCGH‘;NOZ)Z R R

toluene

Iz

91
67-72%
R= 4-MeO, 4-Me, 2-Cl, 3,4-diCI, 4-Br, 4-CF 66 94-98%

Scheme 30. Enantioselective reductive phosphonylation of acetamide derivatives catalyzed by an
iridium complex and a chiral thiourea organocatalyst (90).

2.5. Synthesis of Enantioenriched a-Aminophosphonate Derivatives from Optically Active
Starting Materials

Dialkyl (S)-a-phenylethylamino-methylphosphonates (93) were synthesized from
a-phenylethylamine (92), paraformaldehyde and dialkyl phosphites in an MW-assisted
Kabachnik-Fields reaction without the use of any solvent. The yields fell in the range of
71-80%. During the reaction, the optical activity was retained (Scheme 31) [44,45].

CHs MW ¢ o

- 0:_.OR " 80-100°C, 20-40min i
, NH—-CH,-P(OR
(9 NHe + (HCHO), + PNop - (s) 2 PIOR),
solvent-free

92 93
71-80%

Scheme 31. Synthesis of (S)-x-phenylethylamino-methylphosphonates (93) by Kabachnik-Fields
reaction.

In the MW-assisted solvent- and catalyst-free phospha-Mannich reaction of «-
phenylethylamine derivatives (94) with benzaldehyde and dimethyl phosphite, the cor-
responding x-aminophosphonates (95a and 95b) were formed in a diastereo-selective
manner (Scheme 32) [46].

NH; CHO MW R H o) @\/H O
OMe ° i I Il | I
@/LMe N © . He 80°C, 12min A biove), + | NYP(OMe)z
R

7 ~OMe : :
0] solvent-free Me Bh Me Ph

94 95a 95b
R= H, 4-MeO (R.S) (S,9)

R=H, 81%, (R,S): (S,S) 75:25
R= MeO, 69%, (R,S): (S,S) 74:26

Scheme 32. A diastereo-selective Kabachnik-Fields reaction.
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CH3

92

Bis derivatives (96) could be synthetized in the reaction of (S)-a-phenylethylamine
(92) with two equivalents of the oxo compound and two equivalents of the dialkyl phos-
phite. During the reaction, the optical activity was retained. The yields of the bis-«-
aminophosphonate derivatives (96) were 83-84%. The (S)-bis(diphenylphosphinoylmethyl)-
a-phenylethylamine (96) was double deoxygenated, applying phenylsilane under MW-
assisted solvent-free conditions. Then, the optically active bisphosphine was converted to a
chiral platinum(Il) complex (98) by a reaction with dichlorodibenzonitrile platinum (97)
(Scheme 33) [44,45].

OR MW ?Hf* Q
NH O\\P/ 80-120°C, 1-1.5h N/CHz'P(OR)z
(s) NF2 + (HCHO), + " "SoR (S) “CHyP(OR),
solvent-free ('5
2 eq. 2 eq. 96
R= Me, Et, Bu 83-84%
2)N,
1'LYVV 25°C, 12h
2 Pt(PhCN),Cl, (97)
PhSIH3 CH2C|2
Y=Ph
?H3 Pqﬁph
(>
NI
s\
Ph Ph
98
48%

Scheme 33. Synthesis of an optically active ring Pt complex (98).

Optically active x-aminophosphine oxides (100) were synthesized from the ethyl ester
of chiral proline (99), benzaldehyde and diphenylphosphine oxide in toluene at reflux

(Scheme 34) [47].
Qcooa

[1 H\P/Ph 110°C, 35 h

COOEt + ACHO + pp ————>

I}J o} Ph PhMe Ar/kpph2

H 1

99 o)

Ar= H, 2-MeO, 4-Me, 2-Me, 2-Cl, 4-Br, 4-CN 100
>92%
dr>95:5

Scheme 34. Synthesis of optically active ax-aminophosphine oxides (100) from a proline ester.

>P(O)H reagents derived from chiral alcohols were useful reagents in the preparation
of optically active aminophosphonic derivatives [48].

Chiral dialkyl phosphites (101) derived from (—)-borneol, (—)-menthol and (—)-1,2:5,6-
di-O-isopropylidene-x-D-glucofuranose were applied as starting reagents for the prepara-
tion of chiral x-aminophosphonates (102) using the Kabachnik-Fields condensation. Good
stereoselectivity was observed in the reactions. The transformation proceeded at room
temperature, or upon heating (~60-80 °C) to give the corresponding x-aminophosphonates
(102) in high yields and good stereoselectivities. Hydrolysis with 2 N HCl in aqueous diox-
ane gave the corresponding (R)-x-aminobenzylphosphonic acids (103) (Scheme 35) [49].
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CHO
Ph o Ph

o)
I 25-80°C [ HCI nol
+ Ph(R")CHNH, + (R?0),PH ———— (R?0),P—C-n _— —Cou
(R 2 + (R°0), (R0O), C|: 'NHCH(R)Ph aqueous dioxans (HO),P cl:R.NHCHzph
101 v RI= 1 (R)
103

R'=H, Me 102
85-94%

R*= o de 50-84%
AT
i o

-

°X
Scheme 35. Kabachnik-Fields reaction with chiral dialkyl phosphites.

a-Aminophosphonic acid derivatives (106) were synthesized from N-diphenylphosphinoy!l-
imines (104) using a cyclic (R,R)-TADDOL-based phosphite (105) (Scheme 36) [50]. This is a
good example for the application of a chiral phosphite.

Ph
\FO oy -80°C, 12n \FO Ph ©Q
ZEGTMEDA | On( S0 py-PPh,

|
H THF _p
g Ph—T~0-R "o u

104 105 106

R= CgHs, 1-naphthyl, 2-naphthyl, 7(,?;985?
4-MeOCgH, 4-CF3CgH,, '

Scheme 36. The synthesis of c-aminophosphonate derivatives (106) from the reaction of a phosphi-
noyl imine and (R,R)-TADDOL-based phosphite (105).

a-Amido sulfones were suitable starting materials in the preparation of C-chiral
a-aminophosphonic derivatives, using the above mentioned chiral phosphite (105) [51].

The addition of the two optically active dimenthyl phosphites (101, R?> = menthyl) to
N-(p-tolylsulfinyl)-benzaldimine (107) afforded the corresponding sulfonyl-aminophosphonates
(108) in a diastereomeric ratio of 91/100%. A subsequent acidic hydrolysis of the two sulfonyl-
aminophosphonates (108) gave the corresponding optically active, free a-aminophosphonic
acids (109) in 72/75% (Scheme 37) [52,53].

I
H.o-Ph Ph__P(OMent),

\( reflux, 6 h

Oso-N O NH aqueous HCI
o -78°C,4h N o) o
Il LiHMDS, N, > 1
+ (MentO),PH —— = Ph._ P(OH),
THF Y
L, 101 . NH,
3 (') OI'( ) CH3 109
107 108 R: 72%

75/88% S:75%
dr 91/100%

Scheme 37. Asymmetric addition of chiral phosphites (101) to sulfinimines (107).
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1,2-cyclohexylenediamine-related bis(phenylmethylphosphonates) (111) were syn-
thetized from the corresponding optically active bis-imine (110) and dialkyl phosphites
in a diastereoselective manner without the use of any catalyst. The method afforded the
corresponding bis(c-aminophosphonate) derivatives (111) under MW-assisted conditions
in variable yields of 19-68% (Scheme 38) [54]. However, this procedure is not reproduceable
due to the use of a kitchen MW oven.

Q Q
) _ MW (RO),P P(OR),
N N 0. _OR 2-3 min N~ N
¢ PO H H
' COR H,0

(R.R)
110 R= Me, Et, Pr, CH,Ph, 111
19-68%

Scheme 38. Synthesis of bis(aminophosphonates) (111) by the aza-Pudovik reaction.

The elegant methods shown above involve different optically active starting materials.
The optical activity was preserved during the reactions. This kind of approach hides further
future challenges.

3. Conclusions

To summarize the contents of this review, the most useful methods for the synthesis
of optically active a-aminophosphonates and related derivatives as described in the last
decade were surveyed. The target compounds are important due to their potential and
real biological activity. The most important approach is the asymmetric Kabachnik-Fields
reaction of an oxo compound, an amine and a dialkyl phosphite performed in the pres-
ence of an optically active catalyst or additive. Another frequently used protocol is the
enantioselective aza-Pudovik addition of >P(O)H regents to the C=N unit of imines in the
presence of chiral catalysts. There were no data released on the possible re-circulation of the
catalysts. Asymmetric catalytic hydrogenation of iminophosphonates is also an attractive
synthetic method. It is an elegant approach if one of the components (e.g., the amine or
the phosphite) of the Kabachnik-Fields condensation is optically active. Of course, there
are special methods as well. Throughout the discussion, we tried to point out the “green”
aspects, but also described the disadvantages.

Funding: This project was supported by the National Research, Development and Innovation
Office (K134318).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References

1. Mucha, A,; Kafarski, P; Berlicki, L. Remarkable potential of the c-aminophosphonate/phosphinate structural motif in medicinal
chemistry. . Med. Chem. 2011, 54, 5955-5980. [CrossRef]

2. Sravya, G.; Balakrishna, A.; Zyryanov, G.V.; Mohan, G.; Reddy, C.S.; Bakthavatchala Reddy, N. Synthesis of x-aminophosphonates
by the Kabachnik-Fields reaction. Phosphorus Sulfur Silicon Relat. Elem. 2020, 196, 353-381. [CrossRef]

3. Orddiez, M.,; Viveros-Ceballos, J.L.; Cativiela, C.; Sayago, FJ. An update on the stereoselective synthesis of x-aminophosphonic
acids and derivatives. Tetrahedron 2015, 71, 1745-1784. [CrossRef]

4. Maestro, A.; del Corte, X.; Lopez-Francés, A.; Martinez de Marigorta, E.; Palacios, F.; Vicario, J. Asymmetric synthesis of
tetrasubstituted x-aminophosphonic acid derivatives. Molecules 2021, 26, 3202. [CrossRef]

5. Albrecht, L.; Albrecht, A.; Krawczyk, H.; Jorgensen, K. Organocatalytic asymmetric synthesis of organophosphorus compounds.
Chem. Eur. ]. 2010, 16, 28-48. [CrossRef] [PubMed]

6.  Bera, K; Namboothiri, LN.N. Asymmetric synthesis of quaternary x-amino acids and their phosphonate analogues. Asian J. Org.

Chem. 2014, 3, 1234-1260. [CrossRef]


https://doi.org/10.1021/jm200587f
https://doi.org/10.1080/10426507.2020.1854258
https://doi.org/10.1016/j.tet.2015.01.029
https://doi.org/10.3390/molecules26113202
https://doi.org/10.1002/chem.200902634
https://www.ncbi.nlm.nih.gov/pubmed/20014081
https://doi.org/10.1002/ajoc.201402178

Molecules 2023, 28, 6150 22 of 23

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Maestro, A.; Martinez de Marigorta, E.; Palacios, F.; Vicario, J. a-Iminophosphonates. Useful intermediates for the enantioselective
synthesis of a-aminophosphonates. Asian J. Org. Chem. 2020, 9, 538-548. [CrossRef]

Ordoéiiez, M.; Sayago, FJ.; Cativiela, C. Synthesis of quaternary a-aminophosphonic acids. Tetrahedron 2012, 68, 6369-6412.
[CrossRef]

Turcheniuk, K.V.; Kukhar, V.P.; Roschenthaler, G.-V.; Acefia, ].L.; Soloshonok, V.A.; Sorochinsky, A.E. Recent advances in the
synthesis of fluorinated aminophosphonates and aminophosphonic acids. RSC Adv. 2013, 3, 6693. [CrossRef]

Dziegielewski, M.; Pieta, J.; Kamiriska, E.; Albrecht, L. Organocatalytic synthesis of optically active organophosphorus compounds.
Eur. J. Org Chem. 2015, 4, 677-702. [CrossRef]

Mucha, A. Synthesis and modifications of phosphinic dipeptide analogues. Molecules 2012, 17, 13530-13568. [CrossRef] [PubMed]
Ohara, M.; Nakamura, S.; Shibataa, N. Direct enantioselective three-component Kabachnik-Fields reaction catalyzed by chiral
bis(imidazoline)-Zinc(Il) Catalysts. Adv. Synth. Catal. 2011, 353, 3285-3289. [CrossRef]

Wang, L.; Cui, S.; Meng, W.; Zhang, G.; Nie, J.; Ma, ]. Asymmetric synthesis of x-aminophosphonates by means of direct
organocatalytic three-component hydrophosphonylation. Chin. Sci. Bull. 2010, 55, 1729-1731. [CrossRef]

Thorat, P.B.; Goswami, S.V.; Magar, R.L.; Patil, B.R.; Bhusare, S.R. An efficient organocatalysis: A one-pot highly enantioselective
synthesis of ax-aminophosphonates. Eur. |. Org. Chem. 2013, 2013, 5509-5516. [CrossRef]

Zou, L.; Huang, J.; Liao, N.; Liu, Y.; Guo, Q.; Peng, Y. Catalytic asymmetric three-component reaction of 2-alkynylbenzaldehydes,
amines, and dimethylphosphonate. Org. Lett. 2020, 22, 6932-6937. [CrossRef] [PubMed]

Li, W.; Wang, Y.; Xu, D. Asymmetric synthesis of a-amino phosphonates by using cinchona alkaloid-based chiral phase transfer
catalyst. Eur. J. Org. Chem. 2018, 39, 5422-5426. [CrossRef]

Zhang, G.; Hao, G.; Pan, J.; Zhang, J.; Hu, D.; Song, B. Asymmetric synthesis and bioselective activities of x-amino-phosphonates
based on the dufulin motif. J. Agric. Food Chem. 2016, 64, 4207-4213. [CrossRef]

Xie, H.; Song, A.; Zhang, X.; Chen, X.; Li, H.; Sheng, C.; Wang, W. Quinine-thiourea catalyzed enantioselective hydrophosphony-
lation of trifluoromethyl 2(1H)-quinazolinones. Chem. Commun. 2013, 49, 928-930. [CrossRef]

Iwanejko, J.; Brol, A.; Szyja, B.; Daszkiewicz, M.; Wojaczyniska, E.; Olszewski, T.K. Hydrophosphonylation of chiral
hexahydroquinoxalin-2(1H)-one derivatives as an effective route to new bicyclic compounds: Aminophosphonates, enamines
and imines. Tetrahedron 2019, 75, 1431-1439. [CrossRef]

George, J.; Sridhar, B.; Reddy, B.V.S. First example of quininesquaramide catalyzed enantioselective addition of diphenyl
phosphite to ketimines derived from isatins. Org. Biomol. Chem. 2014, 12, 1595-1602. [CrossRef]

Jang, H.S.; Kim, Y.; Kim, D.Y. Enantioselective addition of diphenyl phosphonate to ketimines derived from isatins catalyzed by
binaphthyl-modified organocatalysts. Belstein . Org. Chem. 2016, 12, 1551-1556. [CrossRef] [PubMed]

Zhao, Y.; Li, X;; Mo, F; Li, L.; Lin, X. Highly enantioselective hydrophosphonylation of imines catalyzed by SPINOL-phosphoric
acid. RSC Adv. 2013, 3, 11895. [CrossRef]

Yin, L.; Bao, Y.; Kumagai, N.; Shibasaki, M. Catalytic asymmetric hydrophosphonylation of ketimines. J. Am. Chem. Soc. 2013, 135,
10338-10341. [CrossRef]

Xie, H.-P; Yan, Z.; Wu, B.; Hu, S.-B.; Zhou, Y.-G. Synthesis of electron-deficient (S,,R,R)-(CF3),-C3-TunePhos and its applications
in asymmetric hydrogenation of a-iminophosphonates. Tetrahedron Lett. 2018, 59, 2960-2964. [CrossRef]

Yan, Z.; Wu, B.; Gao, X.; Chen, M.-W.; Zhou, Y.-G. Enantioselective synthesis of ax-amino phosphonates via Pd-catalyzed
asymmetric hydrogenation. Org. Lett. 2016, 18, 692—695. [CrossRef]

Goulioukina, N.S.; Shergold, L. A.; Bondarenko, G.N.; Ilyin, M.M.; Davankov, V.A.; Beletskaya, I.P. Palladium-catalyzed asymmetric
hydrogenation of N-hydroxy-a-imino phosphonates using Brensted acid as activator: The first catalytic enantioselective approach
to chiral N-hydroxy-a-amino phosphonates. Adv. Synth. Catal. 2012, 354, 2727-2733. [CrossRef]

Goulioukina, N.S.; Shergold, I.A.; Rybakov, V.B.; Beletskaya, L.P. One-pot two-step synthesis of optically active x-amino phos-
phonates by palladium-catalyzed hydrogenation/hydrogenolysis of x-hydrazono phosphonates. Adv. Synth. Catal. 2016, 359,
153-162. [CrossRef]

Zhang, J.; Li, Y.; Wang, Z.; Ding, K. Asymmetric hydrogenation of «- and (3-enamido phosphonates: Rhodium(I)/monodentate
phosphoramidite catalyst. Angew. Chem. 2011, 123, 11947-11951. [CrossRef]

Tao, X.; Li, W,; Li, X,; Xie, X.; Zhang, Z. Diastereo- and enantioselective asymmetric hydrogenation of x-amido-3-keto phospho-
nates via dynamic kinetic resolution. Org. Lett. 2012, 15, 72-75. [CrossRef]

Kowalczyk, D.; Albrecht, L. An organocatalytic biomimetic approach to x-aminophosphonates. Chem. Commun. 2015, 51,
3981-3984. [CrossRef]

Vicario, J.; Ortiz, P.; Ezpeleta, ].M.; Palacios, F. Asymmetric synthesis of functionalized tetrasubstituted x-aminophosphonates
through enantioselective aza-Henry reaction of phosphorylated ketimines. J. Org. Chem. 2014, 80, 156-164. [CrossRef]

Maestro, A.; Martinez de Marigorta, E.; Palacios, F; Vicario, J. Enantioselective c-aminophosphonate functionalization of indole
ring through an organocatalyzed Friedel-Crafts reaction. . Org. Chem. 2018, 84, 1094-1102. [CrossRef] [PubMed]

Maestro, A.; Martinez de Marigorta, E.; Palacios, F; Vicario, J. Enantioselective aza-Reformatsky reaction with ketimines. Org.
Lett. 2019, 21, 9473-9477. [CrossRef] [PubMed]

Yamashita, Y.; Nam, L.C.; Dutton, M.J.; Yoshimoto, S.; Kobayashi, S. Catalytic asymmetric endo-selective [3+2] cycloaddition
reactions of Schiff bases of x-aminophosphonates with olefins using chiral metal amides. Chem. Commun. 2015, 51, 17064-17067.
[CrossRef] [PubMed]


https://doi.org/10.1002/ajoc.202000039
https://doi.org/10.1016/j.tet.2012.05.008
https://doi.org/10.1039/c3ra22891f
https://doi.org/10.1002/ejoc.201403184
https://doi.org/10.3390/molecules171113530
https://www.ncbi.nlm.nih.gov/pubmed/23154272
https://doi.org/10.1002/adsc.201100482
https://doi.org/10.1007/s11434-009-3743-x
https://doi.org/10.1002/ejoc.201300494
https://doi.org/10.1021/acs.orglett.0c02487
https://www.ncbi.nlm.nih.gov/pubmed/32808795
https://doi.org/10.1002/ejoc.201801013
https://doi.org/10.1021/acs.jafc.6b01256
https://doi.org/10.1039/C2CC38097H
https://doi.org/10.1016/j.tet.2019.01.062
https://doi.org/10.1039/c3ob42026d
https://doi.org/10.3762/bjoc.12.149
https://www.ncbi.nlm.nih.gov/pubmed/27559405
https://doi.org/10.1039/c3ra40958a
https://doi.org/10.1021/ja4059316
https://doi.org/10.1016/j.tetlet.2018.06.037
https://doi.org/10.1021/acs.orglett.5b03664
https://doi.org/10.1002/adsc.201200170
https://doi.org/10.1002/adsc.201600945
https://doi.org/10.1002/ange.201104912
https://doi.org/10.1021/ol303105d
https://doi.org/10.1039/C4CC09477H
https://doi.org/10.1021/jo502233m
https://doi.org/10.1021/acs.joc.8b02843
https://www.ncbi.nlm.nih.gov/pubmed/30557510
https://doi.org/10.1021/acs.orglett.9b03669
https://www.ncbi.nlm.nih.gov/pubmed/31729883
https://doi.org/10.1039/C5CC07066J
https://www.ncbi.nlm.nih.gov/pubmed/26389539

Molecules 2023, 28, 6150 23 of 23

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Vicario, J.; Ezpeleta, ].M.; Palacios, F. Asymmetric cyanation of a-ketiminophosphonates catalyzed by cinchona alkaloids:
Enantioselective synthesis of tetrasubstituted «a-aminophosphonic acid derivatives from trisubstituted x-aminophosphonates.
Adv. Synth. Catal. 2012, 354, 2641-2647. [CrossRef]

Yan, Z.; Gao, X.; Zhou, Y.-G. Enantioselective synthesis of quaternary a-aminophosphonates by organocatalytic Friedel-Crafts
reactions of indoles with cyclic «-ketiminophosphonates. Chin. |. Catal. 2017, 38, 784-791. [CrossRef]

Yan, Z.; Wu, B.; Gao, X.; Zhou, Y.-G. Enantioselective synthesis of quaternary x-aminophosphonates by Pd-catalyzed arylation of
cyclic a-ketiminophosphonates with arylboronic acids. Chem. Commun. 2016, 52, 10882-10885. [CrossRef]

Li, X.-A.; Li, J.-Y,; Nie, J.; Jun-An, M. Organocatalytic asymmetric decarboxylative Mannich reaction of 3-keto acids with cyclic
a-ketiminophosphonates: Access to quaternary a-aminophosphonates. Org. Lett. 2018, 20, 3643-3646. [CrossRef]

Sun, J.; Mou, C,; Liu, C.; Huang, R.; Zhang, S.; Zheng, P.; Chi, Y.R. Enantioselective access to multi-cyclic x-amino phosphonates
via carbene-catalyzed cycloaddition reactions between enals and six- introduction 60 membered cyclic imines. Org. Chem. Front.
2018, 5, 2992-2996. [CrossRef]

Ordoiiez, M.; Arizpe, A.; Sayago, F; Jiménez, A.; Cativiela, C. Practical and efficient synthesis of a-aminophosphonic acids
containing 1,2,3,4-tetrahydroquinoline or 1,2,3,4-tetrahydroisoquinoline heterocycles. Molecules 2016, 21, 1140. [CrossRef]

Bera, K.; Namboothiri, LN.N. Enantioselective synthesis of quaternary x-aminophosphonates via conjugate addition of x-
nitrophosphonates to enones. Org. Lett. 2012, 14, 980-983. [CrossRef] [PubMed]

Walecka-Kurczyk, A.; Walczak, K.; Kuznik, A.; Stecko, S.; Pazdzierniok-Holewa, A. The synthesis of a-aminophosphonates via
enantioselective organocatalytic reaction of 1-(N-acylamino)alkylphosphonium salts with dimethyl phosphite. Molecules 2020, 25,
405. [CrossRef] [PubMed]

Chen, D.; Sun, W,; Zhu, C.; Lu, G.; Wu, D.; Wang, A.; Huang, P. Enantioselective reductive cyanation and phosphonylation of
secondary amides by iridium and chiral thiourea sequential catalysis. Angew. Chem. Int. Edit. 2021, 60, 8827-8831. [CrossRef]
[PubMed]

Balint, E.; Tajti, A.; Kalocsai, D.; Matravolgyi, B.; Karaghiosoff, K.; Czugler, M.; Keglevich, G. Synthesis and utilization of optically
active x-aminophosphonate derivatives by Kabachnik-Fields reaction. Tetrahedron 2017, 73, 5659-5667. [CrossRef]

Tajti, A.; Balint, E.; Keglevich, G. Microwave-assisted synthesis of x-aminophosphonates and related derivatives by the Kabachnik-
Fields reaction. Phosphorus Sulfur Silicon Relat. Elem. 2019, 194, 379-381. [CrossRef]

Tibhe, G.D.; Reyes-Gonzalez, M.A.; Cativiela, C.; Ordéiiez, M. Microwave-assisted high diastereoselective synthesis of «-
aminophosphonates under solvent and catalyst free-conditions. J. Mex. Chem. Soc. 2012, 56, 183-187. [CrossRef]

Li, X.-A,; Li, J.-Y; Yang, B.; Yang, S.-D. Catalyst-free three-component reaction to synthesize chiral x-amino phosphine oxides.
RSC Adv. 2014, 4, 39920-39923. [CrossRef]

Gbubele, ].D.; Olszewski, T.K. Asymmetric synthesis of organophosphorus compounds using H-P reagents derived from chiral
alcohols. Org. Biomol. Chem. 2021, 19, 2823-2846. [CrossRef]

Kolodiazhnyi, O.L; Grishkun, E.V.; Sheiko, S.; Demchuk, O.; Thoennessen, H.; Jones, P.G.; Schmutzler, R. Chiral symmetric
phosphoric acid esters as sources of optically active organophosphorus compounds. Tetrahedron Asymmetry 1998, 9, 1645-1649.
[CrossRef]

Palacios, F.; Olszewski, T.K.; Vicario, J. Diastereoselective hydrophosphonylation of imines using (R,R)-TADDOL phosphite.
Asymmetric synthesis of x-aminophosphonic acid derivatives. Org. Biomol. Chem. 2010, 8, 4255-4258. [CrossRef]

Gbubele, ].D.; Misiaszek, T.; Siczek, M.; Olszewski, TK. a-Amido sulphones as useful intermediates in the preparation of C-chiral
a-aminophosphonates and x-aminophosphonic acids. Org. Biomol. Chem. 2023, 21, 6180—-6191. [CrossRef] [PubMed]

Lyzwa, P. Double asymmetric induction in the synthesis of enantiomeric x-aminophosphonic acids mediated by sulfinimines.
Heteroatom Chem. 2013, 25, 15-19. [CrossRef]

Lyzwa, P.; Mikotajczyk, M. Chiral sulfinimines in asymmetric synthesis of enantiomeric aminophosphonic acids. Phosphorus
Sulfur Silicon Relat. Elem. 2014, 189, 1174-1192. [CrossRef]

Lewkowski, J.; Tokarz, P; Lis, T,; Slepokura, K. Synthesis and resolution of diastereomers of (R,R)-1,2-cyclohexylenediamino-di-
phenylmethylphosphonates. Tetrahedron Asymmetry 2012, 23, 482-488. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/adsc.201200516
https://doi.org/10.1016/S1872-2067(17)62804-3
https://doi.org/10.1039/C6CC04096A
https://doi.org/10.1021/acs.orglett.8b01422
https://doi.org/10.1039/C8QO00877A
https://doi.org/10.3390/molecules21091140
https://doi.org/10.1021/ol203132h
https://www.ncbi.nlm.nih.gov/pubmed/22316431
https://doi.org/10.3390/molecules25020405
https://www.ncbi.nlm.nih.gov/pubmed/31963713
https://doi.org/10.1002/anie.202015898
https://www.ncbi.nlm.nih.gov/pubmed/33484032
https://doi.org/10.1016/j.tet.2017.07.060
https://doi.org/10.1080/10426507.2018.1547729
https://doi.org/10.29356/jmcs.v56i2.319
https://doi.org/10.1039/C4RA05645K
https://doi.org/10.1039/D1OB00124H
https://doi.org/10.1016/S0957-4166(98)00166-9
https://doi.org/10.1039/c003004j
https://doi.org/10.1039/D3OB00924F
https://www.ncbi.nlm.nih.gov/pubmed/37466200
https://doi.org/10.1002/hc.21130
https://doi.org/10.1080/10426507.2014.906426
https://doi.org/10.1016/j.tetasy.2012.04.007

	Introduction 
	Synthetic Approaches for Optically Active -Aminophosphonates 
	Enantioselective Kabachnik–Fields Reactions 
	Optically Active -Aminophosphonate Derivatives Provided by the Aza-Pudovik Reaction 
	Synthesis of Enantiopure -Aminophosphonates by the Asymmetric Hydrogenation of Iminophosphonates 
	Optically Active -Aminophosphonates by Miscellenious Methods 
	Synthesis of Enantioenriched -Aminophosphonate Derivatives from Optically Active Starting Materials 

	Conclusions 
	References

