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Abstract: The Kabachnik-Fields reaction, comprising the condensation of an amine, oxo compound
and a P-reagent (generally a >P(O)H species or trialkyl phosphite), still attracts interest due to the chal-
lenging synthetic procedures and the potential biological activity of the resulting x-aminophosphonic
derivatives. Following the success of the first part (Molecules 2012, 17, 12821), here we summarize
the synthetic developments in this field accumulated in the last decade. The procedures compiled
include catalytic accomplishments as well as catalyst-free and/or solvent-free “greener” protocols.
The products embrace x-aminophosphonates, x-aminophosphinates, and a-aminophosphine ox-
ides along with different bis derivatives from the double phospha-Mannich approach. The newer
developments of the aza-Pudovik reactions are also included.

Keywords: Kabachnik-Fields reaction; phospha-Mannich reaction; «-aminophosphonates;
a-aminophosphine oxides; bis derivatives; catalysts; green methods; aza-Pudovik reaction

1. Introduction

The Kabachnik-Fields reaction involves the condensation of a primary or secondary
amine, an oxo compound such as an aldehyde or ketone, and a >P(O)H-containing reagent,
which is in most cases a dialkyl phosphite, but may also be an alkyl-H-phosphinate
or a secondary phosphine oxide, to result in the formation of x-aminophosphonates,
a-aminophosphinates, and «-aminophosphine oxides, respectively [1-5]. The classical
version of the “phospha-Mannich” reaction was discovered independently by Kabachnik
and Fields more than sixty years ago [6,7].

The a-aminophosphonic and c-aminophosphinic derivatives incorporating an N-C-P
moiety are still a focus due to their real or potential biological activity. The acid derivatives
of the species under discussion may be regarded as the analogues of their natural counter-
parts, carboxylic acids. As such, as a consequence of their different properties (tetrahedral
P vs. planar C, different acidity, and steric bulk) they are recognized by receptors and
enzymes as false substrates/inhibitors [8-12]. The bioactivity realized in this way may be
manifested in applications as agrochemicals and medicines.

The mechanism of the phospha-Mannich reaction depends on the nature of the substrates
applied. It has been said that the condensation may proceed via an imine (Schiff base) or
a-hydroxyphosphonate intermediate (Scheme 1/route “A” and “B” respectively) [13-15].

The number of publications describing different variations of the Kabachnik-Fields
reaction exceeds 450 papers. The usual phospha-Mannich protocol includes the conden-
sation of equimolar quantities of the three components in organic solvents and the use of
various catalysts, comprising in most cases Lewis and Bronsted acids. A wide range of
catalysts have been described, such as metal perchlorates; Amberlysts; succinic-, sulfonic-,
and oxalic- acids; zinc, iron, and niobium salt; lanthanide triflates; boron trifluoride ether-
ate; titanium dioxide; etc. [16]. However, it has been found that catalyst-free methods
may also be appropriate, especially under solvent-free and/or microwave-assisted condi-
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tions [17-23]. The latter protocols represent green chemical approaches that are the focus
of this article.

Scheme 1. The general mechanism of the phospha-Mannich reaction.

In this review, we summarize the new developments of the Kabachnik-Fields reaction
accumulated in the last decade.

2. Kabachnik-Fields Reactions with Dialkyl Phosphites, Alkyl H-Phosphinates, and
Secondary Phosphine Oxides

2.1. Metal-Catalyzed Kabachnik—Fields Reactions

In the first block, metal-catalyzed condensations are summarized. Applying (tetra-
tert-buthylphthalocyaninato)aluminum chloride, a series of amines, acetophenone, and
diethyl phosphite were condensed to afford the corresponding x-aminophosphonates (1)
in acceptable yields (Scheme 2(1)). The reaction of benzylamine, indanone (2), and ethyl
phenyl-H-phosphinate led to the respective phosphinate (3) (Scheme 2(2)) [24].

o 50 °C, 24-36 h Q
OEt Bu,PcAICI RHN_ P(OEt),
RNH, + M - -
R= CH5Ph, 2-pyridyl, 3-pyridyl, 4-pyridyl 551 63%
BuyPcAICI: (tetra-tert-butylphthalocyaninato)aluminum chloride °
0 70°C,60h
OEt ‘BuyPcAICI Ph\_ o)
©/\NH2 ©:/§ H\P/ 4 . NH I|D|/Ph
+ + /, ~N
g Ph EtOH ©\%> ot @
2
3
60%

Scheme 2. ‘BuyPcAlCl-catalyzed Kabachnik-Fields reactions. DCM—Dichloromethane.

The three-component condensation of aniline and benzaldehyde derivatives with di-
alkyl phosphite (or with diphenyl phosphite) was performed in the presence of a cyclopenta-
dienyl ruthenium(II) complex at 80 °C in a solvent-free manner. The a-aminophosphonates
(4) were obtained in good to excellent yields (Scheme 3) [25].
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P(OR?
NH, CHO _ (OR%),
80 °C, 10-120 min
OR? o HN
+ H\P/ [CpRu(PPh3),Cl] (0.5 mol%) .
R - &/ “OR3 solvent-free R?
R1
4

75-97%

Rt H CeHs CeHs CeHs CeHs CeHs CeHs

R? | 4-MeSCsHs4 H 4-CF3CsHa 4-BrCeHa 4-FCeHa 4-MeSCsH4 4-MeSCsH4

R? Et Et Et Et Et Et Me

R! CeHs CsHs CeHs 4-FCeHa 2-HOCsH4 2-MeOCsHs

R?2 | 4-MeSCsHs | 4-MeSCsHs | 4-MeOCesHs | 4-MeSCsHs | 4-MeSCeHs 4-MeSCsH4

R? Bu Ph Et Et Et Et

Scheme 3. Ruthenium(II)-complex-catalyzed Kabachnik-Fields reactions.

Potentially biologically active x-aminophosphonates (6) were synthesized from
quinazolinone-based hydrazides (5), aromatic aldehydes, and diphenyl phosphite us-
ing ZnCl, /PPhj as the catalyst at room temperature (Scheme 4) [26]. The yields fell in the
range of 75-84%.

i CHO 26 °C,3-4d i

NHNH, OPh , 970 08YS 0 P(OPh),

N/\n/ H\ / ZnCI2 y PPh3 NHNH

e ' " g opn DCM )N:\[r

R N
5 6
R= H, 2-NOy, 4-NO,, 4-Cl, 4-Br, 4-HO, 2-MeO, 4-MeO, 2,4-HO, 3,4-MeO, Me,N 75-84%
Scheme 4. Phospha-Mannich reactions applying quinazolinone-based hydrazides as the amine component.

A similar ZnCl;-choline-chloride-catalyzed transformation of mostly aromatic amines,
benzaldehyde derivatives, and diethyl phosphite led to x-amino-benzylphosphonates (7)
in yields of 70-96% (Scheme 5) [27].

. - o9

CHO 25 C, 30-120 min /N P(OEt)2
H. OFEt 2 ZnCly-Choline chloride R’
RINH, + + Poe
2 e} t solvent-free
R2
7
70-96%

Rt CsHs CeHs CsHs CeHs CsHs CeHs CsHs CsHs
R2 CesHs 4-NO2C6¢Has | 2-CICéHa | 3-CICsHa4 | 4-BrCsHs | 3-BrCeHas | 4-HOCsH4 [4-MeOCsH4
R | 4-CICeHs | 4-BrCeHs | 4-FCsHs | 4-ClCeHas | 4-FCeHa [4-MeOCeHs| CeHsCH2
R? CsHs CeHs CsHs 3-CICéHas | 4-BrCsHs |4-MeOCsHa CsHs

Scheme 5. ZnCl,-choline-chloride-catalyzed three-component condensation.
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Zn di[bis(trifluoromethylsulfonyl)imide] (11) was also described as a catalyst in a
similar condensation, and the product (8) was dearylated, suprisingly, by NBS; the inter-
mediate (9) so formed was hydrolyzed (10) (Scheme 6) [28,29]. Application of an optically
active additive (12, pybim) allowed an enantioselective synthesis.

50 °C, 1-96 h
Zn(NTfp); (11) (10 mol%) H o 0°C—26°C 4
Ar®NH, OAr ; ) I I | 0
R e pybim (12) (10 mol%) N L 0A), NBS /NYP(OAr3)2
AflcHo O OAr DCM ToAn H,O/MeCN A
r
8 9
Ar'= CgHs, 4-CICoHs, 4-MeCgHy, 4-HOCgHj, 4-MeOCgH,, ~ 85°99% (S) ee: 90%
2-MeOCgH,, 3-MeOCgH,, 2-naphthyl, 2-thienyl, 2-furyl (S) €6+ 90%
2_
Ar = 4-MeOCqH, HBr/ACOH
Ar3= Z-MeOCGH4
GFa GFs HoQ
O:S\:O O:/S:O _N P(OH),
N-zn—N HT
o:§:o o:§:o Ar
CF3 CF3 10
Zn(NTf), (S) ee: 92%
11

Scheme 6. Zn di[bis(trifluoromethylsulfonyl)imide]-catalyzed Kabachnik-Fields reaction. NBS—N-bromosuccinimide;
pybim—pyridinebisimidazoline; ee—enantiomeric excess.

Zinc triflate and iron triflate also proved to be efficient catalysts in the three-component
condensation when different substituted amines or an oxadiazole-related acid hydrazide
(14) were reacted with benzaldehyde and diethyl phosphite. These reactions took place
under mild conditions, mostly in good yields (Schemes 7 and 8) [30,31].

25°C,1h o
OR®  Zn(OTfH, (10 mol%)  _, no
RNH, + RICHO + p_ ~ RN PORY
Z OR solvent-free R?
13
72-93%
R! CeHs CsHs 4-ClCsHs 4-MeOCesHs | 4-MeOCsHs Et Bu
R2 CH2CsHs CH:CsH>s CH2CsHs CH:CsHs CH2CsHs CH:CsH>s CH:CsHs
R3 Et Me Et Et Me Et Et
R! Bu 4-NO2CeHs 4-ClCsHs 4-ClCsHs 4-MeCsHs 4-MeOCeHs | 4-MeOCesHs
R2 CH2C¢Hs CeHs CeHs CeHs CeHs CsHs CeHs
R3 Me Et Et Me Et Et Me

Scheme 7. Zinc-triflate-catalyzed Kabachnik-Fields reaction.
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o]
II
+ RCHO 26 oC 45 min \)\\ OEt
Fe(OTf); (10 mol%) NHNH<
s NHNH, <::>__<
DCE 2 -N
g::>——< H POEt N 15
+ ~ —869
14 & OEt 58-86%

R= C6H5, 4-NOZCGH4, 4-CNCGH4, 2-C|CGH4, 4-BrC6H4, 4-FCGH4, 4-HOC6H4, 3-MeOC6H4, 4-MeC6H4,
3,4-HOCgH3, 2,5-MeOCgH3, 2-thienyl, 2-naphthyl

Scheme 8. Oxadiazole-related (14) acid hydrazide as the amine component in the phospha-Mannich reaction. DCE—1,2-

dichloroethane.

The indium(IlI)-complex-catalyzed (17, 18) methods allowed the efficient condensa-
tion of various aldehydes, amines, and >P(O)H reagents under neat conditions at room
temperature to give the corresponding c-aminophosphonates or c-aminophosphine oxides
(16) (Scheme 9) [32]. Theyields were 86-98%. The need for special indium catalysts presents
a disadvantage.

1
CHO R3 | zlﬁ °C. 6 T NHR
RINH, + @ . H. P\ n(l1l) complex _ @)\E(R3)Z
ol R® solvent-free o)
R R 16
indium complexes W W 71-98%
RN o N
R\ /In\ oTf R /In\ Cl
)\/'K )\/K
R= Dipp R= Dipp, Mes
17 18

R! CsHs CeHs CsHs CeHs CsHs CsHs CeHs
R2 CsHs 4-NO:2CsHs | 4-CNCeHs 4-CIC¢Hs 3-ClC¢Hs 4-FCeHs 2-FCeHs
R3 CsHs CsHs CsHs CeHs CsHs CeHs CeHs
R! CsHs CsHs CsHs 4-MeCsHs CsHs CH:2CsHs |4-CICeHsCH:2
R2 4-MeCsHs 4-PrCeHs [4-MeOCeHs| 4-NMe2CeHs | 4-MeSCsHs CsHs CeHs
R3 CsHs CsHs CsHs CeHs CsHs CeHs CeHs
R! (4-MeOCsHs CH2| 4-ClCsHs 4-BrCeHs 4-MeCsHs | 4-MeOCeH4 CeHa CeHa
R2 CeHs CsHs 4-PrCeHs | 3,4-MeOCsHs | 4-PhOCeHs | 4-ClCeHs 4-FCeHs
R3 CsHs CeHs CsHs CeHs CsHs PhO PhO
Rt CoHa CsHa CsHs CeHs 2-MeCsHs | 2-MeCsHs 2-MeCsHs
R2 4-PrCeHs 4-MeOC¢Hs [4-NMe2CsHs| 3,4-MeOCsHa CeHs CeHa 3,4-MeOCsHa4
R3 PhO PhO PhO PhO PhO EtO PhO
Rt CoHa CsHs CsHs CeHs CsHs CeHs
R2 CsHs 4-BrCeHs 4-MeCeHs 4-PrCeHs |4-NMe2CsHs(3,4-MeOCsH4
R3 EtO EtO EtO EtO EtO EtO

Scheme 9. In(Ill)-complex-catalyzed three-component condensation. Dipp—2,6-diisopropylphenyl; Mes—2 4,6-trimethylphenyl.

Nickel chloride and niobium chloride were efficient catalysts in the reaction of aniline
derivatives, substituted benzaldehydes, and diethyl phosphite at a temperature of 82 °C
(Schemes 10 and 11) [33,34]. The use of these catalysts gave the corresponding products
(19 and 4) in similar yields.



Molecules 2021, 26, 2511

6 of 46

82 °C, 30-60 min 0
1 , __PEt  NiCl, (10 mol%) P(OEt),
R'NH, + R“CHO P< > 1 2
o O MeCN RIHN™ "R
19
80-95%
R1 CeHs 4-NO2C6Hs 4-ClCsHs 4-HOCsHs 4-MeCsHs
R2 CeHs CeHs CeHs CeHs CeHs
Rt 4-MeOC¢Hs CsHs CeHs CeHs CeHs
R2 CsHs 4-NO2C6Hs 4-CICsHs 4-MeCsHs | 4-MeOCsHs
Scheme 10. Ni(II)-chloride-catalyzed Kabachnik—Fields reaction.
I
NH, CHO 60 °C, 30 min P(OEt),
H\P,OEt NbCls (5 mol%) HN
+ p—
¥ & OEt solvent-free 5
R1 R2 R
R1
4 (R3= Et)

87-95%
R H 2-NO2 4-NO2 4-Cl 4-Br 4-Me 4-MeO
R2 H H H H H H H
R H H H H 4-NHa: 4-NO2 4-NO2
R2 4-CHO 4-Cl 2-Cl 4-Me H H 4-CHO
Rt 4-NO2 4-Cl 4-Cl 4-Br 4-Br
R2 4-MeO 4-NO2 4-Cl 4-NO2 4-MeO

Scheme 11. Niobium-chloride-catalyzed phospha-Mannich reaction.

A series of a-aminophosphonate derivatives (21) incorporating an uracil moiety
was synthesized using Mg(ClOy); as the catalyst and acetonitrile as the solvent at 80 °C
(Scheme 12) [35]. The products showed potential herbicidal activity.

Y Cl
Q jij[ 80 °C, 8-12h o YKICIJA\r
OEt %
/f‘\i NH, . ACHO + \//P/\OEt Mg(ClO4)2 (5 mol%) /f‘\i H IIID(OEt)z
FsC” N7 0O MeCN FoC” N7 °

Me Me

20 21

72-93%

Ar| GCsHs CsHs ‘ 4-NO2C6Hs | 4-NO2CsHs | 3-NO:2CsHs | 3-NO2C6Hs

Y Cl H Cl H Cl H

Ar |4-CICeHs5| 4-CICeHs | 4-FCsHs 4-FCeHs5 4-MeCeHs | 4-MeCsHs

Y Cl H Cl H Cl H

Scheme 12. Mg(ClOy);-catalyzed Kabachnik-Fields reactions.
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A series of substituted diethyl a-phenylamino-benzylphosphonates (4 (R = Et))
was prepared using cerium chloride or cerium oxide from aniline derivatives, substi-
tuted benzaldehydes, and diethyl phosphite under mild and solvent-free conditions
(Schemes 13 and 14) [36,37]. The yields were 87-95%.

|l
NH, CHO 25°C,5h P(OEt),
H. OFEt CeCls*7 Hy0 (5 mol%) HN)\Q
+ + P~
g OFt solvent-free 2
R’ R? R
R1
4 (R3= Et)
87-95%
R® H H H H H H
R2 H 4-NO2 4-CN 4-Cl 2-Cl 4-F
R1 H H H H 2-NO2 4-CN
R2 2-HO 4-MeO 3,4-MeO | 2,5-MeO H H
R! 4-Cl 3-Cl 4-Br 2-HO 4-HO 4-MeO
R2 H H H H H H
Scheme 13. Cerium-chloride-catalyzed condensations.
2
ultrasonic P(OEt),
NH, CHO 26 °C, 5-30 min
H. OFEt Ce0, or CeO,(nano) (5 mol%) HN
+ ~N
g OFt solvent-free R?
R1 RZ
R1
4 (R3= Et)
60-95%
R! H 4-NO2 4-Cl 4-Me 4-HO 4-MeO
R2 H H H H H H
R! H H H H H
R? 4-NO: 4-Cl 4-Me 4-HO 4-MeO

Scheme 14. Cerium-oxide-catalyzed Kabachnik-Fields reaction.

Cu/Au and Gd oxide nanocatalysts allowed the efficient condensation of different
amines, benzaldehyde derivatives, and dimethyl phosphite under conventional heating or
under microwave (MW) irradiation (Schemes 15 and 16) [38,39]. The use of these catalysts
gave the corresponding products (22 and 24) in similar yields.
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(0]

I

NH, CHO 60 °C,2-3 h P(OMe),
HO H. OMe nano Cu/Au - HN
+ ~
* o OMe  Neat, or EtOH, or MeCN, HO
R or THF or PhMe R
R=H, 4-NO,, 2-F-5-Br, 4-Cl, 4-MeO, 4-EtO, 4-BuO, 22
3-Me0-4-HO, 3,4-MeO, 3-Me0-4-HO-5-Br 87-96%

Scheme 15. Cu/Au nanocatalyst in the Kabachnik-Fields reaction. THF—tetrahydrofuran.

(@]
I
(\NHZ CHO MW (180 W) (MeO),P  OH
7 min
OM
[N OH He © Nano Gd,03 (5 mol%) (\ N
+ + ~ >

O// OMe solvent-free N

23 24
(@]

R= H, 5-NO,, 3,5-Br, 5-Cl, 5-Br, 3,5-Bu, 4-HO, 5-MeO, 4-NEt, 93-99%

Scheme 16. Gadolinium oxide as a nanocatalyst in the phospha-Mannich reaction.

Dehydroascorbic acid (DHAA)-capped magnetite nanoparticles were successfully
applied in the phospha-Mannich condensation of aromatic amines and aldehydes with
dimethyl phosphite (Scheme 17) [40].

40°C,1-2h R
H /OMe DHAA-Fe3;0,4 (0.9 mol%) "NH
R'NH, + R2CHO +  "P. -
g OMe solvent-free R? “P(OMe),
25
75-95%

R1 CsHs CsHs CsHs CsHs CsHs |4-BrCsH4|4-MeCsHa4
R2 CsHs 4-CICsH4 |4-MeCeHa4 [4-MeOCsHs| thien-2-yl|  CsHs CsHs

Scheme 17. Dehydroascorbic-acid-catalyzed Kabachnik-Fields reactions.

A deep eutectic solvent (DES) comprising ZrOCl,-8H,O and urea in a 1:5 ratio made
possible the efficient condensation of aryl-(heteroaryl)aldehydes, aniline derivatives and
dimethyl phosphite at room temperature. The role of the DES was to serve as a reaction
medium and as a catalyst (Scheme 18) [41].

In the above discussion, metal-catalyzed reactions are summarized. The application
of metal catalysts makes possible efficient condensations, most of which occur at room
temperature; however, these methods, especially the ones applying Zn or Ni promoters,
cannot be considered environmentally friendly. At the same time, MW-assisted and solvent-
free approaches may be considered as green techniques.
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H OMe 25 °C, 5-25 min 'T' 9
R2NH, + R'CHO + P, > oN._ P(OMe),
g ©OMe  7r0Cl, 8 H,0: Urea \Fg
25
88-98%

R! CsHs CeHs CsHs 3-NO2CsHz4 4-CICsHx
R2 CeHs 4-BrCesHa 4-MeOCsHa CeHs CeHs
R! 4-CICeHas 4-CICsHx 4-MeOCsHa 4-MeOCsHa 2-MeOCsHa
R2 3-CICsHa4 4-MeOCsHa CesHs 3-CICsHa4 CeHs
R! 2-MeOCsHs 2-MeOCsHs 2-MeOCeHs  [3,4-(MeO)2CsH33,4-(MeO)2CsHs
R2 4-BrCeHa 3-CICeHas 4-MeOCsHa CeHs 3-CICeHa
R? | 3,4-(MeO)2C6Hs | 3,4,5-(MeO)sCeH: | 3,4,5-(MeO)sCsH2 1-furyl 1-naphthyl
R2 4-BrCeHa CeHs 3-ClCeHas CeHs CeHs

Scheme 18. Kabachnik-Fields reaction with a DES as the solvent and the catalyst.

2.2. Acid-Catalyzed Kabachnik—Fields Reactions

The Kabachnik-Fields condensations outlined in the next section are promoted by acidic
catalysts. The reaction of aniline derivatives, substituted benzaldehydes, and dimethyl
phosphite was performed using a bifunctional acid—base catalyst IRMOF-3, where MOF is a
metal organic framework: ZnyO(H;N-TA);3 prepared from 2-aminoterephthalic acid (Hp ATA)
and Zn(NOj3),-6H,0) (Scheme 19) [42]. The other option was to use a sulfated polyborate
as the catalyst (Scheme 20) [43]. When applying IRMOEF-3 and sulfated polyborate as the
catalyst, the corresponding products were formed in similar yields.

P(OMe),
NH; CHO 25-60 °C, 2-3 h
@ + H\P/OMe Zn,O(H,N-TA); IRMOF-3)  HN
+ N =
o OMe solvent-free R2
R R2
R1
4 (R3= Me)
90-93%
R! H H H 4-Me 4-Me 4-Me
R? H 3-NO: 4-Cl 4-NO2 2-Cl 2-MeO

Scheme 19. ZnyO(H;N-TA);3 as the catalyst in three-component reactions.
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90 °C, 5 min

0
1
ojs\:o{B,o\B/o}L P(OEt),
O | ]
NH, CHO HO OH OL |, HN
H. OFt (5 mol%)
+ ~ 2
y OFt solvent-free R
R1 R2 R1
4 (R3= Et)
92-98%
R! H H H H H H H H
R2 H 2-NO:2 3-NO: | 4-NO:2 2-C1 3-Cl 4-Cl 4-Br
R! H H H H 4-NO: | 4-Cl 4-Br 4-Me
R2 4-HO | 4-MeO | 2-MeO | 4-Me H H H H

Scheme 20. Sulfated polyborate-catalyzed condensations.

An efficient method was developed for the preparation of x-aminophosphonates (26),
which involved applying phenylboronic acid as the catalyst under solvent-free conditions
at 50 °C (Scheme 21) [44].

50 °C, 30-60 min

4. OMe  PhB(OH), (10 mol%) Q
BnNH- + RCHO + 1B ~ BnHN._ _P(OMe),
2 2 "OMe solvent-free \(
R
R=H, 4-CICgHj, 4-MeOCgHj, 2-MeOCgHy, 3,4-MeOCgHs, 26
3-HOCgH,, 'Pr, BBu 73-85%

Scheme 21. Phenylboronic-acid-catalyzed phospha-Mannich reactions.

Phenylphosphonic acid was found to be an efficient reusable heterogeneous catalyst
in the three-component phospha-Mannich reaction of benzylamine, aldehydes/ketones,
and dimethyl phosphite (Scheme 22) [45].

0 OMe 50 °C, 25-100 min |T| 9
BnNH, + JJ\ + H. / PhP(O)(OH), (10 mol%) _N P(OMe),
2 R! “R2 7 >OMe Bn
(o) solvent-free R R2
27
60-98%

R? 4-ClCsHs 4-FCCeHa 4-PhCsHa |3-MeOCsH1|2-MeOCsHs| 3-HOCsH4
R2 H H H H H H
Rt | 3,4-(HO):CsHs |3,4-(MeO)CsHs| 3-indole | 2-pyrrole 2-furyl Pr
R2 H H H H H H
R! Bu Pr Me Et
R2 H H Me Et

Scheme 22. Phenylphosphonic-acid-catalyzed condensations.
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The condensation of aminophenols, benzaldehyde derivatives, and dimethyl phos-
phite was performed in an aqueous medium containing oxalic acid as the catalyst at 90 °C.
No yields were achieved (Scheme 23) [46].

O
90 °C !
NH
2 CHO oxalic acid P(OMe),
+ ~ >
R’ 2 O OMe H0 R?
R1
4 (R3= Me)
R1! 4-HO 4-HO 4-HO 2-HO 2-HO 2-HO
R2 H 4-NO2 4-MeO H 4-NO2 4-MeO

Scheme 23. Oxalic-acid-catalyzed Kabachnik-Fields reactions.

The latter approach provided the x-aminophosphonates in almost quantitative yields.

In another, more general example, a highly efficient biodegradable supramolecu-
lar polymer-supported catalyst was applied (Scheme 24) [47]. The catalyst represents a
green component.

25°C,3h
CHO 0SOzH 0
HO5SO_  OSO3zH I
X 0 o >f P(OMe),
NH + o o Oln
2 HO3SO  0OSO3H HN
R2 OSOzH
(20 mol%)
R2
o H,0
R1 H\ / € R1
/> oMe
o) 4 (R3= Me)
94-95%
R! H H H 4-Me 4-Me 4-Me
R2 H 3-NO: 4-Cl 4-NO: 2-Cl 2-MeO

Scheme 24. Application of biodegradable supramolecular polymer-supported catalyst in the Kabachnik-Fields reaction.

The readily available paratoluenesulfonic acid (PTSA) was found to be a suitable
catalyst in a series of phospha-Mannich reactions. The thoroughly investigated model
reaction is shown in Scheme 25 [48].
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reflux

3 o)
NH, H. OR PTSA ~ N LOR®
1J\ 2 * CHO 7 ’/P\OR“ het ~ oR!
R R PhMe or MeCN R2
28
64-95%
R! Me Me Me COOH COOH
R2 CeHs CeHs CeHs Me Me
R3 "CsHuy "CioH21 ‘Hex "CioH21 ‘Hex
R* nCsHuy "CioH21 ‘Hex CsHs ‘Hex
Scheme 25. PTSA-catalyzed Kabachnik-Fields reactions.

PTSA was also used in the condensation of different amines, formaldehyde, and
secondary phosphine oxides in toluene at the boiling point (Scheme 26) [49]. The yields of
products 29 and 30 were >90%.

Me._ _NH;
110 °C 9 CiH
. /C10H21 PTSA HNVP: 10121 (1)
+ (HCHO), + //P\C H C1oH24
o “1oh21 PhMe Me
29
94%
L Ph oy N _HN ﬁ/F’h
N+ (HCHO), + e ! PToA O N7 Caotas 2)
/
/ ¢ CwHar  phve Z 5
90%
Scheme 26. Other PTSA-catalyzed condensations.

New x-aminophosphine oxides and x-aminophosphonates (32/33) were made available
by the PTSA-catalyzed reaction of amines containing an acetal group (31), paraformaldehyde,
and >P(O)H reagents (Schemes 27 and 28) [50,51]. No yields were achieved for the second
series of reactions.

110 °C, 10 min
Iy NH, + OHO + g0 s e HN (II?’(C Hia)
+ + >
MeO 2 2 //P\06H13 PhH MeO N 6'113/2
311 32
91%

Scheme 27. Further application of the PTSA catalyst in phospha-Mannich condensations.
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9
o 2
OR1 R2 80 °C OR1 (P(R )2
PTSA
Ho /
1 )\H,NHQ + (HCHO), + ~p —_— NH
R'O ; g TR? PhH R'O ;

31/2 33
R Me Me Me Me Me Et Et Et
R2 EtO PrO CsHis CsH17 CioH21 CsHis CsH1z CioH21
n 1 1 1 1 1 2 2 3

Scheme 28. Extension of the Kabachnik-Fields reactions outlined in Scheme 19.

Solvent-free realizations may be typically associated with MW irradiation. This was
the case with the polystyrene-supported PTSA-catalyzed condensation of 2-aminofluorene
(34), a number of aldehydes, and dimethyl phosphite (Scheme 29) [52].

R
MW (210 W)
5-7 min
O H\P/O’V'e PS/PTSA (5 mol%) O.
RCH + ~
NH, + RCHO g ©OMe solvent-free O N P(OMe),
34 H O
R= 4-NO,CgHy, 2-NO,CgHa, 4-CICgH,, 2-CICgH,, 4-BrCgHy, 4-FCgHy, 4-MeCgHy, 35
4-HOCgH,, 3-HOCgH,, 4-MeOCgH,, 3-MeOCgH,, Et, Pr, Pr, "Bu, °Hex 84-98%

Scheme 29. Solvent-free, PTSA-catalyzed condensations involving 2-aminofluorene.

[-Cyclodextrin-supported sulfonic acid was also used as an efficient and reusable
heterogeneous catalyst in the preparation of thiazolylaryl x-aminophosphonates (37)

(Scheme 30) [53].
&)

50 °C, 30 mi N0
7/
» S0 Min Me P(OEt),

(@]
NH, Me  \ H
R H. PEt  B-CD-SO4H (7.5 mol%) N
+ EtO S O + //P\OEt EtO I \ o
R 0) solvent-free S
o) 0 Y
36 37

R= H, 4-NO,, 4-CF3, 4-F, 3-Cl, 4-Br, 2-I, 4-MeO 90-96%

Scheme 30. 3-Cyclodextrin-supported sulfonic-acid-catalyzed condensation.

6-Amino-1,3-dimethyluracil (38) was found to be a good starting material in conden-
sation with benzaldehyde derivatives and diethyl phosphite. Phosphorus pentoxide in
methanesulfonic acid (1:10), known as Eaton’s reagent, was the catalyst (Scheme 31) [54].
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O . . 0
Me.. 50-60 °C, 30 min M
jl\ | H OEt  P,05/MeSO3H (1:10) e\N | Ar
+ ArCHO + "p g
e N NH, O// “OEt solvent-free O)\N N)\P(OEt)z
Me I\Ille H C
38 39

Ar= 4-C1,3-NO,CgHg, 3-NO,CgHy, 4-HO,3-NO,CgHs, 3,4-F,CoH, 50-95%

4-CICgHy4, 4-FCgH4, 3-HOCgH,4
Scheme 31. Eaton’s reagent used as a catalyst in the condensations.

The condensation of the basic model (aniline derivatives, substituted benzaldehydes,
and diethyl phosphite) was also performed with water as the medium, using different
organic acid catalysts (Scheme 32) [55]. The yields were variable.

||
P(OEt
NH, CHO reflux, 1-6 h (OEY),
H\P/OEt acid catalyst (10 mol%) HN)\Q
+ ~ o
1 * g OEt H,0 -
R R2
R1
acid catalyst: citric, malic, tartaric or oxalic acids 4 (R EY)
51-93%
R! H H H 2-HO, 4-NO: | 2-HO, 2-Cl 4-HO 2-HO
R2 H 4-NO2 4-MeO H H H H
R?| 2-HO, 4-Me |2-HO, 4-NO:2 | 2-HO, 2-Cl 4-HO 2-HO 2-HO, 4-Me |2-HO, 4-MeO
R2 H 4-NO2 4-NO2 4-NO2 4-NO2 4-NO2 4-NO2
R1|2-HO, 4-NO:| 2-HO, 2-Cl 4-HO 2-HO 2-HO, 4-Me |2-HO, 4-MeO
R2 4-MeO 4-MeO 4-MeO 4-MeO 4-MeO 4-MeO

Scheme 32. Various organic-acid-catalyzed Kabachnik—Fields reactions.

Potassium hydrogen sulfate also proved to be a powerful catalyst in the above type of
reaction (Scheme 33) [56].

I
P(OEt),
NH, CHO 25°C, 5-5.5h
H. OBt KHSO, (20 moi%) HN
+ + / ~ 2
(@) OFEt solvent-free R
R? R2
1
R" 4 (R3=EY)
75-81%
R: H Br H Br Br
R2 H H Me Me Br

Scheme 33. Potassium-hydrogen-sulfate-catalyzed condensations.
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2-Cyclopropylpyridimidine-4-carbaldehyde (40) was also used as the starting material
in three-component condensations. In one case, phosphomolybdic acid was applied as the
catalyst (Scheme 34) [57]; in another, camphor-derived thiourea organocatalysts (42, 43)
were utilized (Scheme 35) [58]. The yields of products (41) were mostly high.

NH, N7 oR? 25 °C, 20 min N N
| Ho/ H3PMo45040 (0.5 mol%) | no,
+ N">CHO + P oo - NP POR)
o DCM
R! 40 HN
M
91-96% R’
R! H 4-Cl 4-Br 4-Me H 4-Cl 4-Me
R2 CsHs CsHs CsHs CsHs Et Et Et

Scheme 34. 2-Cyclopropylpyridimidine-4-carbaldehyde (40) as a special actor in the Kabachnik-Fields reactions.

-401t0 50 °C,2.5-6 h

NH; N camphor-derived thiourea catalysts NI ~ 9
| H. OPh (20 mol%) NP POPh)
+ N CHO + //P\Oph >
) PhMe HN
R 40 . \©
R= H, 4-Cl, 4-Me R 41 (R*=Ph)
s 74-90% R
11
. . NH-C-NH ﬁ
camphor-derived thiourea catalysts NH-C-NH NH-C-NH-CH,Ph
R'=H, 4-NO,, 3,5-CF5, 4-SMe a NH-C-NH-CH,Ph
S

Scheme 35. Camphor-derived thiourea organocatalysts used in Kabachnik-Fields reactions.

Zeolite derivatives such as H-f zeolite and MCM-41 were applied as green
catalysts in different kinds of three-component condensations under discussion
(Schemes 36 and 37) [59,60]. In the second series, quinoline-4-carbaldehyde (44) was the
oxo component.

o 82°C,4-5h o)

OPh H-B zeolite 1 I

R1NH2 + JJ\ + H\P/\ > R HNYP(OPh)Z
RZ2 "H // ~OPh MeCN
(0] R2
13 (R3= Ph)
61-93%

R? CsHs 4-NO2CsHa4 4-MeOCsHa4 4-MeOCsHa4 Bu ‘Hex
R2 CsHs 4-NO2CeH4 4-MeOCsHa4 Bu CH2CsHs CH2CsHs

Scheme 36. H-3 zeolite as a green catalyst in the phospha-Mannich reaction.
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o)
]
H 0 50-80°C, 56 h R'HN P(OR?),
H /ORZ MCM-41@PEI (20 mol%)
R'NH, + X + P > AN
? O// “OR? solvent-free
~ ~
N N
44 45
86-91%

Rt CsHs 4-FCsHs CsH4+CH2CH>
CsHs CsHs CsHs

CsHs 4-FC4sHs
Et Et

Scheme 37. MCM-41 as a catalyst in the Kabachnik-Fields reaction.

Regarding the acid-catalyzed Kabachnik-Fields reactions, those applying water as
the solvent or a biodegradable catalyst, or those that may be performed under solvent-
free conditions, can be considered “green”. PTSA has been used in various Kabachnik-
Fields reactions as an efficient catalyst. The application of other acidic catalysts (camphor-
derived thiourea catalysts, H-f zeolite, MCM-41) gave the corresponding products in
variable yields.

The phospha-Mannich reaction of 5-hydroxymethyl-furan-1-carbaldehyde (46) with
aniline and diethyl phosphite was catalyzed by elemental iodine, allowing the condensation
under mild conditions (Scheme 38) [61]. It is noteworthy that 2-methyltetrahydrofuran
was used as a green solvent. The yields of the x-aminophosphonates (47) were variable.

0
25°C, 8-48 h (EtO)ZP/

HO 0 by OEt  l2(5mol%) >—Q
+ | )—CHO + "p_ > HN O OH
& ~OEt 2-MeTHF
R 46
R

R= CBH5, 4-N02C6H5, 3-CF3CGH5, 4-C|C6H5, 2-C|06H5, 3-C|06H5, 47
4—BI"CGH5, 4-|05H5, 4—MeOCeH5, Bu, CHex, CH2C5H5 53-91%

NH,

Scheme 38. 5-Hydroxymethyl-furan-1-carbaldehyde applied as the oxo component in the Kabachnik-Fields reaction.

It was proven that the reaction proceeds via the imine pathway, which is followed by
the nucleophilic attack of the diethyl phosphite to furnish the c-aminophosphonate. The
role of iodine is to activate the imine(s) in the nucleophilic addition. Iodine may act as a
Lewis acid [61].

a-(Furfurylamino)-alkylphosphonates (49) were synthesized by the Kabachnik- Fields
reaction of furfurylamine (48), aromatic aldehydes, and dialkyl phosphites under MW irra-
diation. Silica-gel-supported iodine was used as the catalyst under solvent-free conditions.
The plant growth regulatory activity of the products was investigated (Scheme 39) [62].
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MW O
40 °C, 20 min P(OR?),
2 ’
1 AL H. R 1,/SIO, o HN—
Y + RICHO + o - E/)_/ R
48 49
83-96%
OH OH OMe a0
R'= OMe Br Br OMe MeO OMe o N
: L
F (o LUy S
a b c d e f g
R! a a b c d d e f f g
R? | Me Et Et Et | Me Et Me Me Et Et
Scheme 39. Silica-gel-supported iodine-catalyzed condensations.
A Lewis-acid-type ionic liquid ([bmim][AICl4]) was a novel catalyst in the three-
component condensations performed under sonochemical irradiation (Scheme 40) [63].
CHO 50 °C, 5-10 min NHR'
OMe ultrasonic
H bmim][AICI
R'NH, + + \p/\ [ JAICT4] - f(OMe)z
O’/ OMe EtOH o)
R? R?
16 (R3= OMe)
88-93%
R! CsHs CsHs CeHs 4-MeCeH4 4-MeCeHa4 4-MeCeHa
R? H 3-NO2 4-Cl 4-NO2 2-C1 2-MeO

Scheme 40. Examples of the ionic-liquid-catalyzed Kabachnik-Fields reaction. [bmim]—butyl-methylimidazolyl.

2.3. Catalyst-Free Kabachnik—Fields Reactions

Having discussed the catalyst-promoted Kabachnik-Fields condensations, let us focus
instead on the catalyst-free variations, which represent an environmentally friendly ap-
proach. The application of ionic liquids (50 or 51) as the solvent allowed the condensation
of the three-components at room temperature (Scheme 41(1) and (2)) [64]. Both mono- (4)
and bis products (52) were identified. The yields were variable, and fell in the range of
25-96%. There were no data provided on the recycling of the ionic liquids.
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i
CHO P(OPh),
N Ho PP 25°C, 5min HN
+ + P~ > M
o , o OPh  [Gy(Li)TFSI (50) R?
R [G4(Li)ITFSI (51)
R1
4 (R%= Ph)
25-96%
R! H 4-NO: 3-CFs 4-Cl 3-Cl 4-F 3,5-CFs
R H H H H H H H
R! 4-OH H H H H H H
R H 4-NO: 4-F 4-Br 3,4-Cl 2-OH 4-Me
CHO

+ 2
R®  25°C, 5 min Q HNONH Q
H,N NH, (PhO),P P(OPh), ()

g OPh  [Gs(LIITFSI(50)
</

O/,P\Oph [G4(Li)ITFSI (51)

N R® 52 R3
R3= Ph, 4-NO,Ph, 4-BrPh 18-65%
.S0,CO; ~802C04
o ©
[\ N (\0/5 N

0®0

O\ /O I | !
E ,LI\@) j SOZCO:; EO\ Li /Oj 802CO3
o O | |

I
[G4(Li)ITFSI (50) [G4(L)TFSI (51)

Scheme 41. Catalyst-free approaches towards a-aminophosphonates. (Li)TFSI—lithium bis(trifluoromethanesulfonyl)imide.

The expected reaction of alkylamines, 2-hydroxy-4-methoxyacetophenone (53), and a
series of phosphites in boiling toluene followed an intramolecular cyclization to furnish
heterocyclic a-aminophosphonates (54) (Scheme 42) [65].

In a somewhat analogous reaction, Balint et al. reacted 2-formylbenzoic acid, primary
amines, and dialkyl phosphites to afford, eventually, after an intramolecular cyclization,
isoindolin-1-one-3-phosphonates [66].

The catalyst-free conversion of pyrene-1-carboxaldehyde (56) to the corresponding -
aminophosphonate (57) in reaction with amines (55) and dibenzyl phosphite is noteworthy
(Scheme 43) [67]. It was observed that the corresponding o hydroxyphosphonate (58) was
also present in the mixture formed as an intermediate in the Pudovik reaction.
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(0}
M OR® 50-150 °C, 2-3 h Mey MR
NH,R! + s H}iORs : E;:[?ﬁKOH
OH (e} solvent-free or PhMe or DMF o O
R2 R2
53 54
34-90%
R! "Bu "Bu "Bu "Bu "Pr Me Et "Bu Pr "Bu
R2 MeO MeO MeO MeO | 6-MeO | 6-MeO 6-MeO 6-MeO H H
R3 Pr Me CH:2CsHs CeHs Pr Pr Pr Pr Pr Pr
R! "Pr Pr "Pr "Pr "Pr "Pr "Pr Et Et Et
R2 H H H H H H H H H H
R3 Pr Et Me "Bu Bu CesHs CH2CeHs CesHs CH:C¢Hs CsHs
R! "Pr "Bu "Hex "Qct Et "Pr "Bu "Hex Et "Pr
R2 H H H H 5-NO2 | 5-NO2 5-NO2 5-NO2 3-NO2 3-NO2
R3 CsHs CeHs CeHs CeéHs CeHs CesHs CesHs CsHs CsHs Ce¢Hs
R! "Bu "Hex "Pr "Pr "Pr "Bu "Pr "Bu EtNH>
R2 | 3-NO: 3-NO2 5-Br 3,5-Br 3,5-1 3,5-1 5-1 5-1 H
R3 CsHs CeHs CsHs CesHs CeHs CesHs CsHs CsHs CsHs

Scheme 42. 2-Hydroxy-acetophenones as the oxo components in a catalyst- and solvent-free Kabachnik-Fields reaction.
DMF—dimethylformamide.

CHO
RS O o .
)<R . ‘O . H‘P/OBn 60 °C, 24-48 h
HNT "R O g "oBn  MeOH
55 56
R! H | Me H

‘Hex
Scheme 43. Catalyst-free condensation of pyrene-1-carboxaldehyde with amines and dibenzyl phosphite.

A series of new a-aminophosphonates (58) was prepared applying aryl- or heteroary-
laldehydes, aryl- or heteroarylamines, and diphenyl phosphite in three-component con-
densations using polyethylene glycol (PEG) as the solvent (Scheme 44) [68].

(0]
OPh 80°C,2h 1 1
R1NH2 n R2CHO + H\ /\ —_— R HNYP(OPh)Z
/' "OPh PEG
(0] R2
13 (R3= Ph)
84-93%
S
X A \
OO~ O & =~ GO
OO C; Nelsjos
2 b c d e f g
R? a a a b b b c c c
R? f f g d f g d f g

Scheme 44. Catalyst-free Kabachnik-Fields reactions using polyethylene glycol (PEG) as the solvent.
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s CHO
RNH, + @: :©/ .

\

Et

59
R= CgHs, 4-NO,CgHy,, 4-BrCgHy, 4-FCgHy4, 4-MeCgHy, 4-PrCgHy,

A phenothiazine carbaldehyde (59) was converted to different x-aminophosphonates
(60) in a similar way (Scheme 45) [69].

4-HOCsH4, 4-MeOCeH4, CHQPh, °Hex

OEt

Ho / 100 °C, 6 h
//P\OEt
3 PEG

60
80-93%

NHR

P(OEt),
I
0]

Scheme 45. Further examples of catalyst-free condensations performed using PEG as the solvent.

Glycerol could also be used as the solvent in the catalyst-free condensation of amines,
arylaldehydes, and phosphites (Scheme 46) [70].

O )
60-80 °C, 5-30 min 1 i 3
1 + LU+ By . R'HN_ _P(OR®),
R'NH; R? "H //P\OR3 glycerol \er
13
80-90%

R1[4-NO:2C6Hs5 | 4-NO:2CsHs | 4-ClCsHs | 4-BrCeHs | 4-MeCsHs | 4-MeCeHs CsHs
R?2| 2-ClCsHs CsHs CsHs CsHs 4-ClCsHs CsHs 4-ClCsHs
R3 CsHs Me Me Me Me Me Me
Rt CsH>s CsHs CsH>s CsH>s CsH>s Bu
R? [4-MeOCsHs(4-MeOCesHs CsH>s CsH>s CsHs CsHs
Rs Me Me Et Me CsHs Me

Scheme 46. Catalyst-free accomplishment of the phospha-Mannich condensation applying glycerol as the solvent.

A series of new a-sulfamidophosphonates and cyclosulfamidophosphonates incorpo-
rating quinoline or a quinolone moiety was synthesized by the Kabachnik-Fields reaction
in the presence of a suitable ionic liquid under ultrasound irradiation [71].

A series of catalyst-free and MW-assisted Kabachnik-Fields reactions were elabo-
rated by the Keglevich group. The first observation was that MW irradiation may substi-
tute for the catalysts [17,72]. Among other examples, phospha-Mannich reactions with
paraformaldehyde and ethyl phenyl-H-phosphinate were elaborated using primary and
secondary amines (Scheme 47(1) and (2), respectively). Moreover, bis derivatives (63) were
also prepared (Scheme 47(3)) [73]. The yields were variable.
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MW

Ho 2 100 °C, 1 h 0
RNH; + (HCHO), + P oR! e RNH—CH,— P OR' (1)
Ph solvent-free Ph
61
42-81%
R | Pr Bu ‘Hex Bn Pr Bu ‘Hex Bn Pr Bu ‘Hex Bn
R'| Et Et Et Et Pr Pr Pr Pr Bu Bu Bu Bu
(o) MW Me (@]
H. 100 °C, 1 h [ [ ]
RNHMe + (HCHO), + P : —— > RN— CH2—P OR (2)
Ph/ OR" solvent-free Ph
62
45-81%
R Bu ‘Hex Bn Bu ‘Hex Bn Bu cHex Bn
R? Et Et Et Pr Pr Pr Bu Bu Bu
(@)
MW i, OR'
Ho 2 100 °C, 1 h CHmP< o
RNH, + 2 (HCHO), + 2 “pP_ _, ————> R-N (3)
pY OR' solventfree CH _P/OR1
2 ~N
Il "Ph
(@)
63
80-90%
R Pr Bu ‘Hex Bn Pr Bu ‘Hex Bn Pr Bu | ‘Hex Bn
Rt | Et Et Et Et Pr Pr Pr Pr Bu Bu Bu Bu

Scheme 47. Variations of the MW-assisted Kabachnik-Fields reactions.

A series of a-aminophosphonates (64, 66, 68 and 70) with sterically demanding o-aryl
substituents was synthesized using a MW-assisted catalyst-free and solvent-free protocol
(Scheme 48) [74].

A similar method was applied to the preparation of 6-methyl-2H-pyran-2-on (71)-
based a-aminophosphonates and an a-aminophosphine oxide (72) (Scheme 49) [75].

Functionalized amines may also be used in the Kabachnik-Fields reaction. Amines
with hydroxyalkyl substituents were condensed with paraformaldehyde and dialkyl phos-
phites or ethyl phenyl-H-phosphinate under MW irradiation (Scheme 50(1)). After mea-
suring in the >P(O)H reagents and formaldehyde in a double amount, bis derivatives (74)
were formed (Scheme 50(2)) [76].
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MW
Ph CHO 4. OR  100-120 °C, 60 min 0
—NH, + + PO Ph P(OR), ™)
& TOR

solvent-free NH

R= Me, Et, Bu 64

Ph H. OR  100-120 °C, 60 min

NH2 + + P<
Ph>_ g OR solvent-free P P(OR), )
)—NH

65 R= Me, Et, Bu 66

CHO MW OO
h

CHO MW O
Ph>_NH H\P/OR 100-120 °C, 1-1.25 h Q 0
2+ + N
Ph OOO g OR solvent-free N P(OR),  (3)

67 R= Me, Et, Bu

(0]
MW HN. _P(OR)
Ph 4 OR  100-120°C,1-1.25h ’
)—NHy + + P (4)
PH O‘ g ©OR solvent-free OO
69 R= Me, Et, Bu O‘

Me 0] 0] 0 MW Me 0] 0]
HCHO v ||3| H 100-120 °C, 1.5-4 h 0
R + t Y=k > R I
Z NH, ( n \I( solvent-free Z NH-CH,—-PY,
° 71 © 72
61-98%
R CeHs CeHs Me Me Me Me
Y CsHs EtO CsHs MeO | EtO BuO

Scheme 49. Synthesis of 6-methyl-2H-pyran-2-on-based «-aminophosphonic derivatives.
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MW

Y’ 80 °C, 20 min HO PR
O NHR + (HCHO), + ™ML, - N Ploe (1)
g Y solvent-free R
73
64-84%
R Me Me Me Et Et Et
Y! | EtO BuO EtO EtO BuO EtO
Y2 | EtO BuO CsHs EtO BuO | CsHs
0]
MW PY
Y ° / Fr2
HO_~ H. Y 100-120°C, 1-1.5h \
NH, + 2 (HCHO), + 2 P< > (2)
2 ( )n d/ Y MeCN HO_/_ \_IFI)Y2
O
Y= Ph, 4-MeCgHy4, 3,5-(Me),CgH3 74
91-95%

Scheme 50. The application of ethanolamines in Kabachnik-Fields condensation.

The esters of glycine were converted to the corresponding bis(phosphonoylmethyl)
amines (75) by MW-promoted reaction with two equivalents of paraformaldehyde and
dialkyl phosphites (Scheme 51(1)). The application of diphenylphosphine oxide resulted in
bis(phosphinoylmethyl)amine derivatives (76) (Scheme 51(2)) [77].

1
. OR? 100M¥:V 1h N PORD:
R'0OC._NH, + 2(HCHO), + 2 “P_ Ton 2 1
«~_NH, ( n g OR? solvent-free R'00C \—ﬁ(ORz)z 2
0]
75
70-94%
R' [ Me | Me | Et | Et | Et | Et
R | Et | Bu | Me | Et | Bu | Bn
2
| y /Ph 100|\£|é/:v1h N/—PPhZ
R'OOC._NH, + 2(HCHO), + 2 P , o “
2 ( n g Ph acetonitrile ROOC \_IFI’th
o)
R'= Me, Et N
83-92%

Scheme 51. Double Kabachnik-Fields reactions applying glycine esters as the amine component.

In a similar way, 3-aminophosphonic derivatives (77) also served as starting materials
for the respective bis(phosphonoylmethyl)amines (Scheme 52) [78].
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MW 9
COOR1 H /OR2 100 va 1h I /CHZ_P(ORZ)Z
[ + 2(HCHO), + 2 ' P- ——————— R'OC-H,C~H,C-N
n & “OR? solvent-free N 2
NHZ @) CHZ_P(OR )2
"
77 O
70-99%
R1 H H H H Me Me Me Me Et Et Et Et
R2 Me Et Bu Bn Me Et Bu Bn Me Et Bu Bn

Scheme 52. Bis(phosphonoylmethyl)amines produced via the double Kabachnik-Fields reaction of 3-aminoacid esters.

A series of amines was utilized in a tandem Kabachnik-Fields reaction to afford
the corresponding nonsymmetric bis(phosphinoylmethyl)amines (79) after a two-step
transformation (Scheme 53(1)). Subsequently, after debenzylation of intermediate 79
(R = Bn) to species 80 (the details were not reported), valuable tris derivatives (81) were

prepared (Scheme 53(2)) [79].

MW

(0]
RNH, + (HCHO), * \P/Z 100 °C, 60 min RNH-CH II=I’Z
2 ( Jn 7>z acetonitrile 272
o 78
95-98%
R Bu Cy Bn Bu Cy Bn
Z | 4-MeCsHs | 4-MeCsHs | 4-MeCsH4 | Bn Bn Bn
9
i P 00ec '\ft\év 60 min FHz=PPh;
RNH-CH,—PY, + (HCHO), + P< — R—N )
/7 "Ph acetonitrile \
78 0 CHz=RY2
(0]
79
92-97%
R Bu Cy Bn Bu Cy Bn
Y 4-MeCeHs | 4-MeCeHa | 4-MeCsHa Bn Bn Bn
(6] (6]
[l MW I
CHa~PPh; Z  100°C, 120 min Q CH,~PPh,
HN > —H,C—
\ + (HCHO), + //P\ z acetonitrile 2P —HC =N @)
CHz_ﬁYz O CHz_ﬁYz
(6] 81 (6]
80 27-77%
Y CsHs CsHs CsHs 4-MeCsHa
y4 CsHs 4-MeCeHa Bn Bn

Scheme 53. Further extensions and variations of the Kabachnik-Fields reaction.

A dialkyl phosphite with an octyl and ethyl group was also utilized in the phospha-
Mannich reaction, to give species 82 and the bis variation (83) (Scheme 54(1) and (2)) [80].
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0o MW o
ct  80-100 °C, 20-60 min I_OOct
RNH, + (HCHO), + Mg : - R-NH-CHpP( "
2 A lvent-f N
& ~OEt solvent-free OEt
- N n C| 82
R="Pr, "Bu, “Hex, Bn 72_85Y%
— (o]
MW (I?/OOct
H. Q0ct  100°C, 1.5h /P
RNH; 2 (HCHO), 2 O// “OEt solvent-free \_P/OOCt
1 OEt
R="Pr, "Bu, °Hex, Bn 0o
83
73-89%

Scheme 54. The application of a phosphite with different alkyl groups in the phospha-Mannich reaction.

(1)

The results of the Keglevich group were summarized as conference proceedings [81]. The
bis(phosphinoylmethyl)amine derivatives (84) were excellent precursors of the corresponding
bisphosphines (85) and could be converted to ring Pt complexes (86) (Scheme 55) [82-84].

o)
MW I
? 100 °C, 1-2 h CHa=PY,
Z-NH, + 2 (HCHO), + 2 Y—-P—H > 7—N
I \
Y solvent-free or MeCN CH,-PY,
Z= Pr, Bu, °Hex, Bn, Ph, 8
4-MePhCH,, 4-MeOPhCH, 84
Y= OMe, OEt, OBu, OBn, Ph 58-98%
80 °C, 3 days | Y=Ph
PhSiH3, N, | PhH
Ph pp, N3
\ o oo
CHa=P Ptzfvh(c;’ch; CH,~PPh,
Z—N PtClz L ( )2 2 Z—N
\ / o \ .o
CHz_P\ PhH CHZ_Pth
/
Ph Ph 85
86
29-60%

Scheme 55. Utilization of bis(phosphine oxides) in the synthesis of ring Pt complexes.

Optically active a-phenylethylamine (87/1) was applied in the preparation of chiral
a-aminophosphonates (88, Y! and Y? = alkoxy), an c-aminophosphine oxide (88, Y! and
Y2 = Ph), and an a-aminophosphinate (88, Y! = EtO Y? = Ph), along with the corresponding
bis derivatives (89) utilized in the synthesis of the corresponding ring Pt complex (90)

(Scheme 56) [85].



Molecules 2021, 26, 2511 26 of 46

Me M
: 2 0.
n_Y
NH-CH,PC, ,
88
71-97%
1.) MW
M N2
¥ 0 PhSiH3 Me T Ph

N“PY'Y2)  Y'=Y¥2=Ph :

_— N/_P\ PtCI
KP(Yqu) 2.)N, ©/\ \_P/ 2

8 25°C, 12 h PH 'Ph
Ph(PhCN),Cl,
89 DCM 90
83-92% 48%
Y! CeHs EtO MeO | EtO |BuO| EtO
Y? CsHs CsHs MeO EtO |BuO OctO

Scheme 56. Optically active o-phenylethylamine used as the amine component in the Kabachnik-Fields reaction; conversion
of the product to a ring Pt complex.

a-Aminophosphines may be special ligands in platinum, palladium, and rhodium
complexes [86].

It was rather surprising that carboxylic acid amides could also be utilized as starting
materials in the Kabachnik-Fields reaction. However, the amides had to be applied in a
10-fold excess under practically solvolytic and forcing conditions (Scheme 57) [87].

o] MW o)
Q I 220-240 °C, 3.5 h o
I + (HCHO), + Z—P—H -
Y NH, I Y N Pz,
V4 H
(10 eq.) (1eq.) (1eq.) 91
58-93%
Y CsHs CeHs CeHs CeHs Me Me
zZ CsHs 4-MeCsHs | 3,5-Me2CeHs Bn CsHs 4-MeCesH4
Y Me Me Et Et Et Et
Z | 3,5-Me2CsHs Bn CsHs 4-MeCsHs | 3,5-Me2CeHs Bn

Scheme 57. Carboxylic acid amides as the amine component in the phospha-Mannich reaction.

Another series of bis(phosphine oxides) (84) was prepared via the double Kabachnik—
Fields reaction (Scheme 58(1)). The precursors were converted to ring Pt complexes (93)
(Scheme 58(2)). A few bisphosphines (92) were stabilized as bis(phosphine boranes) (94)
(Scheme 58(3)). The catalytic activity of the Pt(II) complexes 93 was investigated in the
hydroformylation of styrene. The advantages of applying Pt(Il) complexes (93) include
their high chemo- and regioselectivity at low temperatures [88].
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0
MW
Ho Y 100°C, 1 h i N/CH2 PY2
ZNH, + 2(HCHO), + 2 P - 1
" O// Ty acetonitrile \CHz‘PYz M
1
(0]
84
94-98%
V4 CeHs 4-MeOCesHa Bn 4-MeOCsH4+CH:2 Pr Bu Hex
Y Bn Bn Bn Bn Bn Bn Bn
Z 4-MeOCsHa Bn 4-MeOCe¢H4CH2 CeHs Pr Bu Pr
Y 4-MeCeHa 4-MeCsHa4 4-MeCeHa 4-MeCsHa4 4-MeCeHas | 4-MeCsHs | 4-MeCsHa
0 MW N Yy
I 120°C,2.5h .. 25°C,24h \
CH2"PY2  pisiHg N, CH2"PY2  pypneN),Cl, CH2=P
Z—N, —————— Z-N . = Z-N _# PCL (2)
CHZ_IFI’YZ solvent-free CH,—PY, PhH CHZ—/P\
o) Y'Y
84 92 93
52-75%
V4 4-MeCeHa 4-MeCe¢Hs | 4-MeCeHa Bn Bn Bn
Y Bn Bu ‘Hex Bn Bu ‘Hex
pe
. 25°C, 24 h _
CH—PY, MosS- BHa, N, CHa=PY,
Bn—N_ Bn—N_ 3)
CH,—PY; PhMe CH,—PY,
= Y= Bn, 4-MeCgH
92 (Z= Bn) 6714 BH,
60-69%

Scheme 58. Synthesis and derivatization of bis(phosphine oxides).

a-Hydroxyphosphonates formed reversibly from suitable ketones and dialkyl phos-
phites [89] may also be converted to x-aminophosphonates by substitution reaction with
amines. This reaction is enhanced by an adjacent group effect [90,91].

Somewhat analogous compounds, (aminomethylene)bisphosphine oxides and
(aminomethylene)bisphosphonates (95/96), were prepared via the three-component con-
densation of secondary or primary amines, triethyl orthoformate, and the corresponding
>P(O)H reagent (Scheme 59(1) and (2)) [92].

In the third part of the first section, green methods utilizing MW irradiation were
summarized. These solvent- and catalyst-free protocols produce x-aminophosphonates,
a-aminophosphinates, and phosphine oxides, along with their bis and tris derivatives
in good yields. The advantages of applying MW irradiation include the mild reaction
conditions, selectivity, and high yields. To compare the methods described, it goes without
saying that MW-assisted accomplishment is the most suitable method to synthesize x-
aminophosphonates and their derivatives.
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MW 1 0
R, Ho /2 150 °C, 1 h R ,PR%
NH + (EtO);CH + P< —_— N—CH (1)
! /" "R3 / ‘pR3
R2 R3 solvent-free R IF|>R )
2-3. ) 0]
(2-3.5¢€q.) 95
36-85%

R? Et Bu Bu ‘Hex Bn |Ce¢Hs| Et Bu Bu ‘Hex Bn CsHs
R? Et Bu Me Me Me | Me Et Bu | Me Me Me Me
R3 | CeHs | CeHs | CeHs | CeHs | CsHs | CsHs | EtO | EtO | EtO | EtO | EtO | EtO

MW |c|>
3
1 ) H. //O 110-150 °C, 2 h 1 LPR%
R'NH, + (R“0);CH + P 3 » R HN—CH\ 2)
R3/ R solvent-free PR3,
R'= Bu, °Hex, Ph (|)|
R2= Me, Et 96
R3= OMe, OBu 36-82%

Scheme 59. Synthesis of (aminomethylene)bisphosphonates and bis(phosphinic oxides) via a three-component reaction..

2.4. Kabachnik—Fields Reactions Leading to Optically Active a-Aminophosphonates

Optically active o-aminophosphine oxides (98) were synthesized from the ethyl ester
of proline (97), benzaldehyde derivatives, and diphenylphosphine oxide in toluene at reflux
(Scheme 60) [93]. The chiral center in the proline derivative influenced the enantioselectivity.

Ph &COOEt

& Hog 1197C. 55 h |
COOEt + ArCHO + /b~ B
N g Ph PhMe Ar/kPPhg
H 1
97 o
NG P 98
Ar= H, 4-CN, 2-Cl, 4-Br, 4-Me, 2-Me, 2-MeO >92%

dr (%) =>95:5
Scheme 60. Synthesis of optically active a-aminophosphine oxides.

Starting from the optically active forms of ax-phenylethylamines (87/2), benzalde-
hyde, and dimethyl phosphite, the corresponding products (99/1, 99/2) were formed in a
diastereoselective manner under MW-assisted solvent-free and catalyst-free conditions
(Scheme 61) [94].
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R
lTI 1
N._P(OMe),
L gHo MW ges 9271
Me H. OMe  ggec 12 min (R3)
+ + /P\ > +
g OMe  solventfree R
R Ho o
8712 N.__P(OMe),
R= H, 4-MeO R= H, 81% T

(R,S):(S,S) 75:25 Me Ph
R= MeO, 69% (S,S) 99/2
(R S):(S,S) 74:26

Scheme 61. MW-assisted catalyst-free diastereoselective synthesis of c-aminophosphonates.

In the above examples, the application of optically active amines as the starting
materials allowed a diastereoselectivity of 74-92%.

3. Kabachnik-Fields Reactions Applying Trialkyl Phosphites or Related Derivatives
as the P Reagent

In the next section, Kabachnik-Fields condensations applying trialkyl phosphites and
related derivatives are discussed. Primary amines, 4-(4’-pyridyl)benzaldehyde (100), and
triethyl phosphite were condensed in the presence of PEG-SO3H in toluene at 40-50 °C to
give the corresponding aminophosphonates (101) (Scheme 62) [95].

CHO Tl
RHN P(OEt),
40-50°C,2-4.5h
PEG- AM
RNH, . + P(OE) G-SO3zH (0 ) _
PhMe
=
~ | =
N |
x>
100 N
101
R= Ph, 3-Cl-4-FCgHy, 3-BrCgHg4, 3-NO,-4-CICgH4,3-NO,CgH,4 91-96%

Scheme 62. The condensation of 4-(4’-pyridyl)benzaldehyde, triethyl phosphite and different ani-
line derivatives.

The reaction of substituted anilines, benzaldehyde derivatives, and triethyl phos-
phite was carried out in the presence of the HCl salt of DABCO at 26 °C in MeOH
(Scheme 63) [96].
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I
P(OEt),
NH, 25 °C, 8-120 min
DABCO* HCI HN® A
+ ArCHO + P(OEt);
MeOH
R
1
RY 4
91-98%
R H 4-F 4-MeO 4-F 4-F 4-F 4-F
Ar CsHs CsHs CsHs 4-NO2Ce¢H4 |2-NO2CsH4 | 3-NO2CsHa4 | 4-C1CesHa4
R 4-F H H H H H
Ar [4-MeOCsH4 4-NO2CsHa | 4-ClCsHa | 4-MeOCeHa | 2-thienyl 2-furyl

Scheme 63. The HCl salt of 1,4-diazabicyclo[2.2.2]octane (DABCO) as a catalyst in the three-component reaction.

Aniline derivatives and benzaldehyde, or aniline and benzaldehyde derivatives, were
reacted in combination with triethyl phosphite in the presence of the T3P® reagent at 26° C
in ethyl acetate. It is a disadvantage that 1 equivalent of the reagent is needed in these con-
densations. The products (4) were obtained in 80-96% yields (Scheme 64(1) and (2)) [97].

o)
CHO I
T3p P(OEt),
26 °C, 5 min Ar'_
Ar'NH, + +  P(OEt); > N )
EtOAc H

Ar' = Ph, 4-NO,CgHy, 3-F3CCgHy4, 3-F3COCgH4, 2-Ph(OC)CgHy, 4 (R*= H)
4-EtO,CCgHy, 4-FCgH,4,4-CICgH,, 4-BrCgHy, 4-PhCgHy, 80-96%
4-MeCgHy4, 3-PhOCgH,4, 4-MeOCgH,4, 2-MeSCgHy,,
3,4-(MeQ),CgHy4,1-naphthyl

0
NH,
P(OEt
T3P (Ot
26 °C, 5 min
+ ArPCHO + P(OEt); > HN™ TAr? 2)
EtOAc
Ar2 = 4-N0206H4, 3-NCC6H4, 3-F3CC6H4, 4-FC6H4,4-C|CGH4, 4 (R1= H)
4-MeCgHy, 4-MeOCgHy4,4-BnOCgH4, 1-naphthyl 84-95%

Scheme 64. T3P®-promoted Kabachnik-Fields reactions.

A possible mechanism is demonstrated via the reaction of benzaldehyde, aniline,
and triethyl phosphite (Scheme 65). In the first stage, the corresponding imine (102) is
formed along with P, P/, P”-tripropyl triphosphonic acid (“T3P-H,0O”) as the byproduct.
The imine then reacts with triethyl phosphite, and, after protonation with “T3P-H,O”,
the phosphonium salt (104) so formed is converted to the final c-aminophosphonate (4
(R3 = Et)) via an Arbuzov fission. In this step T3P-EtOH is the byproduct [97].
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9,Pr
9 (F?’/Pr
o°1>0" Yo ®
PhCHO Pr O\ P(OEt) P(OE
- 3 (OEt);
PhCH=NPh ————> .
H,NPh PhCH-NPh
2 9 ¢ o
- HO—P—0—P-0-P-OH ="T3P - H,0" 103
Pr Pr Pr 102
"T3pP" HQO"J
? 9 Qo
HO—-P-0-P-0-P-0
PhCHNHPh HyCH,C~O*P(OEt)
4 PhCHNHPh
(R'=R?= H, R3= Et)
L 104 _

Scheme 65. The mechanism of the T3P-promoted Kabachnik-Fields reaction applying triethyl phosphite.

Although the triesters of phosphorous acid are hydrolyzable in water, still water was
used as the medium in a few cases. The interaction of primary amines, salicylaldehydes,
and triphenyl phosphite using p-toluenesulfonic acid (PTSA) as the catalyst in water at
room temperature afforded the corresponding aminophosphonates (105) in good yields
(Scheme 66) [98].

R2
25°C, 3-5h “NH
, CHO PTSA (5 mol%)
R°NH; + R! + P(OPh); > P(OPh),
H,O R "
OH O
OH
105
83-93%
R? H H H H H H
R2 CeHs 3-NO2CeHa4 | 2,5-Cl2CsHsz |  4-CICsHa 4-BrCsHa 2-MeCsHa4
R1 H 5-NO2 5-C1 5-Cl 5-Br
R? | 2-MeOCsHzs | 4-MeOCsHs | 2-MeOCsHas | 2-MeCsHa 4-MeCsHa4

Scheme 66. The use of water as a solvent in the Kabachnik-Fields condensation.

The condensation of aniline and benzaldehyde with triethyl phosphite was also
performed in water, applying the salts of dodecyl sulfonic acid or dodecylbenzene sulfonic
acid (Scheme 67) [99].
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30 °C, 1-24 h
C12H25OSO3 salt (0.1 eq)
(Mg, Ca, Al, Na)
or
P(OEt); SO, 0
1246 ©/ M (12eq.) I
(1:246a) \ ¢ s i P(OEt),
PhNH, + PhCHO +  or > P
(1eq)  (1eq.) 0 H0 HN" Ph
H. 7 '
p\Y Ph
/
Y 4 (R'=R?=H, R®*= Et)
Y= OEt, OPh 47-99%

Scheme 67. The use of magnesium salts of dodecyl sulfonic or dodecylbenzene sulfonic acid as a catalyst.

Hafnium(IV) chloride was found to be an efficient catalyst in the condensation of
amines/diamines, aldehydes, and trialkyl phosphites using ethanol as the solvent at 60 °C
(Scheme 68) [100].

o 60 °C, 0.5-2.5h C
R&NH, + [+ P(OR?}), _HCla(2mol%) RZHNYP(OR?’)z
R’ EtOH Rl
13
82-98%
Rt CsHs CsHs CsHs 4-MeOCsHs 4-MeOCsHa
R2 CsHs CsHs CsHs CeHs 4-NCCeHs
R3 Me Et Ph Me Et
R? 4-MeCsHa 4-MeCsHa CesHs CeHs CsHs
R2 CsHs 4-MeOCeHs 4-NCCsHa 4-MeOCsHs Bn
R3 Et Et Et Et Et
R? CsHs 2-MeCsHa 2-MeOCsHa4 ‘Hex Pr
R2 ‘Hex ‘Hex ‘Hex ‘Hex CsHs
R3 Me Me Me Et Me
R! ‘Hex ‘Hex ‘Hex furyl furyl
R2 CsHs 4-NCCsHa 4-MeOCesHa4 CeHs CH2C¢Hs
R3 Me Me Me Et Et
9 Wty @ oty 0w
HoN 3 4 o) 3
Mk, L PRy, =2 RO NI prorey,
R? ¢
106
83-87%
n 2 3 2 3
Rt! CsHs CeHs ‘Hex Bu
R3 Me Me Me Et

Scheme 68. Hafnium(IV)-chloride-catalyzed Kabachnik—Fields reaction.
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The following example for condensation in water involves the reaction of aniline and
benzaldehyde derivatives with triethyl phosphite, utilizing a SOsH-functionalized ionic
liquid as the catalyst (Scheme 69) [101].

P(OEt);

25 °C, 20-60 min o
RINH, + RICHO + or [psmim][HSO4] (10 MoI%) _ oy BioEw,
H,O h
H. 7 R!
EtO TOEt 13 (R3= OEt)
b 80-96%
R! 4-NO2CsHa | 4-CICsHas | 2-ClCeéHs | 4-HOCsHs | 4-MeOCsHa | 4-MeOCeHa
R2 CeHs CeHs CeHs CeHs 4-NO2CeHs | 4-ClCsHa
P-reagent a a a a b b
R! 4-MeOCsH4|4-MeOCsHa CeHs CeHs 4-MeOCsHa4 | 4-MeOCsHa
R2 4-BrCesHa 4-FCeHas [4-NO2CsH4| 3-NO2CsHa CeHs CeHs
P-reagent b b a a a b
Rt 4-MeOCsH4| 4-MeCsHa CeHs CeHs Bu ‘Hex
R2 4-MeCeHa CeHs CeHs CsHs CeHs CeHs
P-reagent a b a b a a

Scheme 69. The use of a SO3H-functionalized ionic liquid as a catalyst. [psmim]—propylsulfonyl-methyl-imidazolyl.

The three-component reactions were also realized under ultrasonic irradiation at
26 °C in an ethyl lactate-water mixture (Scheme 70) [102]. Under these conditions, the
corresponding products were obtained in good yields.

ultrasound e)
o _ . 2 I
RINH, + RICHO + P(OEt), — o 1940 min ROHN. - POED),
ethyl lactate - water (3:2) R!
13 (R3= Et)
79-95%

Rt CsHs 4-NO2CsHs 4-ClCsHa4 3-ClCsHa4 2-ClCsHa4 4-BrCsHa4
R? CsHs CsH>s CsHs CsH>s CsH>s CsH>s
R! 4-FCsHa 4-MeCeHs |4-MeOCsHs| 3-MeOCsHa4 CsHs CsH>s
R? CsHs CsH>s CsHs CsH>s 4-NO2CeHs 4-ClCsHa4
Rt CsHs CsHs CsHs 4-MeOCsHs [4-MeOCsH4| 3-ClCsHa
R? 3-CICeHa4 2-BrCesHs 4-MeCeHs 4-ClCeHa4 3-MeCesHa4 4-MeCesHa4
R? 4-BrCeHs | 4-MeOCeHs |4-MeOCsH4| 4-MeOCsHs
R2 4-MeCsHa 4-MeCsHa4 3-MeCsH4 | 4-MeOCsHa

Scheme 70. Kabachnik-Fields reaction under ultrasonic irradiation.
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Ultrasound activation allowed a solvent- and catalyst-free condensation of aniline and
benzaldehyde derivatives with triethyl phosphite (Scheme 71) [103].

O
|
NH, CHO P(OEt),
ultrasound
25 °C, 20-45 min HN
+ + P(OEt); -
R R2 solvent-free R2
R1
4 (R3= Et)
80-99%
R'| 2,6-Cl 4-Cl 4-Cl 4-Cl 4-Cl 4-Cl 4-Cl
Rz 4-Cl 4-Cl 3,5-F 2-MeO, 4-Br 2-OH 4-F 2,4,5-MeO
R'| 4-F 4-F 4-Me 4-Me 4-Me 4-CFs0 4-CFs0
R? H 4-MeO 4-Cl H 4-MeO H 4-MeO
Scheme 71. Phospha-Mannich reaction under ultrasonic irradiation.
We now consider further solvent-free methods. [Emim][Br] was found to be an
efficient catalyst in the neat condensation of different amines, aldehydes, and phosphites,
allowing the use of temperatures as low as 26 °C (Scheme 72) [104].
0 25 °C, 30-60 min Y
emim][Br R'HN_ _P(OEt)
R'NH, + RZJJ\H *  P(OR3);, emimiBl he ?
solvent-free R2
13 (R3= Et)
65-76%
R! CsHs CsHs CsHs Bu ‘Hex CsHs
R? CsHs 4-ClCsH4 CsHs CeHs CeHs Pr
R3 CsHs CeHs Me CeHs CeHs Me

Scheme 72. An ionic-liquid-catalyzed Kabachnik-Fields reaction. [emim]—ethyl-methyl-imidazolyl.

A solvent-free sonochemical transformation utilized a magnetically recoverable com-

posite catalyst (Scheme 73) [105].
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25 °C, 2-12 min
Fe304@SiO,-imid-PMA o
R2NH, + R'CHO + P(OEt) ultrasound - RZHNY P(CEY),
solvent-free R
13 (R3= Et)
85-98%
R! CsHs 4-NO2C6Hs 3-NO:2C6Hs 4-CICsHa 2-CICsHa
R2 CeHs CeHs CeHs CeHs CeHs
R? 4-BrCeHa 4-MeCeHa 2-MeCsHa 4-HOCsHa4 4-MeOCsHa4
R2 CeHs CeHs CeHs CeHs CeHs
R? CeHs CeHs 4-NO2C6Hs 4-MeOrCesHs 4-BrCeHs
R2 4-NO2CeHs 4-MeCsHa 4-NO2CeHs 4-NO2CsHs 4-MeCsHs
R1 4-MeCsHs 4-MeOCsHs Pr 4-MeCsHs CeHs
R2 4-MeCsHs 4-MeOCsHs 4-MeOCsHa4 Bu CH2CsHa4

Scheme 73. The use of a magnetically recoverable catalyst in the Kabachnik-Fields reaction. PMA—phosphor molybdic acid.

Boric acid was a suitable catalyst for the condensation of amines, benzaldehyde
derivatives, and trimethyl phosphite (Scheme 74) [106].

25 °C, 16-60 min 9
H3BO3 (10 mol%)  R?HN.__P(OMe)
R?2NH, + R'CHO + P(OMe)s - g ?
solvent-free R
13 (R3= Me)
87-98%
Rt CeHs 4-NO2CsHs 4-CNCesHa4 4-ClCsHs 4-MeCesHa4
R2 CeHs CesHs CsHs CsHs CsHs
Rt 4-HOCesH4 2-MeOCsH4 CsHs 4-HOCeH4
R2 CeHs CsHs 4-ClCsHs 4-ClCsHs

Scheme 74. Boric acid as the catalyst in a solvent-free reaction.

Dicationic ionic liquids were used as recyclable catalysts in the solvent-free synthesis
of aminophosphonates starting from primary amines, benzaldehyde derivatives, and
trimethyl phosphite (Scheme 75) [107].
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25 °C, 10-60 min ) 9
[TMEDAPS][HSO,] (5 mol%) ArfHN ___ P(OMe),
ArPNH; + Ar'CHO + P(OMe), - Y
solvent-free Ar'
| | 13 (R3= Me)
[TMEDAPS][HSO,] HO3S\/\@N—(CH2)3-N@—/\/ SOsM 83-96%
© S
HSO, HSO,
An CeHs 4-NO2CeHa 2,6-Cl2CsH3s 4-ClCeHa 4-MeCsHa4
Ar? CeHs CeHs CeHs CeHs CeHs
Art | 4-MeOGCsHs | 2,5-(MeO):CsHs | 3,4,5-(MeO)sCeHz | 2-thiazolyl CeHs
Ar? CeHs CsHs CsHs CeHs 4-FCsHs
Art 4-MeCsH4 4-MeOCsH4 4-MeOCsHa4
Ar2 | 4-NO2CeHas CeHsCH>2 2-pyridyl

Scheme 75. A dicationic ionic liquid as the catalyst in the three-component Kabachnik-Fields reaction. [TMEDAPS]—
N,N,N’,N’-tetramethyl-N,N’-di(sulfonylpropyl)-1,3-propanediammonium bis(hydrogen sulfate).

When an ortho-ethoxycarbonylmethyl-benzaldehyde derivative (107) was the oxo
component, the condensation was followed by an intramolecular cyclization to furnish the
corresponding isoquinolone derivative (108) (Scheme 76) [108].

1) 25°C,6h
TFA (20 mol%)

MeO o)
NH2 MeO 4A MS
COOEt MeCN N
+ + P(OEt); MeO
MeO CHO 2) TFA p°
R 107 MeCN, reflux EtO™ "OEt R
108
R= H, 4-Me, 4-Et, 3-Cl, 4-Cl, 4-Br, 4-F 64-71%

Scheme 76. Kabachnik—Fields reaction starting from ortho-ethoxycarbonylmethyl-benzaldehyde as the oxo component

followed by cyclization. TFA—trifluoroacetic acid.

A few other Kabachnik-Fields reactions followed by intramolecular cyclization have
also been described. Ordofiez et al. elaborated the MW-assisted condensation of 2-
formylbenzoic acid, aromatic amines (including optically active ones), and dimethyl
phosphite [109-111] or triethyl phosphite [112] to afford the corresponding isoindolin-
1-one-phosphonates after a ring closure in the final step.

To compare the methods with each other, a few studies have been performed in
solvents, like the protocol using T3P, which gives the products in good yields. On the other
hand, a few other methods applying Fe30,@SiO,-imid PMA and H3BOj as the catalysts
in a solvent-free manner have been to give the corresponding products in good yields.
The advantage of using dicationic ionic liquids is that the catalysts are recyclable. These
issues are of importance from the point of view of green chemistry. These methods play
an important role in allowing mild conditions, reducing the reaction times, and giving
the products in high yields. However, if the Kabachnik-Fields reactions utilizing dialkyl
phosphites and trialkyl phosphites are compared, the protocol applying dialkyl phosphites
(see subchapter 3) is unambiguously the method of choice due to its atomic efficiency.
Moreover, trialkyl phosphites have an unpleasant smell.
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4. The aza-Pudovik Reaction

The aza-Pudovik reaction involving the addition of a dialkyl phosphite to an imine
is another approach to synthesize x-aminophosphonates. A carbazole-related imine (109)
was reacted with dialkyl phosphites and diphenylphosphine oxide in the presence of
tetramethylguanidine as the catalyst in toluene to give the corresponding adducts (110) in
good yields (Scheme 77) [113].

o
1 I
RAG | P(OR?),
/N\H/N\ HN-CH-R!
OR?
e )
~OR2
O N y OR PhMe O
. )
109 110
78-89%
R! 3-CHs-thiophene 5-CHs-thiophene 2-HO-5-CICsHs 3-CHs-thiophene 5-CHs-thiophene
R? Me Me Me Et Et
R! 2-HO-5-CICsHs 5-CHs-thiophene 3-CHs-thiophene 2-HO-5-CICsHs
R? Et CeHs CeHs CeHs

Scheme 77. Kabachnik-Fields reactions starting from imines and applying tetramethylguanidine as the catalyst.

In another case, the simple starting materials benzylideneimines were reacted with sec-
ondary phosphine oxides, where a guanidium salt (112) served as the catalyst (Scheme 78) [114].

-50-0 °C, 1.5-14 h

NTs W AT HBMBS(CRCota)y (-20moih)  Osp-AT
R) g oA THF R” “NHTs
O Ph Ph O 1
N> N 75-98%
)=N® N=
N H N ee: 56-92%
Lo U
BF,4
1 HBF,4 guanidinium salt
112
R 4-FCsHa 4-MeCsHa 2-naphthyl 2-furyl ‘Bu
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Scheme 78. Guanidium salt as the catalyst in the aza-Pudovik reaction.
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A cinchona-derived thiourea (117-122) was applied in the addition of diphenyl phos-
phite to ketimines (Scheme 79) [115]. The yields of products 114 and 116 varied within the
range of 48-88%.

Boc, 25°C,12-24 h Boc,
’,N cinchona alkaloids (20 mol%) NH
n_ OPh 4A MS P(O)(OPh);
0 + P *
N & “OPh \ © M
7 7/
113 14
Boc: tert-butyloxycarbonyl 48-88%

ee (+): 15-52%
ee (-): 12-94%

Boc, 30°C,12-72h Boc,
R2 /N oph cinchona alkaloids (20 mol%) ) :NH
O\/S: Ho 4AMS R P(0)(OPh),
N ° o"P “OPh EtOAc \©\/N§:O @
R’ R!
115 116
71-88%
ee: 71-97%
R? CH2CHCH: CH2CHCH:2 CH2CHCH: CH2CHCH:
R2 H Cl Br I
R! | CH2C(CHs)CH2 | CH2CHCHCH:? CH2CeHs CH2CsHs
R2 Cl Cl H Cl
R? CH2CsHs CH2CsHs CH2CsHs CH2CsHs
R2 Br I MeO Cl
—
Y
HOAN

R=H, Bn
Y=H, OMe, OH
17
)

H H N

FsC N\n/N,,,
g N\©/CF3
N
CFs FsC CF,
120 121 CFs Y=H, OMe
122

cinchona-derived organocatalysts

Scheme 79. The use of cinchona-derived thiourea catalysts in the aza-Pudovik reaction. MS—molecular sieves.
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The aza-Pudovik approach was also useful in the synthesis of (5-nitrofuranoyl)-
substituted esters of a phosphonoglycine derivative (124). In these cases, BF;-OEt; was the
catalyst (Scheme 80) [116,117].

N, H
) 25°C,24h / A\ N
T\ N H. OR BF 5 OEt,
+ \/ 2 > OoN 0] P(ORZ) R2
02N O R1 O/ OR THF " 2
123 O
124
56-70%
Rt 3-Me 4-Me 4-MeO 3-Me 4-Me
R2 Me Me Me Et Et
R! 4-MeO 2-Me 3-Me 4-Me 4-MeO
R2 Et CsHs CeHs CsHs CesHs

Scheme 80. Aza-Pudovik reaction applying BF;-OEt; as the catalyst.

This method was applied to the preparation of the corresponding pyrrole derivatives
(127). In this case, the imine (126) was synthesized in situ (Scheme 81) [118].

25°c 4h 0

NH, (\>\<P(0Ph)z
R! N
. (\>\\ 25 °C, 30 min (>\/ \Q\ OPh H NH
\ —>
R? N O  MeoN RLQ
R? k3

R 125
127
57-82%
R! H H Me
R2 H H H
R3 H NO: Cl

Scheme 81. Aza-Pudovik reactions starting from the imine of pyrrole carbaldehyde.

In a variation, the imines generated in the reaction of aniline and benzaldehyde deriva-
tives were reacted with diethyl phosphite in boiling ethanol to furnish the corresponding
a-aminophosphonates (129) in medium yields (Scheme 82) [119].
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R? R!
NH, CHO
R3 %
. 78°C,2h N\ 78°C,14-16 h pN P(OEt),
EtOH R3 EtOH R3
R R2
R? R2
128 129
35-48%
R NO:2 Cl Cl Cl Cl

R? cl NO: H MeO H
R3 H H NO: H MeO

Scheme 82. Catalyst-free aza-Pudovik reactions.

The imines (130) obtained from benzaldehyde were reacted with diethyl phosphite in
the presence of MoOCl; as the catalyst under solvent-free conditions. (Scheme 83) [120].

_R? 0
N| OFt 80 °C, 5-60 min P(OEt),
He / MoO,Cl; (5 mol%)
H 4 P > HN
o/ OFt solvent-free R2
R R
130 4 (R3=Et)
80-95%
R! NC CFs F F H NO: MeO
R2 CeHs CeHs CeHs (CH2)sCHs CeHs CeHs CsHs

Scheme 83. Aza-Pudovik reaction applying MoO,Cl, as the catalyst.

a-Aryl-a-aminophosphonates and a-aryl-a-aminophosphine oxides (132) were pre-
pared by the MW-assisted Pudovik reaction of benzylideneimines and >P(O)H reagents
(Scheme 84) [121].

o)
Bu e MW gy-HN PY,
H\P/Y 80-100 °C, 10-60 min =Y
+ ~
O// Y solvent-free
R R
131 132

69-90%

R H H H H H 2-Cl 2-Cl

Y MeO EtO BuO BnO CeHs MeO EtO

R 2-Cl 3-Cl 3-Cl 3-Cl 4-Cl 4-Cl 4-Cl

Y BuO MeO EtO BuO MeO EtO BuO

Scheme 84. MW-assisted Pudovik reactions.
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CHO

AN

133

Poly-(4-vinylbenzaldehyde) (134) was prepared by the polymerization of
4-vinylbenzaldehyde (133) in DMSO. Postpolymerization modification reactions com-
prised imine formation (which is not shown here), and the addition of dialkyl phosphite
to afford functional polymers. The a-aminophosphonate (135) scaffold was a side group
(Scheme 85) [122].

R
| I .
CHO HN.__P(O'Pr),
AIBN H. OPr go°c,8h
— +NRNH, + n Py ——————
DMSO g OPr 1 4-dioxane
R= 4-CF30 4-Br, 4-MeO, 4-NHAc, Hex
n n
134 135

Scheme 85. Postpolymerization modification via the Kabachnik-Fields reaction. AIBN—asobisizobutyronitrile.

L
(MeO),P.
H

In another approach, poly(aminophosphonates) were prepared in a one-pot manner
including Kabachnik-Fields condensation and polymerization [123]. Functional polymers
with bis(phosphonomethyl)amine moieties were also prepared. In this case, phosphorous
acid was the P component [124].

Theoretical calculations predicted that the aza-Pudovik reaction under discussion
takes place in a single concerted step involving transition state (136) formed from the triva-
lent tautomeric form of dimethyl phosphite and N-benzylideneaniline (Scheme 86) [121].

MeO
o)
(MeO),POH MeO—p——" o
+ —_— H (MeO),P.
PhCH=NPh o C N CH=NHPh
Ph Ph
136 4 (R%= Me)

Scheme 86. Mechanism for the aza-Pudovik reaction of dimethyl phosphite and N-benzylideneaniline.

It was shown that the aza-Pudovik reaction involving the addition of >P(O)H reagents
into the unsaturation of imines is a good and atomically efficient route for the preparation
of ax-aminophosphonic derivatives. As a matter of fact, as was shown in the Introduction,
imines are intermediates of the Kabachnik-Fields reactions that may be formed from the
oxo component and the amine.

5. Conclusions

In conclusion, various methods for the synthesis of x-aminophosphonic derivatives
utilizing the Kabachnik-Fields reaction are summarized herein. In this review, different
approaches utilizing a wide range of catalysts are summarized, encompassing the results
of the last decade. We focused on environmentally friendly points of view. The solvent-free
MW-assisted methods are of special importance. The Kabachnik-Fields reaction is also
suitable for the synthesis of bis derivatives. Beside >P(O)H reagents, trialkyl phosphites
may also be used as the starting materials of the phospha-Mannich condensation. The
aza-Pudovik reaction is a special variation for the preparation of x-aminophosphonic
derivatives and related compounds.
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