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Abstract

An atom-efficient, one-pot, three-component synthetic methodology has been developed for the
preparation of a-aminophosphonates using the crystalline CuO- nanopowder as catalyst in
solvent-free and ambient conditions, for the first time. The reaction involves the use of carbonyl
compounds, amines and trimethyl phosphite. A wide range of substrates is compatible in this
reaction, producing excellent yields in short time. The catalyst is recyclable with reproducible
results.
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Introduction

The classical Kabachnik—Fields reaction involves one- pot three- component coupling of a
carbonyl compound, an amine and a phosphite compound, to produce a-aminophosphonates.?
Aminophosphonates and aminophosphonic acids are considered as the bio- iso-steric
phosphorous analogues of a-amino acids.? These organophosphorus compounds have drawn the
attention of synthetic and medicinal chemists owing to their remarkable biological and
pharmacological properties.> The major function of these analogs is displayed through metabolic
regulation by inhibiting the metalloenzymes which possess amino acids as substrates.* Moreover,
these compounds have been found to be potential antibiotic,®> antimicrobial,® and antitumor’
agents. They also have several applications in the agricultural industry.® In view of the immense
importance of a-aminophosphonates researchers in recent years have been engrossed in
developing new methodologies for the synthesis of these compounds.® However, many of these
reported methods require prolonged reaction time, heating conditions, use of harmful organic
solvents, and also involve the use of expensive catalysts which are usually non-recoverable.
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In recent years nanomaterials have attracted a great deal of attention in organic synthesis
owing to their high surface- to- volume ratio leading to larger numbers of active sites, and their
reusability. Notably, there are few reports available in the literature for the use of non-silicious
and non-supported metal oxide nanopowders in multicomponent organic synthesis.’® In
continuation of our studies towards developing synthetic methods based on nanocatalysts,'! we
now report, for the first time, an operationally simple, expeditious solvent-free synthesis of a-
aminophosphonates using highly crystalline CuO nanopowder under ambient condition (Scheme
1). The large surface area, strong Lewis acid character, and reusable nature of the catalyst has
been exploited by us leading to excellent yields of the products in very short reaction times.

p—OMe

/([L CuO nanopowder R N
+ R'NH, + P(OMe);, > >( OMe
R R solventfree, rt R NHR"

Scheme 1. Synthesis of a-aminophosphonates over CuO nanopowder.

Results and Discussion

A very simple protocol was followed in the reaction process. A mixture of a carbonyl compound,
an amine, and trimethyl phosphite was stirred in the presence of CuO nanopowder at solvent-free
and ambient condition. The catalyst was found to promote the reaction efficiently, affording the
corresponding aminophosphonates in high yield. No base or other additives were required in this
process. After standard work up, the crude product obtained was passed through a neutral
alumina column to isolate the pure compound.

The catalyst was prepared following a non-ionic triblock-copolymer- templated sol-gel
approach.*? It was characterized by SEM, X-ray diffraction study, and BET surface area analysis.
It is evident from the SEM image and X-ray diffraction study of the catalyst that the material is
crystalline in nature and the particle sizes are below 50 nm (Fig. 1). The particles are of almost
equal shape and size. To determine the exact crystal planes and particle size, X-ray diffraction
analysis was performed. In the wide angle study as shown in Fig. 2, characteristic peaks due to
crystal planes appeared, which confirmed its high crystalline character. The peaks appeared to
correspond to the (110), (002), (111/200), (202), (020), (202), (113), (311), (220), (311) and
(222) planes of monoclinic CuO, which are consistent with standard JCPDS reported values. The
FWHM values of the sharp peaks were used to determine the crystallite sizes, applying Sherrer’s
formula Dp= 0.9412/BCos6 where B is the corresponding FWHM value and accordingly, the
particle sizes were found to lie between 18-20 nm. The BET method was applied to measure the
surface area, which was found to be 101 m?/g.
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Figure 1. SEM analysis of the CuO nanopowder.

In our initial study for standardization, a screening was performed with a variety of solvents,
taking benzaldehyde, aniline or P(OMe)s as substrates (Table 1). The use of different
conventional organic solvents such as diethyl ether, dichloromethane (DCM), THF, or toluene
resulted in low- to moderate yields (entries 1-4). The best result was achieved under solvent-free
conditions (entry 5) when the reaction was completed within 1h, in 96% yield. We also carried
out the screening of catalysts using the same reaction. It is pertinent to mention that the reaction
hardly proceeded in the absence of catalyst. A variety of Cu salts was examined in this process.
The reaction failed with Cu granules and CuO wire (entries 7, 8). Bulk CuO and other
homogeneous Cu catalysts such as CuSOs and Cu(OAc). afforded low yields (entries 9-11).
High yields were obtained with CuO- supported mesoporous SBA15 and TiOz but the reaction
required comparatively longer times for completion (entries 12, 13).
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Figure 2. XRD study of the CuO nanopowder
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After optimizing the reaction conditions, the scope and limitations of the protocol were
investigated by treating a diverse range of aldehydes, both aromatic and aliphatic, with aniline
and P(OMe)s. The results are summarized in Table 2. Regardless of the nature of the functional
groups attached to the aldehydes, all the reactions proceeded smoothly, generating the
corresponding a-aminophosphonates in good yields (entries 1-8). However, aromatic aldehydes
containing hydroxy groups took longer times for completion (entries 9,10). The reaction was
successful with aliphatic aldehydes (entries 14,15) which also resulted in high yields. We
continued our research to test the reactivity of ketones under similar conditions. However, in this
case the reactions were sluggish to afford the corresponding a-aminophosphonates.
Cyclohexanone and cyclopentanone produced good yields, but with acetophenone the yield was
moderate (entries 16-18). We also studied the reaction of different amines, both aromatic and
aliphatic, with benzaldehyde and P(OMe)s (Table 3). In these cases also good conversions were
observed within short times. Interestingly, aliphatic amines, viz., cyclohexylamine, pyrrolidine,
piperidine, and morpholine, showed faster rates compared to aromatic amines, possibly due to
their higher basicity. The formation of a-hydroxyphosphonate as a byproduct was not observed
in any of the reactions.

Table 1. Optimization of reaction conditions in synthesis of a-aminophosphonates?

Entry Solvent Catalyst Time(h) Yield(%)®
1 Diethyl ether CuO np 6.0 34
2 Dichloromethane CuO np 6.0 47
3 Tetrahydrofuran CuO np 6.0 68
4 Toluene CuO np 6.0 53
5 Solvent-free CuO np 1.0 96
6 Solvent-free None 12 -
7 Solvent-free Cu granules 12 -
8 Solvent-free CuO wire 12 -
9 Solvent-free Bulk CuO 6.0 46
10 Solvent-free CuS04.5H20 6.0 67
11 Solvent-free Cu(Oac)2. H20 6.0 78
12 Solvent-free CuO/SBA15 (20) 2.5 90
13 Solvent-free CuO/TiOz (20) 3.0 85

2 Reaction conditions: 1.0 eq. benzaldehyde, 1.0 eg. amine, 1.3 eq. P(OMe)s, 20 mg catalyst, RT
stirring, wt % loading in parentheses, ° isolated yield.

From the mechanistic point of view we believe that the nano-sized Cu"O, an efficient Lewis

acid, is the main active site in the reaction. It promotes the formation of imines by condensation
of a carbonyl function and amine. The activated imine then reacted with P(OMe)s to generate the
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corresponding a-aminophosphonates. A probable mechanistic pathway has been proposed in Fig.
3. The superior catalytic activity of CuO nanopowder can be distinctly proved by the comparison
of its reactivity with bulk CuO (entries 5 and 9, table 1). This difference is obviously due to high
specific surface area of our catalyst (101 m?/gm) compared to bulk CuO (4.1 m?/gm) thereby
generating larger number of active sites.

Table 2. One-pot synthesis of a-aminophosphonates with various carbonyl compounds?

0 R H\TOMe
/U\ + PhNH2 + P(OME)3 e \( OMe
R R NHPh
la-o 2a 3a-0
Entry Carbonyl compounds Product Time (h) Yield (%)®
1 CeHsCHO 3a 1.0 96 [9]]
2 4-O2N-CeH4CHO 3b 0.7 92 [9i]
3 3-O2N-CeH4CHO 3c 0.5 88
4 4-Cl-CsH4sCHO 3d 0.5 91 [9j]
5 4-Me-C¢H4CHO 3e 1.0 90 [9i]
6 4-CN-CeH4CHO 3f 0.7 92 [9]]
7 4-MeO-CsH4sCHO 39 0.5 94 [9h]
8 3-MeO-CsH4sCHO 3h 1.0 86
9 4-HO-CeH4CHO 3i 2.0 78 [9h]
10 4-HO-3-MeO-CgH3CHO 3j 2.0 75
11 3,4-di- MeO-Ce¢H3CHO 3k 1.0 89
12 3,4,5-tri- MeO-CgH.CHO 3l 1.2 90 [9r]
13 1-Naphthaldehyde 3m 0.5 94
14 i-PrCHO 3n 0.7 85 [9h]
15 EtCHO 30 1.0 91
16 Cyclohexanone 3p 4.0 85 [9j]
17 Cyclopentanone 3q 6.0 76 [9]]
18 Acetophenone 3r 6.0 75 [91]

& Reaction conditions: 1.0 eqg. benzaldehyde, 1.0 eq. amine, 1.3 eq. P(OMe)s, 20 mg catalyst,
solvent-free, RT stirring. ° Isolated yield, references in parentheses.

The reusable nature of the catalyst was studied through the condensation of benzaldehyde,

aniline and P(OMe)s. Under the stabilized condition the reaction was carried out in the presence
of nano- CuO catalyst. After completion of the reaction, the reaction mixture was centrifuged at
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3000 rpm for 10 min and the supernatant layer was decanted. The deposited catalyst was
collected, followed by washing with acetone several times to remove all the organic substances.
It was then dried at 80 °C for 4h and was re-used 4 consecutive times with fresh batches of
reactants following the same process. With all the batches the reaction proceeded smoothly, with
almost reproducible results each time (Fig. 4)

Table 3. One-pot synthesis of a-aminophosphonates with various amines 2

o H\/OMe
T RNH, * P(OMe); ——= \( OMe
NHR'
la 2a-l 4a-
Entry Amine Product Time (h) Yield (%)®

1 CeHs-NH2 4a 0.5 96 [9j]
2 2-MeCsHs-NH: 4b 0.5 86

3 4-MeCsHs-NH: 4c 0.7 89 [9s]
4 4-ClCeHs-NH: 4d 0.5 90 [9j]
5 4-BrCeHs-NH: de 1.0 85

6 4-MeOCsHs-NH: 4f 1.0 81 [9j]
7 3-0O2NCsHs-NH2 49 1.2 85

8 CeHsCH2-NH2 4h 0.7 80 [9j]
9 Cyclohexylamine 4i 1.0 87 [9s]
10 Pyrrolidine 4j 0.5 90 [9¢]
11 Piperidine 4k 0.3 87 [9e]
12 Morpholine 41 0.3 88 [9e]

& Reaction conditions. 1.0 eq. benzaldehyde, 1.0 eq. amine, 1.3 eq. P(OMe)s3, 20 mg catalyst,
solvent-free, RT stirring, ®lsolated yield, references in parentheses.
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Figure 3. Probable mechanism for the CuO nanopowder- catalyzed synthesis of a-
aminophosphonates.
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Figure 4. Reusability study of CuO nanopowder with entry 1, Table 2.
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Experimental Section

General. *H- NMR and 3C- NMR spectral analyses were carried out on Bruker-Avance Digital
300 MHz and 75.5 MHz instruments; tetramethylsilane (TMS) was used as internal standard.
Infrared spectra were recorded in KBr pellets in reflection mode on a Perkin EImer RX-1 FTIR
spectrophotometer. SEM images were obtained from a Hitachi S-3400N microscope at an
operating voltage of 15 kV. The sample was coated with gold for effective imaging before being
charged. X-Ray powder diffraction study was carried out on a Philips PW-1830 X-Ray
diffractometer at a voltage of 35 kV and current of 25 mA using CuKa radiation (A=154 nm) at a
scanning rate of 1°/minute in the 20 range 10-80°. Melting points (uncorrected) were determined
on a Kofler Block apparatus. E. Merck aluminum-backed silica gel plates coated with silica gel
G were used for analytical TLC and monitored under UV light (254 and 360 nm) and also by
exposure to iodine vapor. Synthetic grade chemicals from Acros and E-Merck were used for the
preparation of the catalyst and from Spectrochem for carrying out the organic reactions. For
column chromatography Merck neutral alumina (fine mesh) was used. All solvents used in the
reaction were distilled and dried over NazSO4. RT denotes room temperature.

Typical procedure for the synthesis of CuO nanopowder

The catalyst was synthesized by a sol-gel approach where the non-ionic triblock copolymer P123
(EO20PO70EO20, EO = ethylene oxide, PO = propylene oxide, MW = 5800, Sigma-Aldrich) acted
as the structure- directing template. The copolymer (1.0 g) was dissolved in 10 mL of anhydrous
ethanol at RT to get a clear solution. Then quantitative amount of Cu(NO3z)2.3H20 (5 mmol, E-
Merck) was added to it and the blue solution was stirred at RT for 2 h. The homogeneous gel was
then aged at 40 °C for 24 h for slow solvent evaporation of the solvent. It was then dried at 100
°C for 36 h to obtain a green mass. Finally, it was calcined at 500 °C for 4 h in air by slowly
increasing the temperature from RT (ramping rate of 5 °C/ min) to provide the black CuO
nanopowder.

Typical procedure for the synthesis of a-aminophosphonates

A mixture of carbonyl compound (1.0 mmol), amine (1.0 mmol), trimethyl phosphite (1.3 mmol)
and 20 mg catalyst was stirred at RT in the absence of any solvent for certain periods as
indicated in Table 2 and 3. After completion (monitored by TLC), the reaction mixture was
diluted with DCM and centrifuged to separate the catalyst for reuse. The organic layer was
decanted and added to water. It was then extracted with DCM (3 x 10 mL). This extract was
dried over anhydrous Na>SO4 and concentrated under reduced pressure. The crude product was
purified by column chromatography using neutral alumina with ethyl acetate/hexane as eluent.
All the isolated compounds were characterized by mp, IR, *H NMR, 3C NMR and elemental
analysis (C, H, and N). Spectral data of the representative new products are given below.
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Dimethyl a-(N-anilino)-a-(3-nitrophenyl)methylphosphonate (3c). Yield 196 mg; yellow
crystalline solid; mp 98 °C; IR (KBr): 3290, 3033, 1602, 1526, 1349, 1243, 1043, 836 cm™; 'H
NMR (CDCl3, 300 MHz): ¢ 3.62 (d, J = 10.8 Hz, 3H), 3.8 (d, J = 10.8 Hz, 3H), 4.85-4.97 (m,
2H), 6.57 (d, J = 7.8 Hz, 2H), 6.74 (t, J = 7.4 Hz, 1H), 7.12 (d, J = 7.8 Hz, 2H), 7.53 (t, J = 7.9
Hz, 1H), 7.83 (d, J = 7.2 Hz, 1H), 8.15 (d, J = 7.5 Hz, 1H), 8.34 (d, J = 1.8 Hz, 1H); *C NMR
(CDCls, 75.5 MHz): ¢ 53.8, 54.0, 55.2, 56.0, 113.9, 114.7, 127.32, 128.85, 128.93, 129.14,
146.1, 159.4; Anal. Calcd for CisH17N2OsP: C, 53.57; H, 5.06; N, 8.33. Found: C, 53.49; H,
5.17; N, 8.45.

Dimethyl-a-(N-anilino)-a-(3-Methoxyphenyl)methylphosphonate (3h). Yield 201 mg; gray
white powder; mp 65 °C. IR (KBr): 3308, 2949, 1598, 1493, 1262, 1231, 1033, 753 cm; H
NMR (CDCls, 300 MHz): ¢ 3.51 (d, J = 10.5 Hz, 3H), 3.78 (d, J = 10.8 Hz, 3H), 3.80 (s, 3H),
4.73 (m, 1H), 4.80 (m, 1H), 6.61 (dd, J = 3.5 Hz, 7.8 Hz, 2H), 6.68-6.74 (m, 1H), 6.82 (d, J=8.1
Hz, 1H), 7.02-7.39 (m, 5H); *C NMR (CDCls, 75.5 MHz): § 53.83, 54.71, 55.32, 56.7, 113.39,
113.46, 113.86, 118.58, 120.14, 129.2, 129.7, 137.24, 146.2, 159.9; Anal. Calcd for
C16H20NO4P: C, 59.81; H, 6.23; N, 4.36. Found: C, 59.68; H, 6.15; N, 4.29.

Dimethyl a-(N-anilino)-a-(3,4-dimethoxyphenyl)methylphosphonate (3k). Yield 187 mg;
white solid; mp 78 °C; IR (KBr): 3293, 3108, 2953, 1601, 1513, 1457, 1241, 1036, 756 cm™; H
NMR (CDClz, 300 MHz): ¢ 3.51 (d, J = 9.9 Hz, 3H), 3.75 (d, J = 10.6 Hz, 3H), 3.84 (s, 3H),
3.88 (s, 3H), 4.69 (s, 1H), 4.77 (s, 1H), 6.61 (d, J = 8.2 Hz, 2H), 6.71 (t, J = 7.4 Hz, 1H), 6.83 (d,
J=8.7Hz, 1H), 7.1 (t, J = 9.3 Hz, 2H), 7.0 (m, 2H); C NMR (CDCls, 75.5 MHz): 6 53.83,
54.71, 55.32, 56.7, 113.39, 113.46, 113.86, 118.58, 120.14, 129.2, 129.7, 137.24, 146.2, 159.9;
Anal. Calcd for C17H22NOsP: C, 58.12; H, 6.27; N, 3.99. Found: C, 58.07; H, 6.15; N, 4.11.
Dimethyl a-anilino-a-(1-naphthyl)methylphosphonate (3m). Yield 208 mg; white solid; mp
132 °C; IR (KBr): 3308, 3027, 1949, 1601, 1236, 1054, 1026, 830 cm™; *H NMR (CDCls, 300
MHz): 6 3.15 (d, J = 10.5 Hz, 3H), 3.81 (d, J = 10.8 Hz, 3H), 5.06 (t, J = 8.7 Hz, 1H), 5.67 (dd, J
=7.7 Hz, 7.7 Hz, 1H), 6.55 (d, J = 8.1 Hz, 2H), 6.66 (t, J = 7.3 Hz, 1H), 7.05 (t, J = 7.9 Hz, 2H),
7.45 (t, J = 7.7 Hz, 1H), 7.55 (t, J =7.5 Hz, 1H), 7.63 (t, J = 7.4 Hz, 1H), 7.79 (d, J = 9.1 Hz,
2H), 7.91 (d, J = 7.8 Hz, 1H), 8.23 (d, J = 8.7 Hz, 1H); ¥*C NMR (CDCls, 75.5 MHz): 6 50.2,
52.2, 53.7, 113.6, 118.1, 118.4, 122.6, 125.5, 125.6, 125.7, 126.5, 128.6, 128.7, 129.2, 131.3,
131.4, 133.8, 145.9. Anal. Calcd for C19H20NO3P: C, 66.86; H, 5.86; N, 4.10. Found: C, 66.91;
H, 5.83; N, 4.06%.

Dimethyl a-anilino-a-(ethyl)methylphosphonate (30). Yield 340 mg; white crystals; mp 40 °C;
IR (KBr): 3432, 3029, 2373, 1629, 1456, 1236, 1040, 702 cm™; 'H NMR (CDCls, 300 MHz): 6
1.03 (t, J =7.4 Hz, 3H), 1.62-1.76 (m, 1H), 1.91-2.05 (m, 1H), 2.15 (s, 1H), 3.52 (d, J = 10.4 Hz,
3H), 3.73 (d, J = 10.8 Hz, 3H), 6.65 (d, J = 8.1 Hz, 2H), 6.71 (t, J = 7.2 Hz, 1H), 7.16 (d, J = 7.8
Hz, 2H); 1*C NMR (CDCls, 75.5 MHz): ¢ 10.6, 23.9, 51.1, 52.6, 53.6, 113.2, 118.2, 129.3, 147.0.
Anal. Calcd for C11H17NO3P: C, 54.54; H, 7.02; N, 5.76. Found: C, 54.39; H, 7.45; N, 5.67%.
Dimethyl a-(2-methylanilino)-a-(phenyl)methylphosphonate (4b). Yield 238 mg; white
powder; mp 48 °C; IR (KBr): 3418, 3028, 2956, 1596, 1507, 1543, 1240, 1047, 832 cm™; 'H
NMR (CDClz, 300 MHz): ¢ 2.2 (s, 3H), 3.40 (d, J = 10.5 Hz, 3H), 3.68 (d, J = 10.5 Hz, 3H),
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456 (brs, 1H), 4.71 (s, 1H), 6.32 (d, J = 7.8 Hz, 1H), 6.57 (t, J = 7.4 Hz, 1H), 6.87 (t, J = 7.8
Hz, 1H), 6.97 (d, J = 7.2 Hz, 1H), 7.17-7.28 (m, 3H), 7.38 (d, J = 6.1 Hz, 2H); 13C NMR (CDClIs,
75.5 MHz): 6 17.5, 53.8, 54.7, 56.7, 111.3, 118.2, 123.0, 126.9, 127.6, 128.0, 128.7, 130.2,
135.7, 144.0. Anal. Calcd for C16H20NO3P: C, 62.95; H, 6.58; N, 4.59. Found: C, 62.89; H, 6.55;
N, 4.67%.

Dimethyl a-(4-bromoanilino)-a-(phenyl)methylphosphonate (4e). Yield 304 mg; white
powder; mp 60 °C; IR (KBr): 3310, 3006, 2952, 1593, 1492, 1238, 1029, 818 cm™; 'H NMR
(CDCls, 300 MHz): ¢ 3.38 (d, J = 10.5 Hz, 3H), 3.68 (d, J = 10.8 Hz, 3H), 4.66 (dd, J = 7.8 Hz,
7.8 Hz, 1H), 4.83 (t, J = 8.6 Hz, 1H), 6.40 (d, J = 8.7 Hz, 2H), 7.1 (d, J = 8.7 Hz, 2H), 7.19-7.29
(m, 3H), 7.37 (d, J =7.5 Hz, 2H); $3C NMR (CDCls, 75.5 MHz): 6 53.8, 54.7, 56.7, 110.3, 115.5,
127.4, 128.2, 128.8, 131.9, 135.0, 145.1. Anal. Calcd for C1sH17BrNO3P: C, 48.65; H, 4.59; N,
3.78. Found: C, 48.72; H, 4.62; N, 3.69%.

Dimethyl a-(3-nitroanilino)-a-(phenyl)methylphosphonate (4g). Yield 267 mg; bright yellow
crystals; mp 130 °C; IR (KBr): 3281, 3082, 2954, 1622, 1533, 1347, 1234, 1030, 819 cm; H
NMR (CDCls, 300 MHz): ¢ 3.40 (d, J = 10.6 Hz, 3H), 3.72 (d, J = 10.6 Hz, 3H), 4.73 (m, 1H),
5.53 (t, J = 8.6 Hz, 1H), 6.81 (d, J = 7.5 Hz, 1H), 7.17 (m, 1H), 7.27 (m, 3H), 7.42 (m, 5H); *C
NMR (CDCIs, 75.5 MHz): 6 53.7, 54.1, 56.4, 108.0, 113.0, 119.4, 127.8, 128.4, 128.9, 129.7,
134.5, 147.1, 149.2. Anal. Calcd for C15H1sN2OsP: C, 53.41; H, 5.34; N, 8.31. Found: C, 53.51;
H, 5.11; N, 8.39%.
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