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One of the most widely used methods for the prepara tion of α aminophosphonates is the Pudovik reaction, 1-3 which is commonly catalyzed by Lewis 4-9 or Brønsted 10 acids. An asymmetric version of this reaction is especially important. Its successful accomplishment using a sophis ticated complex compound as a Lewis acid 11 allowed one to obtain α aminophosphonates with enantiomeric excess up to 96%.

However, in the last years no less successful results were obtained with more simple and available organic cat alysts and especially with diesters of phosphoric acid based on 1,1´ binaphthalene 2,2´ diol (BINOL). 12 It is of note that reactions catalyzed by organic compounds require high enough concentrations of a chiral catalyst, which brings up the problem of its recovery.

At the present time, in asymmetric synthesis 13 much attention is being paid to polymer supported catalysts, in particular, to their isolation and recyclization. The choice of a polymer plays a decisive role in homogenization of the medium. Such polymers as polyethylene glycol (PEG) and polystyrene are of wide application here, 14 since they are soluble in most organic solvents, for example, in di chloromethane, chloroform, and tetrahydrofuran.

In the present work, we accomplished immobilization of (±) 1,1´ binaphthalene 2,2´ diylphosphoric acid on PEG and studied a possibility for the thus obtained organo catalysts to be reused in the Pudovik reaction.

Results and Discussion

(±) 1,1´ Binaphthalene 2,2´ diylphosphoric acid im mobilized on the PEG monomethyl ether was synthesized by two different ways (Scheme 1) based on [3+2] cyclo addition of azides to alkynes. This led to obtaining of two catalysts, which, as it was established later, exhibit differ ent catalytic activity.

The catalyst synthesis included bromination of com pound 1 (see Refs 15 and 16) and then obtaining terminal acetylene 3a and azide 3b as described. 17, 18 The key step was a connection of BINOL to the polymeric support, which was carried out using a Cu I catalyzed [3+2] cyclo addition of azides to terminal acetylenes ("click chemis try"). It should be noted that in the first case, the 1,2,3 tri azole fragment was formed by cycloaddition of the BINOL derivative 3a bearing a triple bond and azidopolyethylene glycol 4a. In the second case, immobilization was carried out by connection of azide 3b to PEG 4b bearing a propar gyl group. It is necessary to emphasize that the literature has no reports on the use of "click chemistry" for immobili zation of BINOL. In the present work, PEG (M w = 5000 Da) was chosen as the polymeric support because of its good solubility in most organic solvents and water, as well as due to its easy isolation by precipitation with diethyl ether. A procedure 19 of [3+2] cycloaddition involving the PEG 5000 propargyl derivative was modified: the common heating was replaced by microwave irradiation, that allowed us to considerably shorten the reaction time. It should be noted 

MW is the microwave irradiation

MeO PEG 5000 that the use of microwave irradiation for the Cu I cata lyzed [3+2] cycloaddition is described in the literature, including the case of the preparation of macromole cules. [20][21][22][23] The thus obtained immobilized BINOL deriv atives 5a and 5b were isolated in virtually quantitative yields, 96 and 95%, respectively. The final step consisted of the preparation of phosphoric diesters 6a and 6b by phosphorylation with phosphorus oxychloride and was ac complished in high yields, 95 and 97%, respectively.

The thus obtained catalysts 6a and 6b were tested in the Pudovik reaction. Addition of diethyl phosphite at N benzylideneaniline was chosen as the model reaction (Scheme 2).

Scheme 2

Conditions: the catalyst: 6a or 6b (10 mol.%); the solvent: tolu ene or CH 2 Cl 2 .

Catalyst 6a was essentially inactive in toluene at room temperature (Table 1, entry 1). Heating the reaction mix ture at 30 °C for 8 h led to α aminophosphonate 7 in 44% yield (entry 2), whereas the use of microwave irradiation allowed us to increase the product yield to 80% (entry 3). On moving to dichloromethane as the solvent, the yield of α aminophosphonate 7 was 80% even if the reaction was carried out at 20 °C and virtually did not change from cycle to cycle (entry 4). Probably, this was due to the better solubility of catalyst 6a in dichloromethane as com pared to toluene. Separation of the catalyst from the reac tion mixture for the use in the next cycle was accom plished by its precipitation with diethyl ether with subse quent filtration off.

As compared to the catalyst 6a, its analog 6b proved to be more efficient: the yields of α aminophosphonate 7 were 87-99%. In this case, in both toluene and dichloro methane no significant decrease in the product yields was observed after three cycles (see Table 1, entries 5 and 6). To sum up, both catalysts 6a and 6b can be reused several times virtually without loss in their activity.

Organocatalysts 6a and 6b were studied by scanning electron microscopy (SEM), that allowed us to describe their morphology. As it is seen from the given photographs (Fig. 1), the catalyst 6a consists of agglomerates, whereas the catalyst 6b resembles a sponge. These microphoto graphs allow us to draw conclusions on accessibility of the acidic catalytic centers. The catalytic centers of compound 6b are more available than the catalytic centers of com pound 6a, which is apparently responsible for the differ ence in their catalytic activity.

As it should have been expected, enantioselectivity of organocatalysts, obtained (see Scheme 1) starting from the optically active (R) BINOL, is not very high, which is attributed to the high stereoavailability of the acid centers. It is known that (R) BINOL derived phosphoric diester provide high enantioselectivity if they are 3,3´ disubsti tuted, for example, 3,5 bis(trifluoromethyl)phenyl deriv ative. 11, 12 As a continuation of the present studies, we are planning this type of immobilization for such Brønsted acids. However, their synthesis is complicated by the ne cessity not only to introduce substituents at ortho position to the acid catalytic center, but also to carry out bromina tion at position 6 for their further addition to a polymeric support. 16 and its physicochemical constants agreed with the literature data.

Experimental

(±) 6 Ethynyl 1,1´ binaphthalene 2,2´ diol (3a). A mixture of 6 bromo 1,1´ binaphthalene 2,2´ diol (2) (1 mmol), tri methylsilylacetylene (1.5 mmol), CuI (0.02 mmol), Pd(PPh 3 ) 2 Cl 2 (0.04 mmol) and triethylamine (3 mL) was subjected to the micro wave irradiation (110 °C, 400 W) in a 5 mL sealed reactor with stirring over 2 h until compound 2 was completely consumed (HPLC monitoring). After cooling to room temperature, the reaction mixture was filtered through celite, the product was extracted with AcOEt and washed with brine. The organic phase was dried with Na 2 SO 4 , the solvent was evaporated in vacuo. The residue was dissolved in methanol (1 mL), followed by addi tion of 1.5 M aqueous KOH (3 mL), and the mixture was stirred at room temperature for 4 h. Then, methanol was evaporated, 1 M aq. HCl was added to the residue to pH 4-5. The product was extracted with AcOEt, the organic phase was washed with brine, dried with Na 2 SO 4 , the solvent was evaporated in vacuo. The product was purified by column chromatography, using cyclohexane-AcOEt (9 : 1) as an eluent. Product 3a was ob tained as white amorphous compound in 85% yield, R f = 0.26 (cyclohexane-AcOEt, 10 : 1). 1 H NMR (CDCl 3 ), δ: 3.09 (s, 1 H); 5.22 (s, 2 H); 7.06 (m, 3 H); 7.23 (d, 1 H, J = 6.6 Hz); 7.25 (d, 1 H, J = 6.6 Hz); 7.80 (t, 3 H, J = 6.6 Hz); 7.85 (d, 2 H, J = 9 Hz); 7.97 (s, 1 H). 13 C NMR (CDCl 3 ), δ: 77.50, 84.00, 110. 18, 111.25, 117.78, 118.28, 118.93, 123.99, 124.19, 126.11, 127.66 (±) 6 Azido 1,1´ binaphthalene 2,2´ diol (3b). A mixture of 6 bromo 1,1´ binaphthalene 2,2´ diol (2) (1 mmol), NaN 3 (2 mmol), CuI (0.1 mmol), N,N´ dimethylethylenediamine (0.15 mmol), and EtOH-H 2 O (7 : 3) (2 mL) was subjected to the microwave irradiation (110 °C, 400 W) in a 2 mL sealed reactor with stirring over 2 h until compound 2 was completely consumed (HPLC monitoring). After cooling to room tempera ture, the product was extracted with AcOEt and washed with brine. The organic phase was dried with Na 2 SO 4 , the solvent was evaporated in vacuo. The product was purified by column chromatography, using cyclohexane-AcOEt (9 : 1) as an elu ent. Product 3b was obtained as amorphous light yellow com pound in 89% yield, R f = 0.28 (cyclohexane-AcOEt, 10 : 1). A mixture of 6 ethynyl 1,1´ binaphthalene 2,2´ diol (3a) (1 mmol), CuI (0.05 mmol), triethylamine (0.1 mL), and azido PEG 5000 4a (1 mmol) in CH 2 Cl 2 (5 mL) was subjected to the microwave irradiation (90 °C, 400 W) in a 10 mL sealed reactor with stirring over 1.5 h until compound 3a was completely con sumed (HPLC monitoring). After cooling to room temperature, the reaction mixture was treated with Et 2 O, a polymer 5a that formed was separated by filtration, washed with Et 2 O, and dried in vacuo. The yield was 95%. 1 Addition of diethyl phosphite to N benzylideneaniline. Recyc lization of the catalyst. Diethyl phosphite (2.4 mmol) was added to a solution of benzylideneaniline (2 mmol) and the catalyst 6a or 6b (0.2 mmol) in toluene or dichloromethane (1.5 mL). The mixture was stirred at room temperature for the time necessary for the reaction to reach completion (TLC monitoring, eluent: hexane-AcOEt, 5 : 2). Then, the reaction mixture was treated with Et 2 O, a catalyst that precipitated was filtered off and washed with Et 2 O. The ethereal solution was concentrated in vacuo, an oil that obtained was studied by 31 P NMR spectroscopy to deter mine the yield of diethyl phenyl(phenylamino)methylphos phonate (7).

The catalyst 6a or 6b was dried in vacuo and reused according to the procedure described above.

Diethyl phenyl(phenylamino)methylphosphonate (7) 26 . Color less oil. 1 H NMR (CDCl 3 ), δ: 1.12 (t, 3 H, J = 7.3 Hz); 1.28 (t, 3 H, J = 7.3 Hz); 3.70 (br.s, 1 H); 4.02 (q, 4 H, J = 6.7 Hz); 4.57 (d, 1 H J PH = 23.6 Hz); 6.51-6.67 (5 H, Ar); 7.55-8.17 

Fig. 1 .

 1 Electron microphotographs (25 kV) of the catalysts 6a (a) and 6b (b).

( 5 H

 5 , Ar).31 P NMR (CDCl 3 ), δ: 21.8. This work was financially supported by the Russian Foundation for Basic Research (Project No. 08 03 92505).

Table 1 .

 1 The Pudovik reaction conditions and the yields of α aminophosphonate 7

	Entry Cata	Solvent	T/°C τ/h Cycle Yield of
		lyst					product
							7 (%)
	1	6a	Toluene	20	48	1	0
	2	6a	Toluene	30	08	1	44
	3	6a	Toluene		0.7	1	80
			MW (200 W)				
	4	6a Dichloromethane 20	10	1	79
						2	7 3
						3	8 0
	5	6b	Toluene	20	10	1	92
						2	8 9
						3	8 7
	6	6b Dichloromethane 20	06	1	>99
						2	9 5
						3	9 6

  , 128.49, 129.47, 130.36, 130.44, 130.58, 130.69, 131.70, 132.01, 133.27, 152.72, 153.00. Found (%): C, 85.37; H, 4.58. C 22 H 14 O 2 . Calcu lated (%): C, 85.14; H, 4.55.

(2,2´ Dihydroxy 1,1´ binaphthalen 6 yl) 1H 1,2,3 tri azole attached to PEG 5000 monomethyl ether at position 1 (5a).

  1 H NMR (CDCl 3 ), δ: 4.91 (s, 2 H); 6.92 (d, 1 H, J = 8.8 Hz); 7.10 (m, 2 H); 7.33 (m, 4 H); 7.46 (d, 1 H, J = 2.2 Hz); 7.85 (t, 2 H, J = 8.9 Hz); 7.91 (d, 1 H, J = 8.2 Hz). 13 C NMR (CDCl 3 ), δ: 110.18, 111.25, 117.78, 118.93, 123.99, 124.19, 126.11, 127.66, 128.49, 129.47, 130.36, 130.44, 130.58, 130.69, 131.70, 132.01, 133.27, 137.37, 152.72, 153.00. IR (CHCl 3 ), ν/cm -1 : 2110 (N 3 ). Found (%): C, 73.15; H, 4.18; N, 13.01. C 20 H 13 N 3 O 2 . Calculated (%): C, 73.38; H, 4.00; N, 12.84. 4

,2´ Dihydroxy 1,1´ binaphthalen 6 yl) 1H 1,2,3 triaz ole attached to PEG 5000 monomethyl ether at position 4 (5b) was

  

	H NMR (CDCl 3 ), δ: 4.59 (s, 2 H,
	CH 2 N); 7.12-7.95 (m, 11 H, Ar); 8.13 (s, 1 H, H(5)).
	1 (2obtained similarly. The yield was 95%. 1 H NMR (CDCl 3 ), δ:
	3.83 (s, 2 H); 4.77 (s, 2 H, CH 2 N); 7.08-7.99 (m, 11 H, Ar);
	8.22 (s, 1 H, H(5)).
	4 (

4 Hydroxy 4 oxodinaphtho[1,2 f:2´,1´ d][1,3,2]dioxa phosphepin 9 yl) 1H 1,2,3 triazole attached to PEG 5000 mono methyl ether at position 1 (6a).

  Phosphorus oxychloride (1.5 mmol) was added to a solution of compound 5a (1 mmol) and triethylamine (0.3 mL) in CH 2 Cl 2 (5 mL) with stirring. The reaction mixture was refluxed for 1 h, followed by addition of water (0.1 mL) and stirring at 20 °C for 12 h. Then, the mixture was treated with Et 2 O. A polymer 6a that formed was filtered off, washed with Et 2 O, and dried in vacuo. The yield was 95%.

	1 H NMR (CDCl 3 ), δ: 4.59 (s, 2 H, CH 2 N); 7.12-7.95 (m, 11 H, Ar); 8.13 (s, 1 H, H(5)). 31 P NMR (DMSO d 6 ), δ: 3.5.
	1 (4

Hydroxy 4 oxodinaphtho[1,2 f:2´,1´ d][1,3,2]dioxa phosphepin 9 yl) 1H 1,2,3 triazole attached to PEG 5000 mono methyl ether at position 4 (6b) was

  obtained similarly. The yield was 97%.1 H NMR (CDCl 3 ), δ: 4.91 (s, 2 H); 6.92 (d, 1 H, J = 8.8 Hz); 7.10 (m, 2 H); 7.33 (m, 4 H); 7.46 (d, 1 H, J = 2.2 Hz); 7.85 (t, 2 H, J = 8.9 Hz); 7.91 (d, 1 H, J = 8.2 Hz); 8.22 (s, 1 H, H(5)). 31 P NMR (DMSO d 6 ), δ: 3.7.
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