Photooxidation Coupled Kabachnik–Fields and Bigenelli reactions for Direct Conversion of Benzyl alcohols to α-Amino Phosphonates and Dihydropyrimidones.
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Abstract
An effective solvent free approach for the direct conversion of benzyl alcohols to α-amino phosphonates and dihydropyrimidones in a tandem one-pot manner is reported. The synthetic methodology is based on a metal free photo-oxidation of benzyl alcohols to benzaldehydes under UV illumination using ammonium perchlorate followed by Kabachnik-Fields and Biginelli reactions. The optimized reaction conditions are moderate and metal free with good substrate scope. The control experiments were performed to investigate role of the ammonium perchlorate and molecular oxygen as oxidants. The quenching experiments in presence of TEMPO and other radical quenchers suggest the radical based mechanism for the reaction. 
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Introduction
The α-amino phosphonate moiety is the structural motif of many pharmacologically active compounds reported to exhibit a diverse range of biological activities such as anticancer, HIV protease inhibitors, and serve as surrogates of α-amino acids1-3. With the plethora of available synthetic methods for α-amino phosphonates, newer synthetic methodologies of intended rewards and straightforward strategies are still desirable. Among synthetic methods of α-amino phosphonates, the nucleophilic addition of phosphite to imines is considered as most convenient route. This reaction is often activated by an alkali metal alkoxide or by a Lewis acid4. The most widely used methods of phosphite addition to imines include Pudovik reaction5 and Kabachnik Fields reaction6. Besides these classical methods, a large number of methods have been reported for aminophosphonate synthesis involving acid-catalyzed (Lewis/Bronsted)7, 8, catalyst-free9, microwave assisted10 condensation of H-phosphonates with aldehydes or imines. These reported methods despite all the goodness, are limited to aldehyde starting materials. Many workers attempted to explore substrates other tan aldehydes for the synthesis of α-aminophosphonates, Shipman, et al. reported the one-pot synthesis of α-amino phosphonates from methylene aziridines11. Ofial, et al. reported the dehydrogenative α‐phosphonation of substituted N, N‐dialkylanilines by dialkyl H‐phosphonates12. Kolli, et al. reported synthesis of α-aminophosphonates directly from aryl nitro compounds via reduction followed by Kabachnik–fields reaction13. Yuzhen Gao, et al. reported amino phosphonates from amides via a Reductive Phosphination14. Weigang Fan, et al. explored I2 catalysed synthesis of aminophosphonates from biomass-derived hydroxyl methyl furfural (HMF)15. However, the direct synthesis of α aminophosphonates from benzyl alcohol has been scarcely explored and to our best searching ability we came across only one example reported by the Fan, et al  that too using an expensive gold supported catalyst12, 16.
Likewise,  1,4-dihydropyrimidones are also a well known class of biologically active compounds with a  range of therapeutic properties17. Owing to their pharmacological properties, dihydropyrimidone synthesis continues to interest synthetic and medicinal chemists for the development of better and efficient synthetic methodologies. The traditional synthetic method for dihydropyrimidone synthesis utilises an aldehyde, a β-keto ester or β-diketone, and urea18. Recent strategies involve the use of a Brønsted acid 19 or base 20 metal based Lewis acids21, organocatalysts22, and heterogeneous catalysts23, and nonconventional techniques, such as use of microwave, ultrasound, high pressure, and grindstone chemistry has been reported24-26.
In continuation of our work on designing synthesis27-29 and the recent research interest of photo-catalyzed synthetic methodologies30-32, herein we have explored the two step synthesis of α-amino phosphonates from benzyl alcohols in a one-pot tandem approach. The method involves in situ generation of benzaldehydes from benzyl alcohols under UV irradiation using NH4ClO4 as a photocatalyst which are subsequently converted into α-aminophosphonates using Kabachnik Fields reaction under one pot manner. The reaction besides being photo-catalytic was also carried out under neat conditions with a simple work up of re-crystallization for the product purification.
Experimental
All the chemicals and solvents were obtained from the supplier and were use as such. All the reactions were carried out in distilled solvents and the completion of reactions were monitored adopting TLC on 0.25 mm silica gel 60 F254 plate. Microtek Newport 69911 was used for the UV irradiation. 1H NMR and 13C NMR spectra were recorded on Bruker DPX 400 and DPX 500 instruments using CDCl3 or CD3OD as the solvents with TMS as internal standard. Mass spectra were recorded on electron ionization and Electrospray ionization (ESI) modes. 
General procedure for the synthesis of alpha aminophosphonates (4a as a representative)
An equimolar mixture of benzyl alcohol (1.0 mmol) and ammonium perchlorate (1.0 mmol) were taken in oven dried round bottom flask under neat conditions. The reaction mixture was subjected to UV irradiation till complete conversion for benzyl alcohol to benzaldehyde, which was monitored by TLC. Afterwards the UV irradiation was stopped, and to the reaction mixture was added m-bromo aniline (1.0 mmol) and triethylphosphite (1.1 mmol). The resulting reaction mixture was stirred at 50 °C on the magnetic stirrer till the completion (monitored by TLC). Upon completetion, to the crude reaction mixture was added ice cold water to precipitate the product which was finally recrystallized with ethanol to furnish the desired product 4a as a White crystalline compound (93% yield): m.p 64-67 °C. 1H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 4, 8 Hz, 2H), 7.31-7.40 (m, 3H), 6.96 (t, J = 8 Hz, 1H),  6.81-6.88 (m, 2H), 6.56 (d, J = 4.8 Hz, 1H), 4.76 (d, J = 4 Hz, 1H), 3.99 (m, 4H), 1.34 (t, J = 8.0 Hz, 3H), 1.15 (t, J = 8.0 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 170.0, 148.1 (2CH), 135.4, 133.3, 130.6 (2CH), 128.9 (2C), 116.8, 64.0, 55.3, 16.4; EIMS m/z for C17H21NO3PBr [M+H]+ 397.19.33
General procedure for the synthesis of 1, 4-dihydropyrimidones (5a as a representative)
An equimolar mixture of benzyl alcohol (1.0 mmol) and ammonium perchlorate (1.0 mmol) were taken in oven dried round bottom flask under neat conditions. The reaction mixture was subjected to UV irradiation till complete conversion of benzyl alcohol to benzaldehyde, which was monitored by TLC. Afterwards the UV light was stopped, and to the reaction mixture was added urea (1.0 mmol) and ethylaceto acetate (1.2 mmol). The resulting reaction mixture was stirred at 80 °C on the magnetic stirrer till the completion of the reaction (monitored by TLC). Upon completetion, to the crude reaction mixture was added ice cold water to precipitate the product which was finally recrystallized with ethanol to furnish the desired product 5a as a white crystalline compound (71% yield): m.p 204-206 °C. 1H NMR (400 MHz, CDCl3) δ 7.28 (s,1H), 5.28 (d, J = 8 Hz, 2H), 4.03 (d, J = 8 Hz, 2H), 3.37 (s,1H), 2.15 (m, 2H), 1.13 (q, J = 6.8, 3H); 13CNMR (100 MHz, CDCl3) δ165.3, 152.1, 148.3, 144.8, 128.3 (2CH), 127.2 (2CH), 126.2, 99.2, 59.1, 53.9, 17.7 , 14.0; EIMS m/z for C14H16N2O3 [M+H]+ 261.15.34
Result and discussion
Photochemical reactions are undoubtedly the green alternatives to thermal processes, shifting the synthetic path of a reaction from its solvo thermal form to a neat and photochemical form can be a major step towards potentiating ecofriendly synthetic methodologies. The applications of photocatalysis have increased significantly in recent times and development of light mediated reactions as sustainable synthetic methodologies are becoming more popular.35, 36 Besides the intrinsic ecofriendly nature, photochemical reactions are also interesting for introduction of newer reactivities as photon as reagent can interact directly at molecular level and often bring the reactions from excited states unlike the conventional reagents. Therefore, exploration of available compounds as inexpensive and especially metal free photocatalysts for the selective reaction is well desired. Towards this endeavour, we propose one-pot scheme involving oxidation of benzyl alcohols to benzaldehydes under UV-visible light irradiation in presence of  ammonium perchlorate as photocatalyst followed by Kabachnik Fields and Biginelli reaction for the synthesis α-aminophosphonates and dihydropyrimidones respectively scheme 1.


Scheme 1. Proposed one pot strategy for the synthesis of α-aminophosphonates and dihydropyrimidones from benzyl alcohols.
With this rationale, we evaluated the possibility of the proposed one-pot two step tandem method. The formation of benzaldehyde from benzyl alcohols was first examined under visible light (7W blue LED) illumination. The reaction of benzyl alcohol (1eq) in DMSO in presence of NH4ClO4 (1 eq) under visible light produced very low yield of product 4a, due to incomplete conversion of benzyl alcohol 1a to benzaldehyde monitored by TLC (Table 1, entry 6). No substantial enhancement in the % yield of the product produced was observed even after employing longer reaction time using (7W blue LED) illumination (Table 1, entry 7). Interestingly, the same reaction under similar reaction conditions except for UV irradiation resulted in the complete oxidation of benzyl alcohol within 3 h which upon addition of m-bromo aniline and triethyl phosphite produced 89% yield of the final amino phosphonate product 4a within 4.5 h (Table 1, entry 5). We also evaluated some solvents such as acetonitrile (ACN), dichloromethane (DCM), methanol (MeOH) and water. However, these solvents suppressed the reaction yield due to incomplete substrate conversion (Table 1, entries 1−4). Further, water proved to be a poor medium with only 45% yield of product. From the conducted solvent optimization studies, hitherto, DMSO was found to be a medium of choice. However, pleasingly, the proposed synthetic reaction under neat (solvent free) conditions resulted in complete 

Table 1. Optimization of reaction conditions for the synthesis of α-aminophosphonates


	Entry
	NH4ClO4
	Solvent
	Yield  (%)/Time (hr)
(4a)a

	1
	1.0 mmol
	ACN
	73/4.5

	2
	1.0 mmol
	DCM
	67/4.5

	3
	1.0 mmol
	MeOH
	59/4.5

	4
	1.0 mmol
	Water
	41/4.5

	5
	1.0 mmol
	DMSO
	89/4.5

	6
	1.0 mmol
	DMSO
	13/9c

	7
	1.0 mmol
	DMSO
	15/24c

	8
	1.0 mmol
	Neat
	93/4

	9
	0.8 mmol
	Neat
	67/4.5

	10
	0.5 mmol
	Neat
	23/5

	11
	0.2 mmol
	Neat
	10/5


aAll the reactions were carried out using 1.0 mmol of benzyl alcohol, 1.0 mmol of m-bromo aniline and 1.1 mmol triethyl phosphite. The first step (oxidation) was conducted under UV irradiation followed by Kabachnik Fields; bIsolated yield, C the first step (oxidation) was conducted under visible light.

conversion of 1a to benzaldehyde within a relatively shorter time of 2.5 h. The in situ generated aldehyde then reaction with m-bromo aniline and triethyl phosphite (Kabachnik Fields reaction) furnished 4a with 93% yield in a total reaction time of 4 h (Table 1, entry 8). The crude product was purified by simple aqueous recrystallization and hence avoiding the usage of harmful solvents and laborious work up. It was observed that UV irradiation was only important for the oxidation of benzyl alcohol to benzaldehyde in presence of ammonium perchlorate, the second step involved stirring reaction mixture at 50°C over magnetic stirrer. Decreasing the NH4ClO4 loading resulted in attenuation in the conversion rate and the % yield of the reaction (Table 1, entries 9-11). In absence of NH4ClO4 only traces of conversion to benzaldehyde was detected. Furthermore, in none of the experimental conditions of these reactions the formation of over oxidized product (benzoic acid) was observed. In this synthetic methodology, the sequence of reagent addition was also found to be very important. When all the reactants were mixed at once, unnecessary longer reaction time, lower yields and complex mixture of side products were observed. The best synthetic results were obtained when the reaction was performed in a tandem one pot manner using 1.0 eq NH4ClO4 under neat (solvent free) conditions.
To establish the substrate scope of the developed one pot three component protocol for the synthesis of α-aminophosphonates, a variety of benzyl alcohols and anilines were evaluated and the results are summarized in scheme 2. In all cases reaction proceeded smoothly and furnished the corresponding products (4a-4n) in excellent yields. Unsubstituted benzyl alcohols reacted smoothly with good % yields (Scheme 2, 4a, and 4l). Irrespective of the nature of the substituent, whether electron-donating or electron-withdrawing at para position (nitro, fluoro, bromo or hydroxyl) on the benzyl alcohols or anilines, the corresponding α-amino phosphonates (4b, 4i–4n) were obtained in good to excellent yields (71–90%). Similar trend was observed in case of meta-substituted anilines, expected to exhibit low electronic impact on their reactivity furnishing a yield of 91% for 4f and 83% for 4k.
Scheme 2. Substrate scope for one pot synthesis of α amino phosphonates from benzyl alcohols.
	
	



The ortho substituted anilines needed slightly more reaction time even though their yield was comparable to that of para and meta substituted anilines indicating that the substitution on phenyl ring of aniline has not a very significant impact on the reaction except o-iodo-aniline producing 4c with the yield of 73%. Correlating the observed trends in the % yields with the structural diversity of the reactants suggested that the synthetic methodology has a wider substrate scope and very little sensitivity towards electronic impact of reactants or their intrinsic reactivities. 
Further to expand the applicability of our synthetic methodology, we investigated the synthesis of 1, 4-dihydropyrimidones. To our delight, the treatment of benzyl alcohols with urea and ethylaceto acetate under the previously optimized reaction conditions produced the desired 1, 4-dihydropyrimidone products in good yields. The results are summarized in scheme 3. Benzyl alcohol as well as its substituted derivatives reacted smoothly to furnish the corresponding products in excellent yields (5a-5e).
Scheme  3. One pot synthesis of dihydropyrimidones from benzyl alcohols.


	




Having established synthetic scheme for direct conversion of benzyl alcohol to α-aminophosphonates and dihydropyrimidones, we became curious to explore the role of NH4ClO4 and the light source on the oxidation of benzyl alcohols. To arrive at mechanistic insight into the photo-oxidation step of benzyl alcohol to benzaldehyde we performed some controlled experiments summarized in Table 2. Under optimized reaction condition 95% yield of benzaldehyde was achieved.  No reaction was observed in the absence of UV light or NH4ClO4 (Table 2 entry 3, 4). Moreover, only traces of products were formed under N2 atmosphere, which clearly indicated the significant role of O2. 
Table 2 Control and Quenching Experiments for the Oxidation of Benzyl Alcohol to benzaldehydea

	Entry
	Controlled parameter
	Comments
	Yield (%)

	1
	Optimum conditions
	-
	95

	2
	N2 atmosphere
	-
	Traces

	3
	No UV light
	-
	0

	4
	No NH4ClO4
	-
	0

	5
	TEMPO (1eq)
	radical scavenger
	13

	6
	t-butanol (1eq)
	hydroxide radical scavenger
	91

	7
	NaN3 (1eq)
	singlet oxygen scavenger
	17

	8
	Benzoquinone (1eq)
	superoxide radical anion scavenger
	11

	9
	TEMPO (1eq)
	radical scavenger
	13



The dependence of synthetic reaction on UV light and molecular oxygen was indicative of a possible radical path for the reaction. To explore the radical path, the effect of different quenchers on reaction progress was measured37. The observed results have been summarized in Table 2 (entries 5-9). When (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) was used as a radical scavenger, only 13 % benzaldehyde product was formed suggesting that the reaction pathway involved is actually the radical pathway. The use of t-butanol as a hydroxide radical scavenger had no influence on the reaction yield inferring non involvement of the hydroxide radical in the reaction. Use of sodium azide as quencher showed the lowering in the reaction yield highlighting the involvement of singlet oxygen radical in the reaction system. Similarly using the benzoquinone as superoxide radical anion scavenger also lowered the reaction yield significantly suggesting the involvement of superoxide radical participation in the reaction mechanism.  
Based on the observations of control experiments, a plausible mechanism as shown in scheme 4 was proposed. According to the proposed mechanism, upon irradiation of UV light, NH4ClO4 gets electronically excited and makes single electron transfer (SET) to benzyl alcohol generating benzyl alcohol radical cation and in turn gets itself transformed to ammonium perchlorate radical anion. The ammonium perchlorate radical anion generated reacts with molecular oxygen O2 in air to produce an initial superoxide radical anion. The activated benzyl alcohol radical cation then reacts with superoxide radical O2·─ to produce peroxide radical. The generated peroxide radical abstracts hydrogen from the methylene carbon to generate the benzaldehyde molecule.  The benzaldehyde then reacts with anilines and TEP to produce final amino phosphonates. Similarly the insitu generated benzaldehyde also reacts with urea and β-keto ester to produce dihydropyrimidones.


Scheme 4.   Plausible mechanism for photocatalytic conversion of benzyl alcohol to α-aminophosphonates and dihydropyrimidones.

Conclusion
In summary, we have reported one-pot tandem conversion of benzyl alcohols to α-amino phosphonates and dihydropyrimidones. The method is based on the photo-oxidation of benzyl alcohol using NH4ClO4 as a commercially available and inexpensive metal-free photocatalyst  for the in situ generation of benzaldehydes  followed by condensation with anilines and trialkyl phosphites (Kabachnik–Fields reaction) to furnish α-aminophosphonates and also with urea and β-keto esters (Biginelli reaction) to produce 1,4-dihydropyrimidones. The detailed experimental studies indicate the role of UV light, NH4ClO4 and O2 in the synthetic reaction. Notably, this method avoids the use of harmful organic solvents and involves photo-catalytic action. Hence   the method can serve as a green and eco friendly alternative for the synthesis of benzaldehydes from benzyl alcohols in general and the direct synthesis of α-amino phosphonates and dihydropyrimidones from benzyl alcohols in particular. The results of controlled experiments indicate a radical based mechanism for photo oxidation of benzyl alcohol to benzaldehydes. A plausible mechanism involving peroxide and superoxide radicals was also proposed for the synthetic reaction. 
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