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Abstract

Dess-Martin periodinane has been demonstrated for the first time to be an efficient reagent in metal — free
oxidation of a-hydroxyphosphonates to a-ketophosphonates under ambient conditions. Acquiescent reaction
conditions and a simple isolation procedure are the noteworthy features of the developed protocol.
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Introduction

In organophosphorus chemistry, phosphonates are interesting complements to phosphates in terms of
biological activity.! a-Ketophosphonates act as, mimic of phosphoserine in drug development process?, as
enzyme inhibitors® and inhibitors of PTPIB.* The a-ketophosphonates constitute as an important class of
organophosphonates and are fascinating as well as versatile molecules in organic synthesis.> Apart from their
possible derivatization to hydrazones,® oximes’ as well as imines® they can be reduced to corresponding a-
hydroxyphosphonates,®'° and can be used as acylating agents and in the Wittig reaction. They can serve as
substrates in stereoselective aldol,'>'3 Mukaiyama!* and in retro Diels-Alder reaction.'>1®

Michaelis-Arbuzov reaction between an acid chloride and trialkylphosphite is a general method for the
preparation of a-ketophosphonates.'”* However, the method is suitable mainly for simple aromatic as well as
aliphatic acid chlorides. Alternatively, they can also be prepared by the oxidation of an easily accessible a-
hydroxyphosphonate. Our interest in the synthesis of a-ketophosphonates stems from an earlier report on the
synthesis of a-hydroxyphosphonates from our laboratory.’® In continuation of the same, we planned to
undertake the synthesis of a-ketophosphonates by oxidation of a-hydroxyphosphonates.

A literature survey revealed that the oxidation protocols reported to this aim mostly employ either high
valent metal oxide (Mn02,2° CrOs3?!) or their mineral salts (KMnO42%> ZnDC?3, PCC,2* PDC? and QCC?%).
However, these protocols are plagued with the necessity of more than a stoichiometric amount of toxic metal
salts coupled with the generation of inorganic waste and these facts are the matters of serious concern in the
context of environmental compatibility. To circumvent these issues we had developed a conceptually different
protocol for the synthesis of a-ketophosphonates by oxidation of corresponding a-trimethylsilyloxy
phosphonates under free-radical conditions?” (Scheme 1A). However, the essentiality of the prior synthesis of
a-trimethylsilyloxy phosphonates and reflux conditions remains to be the major limiting factors of this
protocol. Consequently, there still remains scope for further innovation towards operational simplicity, milder
reaction conditions and shorter reaction times coupled with the avoidance of toxic metal salts in the oxidation
of a-hydroxyphosphonates to a-ketophosphonates. With our continued interest in the development of newer
synthetic methodologies, we set out to develop a practical method for the oxidation of a-
hydroxyphosphonates to a-ketophosphonates (Scheme 1B).
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Scheme 1. Oxidation of a-hydroxyphosphonates to a-ketophosphonates.
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Results and Discussion

A great variety of oxidants bear testimony in the literature for the oxidation of alcohols. However, the very
high sensitivity of C(O)-P bond in the resultant a-ketophosphonates towards hydrolysis poses limitations in the
selection of proper oxidant as well as the reaction conditions. Keeping this particular limitation in mind we
planned to develop a metal-free protocol for the synthesis of a-ketophosphonates.

It is well known that, oxone is a stable 2:1:1 ternary composite of KHSOs K2SO4 and KHSO4 and it’s use
in various organic transformations is well documented. We have reported earlier the use of oxone in the
oxidation of sulfides to sulfoxides as well as sulfones,?® in the oxidation of hydrazides to diacylhydrazines.?
However, the use of water being essential in oxone mediated oxidation of alcohols and the same being
detrimental in the oxidation of a-hydroxyphosphonates, we focused our search on the reports on the use of
water insoluble oxone derivatives in the oxidation of alcohols. It was revealed that two derivatives of oxone
viz. tetrabutylammoniumperoxymonosulfate (TBAP) and benzyltriphenylphosphonium peroxymonosulfate
(BTPP), have earlier been reported in the oxidation of alcohols.3%3* However, these reagents have not been
explored in the oxidation of a-hydroxy phosphonates. Hence, two model reactions were initially performed
using diethyl [(4-chlorophenyl) (hydroxy) methyl] phosphonate, 1a, as the substrate. Thus, to a well stirred
solution of 1a (Immol) in dry acetonitrile (5 mL) was added TBAP or BTPP (300 mg). Stirring was continued and
the reaction was monitored by TLC. However, both these oxidants failed to furnish desired a-
ketophosphonate, 2a, in acceptable yield at ambient temperature. Heating the same reaction mixture under
reflux was also not beneficial in driving the reaction to completion (entry 1, 2, Table 1). During our search on
protocols for the oxidation of alcohols under heterogeneous conditions, we came across an interesting report
on the use of silver carbonate supported on cetrimide to this effect.3> However, when the model reaction was
performed using the reaction conditions reported for the oxidation of alcohols,?® the catalyst failed to furnish
desired a-ketophosphonate, 2a, in acceptable yield (entry 3, Table 1). All these results prompted us to search
for other oxidants for this oxidative transformation.

In recent years, the use of hypervalent iodine reagents such as, Dess Martin periodinane, as well as its
cheaper precursor, viz. o-iodoxybezoic acid (IBX) have become the reagents of choice in the oxidation of
alcohols and in different areas of organic synthesis.3® Until recently, the practical utility of IBX was limited
owing to its insolubility in common organic solvents. However, there are now reports on the use of IBX for the
oxidation of alcohols in common organic solvents.3” This prompted us to test the efficacy of IBX in the
oxidation of a-hydroxyphosphonates. Thus, a well stirred mixture of a-hydroxyphosphonate, 1a, and IBX (1
mmol, each) was allowed to reflux in dry acetonitrile (5 mL) and the reaction was monitored by TLC. No
appreciable conversion of a-hydroxyphosphonate, 1a, to ketophosphonate, 2a, was noticed (entry 4, Table 1).
The reaction was then repeated using double as well as triple equivalents of IBX in acetonitrile as well as ethyl
acetate as the reaction media. Although a noticeable increase in the yield of expected a-ketophosphonate,
2a, was observed, even after prolonged heating the reaction did not go to completion (Entry 5, 6; Table 1).
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Table 1. Screening of oxidants in oxidation of a-hydroxyphosphonate, 1a
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Entry Oxidant (equiv.) / (mg) Conditions Time (h) Yield® (%)
1 TBAP (300) DCM, RT; reflux 12,6 60, 70
2 BTPP(300 mg) DCM, RT; reflux 12,6 55, 75
3 Ag,COs-Cetrimide(500 mg) Benzene, reflux 6,12 60, 75
4 IBX (1 equiv.) MeCN, reflux 6 40

5 IBX(2 equiv.) MeCN, reflux 6 70

6 IBX(3 equiv.) EtOAc, reflux 6 85

7 IBX—BTPP (1:1 equiv.) MeCN, reflux 3 55

8 IBX - BTPP (1:3 equiv.) MeCN, reflux 3 95

9 DMP (1: 1 equiv.) CHxCly, rt 10¢ 97

a: reaction conditions: a-hydroxyphosphonate, 1a (1 mmol),oxidant, solvent; c: Yields refer to the isolated
products; c: time in minutes.

A focused literature survey on the use of IBX in the oxidation of alcohols under anhydrous conditions
revealed that there were reports on the use of IBX — BTPP combination in the oxidation of alcohols.384> Based
upon these studies it was planned to explore this reagent-oxidant combination in the oxidation of 1a.
Accordingly, a model reaction was carried wherein a mixture of 1a (1mmol), IBX (0.1 mmol) and BTPP (1
mmol) in dry acetonitrile (5 mL) was stirred under reflux conditions. We did not notice any appreciable
progress in the reaction (entry 7, Table 1). However, with an increase in the proportion of BTPP from one
equivalent to three equivalents, the desired ketophosphonate, 2a, resulted in excellent yield (entry 8, Table 1).
At this stage, it is worthy to note that although we were successful in obtaining the desired a-
ketophosphonate, 2a, in excellent yield and in an acceptable time, the main limitations of using IBX — BTPP
combination were associated with very high proportion of BTPP, it's high molecular weight, cost and, the
reflux conditions. To circumvent these limitations, we planned to test the suitability of another hypervalent
oxidant viz. Dess Martin periodinane, DMP, in the oxidation of a-hydroxyphosphonates. We can disclose that
simple stirring together at ambient temperature a solution of 1a, and Dess-Marin periodinane (1:1 equiv.) in
dry acetonitrile or dichloromethane (5 mL) afforded the desired a-ketophosphonate, 2a, in excellent yield in a
very short time (entry 9, Table 1).

With a view to establish the generality of the reaction conditions and to explore the scope of the
developed protocol, variety of a-hydroxyphosphonates having electron donating as well as electron
withdrawing substituents were shown to undergo smooth oxidation to furnish corresponding a-
ketophosphonates in excellent yield (Table 2). Similarly, the a-hydroxy phosphonates derived from
heterocyclic as well as conjugated aldehyde viz. cinnamaldehyde also furnished corresponding a-
ketophosphonate. In general the reactions were fast and no undesirable products were detected.
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Table 2. Dess Martin periodinane mediated oxidation of a-hydroxy phosphonates

1

OH |C|>
1 _—
)\ _OR" Oxidation __~~___OR
R pPL 1—R P 1
|| TOR

|| ~OR
10 2 O
Entry Product 2; (R) = Rl= Product®e’(2) Time (min)  Yield (%)
1 4-Cl-CeHa Et 2a%? 10 98
2 4-Me-CsHa Et 2b?? 10 98
3 4-(Me)2CHCsH4 Et 2c¢?? 15 96
4 2,6-(Me)2CeH3 Et 2d 15 98
5 3,4-(OMe)2CeHs Et 2e 10 97
6 2,3,4-(OMe);3 -CgH: Et 2f 15 97
7 3-NO,CsHa Et 2g22 20 91
8 CeH4CH=CH- Et 2h% 15 95
9 4-CsHsCH,0CsH4 Et 2i 20 91
10 4- CH=CHCH,0C¢Ha4 Et 2j 20 90
11 2-Thiophenyl Et 2k 20 90
12 4-Methylphenyl iso-propyl 21 15 98
13 4-Fluorophenyl iso-propyl 2m 20 90
14 2-Thiophenyl iso-propyl 2n 20 90

a: a-Hydroxyphosphonate: DMP (1:1) in dry CHCl, (5 mL), rt; b: Yields refer to isolated products.

Conclusions

In summary, we have developed a clean and practically simple protocol for the oxidation of a-
hydroxyphosphonates to a-ketophosphonates in excellent yields using Dess-Martin periodinane as an efficient
oxidizing agent. Ambient reaction conditions, metal-free environment and very short reaction times are the
noteworthy features of the developed protocol.

Experimental Section

General. a-Hydroxyphosphonates were prepared by potassium phosphate-catalyzed reaction of respective
phosphites with various aldehydes.’® *H and 3C NMR spectra were recorded using a Bruker Avance-Il (300
MHz) spectrometer.

Synthetic procedure for Diethyl (4-chlorobenzoyl) phosphonate, 2a. An equimolar quantity of diethyl [(4-
chlorophenyl) (hydroxy) methyl] phosphonate (entry 1, Table 2) and Dess Martin Periodinane (1 mmol, each)
were stirred together in dry dichloromethnane (5 mL) at room temperature. Progress of reaction was
monitored by TLC. After completion of reaction, the reaction mixture was directly filtered through a short
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column of silica gel. From the eluent obtained the solvent was removed under vacuum to get pure a- keto
phosphonate.

Diethyl (4-methylbenzoyl) phosphonate (2b). Colorless Oil (bp 122-123 °C) *H-NMR (300 MHz, CDCls): 6 1.25
(t, J 7 Hz, 6H), 2.43 (s, 3H), 3.69 - 3.80 (m, 4H), 7.27 (d, J 8 Hz, 2H). 8.01 (d, J 8 Hz, 2H) ppm.23C-NMR (75 MHz,
CDCl3): 6 16.68 (d, 3Jc.p 6 Hz, OCH,CH3), 22.17, 64.25 (d, 2Jcp 7.5 Hz, OCH,CHs), 127.37, 129.88, 130.312 146.41,
198.45 (d, Ycp 176.6 Hz, ArCO) ppm.

Diethyl (4-isopropylbenzoyl) phosphonate (2c). Colorless oil (bp 156 -157 °C)'H NMR (300 MHz, CDCl3): &
1.22 [d, J 8 Hz, 6H, (CH3)2-CH], 1.38 (t, J 7 Hz, 6H, 2 x OCH2CHs), 2.92 [m, 1H, CH-(CHs)2], 4.22 (m, 4H, 2 x
OCH3CHs), 7.24 (d, J 7 Hz, 2H, ArH), 8.06 (d, J 7 Hz, 2H, ArH) ppm.

Diethyl (2,6-dimethylbenzoyl) phosphonate (2d). Pale yellow oil (bp 102-104 °C) *H -NMR (300 MHz, CDCl3): 6
1.25(t, J 7.2 Hz, 6H, 2 x OCH,CH3), 2.25 (s, 6H, 2 x CH3), 4.08 — 4.23 (m, 4H, 2 x OCH,CH3), 6.99 (d, J 7.5 Hz, 2H,
ArHs), 7.17 (t, J 7.5 Hz, 1H, ArH); 3C-NMR (75 MHz, CDCl3): & 16.24 (d, 3H JC-P = 6 Hz, OCH2CHs), 19.24 (2 x
CHs), 64.12 (d, 2JC-P = 6. 75 Hz, OCH,CHs), 127.19, 129.81, 134.12, 139.21, 139.94 (ArCs), 212.12 (d, 1JC-P =
165. 50 Hz, ArCO) ppm. Anal. Calcd. for C13H1904P (270.27): C 57.77, H 7.09; Found, C 57.69, H 7.02.

Diethyl (3,4-dimethoxybenzoyl) phosphonate (2e). Pale yellow oil(bp 109-110 °C) *H -NMR (300 MHz, CDCls):
& 1.4 (t, J 6 Hz, 6H), 3.96 (s, 3H, ArOCH3), 3.98 (s, 3H, ArOCH3), 4.36 (m, 4H), 6.98 (d, J 8 Hz, 1H), 7.62 (s, 1H),
8.16 (d, J 8Hz, 1H); 3C-NMR (75 MHz, CDCls): & 16.03 (2 x OCH,CHs), 55.69 (ArOCHs), 60.21 (ArOCHs), 63.84 (2
x OCH,CH3), 110.12, 124.11, 126.53, 129.33, 149.03, 154.80, 196.0 (d, 1JC-P =175 Hz, ArCO) ppm. Anal. Calcd.
for C13H1906P (302.27): C 51.66, H 6.34; Found, C51.63, H 6.29.

Diethyl (3,4,5-trimethoxybenzoyl) phosphonate (2f). Dark yellow oil (bp 89-90 °C)*H -NMR (300 MHz, CDCls):
& 1.33 (t, J 7.2 Hz, 6H, 2 x OCH,CH3), 3.87 (s, 6H, 2 x ArOCHs), 3.89 (s, 3H, ArOCHs), 4.17-4.27 (m, 4H, 2 x
OCH2CH3s), 7.57 (s, 2H, ArHs); 3C-NMR (75 MHz, CDCls): 16.33 (d, 3JC-P = 5.25 Hz, 2 x OCH,CH3), 56.19
(ArOCHs) 60.94 (ArOCHs), 64.01 (d, 2JC-P = 6.9 Hz, 2 x OCH,CHs), 107.27, 130.20, 131.07, 153.07, 153.10
(ArCs), 196.94 (d, 1JC-P =174. 75 Hz, ArCO) ppm. Anal. Calcd. for C14H2107P (332.29): C 50.60, H 6.37; Found, C
50.54, H 6.39.

Diethyl (3-nitrobenzoyl) phosphonate (2g). Dark yellow oil (bp 168-169 °C)*H-NMR (300 MHz, CDCl3): 6 1.31
(t, J 6 Hz, 6H), 4.05 - 4.25 (m, 4H),7.61 (t, J 8Hz, 1H), 8.36 (m, 2H), 8.87 (brs, 1H) ; 3C-NMR (75 MHz, CDCl3): &
21.6, 55.69, 127.95, 131.66, 132.60,133.07, 141.66, 164.00, 196.0 (d, Ycp = 174. 75 Hz, ArCO) ppm.

Diethyl (cinnamyl benzoyl) phosphonate (2h). Colorless oil (bp 76 -77 °C) 'H -NMR (300 MHz, CDCl3): & 1.16
(t, J 7.2 Hz, 3H), 1.27 (t, J 7.2 Hz, 3H), 4.0 - 4.35 (m, 4H), 6.40 (d, J 15.6 Hz, 1H, CH=CH), 7.3 - 7.5 (m, 5H, ArH),
7.70 (d, J 15.6 Hz, 1H, CH=CH); 3C-NMR (75 MHz, CDCI3): § 16.36, 29.61, 63.52, 64.53, 117.52, 128.64, 129.64,
130.86, 134.27, 147.00, 194.00 (d, 1JC-P =175 Hz, ArCO) ppm.

Diethyl (4-benzyloxybenzoyl) phosphonate (2i). Colorless oil *H-NMR (300 MHz, CDCl3): 6 1.38 (t, J 7 Hz, 6H),
4.27 (g, J 7 Hz, 4H), 5.17 (s, 2H), 7.02 (d, J 8 Hz, 2H), 7.3 - 7.45 (m, 5H), 8.18 (d, J 8 Hz, 2H); 3C-NMR (75 MHz,
CDCls): 6 20.76, 51.57, 54.12, 68.94, 114.27, 114.87, 118.38, 121.79, 128.05, 129.36, 134.97, 141.53, 162.81,
164.07, 171.01, 195.22 (d, 1JC-P = 173.5 Hz, ArCO) ppm. Anal. Calcd. for CigsH210sP (348.34): C 62.07, H 6.08;
Found, C 62.01, H 6.04.

Diethyl {4-[(prop-2-en-1-yl)oxy]benzoyl}phosphonate (2j). Colorless oil 'H NMR (300 MHz, CDCl3): & 1.32 -
1.37 (m, 6H, 2 x OCH,CH3), 4.23 (g, J 7 Hz, 4H, 2 x OCH,CH3), 4.62 (d, J 7 Hz, 2H, OCH3) 5.25 - 5.4 (m, 2H,
CH2=CH), 6.0 (m, 1H, CH,=CH), 6.98 (d, J 8 Hz, 2H), 8.28 (d, J 8 Hz, 2H) ppm; *3C -NMR (CDCls, 75 MHz): 16.11 (2
x OCH,CHs), 64.01 (2 x OCH,CHs), 68.86 (OCH3), 114.73, 118.22, 128.13, 129.44, 132.01, 132.34, 141.35,
163.85, 195.8 (d, JC-P = 174 Hz, ArCO) ppm. Anal. Calcd. for C14H190sP (298.28): C 56.38, H 6.42; Found, C
56.29, H 6.38.
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Diethyl (2-thiophenoyl) phosphonate (2k). Pale yellow oil (bp 101-102 °C) *H -NMR (300 MHz, CDCls): & 1.30
(t, J 7.2, 6H, 2 x OCH2CH3 ), 4.16 - 4.25 (m, 4H, 2 x OCH,CH3), 7.14 (t, J 4.5 Hz, 1H, ArH), 7.77 (t, J 4.5 Hz, 1H,
ArH), 8.35 (d, J 3.9, 1H, ArH); 13C -NMR (75 MHz, CDCls): § 16.28 (d, 3JC-P = 5. 2 Hz, 2 x OCH,CHs), 64.23 (d,
2JC-P = 6. 75 Hz, 2 x OCH,CHs), 129.01, 137.18, 137.99, 142.57, 143.64 (ArCs), 190.17 (d, 1JC-P = 182. 25 Hz,
ArCO) ppm. Anal. Calcd. for CoH1304PS (248.24): C43.55, H5.28,512.92 ; Found, C43.47, H5.31, S 12.81.
Diisopropyl (4-methylbenzoyl) phosponate (2l). Colorless oil (bp143-145 °C) 'H -NMR (300 MHz, CDCl3): &
1.34 - 1.37 [m, 12H, 2 x OCH(CHs)2], 2.40 (s, 3H, ArCHs), 4.76 - 4.89 [m, 2H, 2 x OCH(CHs)2], 7.28 (d, J 8.1 Hz, 2H,
ArHs), 8.16 (d, J 8.1 Hz, 2H, ArHs); 13C -NMR (75 MHz, CDCls): & 21.84 (ArCHs), 23.79 [d, 3JC-P = 4.5 Hz,
OCH(CHs);] 24.06 [d, 3JC-P = 4.5 Hz, OCH(CH3)2], 73.04 [d, 2JC-P = 7.5 Hz, OCH(CH3)2], 129.45, 130.02, 132.89,
133.74, 145.75, 198.70 (d, 1JC-P = 175. 50 Hz, ArCO) ppm. Anal. Calcd. for C1aH,104P (284.29): C 59.15, H 7.45;
Found, C59.19, H 7.47.

Diisopropyl (4-fluorobenzoyl) phosphonate (2m). Pale yellow oil (bp 90-92 °C) 'H -NMR (300 MHz, CDCls): &
1.33-1.36 [m, 12H, 2 x OCH(CH3)2], 4.21- 4.30 [m, 1H, OCH(CHs)], 4.75 - 4.88 [m, 1H, OCH(CH3),], 7.12 - 7.18
(m, 2H, ArHs), 8.28 — 8.33 (m, 2H, ArHs) ppm; 13C -NMR (75 MHz, CDCls): 23.78 [d, 3JC-P = 4.5 Hz, OCH(CH3)2],
24.06 [d, 3JC-P = 4.5 Hz, OCH(CH3s)2], 73.30 [d, 2JC-P = 7.5 Hz, OCH(CHs);], 115.87, 116.16, 132.89, 132.82,
164.81, 168.23, 197. 72 (d, 1JC-P = 178. 50 Hz, ArCO) ppm. Anal. Calcd. for C13H1sFO4P (288.26): C 54.17, H
6.29; Found, C 54.10, H 6.21.

Diisopropyl (2-thiophenoyl) phosphonate (2n). Pale yellow oil (bp 84-85 °C)*H -NMR (300 MHz, CDCl5): 61.31-
1.34 [m, 12H, 2 x OCH(CHs),], 4.76 - 4.84 [m, 2H, 2 x OCH(CHs)2], 7.16 (t, 1H, ArH), 7.76 - 7.80 (m, 1H, ArH),
8.38 (t, 1H, ArH); 13C -NMR (75 MHz, CDCls): 23.77 [d, 3JC-P = 4.5 Hz OCH(CHs)2] 23.96 [d, 3JC-P = 4.5 Hz,
OCH(CHs),], 73.37 [d, 2JC-P = 7.5 Hz, OCH(CHs),], 128.89, 136.78, 137.78, 142.72, 143.79, 191.03 (d, 1JC-P =
183.75 Hz, ArCO) ppm. Anal. Calcd. for C11H1704PS (276.29): C 47.82, H 6.20, S 11.61; Found, C 47.74, H 6.16, S
11.49.
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