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a b s t r a c t

b-Ketophosphonates were prepared via AgNO3-catalyzed hydration of alkynylphosphonates with a dra-
matic rate-enhancement effect of methanol. This benign aqueous-methanol method catalyzed by a low-
cost catalyst has simple, atom-economical procedure, and was used effectively with a wide range of
substrates.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

b-Ketophosphonates represent an important class of carbonyl
compounds that are found in a variety of biologically active mole-
cules such as antiinflammatory agents1 and protein inhibitors.2

They also act as key building blocks in organic synthesis,3 espe-
cially as intermediates for the synthesis of a,b-unsaturated carbonyl
compounds,4 chiral b-amino5 and b-hydroxy phosphonic acids.6

Furthermore, they are prime ligands in organometallic chemistry
to control most transition metal catalyzed reactions due to their
excellent metal ligation properties.7

Due to suchwide interest, several b-ketophosphonate syntheses
have already been developed and any novel efficient access to
provide b-ketophosphonates with good functional group compat-
ibility in high yields would be extraordinarily valuable.8 Among
these developed methods, hydration9 of alkynylphosphonates
catalyzed by transition metals is particularly interesting owning to
100% atom economy and environmental benignity.10 Mercury salts
are originally proposed for such transformation, but high toxicity is
a dramatic barrier for applications in both academic and industrial
utilization.8a,8c,8eeg Palladium salts8m and gold(I) complexes11 are
recently explored as catalysts for the reaction. However, these
methods suffer from several shortcomings, particularly from the
x: þ86 731 88222754; e-mail
perspective of its applications in commercial syntheses because of
the high cost. Surprisingly, silver salts, inexpensive compared to
palladium salts and gold(I) complexes, are seldom applied to cat-
alytic hydration of heterosubstituted alkynes.12 Owing to our con-
tinuous interest in the synthesis of a-functionalized carbonyl
compounds,11,13 herein we describe an efficient synthesis of b-
ketophosphonates via AgNO3-catalyzed hydration of alkynyl-
phosphonates, which can be easily prepared in one step from
commercially readily available terminal alkynes.14
2. Results and discussion

Diethyl phenylethynylphosphonate (1a) was first chosen as the
model substrate to investigate our synthetic approach to b-keto-
phosphonates. In the presence of 10 mol % of AgCl, the hydration
reaction of 1a was conducted in methanol/water (10/1) mixtur-
e9f,12b,15 at 120 �C. Pleasingly, about 80% GC conversion of 1a was
observed after 24 h (Table 1, entry 1). Attempts to increase the
reaction efficiency by varying the silver salts (entries 2e7) revealed
that inexpensive AgNO3 was a superior catalyst with a 94% isolated
yield (entry 7). Encouraged by the impressive result, we sub-
sequently focused on determining the appropriate solvent (entries
8e17). Only a trace amount of substrate was converted into the
corresponding product when the reactions were carried out in
water, 1,2-Dichloroethane/H2O (10/1), CH3CN/H2O (10/1) and DMF/
H2O (10/1) (entries 8e11). Switching the solvent to EtOH/H2O (10/
1), iPrOH/H2O (10/1), Ethylene Glycol/H2O (10/1), 1,3-Propanediol/
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Table 1
Screening optimal conditionsa

Entry Catalyst Reaction condition Conv.%b

1 AgCl CH3OH/H2O(10/1), 120 �C 83
2 AgBF4 CH3OH/H2O(10/1), 120 �C 87
3 AgOTf CH3OH/H2O(10/1), 120 �C 92
4 AgSbF6 CH3OH/H2O(10/1), 120 �C 85
5 Ag2SO4 CH3OH/H2O(10/1), 120 �C 83
6 AgOAc CH3OH/H2O(10/1), 120 �C 86
7 AgNO3 CH3OH/H2O(10/1), 120 �C 97(94)
8 AgNO3 H2O, 120 �C 7
9 AgNO3 1,2-Dichloroethane/H2O(10/1), 120 �C 12
10 AgNO3 CH3CN/H2O(10/1), 120 �C 9
11 AgNO3 DMF/H2O(10/1), 120 �C 11
12 AgNO3 EtOH/H2O(10/1), 120 �C 48
13 AgNO3 iPrOH/H2O(10/1), 120 �C 27
14 AgNO3 Ethylene Glycol/H2O(10/1), 120 �C 56
15 AgNO3 1,3-Propanediol/H2O(10/1), 120 �C 42
16 AgNO3 THF/H2O(10/1), 120 �C 23
17 AgNO3 Dioxane/H2O(10/1), 120 �C 34
18c AgNO3 CH3OH/H2O(10/1), 120 �C 60
19d AgNO3 CH3OH/H2O(10/1), 120 �C 98
20 AgNO3 CH3OH/H2O(10/1), 100 �C 89
21 AgNO3 CH3OH/H2O(10/1), 80 �C 72
22 AgNO3 CH3OH/H2O(10/1), 60 �C 50
23 Cu(NO3)2 CH3OH/H2O(10/1), 120 �C 0
24 Fe(NO3)3 CH3OH/H2O(10/1), 120 �C 0
25 HNO3 CH3OH/H2O(10/1), 120 �C 0

a Conditions: 1a (0.5 mmol), catalyst (10 mol %), solvent (0.5 mL) and water
(0.05 mL) in sealed tube at 120

�
C for 24 h.

b GC conversions are average of at least two runs and the number in parentheses
is isolated yield.

c 5 mol % AgNO3 was used and the reaction was run for 48 h.
d 15 mol % AgNO3 was used and the reaction was finished in 10 h.

Table 2
The reaction scope of alkynylphosphonatesa,b

1 2 3 

2b, 91% 2c, 90% 2d, 90%
4 5 6

2e, 93% 2f, 91% 2g, 80%
7 8 9c

2h, 92% 2i, 90% 2j, 70%
10 11 12

2k, 92% 2l, 84% 2m, 93%
13 14 15

2n, 85% 2o, 77% 2p, 82%
16 17 18d

2q, 76% 2r, 77% 2s, 70%
19 20 21

2t, 80% 2u, 92% 2v, 92%
22 23 24

2w, 91% 2x, 91% 2y, 90%
a Conditions: alkynylphosphonates (0.5 mmol), AgNO3 (10 mol%) ,
CH3OH (0.5 mL) and H2O (0.05 mL) in sealed tube at 120 oC for 24 h.
b Isolated yield.
c Run for 36 h.
d Run for 48 h.
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H2O (10/1), THF/H2O (10/1) and 1,4-Dioxane/H2O (10/1), the cata-
lytic system provided modest GC conversions (48%, 27%, 56%, 42%,
23% and 34%, respectively, entries 12e17). These results suggested
that methanol was essential to dramatically increase of the hy-
dration rates.15 Less amount of catalyst (5 mol %) took longer time
to afford the higher conversion whereas increased amount of cat-
alyst (15 mol %) did not improve the yield (entries 18, 19). Mean-
while, the temperature influenced the reaction significantly. The
reaction did become sluggish when the temperature decreased
from 120 �C to 60 �C (entries 20e22). The blank experiments
showed that the presence of the silver catalyst was necessary in our
protocol (entries 23e25).

With the optimal conditions in hand (Table 1, entry 7), we
embarked on the evaluation of the substrate scope for this trans-
formation. The results were summarized in Table 2. For most cases,
the conversions were more than 90%. A variety of aromatic alky-
nylphosphonates were initially tested. Both electron-donating
groups and electron-withdrawing groups at para and meta posi-
tions were all tolerated under the reaction conditions, and excellent
yields of the corresponding hydration products were obtained
(2be2i). These bromide groups were the useful entities amenable
to further manipulations by the transition metal-catalyzed cross-
coupling strategies. However, the conversion rate of 1j was slow
under the optimal conditions, and 24% of 1jwas still recovered after
the reaction was allowed to run for 36 h, likely due to the steric
hindrance. Heterocycle-containing alkynylphosphonates (2k, 2l)
were also well compatible with this transformation. Moreover,
a series of aliphatic alkynylphosphonates were tested. Important
functional groups including alkyl (2m), phthalimide (PhthNH, 2n),
p-toluenesulfonamide (TsNH2, 2o), acetoxyl (2p), pivaloyloxy (PivO,
2q), phenoxy (2r) and cyano moieties (2s) were well tolerated
under these reaction conditions. However, 24% of substrate
remained unreacted even though the reaction time was extended
to 48 h in the cases of diethyl (5-cyano-2-oxopentyl)phosphonate
(2s). We used phosphorus-substituted propargyl alcohol (1t) as the
substrate and afforded the a-hydroxy product (2t) in 80% isolated
yield, which highlighted the inexpensive catalytic system and
large-scale applications of this product in organic synthesis. There
are rarely reported examples concerning on efficient hydration of
unprotected propargyl alcohol substrates up to present. Much to
our delight, bulky substituents such as cyclohexenyl (2u),
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cyclohexyl (2v) and cyclopropyl (2w) groups could proceed suc-
cessfully. This alkynylphosphonate hydration strategy could also be
extended to access the corresponding b-ketophosphonates (2t, 2x,
2y) when we used other phosphonates as the substrates.

We also explored the reactivity of the AgNO3-catalyzed hydra-
tion system for larger-scale synthesis as shown in Scheme 1. The
reaction with 3 mmol of diethyl phenylethynylphosphonate pro-
duced excellent isolated yield (94%) within 24 h. In the case of
10 mmol scale reaction, 92% of isolated yield was obtained within
36 h. The hydration proceeded smoothly even with a further in-
creased amount of substrate (25 mmol), affording the product in
87% isolated yield. These excellent results showed the promise of
the catalytic system for large-scale synthesis in the process of
alkynylphosphonates hydration.
Scheme 1. Large-scale hydration.
This highly efficient synthesis of functionalized b-ketophosph-
onates permits rapid access to various important phosphonate
compounds. For instance, coupled with a subsequent methylena-
tion reaction upon simple workup, this reaction led to diethyl (3-
oxo-3-phenylprop-1-en-2-yl)phosphonate in 61% overall yield
(Scheme 2).16
Scheme 2. Synthesis of diethyl (3-oxo-3-phenylprop-1-en-2-yl)phosphonate.
The possible mechanismwas shown in Scheme 3 was proposed
on the basis of the previous reported mechanism9f,12b,17 and our
Scheme 3. Proposed reaction mechanism.
reaction results. First, the silver cation attacked the triple bond of 1
and formed a p-complex A, which was subsequently converted to
the corresponding s-complex B (enol ether or diketal in-
termediates)15 by nucleophilic attack of the methoxy anion. Soon
afterwards, the silver complex B decomposed to b-ketophospho-
nate 2 by substitution of the silver atom with a proton in a certain
direction. Perhaps the phosphate unit had some stabilization action
to the silver, the product formed with high regio- and
stereoselectivity.18

3. Conclusion

In summary, we have developed a novel and practical method
for the synthesis of b-ketophosphonates through AgNO3-cata-
lyzed hydration of alkynylphosphonates with a dramatic rate-
enhancement effect of methanol. Considering the readily avail-
able substrates and benign aqueous-methanol condition, the
inexpensive catalytic system combined with an operationally
simple procedure render it a powerful opponent to traditional
approaches for the large-scale synthesis of various b-keto-
phosphonates. Further studies to clearly understand the reaction
mechanism and the synthetic applications are ongoing in our
laboratory.

4. Experimental section

4.1. General methods and materials

Ethyl acetate (ACS grade), hexanes (ACS grade) were purchased
from J&K Scientific Ltd. and used without further purification.
Commercially available reagents were used without further puri-
fication. Reactions were monitored by TLC. Flash column chroma-
tography was performed over silica gel (200e300 mesh). 1H NMR
and 13C NMR spectra were recorded on a Brucker ARX 400 FT NMR
plus spectrometer. High-resolution mass spectra were performed
on a Q-TOF microspectrometer.

4.2. General procedure for the synthesis of 2ae2y, 3a

Procedure for 2: To a solution of alkynylphosphonate
(0.5 mmol) in CH3OH (0.5 mL) in sealed tube was added H2O
(0.05 mL) and AgNO3 (0.05 mmol, 8.5 mg), the reaction mixture
was stirred at 120 �C and the reaction was monitored by TLC. The
reaction typically took 24 h. Upon completion, the mixture was
concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel (eluent: hexanes/ethyl ace-
tate) to afford 2ae2y.

Procedure for 3a: In a screw capped vial containing freshly
distilled THF (3 mL), diethyl (2-oxo-2-phenylethyl)phosphonate
(2a) (0.3 mmol, 77 mg), p-formaldehyde (0.9 mmol, 27 mg) and
CF3COONH2iPr2 salt (0.3 mmol, 65 mg) were added. CF3COOH
(0.03mmol, 4mg) was added and themixturewaswarmed to 60 �C
and stirred overnight. Upon completion, the mixture was extracted
with AcOEt/water and the organic layer dried over Na2SO4. The
solvent was then removed under reduced pressure. The residue
was purified by column chromatography on silica gel (eluent:
hexanes/ethyl acetate) to afford 3a.

4.3. Larger-scale synthesis of 2a

To a solution of Diethyl phenylethynylphosphonate (1a)
(25 mmol, 5.95 g) in CH3OH (25 mL) in sealed tube was added H2O
(2.5 mL) and AgNO3 (2.5 mmol, 425 mg), the reaction mixture was
stirred at 120 �C for 36 h and the reaction was monitored by TLC.
Upon completion, the mixture was concentrated under reduced
pressure. The residue was purified by column chromatography on
silica gel (eluent: hexanes/ethyl acetate) to afford 2a.
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4.4. Characterization of the compounds

4.4.1. Diethyl (2-oxo-2-phenylethyl)phosphonate (2a).8l Colorless
oil (120 mg, 94%); IR(neat): 3065, 2983, 1679, 1598, 1252, 1026,
962 cm�1; 1H NMR (400 MHz, CDCl3): d¼7.98 (d, J¼7.2 Hz, 2H), 7.56
(t, J¼7.2 Hz,1H), 7.45 (t, J¼7.6 Hz, 2H), 4.12e4.08 (m, 4H), 3.60 (d, JH-
P¼22.8 Hz, 2H), 1.24 (t, J¼7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3):
d¼191.81 (d, JC-P¼6.5 Hz),136.31,133.52,128.86,128.44, 62.50 (d, JC-
P¼6.6 Hz), 38.24 (d, JC-P¼129.80 Hz), 16.05 (d, JC-P¼6.6 Hz); 31P NMR
(162 MHz, CDCl3): d¼19.97; HRMS (EI): m/z [M]þ calcd for
C12H17O4P: 256.0859, found: 256.0861.

4.4.2. Diethyl (2-oxo-2-(p-tolyl)ethyl)phosphonate (2b).8i Colorless
oil (123mg, 91%); IR (neat): 2956,1684,1608,1256,1028, 986 cm�1;
1H NMR (400 MHz, CDCl3): d¼7.88 (d, J¼8.0 Hz, 2H), 7.24 (d,
J¼8.0 Hz, 2H), 4.14e4.07 (m, 4H), 3.58 (d, JH-P¼22.4 Hz, 2H), 2.38 (s,
3H), 1.25 (t, J¼7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3): d¼191.34 (d,
JC-P¼6.5 Hz), 144.49, 133.89, 129.12, 129.02, 62.44 (d, JC-P¼6.5 Hz),
38.16 (d, JC-P¼129.0 Hz), 21.51, 16.07 (d, JC-P¼6.5 Hz); 31P NMR
(162 MHz, CDCl3): d¼20.23; HRMS (EI): m/z [M]þ calcd for
C13H19O4P: 270.1015, found: 270.1009.

4.4.3. Diethyl (2-(4-(tert-butyl)phenyl)-2-oxoethyl)phosphonate
(2c). Colorless oil (140 mg, 90%); IR (neat): 2968, 1687, 1586, 1255,
1022, 960 cm�1; 1H NMR (400 MHz, CDCl3): d¼7.90 (d, J¼8.4 Hz,
2H), 7.44 (d, J¼8.4 Hz, 2H), 4.11e4.05 (m, 4H), 3.57 (d, JH-P¼22.8 Hz,
2H), 1.29 (s, 9H), 1.23 (t, J¼7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3):
d¼191.27 (d, JC-P¼6.6 Hz), 157.26,133.82, 128.82,125.33, 62.39 (d, JC-
P¼6.6 Hz), 38.15 (d, JC-P¼129.1 Hz), 34.92, 30.79 16.01 (d, JC-
P¼6.6 Hz); 31P NMR (162 MHz, CDCl3): d¼20.20; HRMS (EI): m/z
[M]þ calcd for C16H25O4P: 312.1485, found: 312.1484.

4.4.4. Diethyl (2-(4-methoxyphenyl)-2-oxoethyl)phosphonate
(2d).8i Colorless oil (128 mg, 90%); IR (neat): 2962, 1680, 1594,
1256, 1030, 968 cm�1; 1H NMR (400 MHz, CDCl3): d¼7.98 (d,
J¼8.8 Hz, 2H), 6.93 (d, J¼8.8 Hz, 2H), 4.16e4.09 (m, 4H), 3.86 (s, 3H),
3.57 (d, JH-P¼22.8 Hz, 2H), 1.27 (t, JC-P¼7.2 Hz, 6H); 13C NMR
(100 MHz, CDCl3): d¼190.11 (d, JC-P¼6.5 Hz), 163.88, 131.37, 129.51,
113.63, 62.52 (d, JC-P¼6.6 Hz), 55.37, 38.08 (d, JC-P¼129.1 Hz), 16.10
(d, JC-P¼6.6 Hz); 31P NMR (162MHz, CDCl3): d¼20.51; HRMS (EI):m/
z [M]þ calcd for C13H19O5P: 286.0965, found: 286.0964.

4.4.5. Diethyl (2-(4-fluorophenyl)-2-oxoethyl)phosphonate
(2e). Colorless oil (127 mg, 93%); IR (neat): 2984, 1682, 1603, 1266,
1022, 955 cm�1; 1H NMR (400 MHz, CDCl3): d¼8.02 (dd, J¼8.4 Hz,
5.6 Hz, 2H), 7.11 (t, J¼8.4 Hz, 2H), 4.14e4.06 (m, 4H), 3.57 (d, JH-
P¼22.8 Hz, 2H), 1.25 (t, J¼7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3):
d¼190.18 (d, JC-P¼6.6 Hz), 165.91 (d, JC-F¼254.4 Hz), 132.77, 131.70
(d, JC-F¼9.5 Hz),115.57 (d, JC-F¼21.9 Hz), 62.53 (d, JC-P¼6.6 Hz), 38.45
(d, JC-P¼128.4 Hz), 16.07 (d, JC-P¼5.8 Hz); 31P NMR (162 MHz,
CDCl3): d¼19.58; HRMS (EI): m/z [M]þ calcd for C12H16FO4P:
274.0765, found: 274.0764.

4.4.6. Diethyl (2-(4-bromophenyl)-2-oxoethyl)phosphonate
(2f). Colorless oil (152 mg, 91%); IR (neat): 2958, 1692, 1586, 1253,
1024, 962 cm�1; 1H NMR (400 MHz, CDCl3): d¼7.87 (dd, J¼8.4 Hz,
1.2 Hz, 2H), 7.61 (dd, J¼8.4 Hz, 1.2 Hz, 2H), 4.14e4.10 (m, 4H), 3.58
(d, JH-P¼22.4 Hz, 2H), 1.28 (t, J¼7.2 Hz, 6H); 13C NMR (100 MHz,
CDCl3): d¼190.83 (d, JC-P¼6.6 Hz), 135.14, 131.83, 130.47, 128.95,
62.66 (d, JC-P¼6.6 Hz), 38.51 (d, JC-P¼128.3 Hz), 16.13 (d, JC-
P¼6.6 Hz); 31P NMR (162 MHz, CDCl3): d¼19.37; HRMS (EI): m/z
[M]þ calcd for C12H16BrO4P: 333.9964, found: 333.9963.

4.4.7. Diethyl (2-oxo-2-(4-(trifluoromethyl)phenyl)ethyl)phospho-
nate (2g). Colorless oil (130 mg, 80%); IR (neat): 2964, 1682, 1253,
1028, 982 cm�1; 1H NMR (400 MHz, CDCl3): d¼8.10 (d, J¼8.0 Hz,
2H), 7.70 (d, J¼8.0 Hz, 2H), 4.14e4.07 (m, 4H), 3.62 (d, JH-P¼23.2 Hz,
2H), 1.25 (t, J¼7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3): d¼191.01 (d,
JC-P¼6.5 Hz), 138.97, 134.69 (q, JC-F¼32.8 Hz), 129.31, 125.54 (q, JC-
F¼3.7 Hz), 122.03, 62.71 (d, JC-P¼6.5 Hz), 38.79 (d, JC-P¼128.3 Hz),
16.09 (d, JC-P¼6.5 Hz); 31P NMR (162 MHz, CDCl3): d¼18.96; HRMS
(EI): m/z [M]þ calcd for C13H16F3O4P: 324.0733, found: 324.0732.

4.4.8. Diethyl (2-oxo-2-(m-tolyl)ethyl)phosphonate (2h). Colorless
oil (124mg, 92%); IR (neat): 2958,1688,1605,1250,1024, 970 cm�1;
1H NMR (400MHz, CDCl3): d¼7.78e7.76 (m, 2H), 7.37e7.30 (m, 2H),
4.14e4.06 (m, 4H), 3.58 (d, JH-P¼22.8 Hz, 2H), 2.38 (s, 3H), 1.24 (t,
J¼7.2 Hz, 6H); 13C NMR (100MHz, CDCl3): d¼191.94 (d, JC-P¼6.5 Hz),
138.23, 136.41, 134.26, 129.26, 128.30, 126.16, 62.46 (d, JC-P¼6.6 Hz),
38.24 (d, JC-P¼129.8 Hz), 21.10, 16.03 (d, JC-P¼6.6 Hz); 31P NMR
(162 MHz, CDCl3): d¼20.09; HRMS (EI): m/z [M]þ calcd for
C13H19O4P: 270.1015, found: 270.1010.

4.4.9. Diethyl (2-(3-bromophenyl)-2-oxoethyl)phosphonate
(2i). Colorless oil (150 mg, 90%); IR (neat): 2945, 1685, 1587, 1253,
1028, 968 cm�1; 1H NMR (400 MHz, CDCl3): d¼8.11 (t, J¼2.0 Hz,
1H), 7.93e7.90 (m, 1H), 7.70e7.67 (m, 1H), 7.34 (t, J¼8.0 Hz, 1H),
4.15e4.07 (m, 4H), 3.57 (d, JH-P¼22.4 Hz, 2H), 1.26 (t, J¼7.2 Hz, 6H);
13C NMR (100 MHz, CDCl3): d¼190.61 (d, JC-P¼6.5 Hz), 138.14,
136.42, 131.94, 130.15, 127.65, 122.87, 62.74 (d, JC-P¼6.5 Hz), 38.64
(d, JC-P¼128.3 Hz),16.17 (d, JC-P¼5.8 Hz); 31P NMR (162MHz, CDCl3):
d¼19.13; HRMS (EI): m/z [M]þ calcd for C12H16BrO4P: 333.9964,
found: 333.9958.

4.4.10. Diethyl (2-oxo-2-(o-tolyl)ethyl)phosphonate (2j). Colorless
oil (95 mg, 70%); IR (neat): 3065, 2964, 1678, 1250, 1025, 975 cm�1;
1H NMR (400 MHz, CDCl3): d¼7.67 (d, J¼7.2 Hz, 1H), 7.31 (t,
J¼7.4 Hz, 1H), 7.22e7.16 (dd, J¼7.2 Hz, 7.6 Hz, 2H), 4.07e4.00 (m,
4H), 3.52 (d, JH-P¼22.4 Hz, 2H), 2.44 (s, 3H),1.18 (t, J¼7.0 Hz, 6H); 13C
NMR (100 MHz, CDCl3): d¼194.95 (d, JC-P¼6.6 Hz), 138.82, 137.10,
131.85, 131.80, 129.48, 125.56, 62.38 (d, JC-P¼5.9 Hz), 40.93 (d, JC-
P¼129.1 Hz), 21.18, 16.10 (d, JC-P¼6.6 Hz); 31P NMR (162 MHz,
CDCl3): d¼20.18; HRMS (EI): m/z [M]þ calcd for C13H19O4P:
270.1015, found: 270.1016.

4.4.11. Diethyl (2-(benzo[d][1,3]dioxol-5-yl)-2-oxoethyl)phosphonate
(2k). Colorless oil (138 mg, 92%); IR (neat): 2932, 1685, 1255, 1026,
968 cm�1; 1H NMR (400 MHz, CDCl3): d¼7.60 (d, J¼8.4 Hz, 1H), 7.44
(s, 1H), 6.83 (d, J¼8.4 Hz, 1H), 6.02 (s, 2H), 4.15e4.07 (m, 4H), 3.53
(d, JH-P¼22.8 Hz, 2H), 1.26 (t, J¼7.2 Hz, 6H); 13C NMR (100 MHz,
CDCl3): d¼189.68 (d, JC-P¼6.6 Hz), 152.22, 148.12, 131.26, 125.91,
108.30, 107.69, 101.87, 62.52 (d, JC-P¼6.6 Hz), 38.20 (d, JC-
P¼129.8 Hz), 16.10 (d, JC-P¼6.6 Hz); 31P NMR (162 MHz, CDCl3):
d¼20.21; HRMS (EI): m/z [M]þ calcd for C13H17O6P: 300.0757,
found: 300.0759.

4.4.12. Diethyl (2-oxo-2-(thiophen-3-yl)ethyl)phosphonate
(2l). Colorless oil (110 mg, 84%); IR (neat): 2960, 1678, 1588, 1246,
1028, 958 cm�1; 1H NMR (400 MHz, CDCl3): d¼8.15 (d, J¼2.0 Hz,
1H), 7.51 (d, J¼6.0 Hz, 1H), 7.25e7.23 (m, 1H), 4.10e4.03 (m, 4H),
3.46 (d, JH-P¼22.8 Hz, 2H), 1.22 (t, J¼7.2 Hz, 6H); 13C NMR (100MHz,
CDCl3): d¼185.44 (d, JC-P¼6.6 Hz), 141.72, 134.20, 127.12, 126.26,
62.54 (d, JC-P¼6.5 Hz), 39.83 (d, JC-P¼128.4 Hz), 16.06 (d, JC-
P¼6.6 Hz); 31P NMR (162 MHz, CDCl3): d¼19.89; HRMS (EI): m/z
[M]þ calcd for C10H15O4PS: 262.0423, found: 262.0420.

4.4.13. Diethyl (2-oxopentyl)phosphonate (2m). Colorless oil
(135mg, 93%); IR (neat): 2968, 1715, 1258, 1026, 968 cm�1; 1H NMR
(400 MHz, CDCl3): d¼4.16e4.08 (m, 4H), 3.04 (d, JH-P¼22.4 Hz, 2H),
2.59 (t, J¼7.2 Hz, 2H), 1.55 (t, J¼7.2 Hz, 2H), 1.33e1.24 (m, 16H), 0.85
(t, J¼7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): d¼202.20 (d, JC-
P¼5.9 Hz), 62.42 (d, JC-P¼6.5 Hz), 44.03, 42.25 (d, JC-P¼126.1 Hz),
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31.71, 29.24, 29.02, 28.88, 23.34, 22.54, 16.22 (d, JC-P¼6.6 Hz), 13.99;
31P NMR (162 MHz, CDCl3): d¼20.07; HRMS (EI):m/z [M]þ calcd for
C14H29O4P: 292.1798, found: 292.1789.

4.4.14. Diethyl (4-(1,3-dioxoisoindolin-2-yl)-2-oxobutyl)phospho-
nate (2n). Colorless oil (162 mg, 85%); IR (neat): 2978, 1712, 1485,
1256, 1032, 962 cm�1; 1H NMR (400 MHz, CDCl3): d¼7.82 (dd,
J¼5.6 Hz, 2.8 Hz, 2H), 7.70 (dd, J¼5.6 Hz, 2.8 Hz, 2H), 4.18e4.08 (m,
4H), 3.68 (t, J¼6.8 Hz, 2H), 3.06 (d, JH-P¼22.8 Hz, 2H), 2.67 (t,
J¼7.2 Hz, 2H), 1.72e1.59 (m, 4H), 1.32 (t, J¼7.2 Hz, 6H); 13C NMR
(100 MHz, CDCl3): d¼201.34 (d, JC-P¼5.8 Hz), 168.28, 133.81, 131.99,
123.10, 62.50 (d, JC-P¼6.5 Hz), 43.10, 42.33 (d, JC-P¼126.1 Hz), 37.37,
27.63, 20.38, 16.19 (d, JC-P¼5.8 Hz); 31P NMR (162 MHz, CDCl3):
d¼19.89; HRMS (EI): m/z [M]þ calcd for C18H24NO6P: 381.1336,
found: 381.1323.

4.4.15. Diethyl (4-(4-methylphenylsulfonamido)-2-oxobutyl) phos-
phonate (2o). Colorless oil (145 mg, 77%); IR (neat): 3318, 2946,
1710, 1600, 1258, 1028, 956 cm�1; 1H NMR (400 MHz, CDCl3):
d¼7.73 (d, J¼8.0 Hz, 2H), 7.30 (d, J¼8.4 Hz, 2H), 5.41 (t, J¼6.4 Hz,
1H), 4.17e4.09 (m, 4H), 3.14 (q, J¼6.0 Hz, 2H), 3.06 (d, JH-P¼22.8 Hz,
2H), 2.87 (t, J¼5.8 Hz, 2H), 2.42 (s, 3H),1.32 (t, J¼7.0 Hz, 6H); 13C
NMR (100 MHz, CDCl3): d¼201.26 (d, JC-P¼6.6 Hz), 143.37, 136.84,
129.70, 126.99, 62.81 (d, JC-P¼6.6 Hz), 43.52, 42.55 (d, JC-
P¼126.1 Hz), 37.90, 21.46, 16.24 (d, JC-P¼5.8 Hz); 31P NMR (162MHz,
CDCl3): d¼19.18; HRMS (EI): m/z [M]þ calcd for C15H24NO6PS:
377.1062, found: 377.1055.

4.4.16. 4-(Diethoxyphosphoryl)-3-oxobutyl acetate (2p). Colorless
oil (120 mg, 82%); IR (neat): 2952, 1718, 1255, 1019, 963 cm�1; 1H
NMR (400 MHz, CDCl3): d¼4.09e4.05 (m, 4H), 4.00e3.97 (m, 2H),
3.01 (d, JH-P¼23.3 Hz, 2H), 2.60 (t, J¼6.4 Hz, 2H), 1.96 (s, 3H),
1.58e1.56 (m, 4H), 1.26 (t, J¼7.2 Hz, 6H); 13C NMR (100 MHz,
CDCl3): d¼201.29 (d, JC-P¼6.6 Hz), 170.87, 63.77, 62.35 (d, JC-
P¼6.6 Hz), 43.12, 42.25 (d, JC-P¼126.8 Hz), 27.58, 20.69, 19.58,
16.06 (d, JC-P¼5.8 Hz); 31P NMR (162 MHz, CDCl3): d¼19.85;
HRMS (EI): m/z [M]þ calcd for C12H23O6P: 294.1227, found:
294.1219.

4.4.17. 3-(Diethoxyphosphoryl)-2-oxopropyl pivalate (2q). Colorless
oil (113 mg, 76%); IR (neat): 2976, 1715, 1252, 1025, 956 cm�1; 1H
NMR (400 MHz, CDCl3): d¼4.77 (s, 2H), 4.18e4.10 (m, 4H), 3.09
(d, JH-P¼22.8 Hz, 2H), 1.33 (t, J¼7.2 Hz, 6H), 1.24 (s, 9H); 13C NMR
(100 MHz, CDCl3): d¼195.22 (d, JC-P¼6.6 Hz), 177.62, 68.08,
62.83 (d, JC-P¼5.9 Hz), 39.05 (d, JC-P¼128.3 Hz), 38.63, 27.05,
16.22 (d, JC-P¼6.6 Hz); 31P NMR (162 MHz, CDCl3): d¼18.54;
HRMS (EI): m/z [M]þ calcd for C12H23O6P: 294.1227, found:
294.1220.

4.4.18. Diethyl (2-oxo-3-phenoxypropyl)phosphonate (2r). Colorless
oil (110 mg, 77%); IR (neat): 2982, 1712, 1248, 1020, 968 cm�1; 1H
NMR (400 MHz, CDCl3): d¼7.24e7.20 (m, 2H), 6.92 (t, J¼7.4 Hz, 1H),
6.84 (d, J¼7.6 Hz, 2H), 4.64 (s, 2H), 4.11e4.05 (m, 4H), 3.21 (d, JH-
P¼22.4 Hz, 2H), 1.25 (t, J¼7.0 Hz, 6H); 13C NMR (100 MHz, CDCl3):
d¼198.63 (d, JC-P¼6.6 Hz),157.45,129.61,121.80,114.52, 72.63, 62.81
(d, JC-P¼6.6 Hz), 38.53 (d, JC-P¼127.6 Hz), 16.20 (d, JC-P¼5.9 Hz); 31P
NMR (162 MHz, CDCl3): d¼18.83; HRMS (EI): m/z [M]þ calcd for
C13H19O5P: 286.0965, found: 286.0962.

4.4.19. Diethyl (5-cyano-2-oxopentyl)phosphonate (2s). Colorless
oil (86 mg, 70%); IR (neat): 2980, 1715, 1252, 1036, 975 cm�1; 1H
NMR (400MHz, CDCl3): d¼4.15e4.07 (m, 4H), 3.06 (d, JH-P¼22.4 Hz,
2H), 2.78 (t, J¼6.8 Hz, 2H), 2.37 (t, J¼7.0 Hz, 2H), 1.93e1.86 (m, 2H),
1.30 (t, J¼7.0 Hz, 6H); 13C NMR (100 MHz, CDCl3): d¼200.18 (d, JC-
P¼5.9 Hz), 119.01, 62.59 (d, JC-P¼6.5 Hz), 42.31 (d, JC-P¼126.1 Hz),
41.49, 19.03, 16.09 (d, JC-P¼5.8 Hz), 16.02; 31P NMR (162 MHz,
CDCl3): d¼19.40; HRMS (EI): m/z [M]þ calcd for C10H18NO4P:
247.0968, found: 247.0957.

4.4.20. Diisopropyl (3-hydroxy-2-oxopropyl)phosphonate
(2t). Colorless oil (95 mg, 80%); IR (neat): 3375, 2980, 1710, 1235,
1108, 981 cm�1; 1H NMR (400 MHz, CDCl3): d¼4.77e4.69 (m, 2H),
4.33 (s, 2H), 3.16 (d, JH-P¼23.2 Hz, 2H), 1.34 (d, J¼6.0 Hz, 12H); 13C
NMR (100 MHz, CDCl3): d¼202.73(d, JC-P¼5.9 Hz), 72.08 (d, JC-
P¼6.6 Hz), 69.04, 40.28 (d, JC-P¼126.1 Hz), 23.89 (d, JC-P¼3.7 Hz),
23.77 (d, JC-P¼5.1 Hz); 31P NMR (162 MHz, CDCl3): d¼17.03; HRMS
(EI): m/z [M]þ calcd for C9H19O5P: 238.0965, found: 238.0970.

4.4.21. Diethyl (2-(cyclohex-1-en-1-yl)-2-oxoethyl)phosphonate
(2u). Colorless oil (120 mg, 92%); IR (neat): 2976, 1667, 1260, 1028,
976 cm�1; 1H NMR (400 MHz, CDCl3): d¼7.01 (s, 1H), 4.16e4.09 (m,
4H), 3.31 (d, JH-P¼22.8 Hz, 2H), 2.30e2.23 (m, 4H), 1.64e1.59 (m,
4H), 1.31 (t, J¼7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3): d¼192.50 (d,
JC-P¼5.9 Hz), 143.73, 139.22, 62.45 (d, JC-P¼6.6 Hz), 36.84 (d, JC-
P¼130.5 Hz), 26.26, 23.00, 21.70, 21.27, 16.22 (d, JC-P¼6.5 Hz); 31P
NMR (162 MHz, CDCl3): d¼21.19; HRMS (EI): m/z [M]þ calcd for
C12H21O4P: 260.1172, found: 260.1173.

4.4.22. Diethyl (2-cyclohexyl-2-oxoethyl)phosphonate
(2v). Colorless oil (120 mg, 92%); IR (neat): 2966, 1715, 1258, 1026,
968 cm�1; 1H NMR (400MHz, CDCl3): d¼4.13e4.06 (m, 4H), 3.07 (d,
JH-P¼22.4 Hz, 2H), 2.57e2.51 (m, 1H), 1.85e1.83 (m, 2H), 1.75e1.72
(m, 2H), 1.64e1.60 (m, 1H), 1.30e1.18 (m, 11H); 13C NMR (100 MHz,
CDCl3): d¼205.22 (d, JC-P¼5.8 Hz), 62.30 (d, JC-P¼6.6 Hz), 51.24,
40.06 (d, JC-P¼127.0 Hz), 28.02, 25.55, 25.30, 16.13 (d, JC-P¼6.6 Hz);
31P NMR (162 MHz, CDCl3): d¼20.44; HRMS (EI):m/z [M]þ calcd for
C12H23O4P: 262.1328, found: 262.1330.

4.4.23. Diethyl (2-cyclopropyl-2-oxoethyl)phosphonate
(2w). Colorless oil (100 mg, 91%); IR (neat): 2962, 1718, 1252, 1027,
960 cm�1; 1H NMR (400MHz, CDCl3): d¼4.12e4.05 (m, 4H), 3.14 (d,
JH-P¼22.4 Hz, 2H), 2.16e2.09 (m, 1H), 1.27 (t, J¼7.2 Hz, 6H),
1.06e1.02 (m, 2H), 0.93e0.88 (m, 2H); 13C NMR (100 MHz, CDCl3):
d¼201.94 (d, JC-P¼5.9 Hz), 62.29 (d, JC-P¼5.8 Hz), 43.04 (d, JC-
P¼126.9 Hz), 21.49, 16.09 (d, JC-P¼6.5 Hz), 11.87; 31P NMR (162 MHz,
CDCl3): d¼20.12; HRMS (EI): m/z [MþH]þ calcd for C9H18O4P:
221.0937, found: 221.0936.

4.4.24. Diisopropyl (2-oxo-2-phenylethyl)phosphonate
(2x).8m Colorless oil (129 mg, 91%); IR (neat): 2978, 1677, 1598,
1250, 1102, 975 cm�1; 1H NMR (400 MHz, CDCl3): d¼7.99 (d,
J¼7.6 Hz, 2H), 7.56 (t, J¼7.2 Hz, 1H), 7.45 (t, J¼7.6 Hz, 2H), 4.74e4.66
(m, 2H), 3.57 (d, JH-P¼22.8 Hz, 2H), 1.26e1.24 (m, 12H); 13C NMR
(100 MHz, CDCl3): d¼191.99 (d, JC-P¼6.6 Hz), 136.60, 133.39, 129.02,
128.38, 71.42 (d, JC-P¼6.5 Hz), 39.60 (d, JC-P¼129.8 Hz), 23.83 (d, JC-
P¼3.6 Hz), 23.62 (d, JC-P¼5.3 Hz); 31P NMR (162 MHz, CDCl3):
d¼17.71; HRMS (EI):m/z [M]þ calcd for C14H21O4P: 284.1172, found:
284.1168.

4.4.25. Dibutyl (2-oxo-2-phenylethyl)phosphonate (2y).8m Colorless
oil (140 mg, 90%); IR (neat): 2965, 1683, 1596, 1269, 1028,
1008 cm�1; 1H NMR (400 MHz, CDCl3): d¼7.98 (d, J¼8.4 Hz, 2H),
7.55 (t, J¼7.6 Hz, 1H), 7.44 (t, J¼7.6 Hz, 2H), 4.05e4.01 (m, 4H), 3.61
(d, JH-P¼22.8 Hz, 2H), 1.59e1.52 (m, 4H), 1.34e1.22 (m, 4H), 0.85 (t,
J¼7.2 Hz, 6H); 13C NMR (100MHz, CDCl3): d¼191.75 (d, JC-P¼6.6 Hz),
136.37, 133.45, 128.87, 128.41, 66.13 (d, JC-P¼6.6 Hz), 38.14 (d, JC-
P¼128.3 Hz), 32.18 (d, JC-P¼6.5 Hz), 18.43, 13.37; 31P NMR (162MHz,
CDCl3): d¼19.86; HRMS (EI): m/z [M]þ calcd for C16H25O4P:
312.1485, found: 312.1483.

4.4.26. Diethyl (3-oxo-3-phenylprop-1-en-2-yl)phosphonate
(3a).16 Colorless oil (52 mg, 65%); 1H NMR (400 MHz, CDCl3):
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d¼7.86 (d, J¼6.8 Hz, 2H), 7.61e7.57 (m, 1H), 7.49e7.45 (m, 2H), 6.82
(d, JH-P¼24.0 Hz, 1H), 6.29 (d, JH-P¼44.8 Hz, 1H), 4.22e4.15 (m, 4H),
1.31 (t, J¼7.0 Hz, 6H); 13C NMR (100 MHz, CDCl3): d¼193.90 (d, JC-
P¼9.5 Hz), 139.63, 138.47 (d, JC-P¼3.6 Hz), 136.13 (d, JC-P¼5.1 Hz),
133.58, 129.91, 128.58, 62.91 (d, JC-P¼5.8 Hz), 16.27 (d, JC-P¼6.6 Hz);
31P NMR (162 MHz, CDCl3): d¼12.33.
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