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Abstract A graphene based hybrid with copper nanoparticles (Cu-Cu,O/GO-NH,) as a heterogeneous catalyst for the prepa-
ration of S-ketophosphonates was investigated. Compared with traditional homogeneous catalysis, Cu-Cu,O/GO-NH, catalyst
can be recovered from the reaction system. The present methodology provides a facile and efficient approach to access a wide
range of f-ketophosphonates in good yields. This reaction can be conducted under base-free conditions without any external
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co-catalysts, which provides an alternative strategy for the synthesis of f-ketophosphonates.
Keywords Cu nanoparticles; graphene; oxyphosphorylation; heterogeneous catalysis; f-ketophosphonates

1 Introduction

Organophosphorus compounds has been widely used in
medicinal chemistry, agrochemistry and organic synthesis
owing to their unique bioactivities.""! Among all the or-
ganophosphorus compounds, the representative f-keto-
phosphonates have been widely used as vital synthons in
the organic chemistry and pharmaceutical synthesis."”! For
instance, f-ketophosphonates as starting materials can
produce S-aminophosphonates,’” useful building blocks in
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the preparation of phosphapeptides. Recently, various syn-
thetic methodologies of fS-ketophospho- nates have been
also reported because of their versatile utility.”) In 2011,
Ji’s group presented a simple copper/iron co-catalyzed
oxidative synthesis of p-ketophosphonates by direct di-
functionalization of alkenes with dioxygen and H-phos-
phonates.’™ After that, a series of synthetic approaches
were reported for the pS-ketophosphonates, mainly in-
volving in oxyphosphorylation of alkynes or aryl acetylene
acid.”! Herein, most of methods were suitable for the ho-
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mogeneous systems,' inevitably leading to low utilization

of catalyst and hard separation of products.

Recently, some heterogeneous catalysts have success-
fully overcome the shortcomings of homogeneous cataly-
sis,.”) providing more economic methodology for the syn-
thesis of fS-ketophosphonates. In 2015, Radivoy’s group
reported CuNPs/ZnO as a heterogeneous catalyst for the
direct synthesis of S-ketophosphonates,’™ good reaction
efficiency could be achieved. However, heterogeneous
catalysis usually suffered from poor chemoselectivity and
stereoselectivity. Therefore, the development of high-per-
formance catalysts is still of great importance.

Metallic graphene-based composites as known hetero-
geneous catalysts have been widely used in various organic
reactions,™ such as Suzuki-Miyaura cross-coup- ling,
Heck reaction and Ullmann coupling. Graphene-based het-
erogeneous catalysts can also catalyze the formation of
C—P bond.” Hence, in this work, we developed an ami-
no-graphene-supported copper catalyst (Cu-Cu,O/GO-
NH,) to catalyze the decarboxylative oxyphosphorylation
of arylpropiolic acids with H-phospho- nates in the O,.

2 Results and discussion

2.1 Characterization of Cu-Cu,O/GO-NH, catalyst

The prepared Cu-Cu,O/GO-NH, catalyst was character-
ized by X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) and transmission electron microscopy
(TEM). The results were displayed in Figure 1. The crystal
structures of Cu nanoparticles and amino-graphene
(GO-NH,) were analyzed by XRD in Figure la. For
GO-NH, material, the peak at 26=10.2° was observed,
corresponding to the interlayer spacing of GO. A new peak
20=24.6° presented interlayer spacing of 0.356 nm, which
was mainly due to installation of the amino groups that
might exist between the GO layers. For the Cu-Cu,O/
GO-NH, catalyst, the peaks at 20 values of 36.9° (111),
61.7° (200), and 73.9° (311) were consistent with the
standard XRD data for the Cu,O nanoparticles, while the
peaks at 43.4° (111) and 50.1° (200) could belong to Cu
nanoparticles. These results showed that two kinds of Cu
nanoparticles were immobilized on the GO-NH, sheets.

The additional qualitative evidence for the installation of
GO surface bound amino groups was obtained through
XPS analysis in Figure 1b. Obviously, the Cu-Cu,O/GO-
NH, material included C, N, O and Cu elements, indicating
that amino groups were successfully grafted on the GO.
Additionally, the morphology of the catalyst was observed
by TEM. As seen from Figure 1c, about 10~20 nm size
amorphous Cu nanoparticles were well dispersed on the
GO-NH, surface.

2.2 Catalytic performance of Cu-Cu,O/GO-NH, cat-
alyst

To evaluate the catalytic performance of Cu-Cu,O/
GO-NH,; composite in organic reaction, the aerobic decar-
boxylative oxyphosphorylation of alkynyl carboxylic acids
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Figure 1 Characterization of catalyst
(a) XRD; (b) XPS; (c) TEM

with H-phosphonates was investigated. As shown in Table
1, the reaction conditions were first screened.

In our initial experiment, 3-phenylpropiolic acid (1a, 0.5
mmol) was treated with diethyl phosphite (2a, 1.0 mmol)
in acetonitrile at room temperature for 4 h in the presence
of Cu-Cu,0O/GO-NH,; (5 mg), only low yield of diethyl-
(2-0x0-2-phenylethyl) phosphonate (3a) was obtained.
With the increase of reaction temperature, the yield of 3a
was up to 72% at 80 C. However, when the reaction
temperature was increased to 90 C, the yield of 3a de-
clined slightly. Next, the influence of various solvents was
examined at 80 ‘C. N,N-Dimethylformamide (DMF) as
the solvent could provide good reaction efficiency. Finally,
the examination of amount of catalyst found that 10 mg of
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Table 1 Optimization of the reaction conditions”

COOH
©/ '|3/O\/ Cu-Cu,0/GO-NH,
H™ Solvent, O,
1a )
2a
0 E‘/O\/
Sag
3a
Entry  Loading/mg Temp./C Solvent Yield®/%
1 5 25 CH;CN 10
2 5 50 CH;CN 18
3 5 60 CH;CN 36
4 5 70 CH;CN 65
5 5 80 CH;CN 72
6 5 90 CH;CN 70
7 5 100 CH;CN 68
8 5 80 1,4-Dioxane 27
9 5 80 DCE 15
10 5 80 THF 46
11 5 80 DMF 86
12 5 80 DMSO 79
13 2 80 DMF 61
14 8 80 DMF 87
15 10 80 DMF 90

¢ Conditions: 1a (0.5 mmol), 2a (1.0 mmol), catalyst: Cu-Cu,O/GO-NH,,
solvent (4mL), 4 h, O, balloon. * Isolated yields.
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catalyst could give the optimal yields.

Next, the scope of substrates was explored with the op-
timal conditions in hand. As shown in Table 2, various
arylpropiolic acids with different substituents were suitable
for this reaction, and good yields were obtained. The elec-
tronic effect of substituents had a slight effect on the yield
of desired products. Generally, para-substituted ar-
ylpropiolic acids with electron-donating substituents were
more suitable than electron-withdrawing substituted acids,
such as methoxy (3d), fert-butyl (3g), halogen (3b, 3¢, 31),
nitro (3i). Additionally, steric effects of substituents had
somewhat effect on the efficiency of the reaction. Espe-
cially, the substituted groups in the 2-position of benzene
ring obviously decreased the yields of products as a result
of steric hindrance (3f, 3h). Additionally, 3-(2,4,5- tri-
fluorophenyl)propiolic acid and 3-(naphthalen-2-yl)- pro-
piolic acid could also afford the desired products in good
yields (3m, 3n). However, alkyl acetylenic acids were not
compatible for the reaction, such as 2-butynoic acid and
2-hexynoic acid (30, 3p).

Finally, in addition to diethyl phosphite, other
H-phosphine oxides and H-phosphonates could also be
tolerated in the reaction to afford good yields (3q~3t).

2.3 Recyclability of Cu-Cu,O/GO-NH, catalyst
To evaluate the recyclability of this catalyst, the recy-

cled experiment was conducted. The as-prepared Cu-Cu,O/
GO-NHj catalyst can be used five times without significant

Table 2 Screening of the substrate scope”

COOH

AN 4
R'-— R?
=

Cu- CUZO/GO -NH,
O,, DMF, 80 °C

e

0
QJLE\/OO\/ /@j?\/ﬁ\/s ~ /@j&ﬁfg ~ /@)Lg\/oo\/ cl)\©j)vﬁ\/00\/
/ - S SN / )

3a, 90% 3b, 76%

3c, 82% 3d, 95% 3e, 92%

ST AR @”’“ Foasil @*’ S

3f, 88% 3g, 91%

oM M FIXU\/OO -
J o g LT OO

3k, 78% 31, 80%

/\)J\/J:/O\/ ©)K/Ig/ > I‘D/

3p, 0% 3q, 80%

62% 3i, 70% 73%

jo Ao
J J

3m, 63% 3n, 79% 30, 0%
" o o

0 ﬁ/o B\/Ph
3r, 83% 3s, 79% 3t, 81%

“ Conditions: 1 (0.5 mmol), 2 (1.0 mmol), Cu-Cu,O/GO-NH; (10 mg), DMF (4 mL), 80 ‘C, 4 h, O, balloon. Isolated yields.

Chin. J. Org. Chem. 2019, 39, 3467 ~3474

© 2019 Chinese Chemical Society & SIOC, CAS

3469

http://sioc-journal.cn/



BIKE

decrease of activity (Figure 2a). The morphology of recy-
clable catalyst was characterized by TEM (Figure 2b). Ob-
viously, most Cu nanoparticles was still immobilized on
the GO-NH, surface. Compared with the fresh Cu-Cu,O/
GO-NH; catalyst, the size and morphology of Cu nanopar-
ticles had an obvious difference. The analysis of XPS
spectra illustrated the distinction of Cu species valence
between fresh catalyst and reused catalyst (Figures 2¢ and
2d). The binding energy of Cu(Il) species located at about
935 eV, while the peak at 932 eV was assigned to Cu(I)
species. These results indicated that the Cu(l) species
might be oxidized to give Cu(Il) species under the atmos-
phere of O,.

Addtionally, copper loading in the GO-NH, was
detected from the acid extract of the sample before and
after reaction by using inductively coupled plasma-atomic
emission spectroscopy (ICP-AES). For the fresh catalyst,
copper loading was 23 wt%. After the catalyst was used
five times, copper loading in the GO-NH, was decreased to
12 wt%, indicating that the leaching of the copper species
occurred during reaction, which might lead to the damage
of catalytic perforemance of Cu-Cu,O/GO-NH,.

Finally, the different catalytic systems were compared
for the oxyphosphorylation of 3-phenylpropiolic acid. As
seen from Table 3, compared with homogeneous catalysis,
the Cu-Cu,O/GO-NH, catalyst showed higher reaction
efficiency. The reaction could be conducted under
base-free and additive-free condition. In the heterogeneous
system, the catalyst could be recycled well, which might be
benefit for the practical applications.

Table 3 Comparison of various catalysts for the oxyphosphory-
lation.
COOH

= 0
. ko
LI
1a H o

Catalyst
_—

) Solvent, O,
o O 2
F,/O\/ 2
w ;O
3a

Entry Catalyst Conditions Y/% Ref.

EtOH, Mn(OAc);*
1 Ag,CO; 2H,0, r.t. 12 [4e]

TBHP, NH;+H,O0,
2 CUSO4'5H20 CH3CN 60 C 22 [33]
3  CuOTf+FeCly Et;N, DMSO, 60 C 78 [41]

Cu-Cu,0/GO-NH, DMF, 80 C 90 This work

2.4 Mechanism of the reaction

To improve our understanding of the reaction mecha-
nism, a series of control experiments were conducted.
When radical scavenger TEMPO was added in the present
reaction, only a trace amount of the desired product 3a was
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Figure 2 Recyclability of experiment
(a) Recycled experiment; (b) TEM image of reused catalyst; (c) XPS
spectrum of Cu2p for fresh catalyst; (d) XPS spectrum of Cu2p for the
reused catalyst

obtained, indicating that a radical process might be in-
volved in this transformation (Scheme 1a). Next, the iso-
tope labeling studies was carried out. When '*0, or D,O
was added to the mixture under the standard condition,
only isotope-labeled product '*0-3a was detected by

Chin. J. Org. Chem. 2019, 39, 3467~3474
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HRMS spectrum (Schemes 1b and 1c). The result showed
that the oxygen atom in product 3a (C=O0) was provided
by the O, molecular, while the hydrogen atoms of meth-
ylene in 3a (COCH,;) might be derived from 2a (P-H) and
1a (COOH). Herein, phenylacetylene was used as substrate
instead of alkynyl carboxylic acid leading to generate ex-
tremely low yield of 3a, illustrating that (phenylethynyl)-
copper might not be a key intermediate in this reaction
(Scheme 1d).

(a) COOH o
= 1O~
P Standard condition
+ H (0]
) 2 equiv. TEMPO
1a
o O 2a
O~
©)J\/P\)O
3a, <5%
b
(b) COOH (¢}
. o~
P Standard condition
+ H (0]
1802
1a 180 2a
n_0O0._~
Pl
J
80-3a, 87%

MS found 323.1083 [M+H]*

© COOH 0
= 1O~ -
FARN Standard condition

+ H O

) 2 equiv. D,O
1a
0 o 2a
n_O._~
©)J\/P>)
3a, 82%

no D insertion

(0]
= g/o\/ .
TN Standard condition
+ H )O _—

2a
(0]
g/o\/
bi
3a, 16%
Scheme 1 Control experiments

Although the mechanism of heterogeneous reaction is
still not clear enough, based on the control experiments
and previous reports,'**4!1% 3 possible pathway in
Scheme 2 is supposed. First, the Cu-Cu,O/GO-NH, cata-
lyst might motivate 2a to generate phosphorus radical 4. 1a
easily reacted with Cu nanoparticles to form copper salt 5.
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Next, the resulting radical 4 selectively added to copper
salt 5, leading to a-styryl radical 6. This intermediate 6 was
trapped by O, to generate radical 7. Subsequently, radical 7
was converted into hydroperoxide 8 by abstracting one
hydrogen atom from the surface of catalyst. Under heating
condition, the intermediate 8 transformed into enol 9 by
reoxidizing Cu(0) to Cu(I) nanoparticles on the GO-NH,.
Finally, the desired product 3a was produced via a decar-
boxylation/isomerization of 9.

I
I .
EtO-P-H Eo-p
Oet OEt
2a 4
0. OEt
q  pOE ”
o 3a Ph—==—COOH Ph—=—CO0O0Cu(l)
1a 5
o. OEt
-CO.
2 T \\P/~OEt

PH  coocu()
6
o, PE! l
Ho p—OEt 02
PR COOCUl) oo “H-OEt o. OEt

/
o = '0-0 P-OFEt
PH  COOCu(l) >=<
\ 8 PH 7 COOCu(l)

Scheme 2 Possible mechanism

Cu-Cu,0/GO-NH,

3 Conclusions

In summary, a new heterogeneous catalytic system was
developed for the decarboxylative oxyphosphorylation of
alkynyl carboxylic acids with H-phosphonates using
Cu-CuyO/GO-NH, catalyst. Various pf-ketophosphonates
were synthesized in good yield. Cu-Cu,O/GO-NH, catalyst
showed high catalytic activity and good recyclability.
Compared with homogeneous reaction, the heterogeneous
catalytic system was very benefit to isolate product and
recycle of catalyst, which might be of great importance for
practical application.

4 Experimental section

4.1 General information

All reagents and solvents were used without further pu-
rification. Analytical thin layer chromatography (TLC) was
performed on percolated silica gel 60 F254 plates. 'H
NMR and "*C NMR spectra were recorded in CDCl; with
tetramethylsilane (TMS) as internal standard, and *'P
NMR spectra were obtained in CDCl; with H;PO, as the
internal standard. Column chromatography was conducted
on columns of silica gel (100~200 mesh). The graphene
composites were characterized by X-ray diffraction (XRD,
D/MAX Ultima IV, JAPAN). X-Ray photoelectron spec-

http://sioc-journal.cn/ 3471
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troscopy (XPS) was performed using an ESCALAB 250
Xi with a high-performance Al monochromatic source (hv
=1486.6 eV, 150 W). Transmission electron microscopy
(TEM) characterization was carried out using a Tecnai G
20 field emission electron microscope operated at 200 kV
accelerating voltage.

4.2 Preparation of Cu-Cu,O/GO-NH, catalyst

GO was purchased from commercial corporation. First,
GO (50 mg) was dispersed in N,N-dimethylformamide
(DMF, 100 mL), and then sonicated to obtain the homo-
geneous suspension. Subsequently, N,N-dimethylethane-
1,2-diamine (10 mmol, 880 mg), O-(7-azabenzotriazol-1-
yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate
(HATU, 10 mmol, 3.8 g) and N,N-diisopropylethylamine
(DIPEA, 20 mmol, 2.6 g) were added successively into the
suspension under magnetic stirring. The mixture kept
warm at 30 C for 24 h, and then isolated by vacuum fil-
tration. The filter cake was washed with distilled water
repeatedly. Finally, the obtained solid was dispersed into
100 mL of H,O again to obtain the GO-NH, solution.

A 50 mL of copper(II) chloride dihydrate (0.5 mmol, 85
mg) solution (10 mmol/L) was added into GO-NH, sus-
pension, and sonicated for 30 min. Next, the 95 mL NaBH,
solution (2.0 mgemL ") was added dropwise into the above
solution for 1 h by the constant flow pump. After comple-
tion of reaction, the solid was filtrated, followed by wash-
ing with water and ethanol, respectively. Finally, the ob-
tained catalyst (Cu-Cu,0O/GO-NH,) was dried at 50 C for
12 h under vacuum.

4.3 Decarboxylative oxyphosphorylation of alkynyl
carboxylic acids with H-phosphonates

Alkynyl carboxylic acids (1, 0.5 mmol), H-phosphonates
(2, 1 mmol), catalyst (10 mg), and solvent (4 mL) were
added into a 25 mL round-bottomed flask and stirred at
setting temperature for 4 h in O, atmosphere. After com-
pletion of reaction, the mixture was quenched with satu-
rated sodium bicarbonate solution (20 mL), and extracted
with ethyl acetate (10 mL X 3). The combined organic lay-
ers were washed with saturated brine twice, and dried over
anhydrous MgSO,. After filtration, the solvent was evapo-
rated in vacuum. The crude product was purified by silica
gel chromatography (petroleum ether/ethyl acetate, V' :
V=10 : 1) to give the desired compounds.

4.4 Recycled experiment

3-Phenylpropiolic acid (1a, 0.5 mmol), diethyl phosphite
(2a, 1.0 mmol), catalyst (10 mg), and DMF (4 mL) were
added into 25 mL round-bottomed flask and stirred at set-
ting temperature for 4 h in O, atmosphere. After the com-
pletion of reaction, the mixture was centrifuged to separate
the solid catalyst and organic phase. The organic phase
was quenched with saturated sodium bicarbonate solution
(20 mL), and extracted with ethyl acetate (10>X3 mL). The
combined organic layers were washed with saturated brine
twice, and dried over anhydrous MgSO,. After filtration,
the solvent was evaporated in vacuum. The crude product

3472 http:/sioc-journal.cn/
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was purified by silica gel chromatography (petroleum
ether/ethyl acetate, V' V=10 . 1) to give the desired
compound 3a. The collected solid catalyst was washed by
water and alcohol three times, and dried for 12 h under
vacuum oven. The recycled catalyst was reused in the next
reaction.

Diethyl (2-oxo-2-phenylethyl)phosphonate (3a): Color-
less oil. '"H NMR (400 MHz, CDCl;) J: 8.02 (d, J=7.4 Hz,
2H), 7.60 (t, J=7.4 Hz, 1H), 7.49 (t, J=7.7 Hz, 2H),
4.18~4.11 (m, 4H), 3.65 (d, J=22.7 Hz, 2H), 1.29 (t, J=
7.1 Hz, 6H); °C NMR (101 MHz, CDCl5) ¢: 191.99 (d,
J=6.7 Hz), 136.50 (d, J/=2.1 Hz), 133.70, 129.05, 128.62,
62.69 (d, J=6.5 Hz), 38.45 (d, J=130.1 Hz), 16.25 (d,
J=6.4 Hz); *'P NMR (162 MHz, CDCl3) 6: 19.97. HRMS
(ESI) caled for Cp,H;s0,P [M-+H]" 257.0898; found
257.0895.

Diethyl (2-(4-fluorophenyl)-2-oxoethyl)phosphonate
(3b): Colorless oil. '"H NMR (400 MHz, CDCl;) o: 8.05
(dd, J=38.5, 5.5 Hz, 2H), 7.14 (t, J=8.5 Hz, 2H), 4.26~
4.03 (m, 4H), 3.60 (d, /=22.8 Hz, 2H), 1.28 (t, J=7.1 Hz,
6H); C NMR (101 MHz, CDCly) J: 190.34 (d, J=6.5
Hz), 166.08 (d, /=256.0 Hz), 132.91 (dd, /=2.6, 1.9 Hz),
131.86 (d, J=9.5 Hz), 115.74 (d, /=22.0 Hz), 62.73 (d,
J=6.5 Hz), 38.58 (d, J/=129.5 Hz), 16.24 (d, /=6.3 Hz);
3'P NMR (162 MHz, CDCl5) d: 19.63. HRMS (ESI) calcd
for Cj,H,;FO,P [M+H]" 275.0804; found 275.0801.

Diethyl (2-(4-bromophenyl)-2-oxoethyl)phosphonate
(3¢): Colorless oil. '"H NMR (400 MHz, CDCls) J: 7.89 (d,
J=8.5 Hz, 2H), 7.63 (d, /=8.5 Hz, 2H), 4.23~4.07 (m,
4H), 3.60 (d, J=22.8 Hz, 2H), 1.29 (t, J=7.1 Hz, 6H); "°C
NMR (101 MHz, CDCl;) d: 190.96 (d, J=6.6 Hz), 135.19
(d, J=1.6 Hz), 131.94, 130.59, 129.09, 62.79 (d, J=6.5
Hz), 38.60 (d, J=129.4 Hz), 16.27 (d, J=6.3 Hz); *'P
NMR (162 MHz, CDCl;) ¢: 19.44. HRMS (ESI) calcd for
C1,H,sBrNaO,P [M+Na]" 356.9862; found 356.9858.

Diethyl (2-(4-methoxyphenyl)-2-oxoethyl)phosphonate
(3d): Colorless oil. 'H NMR (400 MHz, CDCl;) 6: 8.00 (d,
J=8.9 Hz, 2H), 6.94 (d, /=8.9 Hz, 2H), 4.13 (p, J=7.3
Hz, 4H), 3.87 (s, 3H), 3.58 (d, J=22.7 Hz, 2H), 1.28 (t,
J=17.1 Hz, 6H); *C NMR (101 MHz, CDCly) §: 190.27 (d,
J=6.4 Hz), 163.99, 131.50, 129.60 (d, /=1.9 Hz), 113.76,
62.63 (d, J/=6.5 Hz), 55.52, 38.89, 37.60, 16.26 (d, J/=6.3
Hz); *'P NMR (162 MHz, CDCl;) §: 20.45. HRMS (ESI)
caled for Cj3H0OsP [M+H]" 287.1004; found 287.1009.

Diethyl (2-(3-methoxyphenyl)-2-oxoethyl)phosphonate
(3e): Colorless oil. '"H NMR (400 MHz, CDCls) J: 7.60 (d,
J=1.7 Hz, 1H), 7.55~7.52 (m, 1H), 7.39 (t, J/=8.0 Hz,
1H), 7.14 (dd, J=8.2, 2.5 Hz, 1H), 4.19~4.10 (m, 4H),
3.86 (s, 3H), 3.63 (d, J/=22.7 Hz, 2H), 1.29 (t, J/=7.1 Hz,
6H); C NMR (101 MHz, CDCl3) §: 191.78 (d, J=6.6
Hz), 159.80, 137.85 (d, J=2.1 Hz), 129.59, 121.90,
120.43, 112.79, 62.68 (d, J=6.5 Hz), 55.47, 38.58 (d, J=
130.3 Hz), 16.26 (d, J=6.3 Hz); *'P NMR (162 MHz,
CDCl;) ¢: 19.96. HRMS (ESI) caled for Ci3H,00sP [M+
H]" 287.1004; found 287.1006.

Diethyl (2-(2-methoxyphenyl)-2-oxoethyl)phosphonate
(3f): Colorless oil. 'H NMR (400 MHz, CDCl;) 6: 7.71

Chin. J. Org. Chem. 2019, 39, 3467 ~3474
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(dd, J=7.7, 1.7 Hz, 1H), 7.53~7.43 (m, 1H), 7.05~6.93
(m, 2H), 4.16~4.03 (m, 4H), 3.93 (s, 3H), 3.82 (d, J=
21.9 Hz, 2H), 1.24 (t, J=7.1 Hz, 6H); >C NMR (101
MHz, CDCl;) d: 193.43 (d, J=7.2 Hz), 158.63, 134.23,
130.91, 127.70, 120.76, 111.52, 6223 (d, J=6.4 Hz),
55.60, 43.15, 41.86, 16.24 (d, J=6.4 Hz); *'P NMR (162
MHz, CDCl;) 6: 21.23. HRMS (ESI) caled for C;3H,,OsP
[M+H]" 287.1004; found 287.0998.

Diethyl (2-(4-(tert-butyl)phenyl)-2-oxoethyl)phosphonate
(3g): Colorless oil. "H NMR (400 MHz, CDCl3) 6: 7.96 (d,
J=8.5 Hz, 2H), 7.49 (d, J=8.5 Hz, 2H), 4.14 (p, J=7.2
Hz, 4H), 3.62 (d, J=22.7 Hz, 2H), 1.34 (s, 9H), 1.29 (t,
J=7.1 Hz, 6H); "C NMR (101 MHz, CDCL;) J: 191.52 (d,
J=6.5Hz), 157.52, 133.98 (d, J=2.1 Hz), 129.04, 125.57,
62.64 (d, J=6.5 Hz), 39.02, 37.73, 35.17, 31.03, 16.25 (d,
J=6.4 Hz); *'P NMR (162 MHz, CDCl3) 6: 20.25. HRMS
(ESI) caled for CigHyOP [M+H]" 313.1524; found
313.1528.

Diethyl (2-(2-nitrophenyl)-2-oxoethyl)phosphonate
(3h): Yellow oil. "H NMR (400 MHz, CDCl;) J: 8.16~
8.09 (m, 1H), 7.78~7.71 (m, 1H), 7.67~7.58 (m, 2H),
4.18~4.05 (m, 4H), 3.58~3.47 (m, 2H), 1.32~1.25 (m,
6H); *C NMR (101 MHz, CDCly) d: 193.82 (d, J=5.9
Hz), 14535, 137.14 (d, J=12 Hz), 134.46, 131.00,
128.78, 124.14, 62.80 (d, J=6.4 Hz), 42.36 (d, J=128.4
Hz), 16.25 (d, J=6.3 Hz); *'P NMR (162 MHz, CDCl5) ¢:
18.76. HRMS (ESI) caled for C,H;;NO,P [M+H]"
302.0749; found 302.0744.

Diethyl (2-(4-nitrophenyl)-2-oxoethyl)phosphonate (3i):
Yellow oil. 'H NMR (400 MHz, CDCl;) : 8.38~8.31 (m,
2H), 8.25~8.19 (m, 2H), 4.24~4.09 (m, 4H), 3.69 (d, J=
23.0 Hz, 2H), 1.31 (t, J=7.1 Hz, 6H); >C NMR (101
MHz, CDCls) 6: 190.61 (d, J=6.8 Hz), 150.55, 140.78 (d,
J=1.4 Hz), 130.16, 123.80, 62.96 (d, J=6.5 Hz), 39.27 (d,
J=128.6 Hz), 16.28 (d, J=6.3 Hz); *'P NMR (162 MHz,
CDCl;) 0: 18.44. HRMS (ESI) calcd for C;,H;;NOGP [M+
H]" 302.0749; found 302.0752.

Diethyl (2-(2-chlorophenyl)-2-oxoethyl)phosphonate
(3j): Colorless oil. "H NMR (400 MHz, CDCl;) §: 7.58~
7.52 (m, 1H), 7.41~7.35 (m, 2H), 7.35~7.29 (m, 1H),
4.20~3.98 (m, 4H), 3.77~3.61 (m, 2H), 1.29~1.15 (m,
6H); *C NMR (101 MHz, CDCly) d: 194.32 (d, J=6.9
Hz), 138.55, 132.31, 131.04, 130.47, 129.95, 126.95, 62.64
(d, J=6.4 Hz), 42.05 (d, J=128.7 Hz), 16.19 (d, J=6.4
Hz); *'P NMR (162 MHz, CDCl;) 6: 19.17. HRMS (ESI)
caled for C;,H;,CIO,P [M + H] " 292.0445; found
292.0449.

Diethyl (2-(3-chlorophenyl)-2-oxoethyl)phosphonate
(3K): Colorless oil. "H NMR (400 MHz, CDCl;) J: 8.00~
7.94 (m, 1H), 7.92~7.85 (m, 1H), 7.59~7.51 (m, 1H),
7.47~7.36 (m, 1H), 4.25~3.99 (m, 4H), 3.60 (d, J=22.8
Hz, 2H), 1.36~120 (m, 6H); *C NMR (101 MHz,
CDCl;) d: 190.73 (d, J=6.7 Hz), 137.94 (d, J=1.7 Hz),
134.90, 133.54, 129.93, 129.00, 127.24, 62.76 (d, J=6.5
Hz), 38.67 (d, J=129.5 Hz), 16.22 (d, J=6.4 Hz); *'P
NMR (162 MHz, CDCl3) d: 19.20. HRMS (ESI) calcd for
C,H,,CIO4P [M+H]" 292.0445; found 292.0440.
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Diethyl (2-(4-chlorophenyl)-2-oxoethyl)phosphonate
(31): Colorless oil. '"H NMR (400 MHz, CDCls) J: 8.02~
7.88 (m, 2H), 7.53~7.36 (m, 2H), 4.22~4.03 (m, 4H),
3.61 (d, J=22.8 Hz, 2H), 1.29 (t, J=7.1 Hz, 6H); "°C
NMR (101 MHz, CDCl;) 6: 190.74 (d, J=6.6 Hz), 140.27,
134.79 (d, J=1.7 Hz), 130.51, 128.93, 62.77 (d, J=6.5
Hz), 38.62 (d, J=129.4 Hz), 16.26 (d, J=6.3 Hz); *'P
NMR (162 MHz, CDCl;) 6: 19.46. HRMS (ESI) calcd for
C,H,,CIOP [M+H]" 292.0445; found 292.0447.

Diethyl (2-0x0-2-(2,4,5-trifluorophenyl)ethyl)phos-
phonate (3m): Colorless oil. 'H NMR (400 MHz, CDCls)
0: 7.87~7.67 (m, 1H), 7.14~6.93 (m, 1H), 4.26~4.02
(m, 4H), 3.80~3.52 (m, 2H), 1.29 (t, J=7.1 Hz, 6H); "°C
NMR (101 MHz, CDCl;) o: 187.36 (dd, J=7.3, 3.8 Hz),
157.59 (ddd, J=254.7, 10.1, 2.5 Hz), 153.63 (ddd, J=
261.0, 14.8, 12.9 Hz), 147.12 (ddd, J=248.2, 12.6, 3.2
Hz), 121.77 (ddd, J=13.9, 3.7, 2.1 Hz), 118.94 (ddd, J=
20.3, 3.4, 2.5 Hz), 106.75 (dd, J=30.4, 21.2 Hz), 62.69 (d,
J=6.4 Hz), 42.30 (dd, J=129.8, 8.5 Hz), 16.23 (d, J=6.3
Hz); *'P NMR (162 MHz, CDCl;) §: 19.06. HRMS (ESI)
calcd for C12H15F304P [M + H] * 3110615, found
311.0611.

Diethyl  (2-(naphthalen-2-yl)-2-oxoethyl)phosphonate
(3n): Colorless oil. '"H NMR (400 MHz, CDCl5) J: 8.57 (s,
1H), 8.07 (dd, J=8.7, 1.8 Hz, 1H), 8.00 (d, J=8.0 Hz,
1H), 7.90 (t, J=8.4 Hz, 2H), 7.66~7.61 (m, 1H), 7.60~
7.55 (m, 1H), 4.30~4.05 (m, 4H), 3.78 (d, J=22.7 Hz,
2H), 1.29 (t, J=7.1 Hz, 6H); >*C NMR (101 MHz, CDCl5)
0: 191.83 (d, J=6.7 Hz), 135.79, 133.85 (d, J=1.9 Hz),
132.38, 131.49, 129.80, 128.90, 128.50, 127.77, 126.92,
124.16, 62.71 (d, J=6.5 Hz), 38.59 (d, J=129.9 Hz),
16.29 (d, J=6.4 Hz); *'P NMR (162 MHz, CDCl;) ¢:
20.08. HRMS (ESI) caled for Ci¢H,O.P [M+ H] '
307.1055; found 307.1059.

Dimethyl (2-ox0-2-phenylethyl)phosphonate (3q): Col-
orless oil. '"H NMR (400 MHz, CDCls) 6: 7.98 (dd, J=8.3,
1.0 Hz, 2H), 7.62~7.53 (m, 1H), 7.47 (t, J=7.7 Hz, 2H),
3.76 (d, J=11.2 Hz, 6H), 3.63 (d, J=22.6 Hz, 2H); "*C
NMR (101 MHz, CDCl5) d: 191.77 (d, J=6.6 Hz), 136.33
(d, J=2.5 Hz), 133.81, 128.95, 128.70, 53.16 (d, J=6.5
Hz), 37.42 (d, J=131.5 Hz); *'P NMR (162 MHz, CDCl,)
0: 22.84. HRMS (ESI) caled for C,H;;0,P [M+H]"
229.0585; found 229.0581.

Dibutyl (2-oxo-2-phenylethyl)phosphonate (3r): Color-
less oil. '"H NMR (400 MHz, CDCL;) 6: 8.07~7.95 (m,
2H), 7.65~7.54 (m, 1H), 7.54~7.42 (m, 2H), 4.18~3.94
(m, 4H), 3.73~3.55 (m, 2H), 1.68~1.54 (m, 4H), 1.40~
1.26 (m, 4H), 0.93~0.82 (m, 6H); >C NMR (101 MHz,
CDCly) 6: 191.92 (d, J=6.8 Hz), 136.52, 133.63, 129.05,
128.58, 66.32 (d, J=6.7 Hz), 38.32 (d, J=129.5 Hz),
32.36 (d, J=6.4 Hz), 18.61, 13.56; *'P NMR (162 MHz,
CDCl;) 6: 19.88. HRMS (ESI) calcd for CysHy604P [M+
H]" 313.1524; found 313.1528.

Ethyl (2-oxo-2-phenylethyl)(phenyl)phosphinate (3s):
Colorless oil. '"H NMR (400 MHz, CDCl;) 6: 7.99~7.86
(m, 2H), 7.83~7.67 (m, 2H), 7.58~7.33 (m, 6H), 4.16~
4.00 (m, 1H), 3.99~3.83 (m, 1H), 3.83~3.71 (m, 2H),
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126~1.16 (m, 3H); "C NMR (101 MHz, CDCls) §:
192.14 (d, J=5.5 Hz), 136.74, 133.51, 132.71 (d, J=2.7
Hz), 131.79 (d, J=10.2 Hz), 130.03 (d, J=132.8 Hz),
129.03, 128.60 (d, J=13.3 Hz), 128.49, 61.44 (d, J=6.2
Hz), 42.91 (d, J=86.5 Hz), 16.29 (d, J=6.6 Hz); *'P
NMR (162 MHz, CDCl3) o: 34.45. HRMS (ESI) calcd for
C16H s05P [M+H]" 289.0949; found 289.0945.

2-(Diphenylphosphoryl)-1-phenylethan-1-one (31):
White solid. m.p. 140~140.5 C; 'H NMR (400 MHz,
CDCly) d: 7.98 (d, J=7.5 Hz, 2H), 7.89~7.73 (m, 4H),
7.58~7.35 (m, 9H), 4.15 (d, J=15.3 Hz, 2H); *C NMR
(101 MHz, CDCl;) 6: 192.83 (d, J=5.6 Hz), 136.95,
133.62, 132.18 (d, J=2.8 Hz), 131.95 (d, J=103.4 Hz),
131.11 (d, J=9.8 Hz), 129.24, 128.65 (d, J=12.3 Hz),
128.54, 4325 (d, J=58.1 Hz); *'P NMR (162 MHz,
CDCl;) 6: 26.97. HRMS (ESI) caled for C,0H;50,P [M+
H]" 321.1000; found 321.0999.

Supporting Information The spectroscopic characteri-
zation of the products 3a~3t. The Supporting Information
is available free of charge via the Internet at http://sioc-
journal.cn.
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