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Mn(acac)s Promoted Radical Oxidative Coupling Reaction of Enol
Esters with Phosphites to Synthesize (-Ketophosphonates
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(Green Catalysis Center, College of Chemistry, Zhengzhou University, Zhengzhou 450001)

Abstract p-Ketophosphonates are widely found in the structural backbone of natural products and biologically active
molecules, and they are of great synthetic value in medicinal chemistry, organic transformations and other fields. An
Mn(acac)s-promoted oxidative coupling reaction between aryl enol acetates and alkyl phosphites are reported, enabling the
synthesis of f-ketophosphonates with broad functional group compatibility under mild and simple conditions. The generation
of phosphorus radicals for manganese oxidation and the addition of radicals to unsaturated bonds were involved in the reaction.
The substrates required for the reaction were readily available and the system did not require any acid or base as additives.
Finally, a gram-scale experiment to further demonstrate the value of this strategy in the efficient synthesis of S-ketophospho-

nates was carried out.
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1 Introduction

As one of the most important classes of organophos-
phorus compounds, S-ketophosphonates are widely present
in various natural products, pharmaceuticals and functional
materials.'l And it is also used in medicinal chemistry
owing to their biological activity.l?! Considering the value
in synthesis, many efforts have been made for the synthesis
of these compounds.

Traditionally, fS-ketophosphonates were usually con-
structed through the reaction of a-haloketones with trial-
kylphosphites or the acylation of alkylphosphonates with
esters.’) However, strong bases were often required in
these transformations, which limits the application of these
strategies. There is still an urgent need to develop more
mild and convenient strategies for the synthesis of these
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compounds. The essence of organic synthetic chemistry is
the establishment of different chemical bonds. In recent
years, there has been an increasing interest in radical reac-
tions that build new chemical bonds through unique reac-
tion pipelines.[*l And this strategy has also been applied to
the construction of carbon-phosphorus bonds. In 2015,
Lei’s groups!®! developed a radical-radical cross coupling
reaction for the synthesis of f-ketophosphonates, and two
different radicals were obtained at the same times by using
an internal oxidant. On the other hand, unsaturated bonds
were often used as effective trapping agents for free radi-
cals to achieve the construction of carbon-carbon,!® car-
bon-nitrogen,”! carbon-sulfur,’® carbon-silicon bonds."!
And several elegant reports also described the oxidative
addition of phosphine radicals with alkenes or alkynes to
form carbon-phosphorus bonds.'”! Besides, Song and Yu’s
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groups!'! also described the regioselective C(sp?)—C(sp?)
bond cleavage and C(sp®)—P bond formation, respective-
ly, which involved phosphorus radical attack on double
bonds and C—C (C=O0) bond cleavage. As a class of
electron-deficient olefins, silyl enol ethers and enol ace-
tates usually serve as platforms to synthesize functional-
ized ketones through the attraction of electrophilic radical
species.['?l Herein, based on our interest in developing
more efficient strategy for the synthesis of S-ketophos-
phonates, we developed a manganese-promoted oxidative
coupling of enol acetates to synthesize these compounds.
The formation of carbon-phosphorus bonds and the capture
of phosphorus radicals by unsaturated bonds could be
achieved under mild conditions and without the need of
any base or acid. And various fS-ketophosphonates were
obtained in moderate to good yields.

(a) Classical reaction for the synthesis of f-ketophosphonates
o

R2 Q LiN(SiMe), (1.0equiv) @ 9 oRr
R + CI—P-OR : : R1KKP(

{BuLi (1.2 equiv.) OR
Br OR R2
) O MgCl, (2.0 equiv. o 9
Ho,o pc® | MECRGREM), B okt
Et0 OEt R~ ¢l EtN,CHCN,rt R Okt

(b) Cu- catalyzed radical/radical cross-coupling reaction (Lei's work)

Cu, PC 79

u, PCys3 P—-OEt
+

©)\ EtO— P OBt — o Q)K/oa

¢) Reconstruction of a C(sp3)-P bond via the selective cleavage of

the C sp2) C(sp?) bond (Song's work)
Q9
F C _
Ph + HP OEt & P-OEt
0, OEt

) Mn-promoted radical oxidative coupling of enol acetates (this work)

Q9
Mn(acac —
@/& + EtO- P OEt _Mn(acac)s | @)K/CP)EtoEt

W Mild conditions

W Broad functional group tolerance

B Readily available starting materials

Scheme 1 Synthetic strategies of f-ketophosphonates

2 Results and discussion

At the beginning of the study, enol acetate 1a and dieth-
yl phosphite 2a were used in model reaction. As shown in
Table 1, using 1.5 equiv. of Mn(acac); as oxidant and
CH;CN as solvent in the air atmosphere, the target product
3a was obtained in 55% yield at 80 C for 6 h (Table 1,
Entry 1). Then several manganese metal salts and com-
monly used oxidants were examined, and almost no prod-
uct was obtained except for Mn(acac),, which gave a yield
of 32% (Table 1, Entries 2~8). We also tried using cata-
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lytic amounts of Mn(acac); in combination with 1.5 equiv.
of oxidants such as DTBP or K,S,0s, but did not obtain
any product (Table 1, Entries 9~10). Subsequently, vari-
ous solvents were tested in the reaction system, and most
of them (except NMP) could deliver the product, but there
was no increase in the yield (Table 1, Entries 11~16). The
amounts of oxidant and substrate were also adjusted. When
2.0 equiv. of Mn(acac); were used instead of 1.5 equiv.,
the yield of the product was improved to 70% (Table 1,
Entry 17). When 3.0 equiv. of Mn(acac); were used in the
reaction, fortunately, the yield increased to 81% (Table 1,
Entry 18). The amount of Mn(acac); further increased to
4.0 equiv., the yield decreased (Table 1, Entry 19). When
the amount of diethyl phosphite 2a was reduced to 1.5
equiv., there has been a slight decrease in yield, and in-
creasing the amount of diethyl phosphite to 4.0 equiv. only
gave a slight increase in yield (from 74% to 85%), so 2.0
equiv. of diethyl phosphite was chosen for subsequent op-
timization (Table 1, Entries 20, 21). Various bases or acids
have been used as additives to add into the system, but
they all showed a inhibitory effect on the reaction (Table 1,
Entries 22~25). This may be due to the decomposition of
the enol acetates to aryl ketones under acidic or basic con-
ditions. Besides, either increasing or decreasing the tem-
perature had a negative effect on the reaction, and adjust-
ing the reaction time did not give a better result (Table 1,
Entries 26~29). When the reaction was carried out at N
atmosphere, 82% yield was still obtained, which ruled out
the possibility of oxygen influencing the reaction (Table 1,
Entry 30). Finally, the desired product 3a was obtained in
81% yield by reacting 0.5 mmol of 1a with 2.0 equiv. of
diethyl phosphite 2a in the presence of 3.0 equiv. of
Mn(acac); in CH3;CN (5.0 mL) at 80 “C for 6 h under air
atmosphere.

With the optimized conditions in hand, the scope of sub-
strates in the reaction was examined. First, aryl enol ace-
tates with different substituents on the benzene ring were
tested and the results were presented in Table 2. When no
substituent was present on the benzene, 84% yield of the
corresponding product 3b was obtained. Substrates with
electron-donating groups on the benzene rings, such as
alkyl (3¢~3d), phenyl (3e), methoxy (3f), phenoxy (3g),
benzyloxy (3h), all gave the desired products in good
yields (60%~80%). The aryl enol acetates substituted
with electron-withdrawing groups could also convert
smoothly to give the corresponding product in excellent
yields, and the presence of bromine and iodine atoms pro-
vided the potential for subsequent structural modifications
(3i~3k). Unfortunately, the reaction could not occur when
a strong electron-absorbing nitro group was attached to the
benzene ring (31). In addition, both ortho-, and me-
ta-substituted aryl enol acetates were converted into the
target product smoothly (3m~30). When there were mul-
tiple substituted groups on the benzene ring, the corre-
sponding products were still obtained in medium to upper
yields (3p~3q). Replacement of the benzene ring with
naphthalene and thiophene rings gave products 3r and 3s

Chin. J. Org. Chem. 2023, 43,3989~3996
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Table 1 Optimization of the reaction conditions

OAc

0 . y Q@9
1 Oxidant, additive P-OEt
@ * EO-P-OEt Solvent, temp., time /©)k/65t
H
Me Me
1a 2a 3a
Entry Oxidant (equiv.) Additive (equiv.) Solvent Temp./C Time/h Yield”/%
1 Mn(acac)s (1.5) CH;CN 80 6 55
2 Mn(OAc); (1.5) CH3CN 80 6 Trace
3 Mn(acac)z (1.5) CH3CN 80 6 32
4 K2820s (1.5) CH3CN 80 6 ND/
5 NH4S20s (1.5) CH3CN 80 6 ND/
6 DTBP (1.5) CH3CN 80 6 ND/
7 TBHP (1.5) CH3CN 80 6 ND/
8 H202 (1.5) CH3CN 80 6 Trace
9 Mn(acac)s (0.2)+DTBP (1.5) CH3:CN 80 6 Trace
10 Mn(acac)s (0.2)+KaS20s (1.5) CH3CN 80 6 ND/
11 Mn(acac)s (1.5) 1,4-Dioxane 80 6 46
12 Mn(acac)s (1.5) THF 80 6 38
13 Mn(acac)s (1.5) DCE 80 6 43
14 Mn(acac)s (1.5) EA 80 6 58
15 Mn(acac)s (1.5) DMF 80 6 32
16 Mn(acac)s (1.5) NMP 80 6 Trace
17 Mn(acac)s (2.0) CH3CN 80 6 70
18 Mn(acac)s (3.0) CH3CN 80 6 81
19 Mn(acac)s (4.0) CH3CN 80 6 72
20 Mn(acac)s (3.0) CH3CN 80 6 74¢
21 Mn(acac)s (3.0) CHsCN 80 6 85¢
22 Mn(acac)s (3.0) CH3CO:2H (2.0) CH3CN 80 6 51
23 Mn(acac)s (3.0) CsHoCO2H (2.0) CH3CN 80 6 56
24 Mn(acac)s (3.0) NEts (2.0) CH3CN 80 6 61
25 Mn(acac)s (3.0) DBU (2.0) CH3CN 80 6 48
26 Mn(acac)s (3.0) — CH3CN 60 6 72
27 Mn(acac)s (3.0) — CH3CN 100 6 66
28 Mn(acac)s (3.0) — CH3CN 80 4 69
29 Mn(acac)s (3.0) — CH3CN 80 8 79
30¢ Mn(acac)s (3.0) — CH3CN 80 6 82¢

¢1a (0.5 mmol), 2a (1.0 mmol, 2.0 equiv.), Mn(acac); (1.5 mmol, 3.0 equiv.), 80 ‘C, 6 h, CH;CN (5 mL), under air atmosphere. ?Isolated yield. 1a : 2a=1: 1.5.
41a : 2a=1 : 3. °N, atmosphere. /ND=no detected. DBU = 1,8-diazabicyclo[5.4.0Jundec-7-ene.

in 77% and 56% yields, respectively. When the diethyl
phosphite was replaced with dimethyl phosphite and di-
phenylphosphine oxide, the desired product 3t was ob-
tained in 85% yield, but product 3u can’t harvest.

Subsequently, in order to illustrate the potential value of
this reaction, the gram-scale reaction under standard condi-
tions was finished. As shown in Scheme 2, 7 mmol of 1a
and 14 mmol of 2a were used as the starting substrates,
and the reaction was carried out at standard conditions.
After separation of the products, 1.38 g of S-ketophospho-
nates 3a was obtained in 73% yield.

For a better mechanistic understanding, several radi-
cal-trapping experiments were carried out. As shown in
Scheme 3, when 2,2,6,6-tetramethylpiperidinooxy (TEM-
PO, 3.0 equiv.) or 2,6-ditertbutyl-4-methylphenol (BHT,
2.0 equiv.) was added as a radical capture agent to the re-
action under standard conditions, the reaction was com-
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pletely inhibited and no product was detected. These re-
sults suggested that a radical pathway might be involved in
the reaction.

Based on previous literature,['>'4 a plausible mechanism
for this reaction was proposed. Firstly, diethyl phosphite
2a was isomerized to trivalent phosphine species, which
was then oxidized by Mn*" to give a phosphorus radical
A. Then A was captured by unsaturated bonds to form an-
other carbon radical B, and B was further oxidized by
Mn*" to give intermediate C. Finally, intermediate C was
followed by hydrolysis!!> and the target product 3a was
obtained in the reaction system.

3 Conclusions

In summary, we have developed a manganese-promoted
radical oxidative coupling reaction for the synthesis of

http://sioc-journal.cn/ 3991
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Table 2 Scope of substrates for the synthesis of 3a~3u“
OAc O (H)
. P-OR
il A . RO—P-OR Mn(acac); (3.0 equiv.) R1©)k/OR
A, I; CH4CN, 80 °C, 6 h 2 4
0 (‘)‘ 2 (‘)‘ i ‘OF" OEt i g OEt
F- Okt F- Okt OEt OEt
OEt OEt .
Me i-Pr t-Bu
3a, 81% 3b, 84% 3¢, 79% 3d, 80%
T 2 9 2 9 9
I'T’*OEt I‘D*OEt I‘D*OEt I?*OEt
OEt OEt OEt OEt
Ph MeO PhO BnO
3e, 71% 3f, 68% 39, 60% 3h, 64%
o 9 o 9 2 Q 9
P—OEt P-OFEt P-OEt P—OEt
OEt OEt OEt OEt
F Br I O2N
3i, 86% 3j, 78% 3k, 58% 31, trace
2 9 9 2 9 2 9
I‘D*OEt F"*OEt BnO I'T‘*OEt Me I‘D*OEt
OEt OEt OEt OEt
Me Me
3m, 63% Me 3n, 68% 30, 72% 3p, 62%
o o0 7 9 o 9 o o0
I P—-OEt ‘F"*OE I
o P-OEt ! > ~OEt P-OMe
I OEt 4 | |
( OEt MeO S OEt OMe
o Me
3q, 69% 3r, 77% 3s, 56% 3t, 85%
2 9
P—Ph
Ph
Me
3u, nr

4Reaction conditions: 1 (0.5 mmol, 1.0 equiv.), 2 (1.0 mmol, 2.0 equiv.), Mn(acac); (1.5 mmol, 3.0 equiv.), 80 ‘C, 6 h, CH;CN (5 mL), under air atmosphere. Isolat-

ed yield. nr, no reaction.

OAc (@] 9
i standard conditions ?70Et
+ HP-OEt — = OEt
Me OFEt Me
1a (7 mmol) 2a (14 mmol) 3a, 1.38 g, 73%
Scheme 2 Gram-scale reaction of 3a
OAc e}
T Standard conditions 0
+  EtO-P-OEt : F-OEt
H TEMPO (3.0 equiv.) OEt
Me Me
1a 2a 3a, trace
OAc O O
I Standard conditions .-
+  EtO-P-OEt _ P-OBt 4 5
H BHT (2.0 equiv.) OEt 7
Me Me 0=P—OEt
|
1a 2a 3a, trace OEt

Detected by HRMS

Scheme 3 Radical-trapping experiments
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Scheme 4 Proposed mechanism of reaction

p-ketophosphonates under mild conditions. In this reaction,
the phosphorus radical was generated by the oxidation of
manganese metal salts, and conveniently available enol
esters were used as radical trapping agents and platforms
for ketone production. Various fS-ketophosphonates were
delivered in moderate to good yields. The reaction showed
good functional group tolerance under simple and mild
conditions that may be regarded as a good method for the
preparation of fS-ketophosphonates. Finally, we proposed a
possible mechanism for the reaction.

4 Experimental section

4.1 Instruments and reagents

Unless otherwise noted, materials were purchased from
commercial suppliers and used without further purification.
All reactions were carried out in air atmosphere and moni-
tored by TLC (thin layer chromatography). The products
were purified by column chromatography using 200~300
mesh silica. The elution solvent used for column chroma-
tography was PE (petroleum ether, boiling point range
60~90 C), EA (ethyl acetate) and DCM (dichloro-
methane). The 'H NMR, '*C NMR, and 3'P NMR spectro-
scopic analyses were carried out on a Bruker AV spec-
trometer. 'H NMR spectra were recorded on 400 MHz
spectrophotometers. Chemical shifts (0) were reported
from the resonance of tetramethyl silane as the internal
standard (TMS: J 0.00). '*C NMR spectra were recorded
on 100 with complete proton decoupling spectrophotome-
ters.

4.2 General procedure for synthesis of enol acetates
1

A 100 mL round-bottom flask equipped with a magnetic
stir bar and a reflux condenser was charged with ketone
(50 mmol, 1.0 equiv.), isopropenyl acetate (250 mmol, 5.0
equiv.) and p-TsOH (4 mmol, 0.08 equiv.). The reaction
mixture was heated to 120 ‘C in aluminum dry block
heater. After 24 h, the reaction mixture was allowed to
cool to room temperature and the remaining isopropenyl
acetate was subsequently evaporated under reduced pres-
sure. The residue was redissolved in ethyl acetate (100
mL), washed with H,O (150 mL) and dried over Na;SOs..
The solvent was evaporated in vacuo to give a dark red oil.

Chin. J. Org. Chem. 2023, 43,3989~3996
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The pure products were obtained by distillation under re-
duced pressure or by purification on SiO, column chroma-
tography (PE/DCM, V/V=1/1). All enol acetates (1a~1s)
were synthesized and purified according to the above pro-
cedure and in agreement with reference.['®!

4.3 Synthesis of product 3

A 25 mL round bottom flask was charged with aryl enol
acetates 1 (0.5 mmol, 1.0 equiv.), diethyl phosphite 2 (1.0
mmol, 2.0 equiv.), Mn(acac); (1.5 mmol, 3.0 equiv.), ace-
tonitrile (5 mL) and a magnetic stir bar under air atmos-
phere. The reaction mixture was stirred and reacted at
80 ‘C for 6 h. The reaction was basically completed. The
mixture was poured into water (15 mL) and extracted with
ethyl acetate (10 mL X 3). The combined organic layer was
dried over MgSO, and evaporated to give the crude prod-
uct, which was then purified on silica gel (PE/EA, V/V=
2/1~1/1) to afford target compounds 3 as a yellow oily
liquid.

Diethyl(2-(1-(4-phenoxyphenyl))-2-oxoethyl)phospho-
nate (3a):l'78 1-(4-Phenoxyphenyl)vinyl acetate (88.0 mg,
0.5 mmol) and diethyl phosphite (138.1 mg, 1.0 mmol)
were used to afford the title compound 3a as light yellow
oil liquid (109.3 mg, 81%); Rr=0.2 (PE/EA, V/V=1/1). 'H
NMR (400 MHz, CDCls) ¢: 7.92 (d, J=38.0 Hz, 2H), 7.28
(d, J=8.0 Hz, 2H), 4.18~4.11 (m, 4H), 3.62 (d, Jur=
24.0 Hz, 2H), 2.42 (s, 3H), 1.29 (t, J=8.0 Hz, 6H); 3C
NMR (100 MHz, CDC]ls) d: 191.5 (d, Jc»=7.0 Hz), 144.6,
134.1, 129.3, 62.6 (d, Jcp=7.0 Hz), 38.3 (d, Jc»=129.0
Hz), 21.6, 16.2 (d, Jcp=6.0 Hz); 3P NMR (162 MHz,
CDCls) 0: 20.4.

Diethyl(2-(1-phenyl)-2-oxoethyl)phosphonate  (3b):[173]
1-Phenylvinyl acetate (81.0 mg, 0.5 mmol) and diethyl
phosphite (138.1 mg, 1.0 mmol) were used to afford the
title compound 3b as yellow oil liquid (107.5 mg, 84%);
R=0.2 (PE/EA, V/V=1/1). 'H NMR (400 MHz, CDCl;)
0:7.95 (d, J=8.0 Hz, 2H), 7.52 (t, J/=6.0 Hz, 1H), 7.41 (4,
J=28.0 Hz, 2H), 4.11~4.03 (m, 4H), 3.57 (d, Jur=12.0
Hz, 2H), 1.21 (t, J=8.0 Hz, 6H); *C NMR (100 MHz,
CDCls) 0: 191.9 (d, Jer=6.0 Hz), 136.5, 133.6, 129.0,
128.6, 62.6 (d, Jc»p=6.0 Hz), 38.5 (d, Jc»=129.0 Hz),
16.2 (d, Joep=06.0 Hz); 3'P NMR (162 MHz, CDCl;) ¢:
20.2.

Diethyl(2-(1-(4-(iso-propyl)phenyl))-2-oxoethyl)phos-
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phonate (3¢):['"  1-(4-(iso-Propyl)phenyl)vinyl acetate
(102.0 mg, 0.5 mmol) and diethyl phosphite (138.1 mg, 1.0
mmol) were used to afford the title compound 3¢ as light
yellow oil liquid (117.7 mg, 79%); Rt=0.2 (PE/EA, V/V=
1/1). 'TH NMR (400 MHz, CDCl;) 6: 7.96 (d, J=8.0 Hz,
2H), 7.34 (d, J/=28.0 Hz, 2H), 4.19~4.12 (m, 4H), 3.63 (d,
Jur=24.0 Hz, 2H), 3.02~2.95 (m, 1H), 1.31 (d, J=4.0
Hz, 6H), 1.28 (t, J=16.0 Hz, 6H); *C NMR (100 MHz,
CDCls) o0: 191.5 (d, Jcp=6.0 Hz), 155.3, 134.4, 1294,
126.7, 62.7 (d, Jcp=6.0 Hz), 38.4 (d, Jc»=130.0 Hz),
34.3, 23.6, 16.3 (d, Jcp=7.0 Hz); *'P NMR (162 MHz,
CDCls) 6: 20.4.
Diethyl(2-(1-(4-(tert-butyl)phenyl))-2-oxoethyl)phos-
phonate  (3d):l'7?  1-(4-(tert-Butyl)phenyl)vinyl acetate
(109.0 mg, 0.5 mmol) and diethyl phosphite (138.1 mg, 1.0
mmol) were used to afford the title compound 3d as light
yellow oil liquid (124.8 mg, 80%); Rt=0.3 (PE/EA, V/V=
1/1). '"H NMR (400 MHz, CDCl;) 6: 7.97 (d, J=8.0 Hz,
2H), 7.50 (d, J/=28.0 Hz, 2H), 4.19~4.13 (m, 4H), 3.63 (d,
Jur=24.0 Hz, 2H), 1.35 (s, 9H), 1.30 (t, J=16.0 Hz, 6H);
3BC NMR (100 MHz, CDCls) &: 191.5 (d, Jcp=6.0 Hz),
157.5, 134.0, 129.1, 125.6, 62.7 (d, Jcp=6.0 Hz), 38.4 (d,
Jep=129.0 Hz), 35.2, 31.0, 16.3 (d, Jcp=6.0 Hz); *'P
NMR (162 MHz, CDCl3) ¢: 20.3.
Diethyl(2-(1-([1,1'-biphenyl]-4-yl))-2-oxoethyl)phos-
phonate  (3e):['%  1-([1,1'-Biphenyl]-4-yl)vinyl acetate
(119.0 mg, 0.5 mmol) and diethyl phosphite (138.1 mg, 1.0
mmol) were used to afford the title compound 3e as yellow
liquid (117.9 mg, 71%); R=0.3 (PE/EA, V/V=1/1). 'H
NMR (400 MHz, CDCl3) ¢: 8.11 (d, J=8.0 Hz, 2H), 7.72
(d, J=8.0 Hz, 2H), 7.65 (d, /=8.0 Hz, 2H), 7.50 (t, /=8.0
Hz, 2H), 7.43 (t, J/=8.0 Hz, 1H), 4.22~4.15 (m, 4H), 3.69
(d, Jur=24.0 Hz, 2H), 1.32 (t, J=8.0 Hz, 6H); *C NMR
(100 MHz, CDClL3) ¢: 191.5 (d, Jcp=6.0 Hz), 1464,
139.7, 135.2, 129.7, 128.9, 128.4, 127.3, 127.2, 62.8 (d,
Jer=7.0 Hz), 38.6 (d, Jcp=129.0 Hz), 16.3 (d, Jc.p=16.0
Hz); 3'P NMR (162 MHz, CDCl5) ¢: 21.3.
Diethyl(2-(1-(4-methoxyphenyl))-2-oxoethyl)phospho-
nate (3f):['" 1-(4-Methoxyphenyl)vinyl acetate (96.0 mg,
0.5 mmol) and diethyl phosphite (138.1 mg, 1.0 mmol)
were used to afford the title compound 3f as light yellow
oil liquid (97.2 mg, 68%); Rr=0.2 (PE/EA, V/V=1/1). 'H
NMR (400 MHz, CDCls) ¢: 8.00 (d, J=8.0 Hz, 2H), 6.95
(d, J/=8.0 Hz, 2H), 4.17~4.10 (m, 4H), 3.88 (s, 3H), 3.59
(d, Jur=24.0 Hz, 2H), 1.29 (t, J=16.0 Hz, 6H); *C NMR
(100 MHz, CDCl3) ¢: 190.2 (d, Jcp=6.0 Hz), 163.9,
129.5, 113.7, 62.5 (d, Jcp=7.0 Hz), 55.5, 38.1 (d, Jcp=
129.0 Hz), 16.2 (d, Jcp=7.0 Hz); *'P NMR (162 MHz,
CDCls) 6: 20.8.
Diethyl(2-(1-(4-phenoxyphenyl))-2-oxoethyl)phospho-
nate (3g):!'74 1-(4-Phenoxyphenyl)vinyl acetate (127.0 mg,
0.5 mmol) and diethyl phosphite (138.1 mg, 1.0 mmol)
were used to afford the title compound 3g as light yellow
oil liquid (104.4 mg, 60%); R~—0.3 (PE/EA, V/V=1/1). 'H
NMR (400 MHz, CDCl) é: 8.02 (d, J=8.0 Hz, 2H), 7.42
(t, J=8.0 Hz, 2H), 7.23 (t, J=8.0 Hz, 1H), 7.09 (d, /=8.0
Hz, 2H), 7.02 (d, /=28.0 Hz, 1H), 4.20~4.13 (m, 4H),
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3.61 (d, Jur=24.0 Hz, 2H), 1.31 (t, J=8.0 Hz, 6H); *C
NMR (100 MHz, CDCl;) 6: 190.3 (d, Jc.p="7.0 Hz), 162.6,
155.2,131.5, 131.1, 130.1, 120.4, 117.1, 62.8 (d, Jcp=7.0
Hz), 38.4 (d, Jcp=129.0 Hz), 16.3 (d, Jc.p=7.0 Hz); 3'P
NMR (162 MHz, CDCls) ¢: 20.0.
Diethyl(2-(1-(4-(benzyloxy)phenyl))-2-oxoethyl)phos-
phonate (3h):l'"  1-(4-(Benzyloxy)phenyl)vinyl acetate
(134.0 mg, 0.5 mmol) and diethyl phosphite (138.1 mg, 1.0
mmol) were used to afford the title compound 3h as light
yellow oil liquid (115.8 mg, 64%); Rt=0.2 (PE/EA, V/V=
1/1). '"H NMR (400 MHz, CDCl;) é: 8.01 (d, J=8.0 Hz,
2H), 7.44~7.36 (m, 5SH), 7.04 (d, J=8.0 Hz, 2H), 5.15 (s,
2H), 4.19~4.12 (m, 4H), 3.60 (d, Ju.r=24.0 Hz, 2H), 1.30
(t, J=8.0 Hz, 6H); 3C NMR (100 MHz, CDCI;) J: 190.3
(d, Jcp=6.0 Hz), 163.1, 136.0, 131.6, 129.8, 128.7, 128.3,
127.5, 114.6, 70.2, 62.7 (d, Jcp=7.0 Hz), 38.2 (d, Jcp=
129.0 Hz), 16.3 (d, Jcp=6.0 Hz); *'P NMR (162 MHz,
CDCls) d: 19.9.
Diethyl(2-(1-(4-fluorophenyl))-2-oxoethyl)phosphonate
(3i):1'"3 1-(4-Fluorophenyl)vinyl acetate (90.0 mg, 0.5
mmol) and diethyl phosphite (138.1 mg, 1.0 mmol) were
used to afford the title compound 3i as light yellow oil lig-
uid (117.8 mg, 86%); Rr=0.3 (PE/EA, V/V=1/1). 'H
NMR (400 MHz, CDCls) é: 7.99 (q, /J=8.0 Hz, 2H), 7.08
(t, J=8.0 Hz, 2H), 4.11~4.03 (m, 4H), 3.54 (d, Jur=24.0
Hz, 2H), 1.22 (t, J=8.0 Hz, 6H); '*C NMR (100 MHz,
CDCl3) o: 1903 (d, Jcp=6.0 Hz), 167.3, 164.8, 132.9,
131.9 (d, Jcr=10.0 Hz), 115.7 (d, Jc.r=22.0 Hz), 62.7 (d,
Jcr=6.0 Hz), 38.7 (d, Jcp=128.0 Hz), 16.2 (d, Jc.p=16.0
Hz); 3'P NMR (162 MHz, CDCls) J: 20.2.
Diethyl(2-(1-(4-bromophenyl))-2-oxoethyl)phosphonate
(3j):[' 1-(4-Bromophenyl)vinyl acetate (120.0 mg, 0.5
mmol) and diethyl phosphite (138.1 mg, 1.0 mmol) were
used to afford the title compound 3j as light yellow oil
liquid (130.2 mg, 78%); Rr=0.2 (PE/EA, V/V=1/1). 'H
NMR (400 MHz, CDCl3) ¢: 7.89 (d, J=8.0 Hz, 2H), 7.62
(d, J=8.0 Hz, 2H), 4.17~4.10 (m, 4H), 3.60 (d, Jur=
24.0 Hz, 2H), 1.29 (t, J=8.0 Hz, 6H); '*C NMR (100
MHz, CDCl3) ¢: 191.0 (d, Jcr=7.0 Hz), 135.2, 131.9,
130.6, 129.1, 62.8 (d, Jc.p=7.0 Hz), 38.2 (d, Jcp=129.0
Hz), 16.2 (d, Jc»=6.0 Hz); 3'P NMR (162 MHz, CDCI;)
0:20.1.
Diethyl(2-(1-(4-iodophenyl))-2-oxoethyl)phosphonate
(3k): 1-(4-lodophenyl)vinyl acetate (144.0 mg, 0.5 mmol)
and diethyl phosphite (138.1 mg, 1.0 mmol) were used to
afford the title compound 3k as light yellow liquid (110.7
mg, 58%); Rr=0.3 (PE/EA, V/V=1/1). 'H NMR (400
MHz, CDCl3) é: 7.86 (d, J=8.0 Hz, 2H), 7.73 (d, /=12.0
Hz, 2H), 4.18~4.11 (m, 4H), 3.59 (d, Ju-r=24.0 Hz, 2H),
1.30 (t, J=8.0 Hz, 6H); '3C NMR (100 MHz, CDCI;) ¢:
191.2 (d, Jcp=6.0 Hz), 137.9, 135.7, 130.4, 102.0, 62.7
(d, Jcp=7.0 Hz), 38.5 (d, Jc.p=129.0 Hz), 16.2 (d, Jcp=
6.0 Hz); 3'P NMR (162 MHz, CDCIl;) J: 20.0; HRMS
(ESI) caled for Ci,H7104P [M+H]" 382.9904, found
382.9908.
Diethyl(2-(1-(o-tolyl))-2-oxoethyl)phosphonate
(3m):['"¥ 1-(o-Tolyl)vinyl acetate (88.0 mg, 0.5 mmol) and
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diethyl phosphite (138.1 mg, 1.0 mmol) were used to af-
ford the title compound 3m as yellow oil liquid (85.0 mg,
63%); Rr=0.3 (PE/EA, V/V=1/1). '"H NMR (400 MHz,
CDCl;) 6: 7.68 (d, J=8.0 Hz, 1H), 7.32 (t, /=16 Hz, 1H),
7.20 (q, /=24.0 Hz, 2H), , 4.08~4.01 (m, 4H), 3.52 (d,
Jur=06.0 Hz, 2H), 2.44 (s, 3H), 1.19 (t, J=6.0 Hz, 6H);
3C NMR (100 MHz, CDCls) &: 195.1 (d, Jcp=7.0 Hz),
138.9, 137.2, 131.9, 129.6, 125.6, 62.5 (d, Jc.p=6.0 Hz),
41.0 (d, Jcp=129.0 Hz), 21.3, 16.2 (d, Jc.p=06.0 Hz); 3'P
NMR (162 MHz, CDCl3) ¢: 21.2.
Diethyl(2-(1-(m-tolyl))-2-oxoethyl)phosphonate
(3n):1'74 1-(m-Tolyl)vinyl acetate (88.0 mg, 0.5 mmol) and
diethyl phosphite (138.1 mg, 1.0 mmol) were used to af-
ford the title compound 3n as yellow oil liquid (91.8 mg,
68%); Rr=0.2 (PE/EA, V/V=1/1). '"H NMR (400 MHz,
CDCl;) o: 7.74 (d, J=8.0 Hz, 2H), 7.34~7.27 (m, 2H),
4.11~4.03 (m, 4H), 3.56 (d, Jup=24.0 Hz, 2H), 2.34 (s,
3H), 1.21 (t, J=6.0 Hz, 6H); *C NMR (100 MHz, CDCI;)
0: 192.1 (d, Jcp=7.0 Hz), 138.4, 136.5, 134.4, 129.4,
128.4, 126.3, 62.6 (d, Jc.p=>5.0 Hz), 38.5 (d, Jcp=129.0
Hz), 21.3, 16.2 (d, Jcp=6.0 Hz); *'P NMR (162 MHz,
CDCl;) d: 20.4.
Diethyl(2-(1-(3-(benzyloxy)phenyl))-2-oxoethyl)phos-
phonate (30): 1-(3-(Benzyloxy)phenyl)vinyl acetate (134.0
mg, 0.5 mmol) and diethyl phosphite (138.1 mg, 1.0
mmol) were used to afford the title compound 30 as yellow
oil liquid (132.1 mg, 72%); Rr=0.2 (PE/EA, V/V=1/1). 'H
NMR (400 MHz, CDCL) ¢: 7.53 (d, J=12.0 Hz, 2H),
7.37~7.25 (m, 6H), 7.12 (dd, /=4.0, 8.0 Hz, 1H), 5.04 (s,
2H), 4.10~4.02 (m, 4H), 3.53 (d, Ju»=06.0 Hz, 2H), 1.21
(t, J=6.0 Hz, 6H); *C NMR (100 MHz, CDCl3) é: 191.7
(d, Jcp=7.0 Hz), 158.9, 137.9, 136.4, 129.6, 128.6, 128.1,
127.5, 122.1, 121.1, 114.0, 70.2, 62.6 (d, Jcr=6.0 Hz),
38.6 (d, Jcr=129.0 Hz), 16.2 (d, Jc.p=6.0 Hz); >'P NMR
(162 MHz, CDCl3) o: 20.2; HRMS (ESI) caled for
CioH240sP [M~+H]" 363.1356, found 363.1352.
Diethyl(2-(1-(3,4-(dimethyl)phenyl))-2-oxoethyl)phos-
phonate (3p): 1-(3,4-(Dimethyl)phenyl)vinyl acetate (95.0
mg, 0.5 mmol) and diethyl phosphite (138.1 mg, 1.0
mmol) were used to afford the title compound 3p as yellow
oil liquid (88.0 mg, 62%); Rr=0.2 (PE/EA, V/V=1/1). 'H
NMR (400 MHz, CDCl;) ¢: 7.77 (t, J=10.0 Hz, 2H), 7.23
(d, J=4.0 Hz, 1H), 4.18~4.11 (m, 4H), 3.61 (d, Jur=
20.0 Hz, 2H), 1.29 (t, J=6.0 Hz, 6H); '*C NMR (100
MHz, CDCl3) ¢6: 191.7 (d, Jcr=6.0 Hz), 143.4, 136.9,
134.4, 130.0, 129.8, 126.9, 62.6 (d, Jc.»=16.0 Hz), 38.3 (d,
Jer=130.0 Hz), 20.0, 16.2 (d, Jcr=6.0 Hz); 3'P NMR
(162 MHz, CDCl3) o: 20.1; HRMS (ESI) caled for
Ci4H2»04P [M+H]" 285.1250, found 285.1251.
Diethyl(2-(1-(benzo[d][1,3]dioxol-5-y1))-2-oxoethyl)-
phosphonate  (3q):"'7!  1-(Benzo[d][1,3]dioxol-5-yl)vinyl
acetate (103.0 mg, 0.5 mmol) and diethyl phosphite (138.1
mg, 1.0 mmol) were used to afford the title compound 3q
as yellow oil liquid (103.5 mg, 69%); Rr=0.2 (PE/EA, VIV
=1/1). '"H NMR (400 MHz, CDCl;) ¢: 7.61 (dd, J=4.0,
8.0 Hz, 1H), 7.45 (d, J=4.0 Hz, 1H), 6.85 (d, /=8.0 Hz,
1H), 6.04 (s, 3H), 4.16~4.09 (m, 4H), 3.55 (d, Jur=28.0

Chin. J. Org. Chem. 2023, 43,3989~3996

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

Hz, 2H), 1.19 (t, J=6.0 Hz, 6H); 3*C NMR (100 MHz,
CDCl3) o0: 189.8 (d, Jcr=6.0 Hz), 152.4, 148.3, 1314,
126.1, 108.4, 107.8, 102.0, 62.6 (d, Jcp=7.0 Hz), 38.4 (d,
Jer=129.0 Hz), 16.3 (d, Jcr=6.0 Hz); *'P NMR (162
MHz, CDCls) 6: 19.8.

Diethyl(2-(1-(6-methoxynaphthalen-2-yl))-2-oxoethyl)-
phosphonate (3r): 1-(6-Methoxynaphthalen-2-yl)vinyl ac-
etate (121.0 mg, 0.5 mmol) and diethyl phosphite (138.1
mg, 1.0 mmol) were used to afford the title compound 3r
as yellow oil liquid (129.4 mg, 77%); Ry=0.3 (PE/EA,
V/IV=2/1). '"H NMR (400 MHz, CDCI;) J: 8.49 (s, 1H),
8.04 (dd, J=2.0, 8.0 Hz, 1H), 7.89 (d, /=12.0 Hz, 1H),
7.78 (d, J=8.0 Hz, 1H), 7.22 (dd, J=2.8, 12.0 Hz, 1H),
7.17 (d, J/=4.0 Hz, 1H), 4.20~4.13 (m, 4H), 3.96 (s, 3H),
3.75 (d, Jur=24.0 Hz, 2H), 1.29 (t, J=8.0 Hz, 6H); *C
NMR (100 MHz, CDCl;) 6: 191.4 (d, Jc.p=6.0 Hz), 160.1,
137.6, 132.0, 131.4, 127.7, 127.2, 124.9, 119.9, 62.7 (d,
Jer=7.0 Hz), 554, 38.3 (d, Jcr=129.0 Hz), 16.3 (d,
Jer=06.0 Hz); 3'P NMR (162 MHz, CDCl;) 6: 19.8;
HRMS (ESI) caled for Ci7H»OsP [M+H]" 337.1199,
found 337.1195.

Diethyl(2-(1-(thiophen-3-yl))-2-oxoethyl)phosphonate
(3s):'71 1-(Thiophen-3-yl)vinyl acetate (84.0 mg, 0.5
mmol) and diethyl phosphite (138.1 mg, 1.0 mmol) were
used to afford the title compound 3s as yellow oil liquid
(73.3 mg, 56%); Rr=0.2 (PE/EA, V/V=1/1). '"H NMR
(400 MHz, CDCl;) ¢: 8.15 (m, 1H), 7.50 (d, J=4.0 Hz,
1H), 7.26~7.23 (m, 1H), 4.10~4.03 (m, 4H), 3.46 (d,
Jup=24.0 Hz, 2H), 1.22 (t, J=8.0 Hz, 6H); '3C NMR
(100 MHz, CDCLs) ¢: 185.6 (d, Jcp=7.0 Hz), 141.8,
134.3, 127.2, 126.4, 62.7 (d, Jc»=6.0 Hz), 40.0 (d, Jer=
128.0 Hz), 16.2 (d, Jcp=6.0 Hz); *'P NMR (162 MHz,
CDCls) 6: 19.3.

Dimethyl(2-(1-(4-phenoxyphenyl))-2-oxoethyl)phos-
phonate (3t):l'7 1-(4-Phenoxyphenyl)vinyl acetate (88.0
mg, 0.5 mmol) and dimethyl phosphite (110.0 mg, 1.0
mmol) were used to afford the title compound 3t as yellow
oil liquid (102.8 mg, 85%); R=0.2 (PE/EA, V/V=2/1). 'H
NMR (400 MHz, CDCl3) ¢: 7.83 (d, J/=8.0 Hz, 2H), 7.21
(d, J=8.0 Hz, 2H), 3.70 (d, J=6.0 Hz, 6H), 3.55 (d,
Jurp=20.0 Hz, 2H), 2.35 (s, 3H); '*C NMR (100 MHz,
CDCls) o: 191.3 (d, Jcp=6.0 Hz), 144.8, 133.9, 1294,
129.1, 53.1 (d, Jcp=6.0 Hz), 37.4 (d, Jcrp=131.0 Hz),
23.3;3'P NMR (162 MHz, CDCI;) é: 20.3.

Supporting Information General procedures for gram-
scale reaction and radical-trapping experiments, and 'H
NMR, 3C NMR and *'P NMR spectra of compounds 3a~
3t. The Supporting Information is available free of charge
via the Internet at http://sioc-journal.cn.
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