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1. Introduction

Difunctionalization reaction involving alkenes haeeh of
considerable interest in organic synthesis dualt@mrtages such
as its high efficiency, atom and step econd@ye of the most
significant among this type of reactions are thoselving a
phosphorus-containing functional group since theultant
product can be easily transformed into other comgdstsuch as
B-keto, B-amino, andp-hydroxyphosphonatésSeveral methods
of C-P bond formation have been described in litmes*
however, reports on the difunctionalization of akkgrinvolving
a phosphorus-containing group are feim 2011, Ji's group
described the first example involving transitiontateatalyzed
oxyphosphorylation of alkenes with dioxygen
phosphonaté% More recently, our group
Manganese(lll)-mediated acetoxyphosphorylation dferzes
with diphenylphosphine oxide or dimethyl phosphitading
exclusively to acetoxyphosphorylation products. Tinethod
proceeded via a phosphorus-centred radical addititine alkene
to form (I), subsequent oxidation and solvent (HOAtack
tandem process, followed by deprotonation gave comgdlV)

(Scheme 1). The Mn(OAgHOAC system employed possesses a

high oxidative potential as it oxidized both dipkigmosphine
oxide (or dimethyl phosphite) and the intermediatgrbon-
centred radical (I) to the corresponding phosphorrgered

[Corresponding author. Tel.: +0-86-512-65880336; f&-86-
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and H-
reported a

radical and carbocation (lI) respectively. We eioried that if
the oxidizing ability of Mn(OAcjcan be controlled by changing
some reaction conditions involved in the processcdeed in
Scheme 1, the resultant intermediate carbon-cehtesdical
obtained from the initial addition of the phospt®mrentered
radical might be prevented from further oxidatidrhis could
then be subjected to other radical transformattbns achieving
a new type of selective difunctionalization of alke. Herein, we
report a new protocol involving oxyphosphorylatidratkenes in
the presence of Mn(OAghnd air. In this reaction, both H-
phosphonates and diarylphosphine oxides were tebbrgiving
the corresponding products.
OAc
Mn(OAc)3

A Q POPh,
+ HPPh, ~
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1a N H

-

. 3+ H
POPhz | M X _POPh, | HOAC o
) ) @N @)\/POPM
Mn
1

1

Scheme 1Plausible mechanism of acetoxyphosphorylationytse
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was observed in MeOH for 1 hour at°@ The results showed

that styrenes bearing either electron-donating @@cten-

withdrawing groups on the phenyl ring all afforded
To test our hypothesis, the reaction between sty(e@eand  oxyphosphorylation products in moderate to gooddgigup to

diphenylphosphine oxide2 was carried out in the presence of 69%, Table 3pa-i). Interestingly, the reaction of 4-nitrostyrene

Mn(OAc); under aerobic conditions. At the outset, polar sulve in this case yielded only a major prod&jtin 50% vyield thus

such as MeOHt-BuOH, CHCN, THF, DMF, and DMSO were indicating that radical reaction is sensitive te thature of the

used. To our delight, a new product, 2-(diphenyfgitmryl)-1-  phosphorus radical.

phenylethanone3@) was observed in all cases (Table 1, entries

1-6). MeOH,t-BuOH and CHCN were the best solvents among

which MeOH was selected for further optimization. Sagueently,

2. Results and Discussion

Table 2.Reactions of styrendsind diphenylphosphine oxi@ °

the reaction temperature, time and ratio of o
styrene/HP(O)P#Mn(OAc); were screened. The best result was R Y 0 Mn(OAG)s {j)gpom
obtained when a ratio of styrene/HP(O)yRIn(OAc); (1:2:2) o HEPR2  CHoOH, air R

was reacted in MeOH for 1 h at ¥ (Table 1, entry 7). It was 1 3

Products 3 and Yield
o
POPh,
3b, 69%
o
POPh,
3d, 61%
F

interesting that the yield of product obtained uraie was higher
than in Q atmosphere (Table 1, entry 10); this implied tinet
concentration of oxygen has an important influerare the
outcome of reaction.

POPh,
3a, 75%

Q.

POPh,

3¢, 67%

Table 1.Optimization of the reaction conditions HsCO

3

o]
0 POPh, Cl POPh,
N Q Mn(OAC)3 POPh, 3e, 70% 3f, 65%
+ HPPhy —————— cl
2 o] o]
1a 3a POPh, FsC POPh,
3g, 60% 3h, 60%
Br
Entry Slovent 1a:2:Mn(OAc)z Temp./°C Time/min Yield/%? 0

/©)K/P0Ph2
1 CH3OH 1:2:2 50 30 67 NG 3i, 60%
5. 0 OH
2 t-BuOH 1:2:2 50 30 65 /©)K/P0Ph2 /@)\/POPM
3j, 30% 3j', 25%
3 CHiCN 1:2:2 50 30 60 ON 0N
N #Reaction conditions: styrene (1.0 mmol), HP(Q)R2.0 mmol),
4 THF 1:2:2 50 30 43 Mn(OAC); (2.0 mmol) in MeOH (10 mL), 3%, 60 min;
5 DMF 1:2:2 50 30 30 P Isolated yield.
6 DMSO 1:2:2 50 30 32
7 CHa0OH 1:2:2 30 60 75 Table 3.Reactions of styrenegsand dialkylphosphite4*
o
8  CHsOH 1:2:2 70 20 60
3 RIE Xr X . 0 Mn(OAc); e PO(OR),
9 CH3OH 1:1.8:1.8 30 60 64 1/ HZ(OR)2 CH3OH, air ~ \~
5
10 CH3OH 1:2:2 30 60 50° Products 5 and Yield
#1solated yield; o
. ) PO(OCH;),
The reaction was carried out underadmosphere. 5a. 69%
(0] (0]
The optimal reaction conditions obtained above vegplied to PO(OCHj), PO(OCH;),
different set of styrenes to evaluate the scopthisfreaction. In 5b, 58% HCo 5c, 56%
general, electronic effect had less influence anytield as both o s
electron-withdrawing and electron-donating styrereatibrded PO(OCH;) 9 PO(OCHS)
. . . 3/2
the expected 2-(diphenylphosphoryl)-1-arylethanoiresields m,54% m,es% 32
ranging from 60-75% (Table 3a-i). However, the reaction of F cl
4-nitrostyrene  with 2 produced a mixture of 2- 0 o}
(diphenylphosphoryl)-1-(4-nitrophenyl)ethanonggj) and (2- ; ZS;OCHs)z FSCwPO(PCHS)Z
hydroxy-2-(4-nitrophenyl)ethyl)diphenylphosphineid @j’) in B 9.58% - 60%
55% combined yield. The strong electron-withdrawingug o o
NO, could be responsible for the competitive reacpathways PO(OCH), PO(OCHj),
involved. 5i, 59% 5, 50%
NC O,N

Considering the success of the reaction

was also tested. With, dimethylphosphi#, the best condition

with
diphenylphosphine oxid@, the reaction with dialkylphosphites 2Reaction conditions: styrene (1.0 mmol), HPO(©K).0 mmol), Mn(OAc)
(2.0 mmol) in CHOH (10 mL), 7C°C, 60 min;°Isolated yield.




Moving further, the effects afi- or B-substituents on styrene
were studied. The reactions of battmethylstyrene 1k) anda-
phenylstyrene m) with diphenylphosphine oxide2) afforded
the hydroxyphosphorylation produ@& and3m in 73% and 74%
yields respectively (Table 4). Oxyphosphorylationdqucts were
not observed in this case due to the presenaeafbstituents.
However, in a situation where thee-substituent could be lost
easily, oxyphosphorylation products were obtained dse case
with a-bromostyreneq(); the reaction witt2 and4 produced3a
and5a respectively in moderate yields. Surprisingly, teaction
of 1m with dimethylphosphite4) yielded alkenylphosphonate
5m in 75% vyield. Producbm could have been derived from the
dehydration of the corresponding hydroxyphosphdiora

Table 4.Reactions ofi- andB-substituted styreneswith

diphenylphosphine oxid2 and dimethyl phosphité*®°

Products 3, 6 and Yield

POPh,
3a, 72%

.

H
POPh,

3k, 73%

R

Ph_ OH
POPh,

3m, 74%

B

(e}

PO(OCHa3)»
5a, 65%
Ph
o)
PO(OCHz)2

intermediate. Furthermore, the reactions of ifathethylstyrene 5m, 75%
(1n) and B-phenylstyrene 1p) with 2 gave the corresponding OH

hydroxyphosphorylation product8n (73%) and 3p (65%) @2\( X
respectively (Table 4). The reaction bfi with 4 gave benzoic POPh, M(OCH3>2
acid rather than the expected prodbietdue to the oxidation of 3n, 73% 5n, 0%

1n. Also, the reactions dgi-bromostyrenel(o) with 2 and4 both xPOPh, X PO(OCHz)2

led to addition-elimination product8o and 50 via the
phosphorus-centred radical addition to the term@=aC double

30, 65%

»

bond, followed by elimination of bromo radical to rio O
alkenylphosphonylation products. The attack of @tygon O
intermediate carbon radical is not observed in ¢hise. Based on ;,;‘?22;

the results above, the reactions cof or B-substituted styrenes
with diphenylphosphine oxide2) and dimethylphosphite4)

POPh,

50, 61%

;

gave diverse products depending on the nature asiign of - %

substituents. Finally, reactions involving severah-conjugated
terminal alkenes were carried out giving exclusively
hydrophosphorylation producss-t in good yields (Table 4).

POPh,
O._~_-POPhy

S POPh;
3s, 79% 3t,61%

q

#Reaction conditions: styrene (1.0 mmol), HP(Q)@2h0 mmol),
Mn(OAc); (2.0 mmol) in MeOH (10 mL), 38C, 60 min; styrene (1.0
mmol), HP(O)(OCH), (2.0 mmol), Mn(OAc) (2.0 mmol) in CHOH
(10 mL), 70°C, 60 min;

To confirm the reaction proceeded via radical psscea
control experiment has been done, and the resditdtes that
the reaction of styrene with diphenylphosphine ox@ be
inhibited by addition of 1,1-diphenyl styrene (Sctee 2). A
mechanism for the reactions of alkenes with diphgms$phine
oxide @) and dialkyl phosphitesd) is proposed in Scheme 2. A

P|solated yield.

phosphorus-centred radigaterived from2 or 4 selectively adds P O}—\
to the terminal end of C=C double bondlofo form a carbon- 1 mmol P POPR2
centered intermediate radical When R is an alkyl7 becomes + L\ Hpoph, n(OAc) 2 eq)_ Yield 15%
reactive thus abstracting a proton to give hydrsphorylation F’h>: 2eq  CHOROOMD o o
products. On the other hand, if R is an arytould be stabilized Ph '
making it to interact with ©to form peroxy radica8; subsequent 1 mmol PR POPh,
proton abstraction and dehydration leads to pradiiot 5. Yield 5%
o ,OH
- H0 Q
3. Conclusion Rv)K/PORZ‘— R‘)\/PORQ
In conclusion, a new general protocol of Mn(OAgjediated §§§;Z'3H3) :
oxyphosphorylation of styrenes in air has been ldgeg. The R =aryl
solvent played an important role in this reactiosading
exclusively to oxyphosphorylation products. Advaes®f this , 0
methodology include mild reaction conditions, wideoge of RN —»R,/'\/PORZM, o
substrates, and the need for no further additivesximlant. Both 1 k 9 7 R =aryl R-)\/PORZ
diarylphosphine oxides and dialkyl phosphites weuitable *PR; 8

under this transformation. This protocol provideseav route to
B-ketophosphonates which can be easily transformt ather
compounds such asp-unsaturated carbonyl compounds, chiral

R' = alkyl
H abstraction

B-amino and3-hydroxy phosphonic acids etc. ?
HPR,
4. Experimental Section 2 (R =Ph)
4(R=0CHy) |R )\/PORz

4.1. General

'H NMR(400 MHz or 300 MHz) anfC NMR (100 or 75 MHz)
spectra were determined with CRQGF DMSO-dsas solvent and
tetramethylsilane (TMS) as internal standard or 83980, as

external standard f&tP NMR (162 MHz). Chemical shifts were

3 (R=Ph)
5 (R = OCHy)
R’ = alkyl

Scheme 2Possible mechanism of oxyphosphorylation of alkenes
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reported in ppm from internal TM&( all coupling constantsl (
values) were reported in Hertz (Hz). High resolutiorssmspectra
were recorded on a TOF machine (ESI). Column chrognaphy
was performed with 300-400 mesh silica gel usinghfleslumn
techniques. All of the reagents were used directlyltgined
commercially unless otherwise noted. All alkenes warefied
by flash column chromatography (8k) before use.

4.2. General procedure for the
(diphenylphosphoryl)-1-arylethanones3

Typical procedure for the preparation of 2-
(diphenylphosphoryl)-1-phenylethanone (3a).To a solution of
methanol (10 mL), styrene (0.11 g,
diphenylphosphine oxide (0.40 g,
Mn(OAc); (0.54 g, 2.0 mmol) over 30 minutes at'Gpand the
mixture was stirred for another 30 minutes to conepléhe
reaction. Then, the solvent was removed under vactunthe
residue was added water (20 mL) and extracted wit}l atietate

preparation of 2-

(10 mL x 3). The combined organic fractions were dried over
anhydrous Nz50O,, and concentrated under vacuum to yield th

crude product, which was purified by column chromedpby
(silica gel, petroleum ether/EtOAC/GEl, (10:1:1)) to give pure
2-(diphenylphosphoryl)-1-phenylethanordz);

4.3 Characterization
2-(Diphenyl phosphoryl)-1-phenylethanone (3a)’

White solid, mp 160-161 °C, 75% vyield (240.1 mi);:NMR
(400 MHz, CDC}): 67.98 (d,J = 7.4 Hz, 2H), 7.84-7.78 (m, 4H),
7.54-7.40 (m, 9H), 4.15 (d,= 15.3 Hz, 2H)*C NMR (75 MHz,

CDCl):0192.8 (d,J = 5.2 Hz), 136.9, 133.6, 132.6, 132.2, 131.1

(d, J = 9.8 Hz), 129.2, 128.7, 128.5, 43.2 {d= 57.8 Hz);*'P
NMR (162 MHz, CDC}):626.91; HRMS (ESI-TOF)mz
(M+H)"Calcd for GgH150,P 321.1044, found 321.1047.

2-(Diphenyl phosphoryl)-1-(p-tolyl)ethanone (3b)®

White solid, mp 152-153°C, 65% yield (217.1 m@);NMR
(400 MHz, CDC}): 67.89 (d,J = 7.2 Hz, 2H), 7.76-7.85 (m, 4H),
7.43-7.54 (m, 6H), 7.21 (d,= 7.2 Hz, 2H), 4.12 (d] =15.2 Hz,
2H), 2.38 (s, 3H)°C NMR (100 MHz, CDGCJ): §192.3, 144.6,
134.4, 132.4, 132.1, 131.4, 131.1 {d= 9.7Hz), 129.3 (dJ =
17.6 Hz), 128.5 (dJ = 12.3 Hz), 43.1 (d] = 58.4 Hz), 21.6; MS
(ESI-TOF)mVz: (M+H)"Calcd for G;H,,0,P 335.1, found 335.1.

2-(Diphenyl phosphoryl)-1-(4-methoxyphenyl )ethanone (3c) °

White solid, mp 147-148 °C, 62% yield (217.1 gty NMR
(400 MHz, CDC}):67.99 (d,J = 8.8 Hz, 2H), 7.87-7.76 (m, 4
H),7.55-7.43 (m, 6 H),6.89(d,= 8.7 Hz, 2H), 4.09 (d] = 15.3
Hz, 2H), 3.85 (s, 3 H);"*C NMR (100 MHz, CDCJ): 6191.0 (d,J
= 5.3 Hz), 164.0, 132.6, 132.1 @@= 2.3 Hz), 131.8, 131.2 (d,
= 9.7 Hz), 130.2, 128.6 (d,= 12.2 Hz), 113.7, 55.5, 43.3 @,
=58.3 Hz) *'P NMR (162 MHz, CDG):627.13; MS (ESI-TOF)
m'z. (M+H)*Calcd for G,H,405P 351.1, found 351.1.

2-(Diphenyl phosphoryl)-1-(4-fluor ophenyl)ethanone (3d)

White solid, mp 156-157 °C, 61% vyield (206.2 mt);NMR
(400 MHz, CDC}): 48.02 (dd,J = 8.4, 5.5 Hz, 2H), 7.80 (dd,=
11.8, 7.5 Hz, 4H), 7.55-7.41 (m, 6H), 7.07Jt& 8.5 Hz, 2H),
4.11(d,J = 15.2 Hz, 2H);*C NMR (100 MHz, CDC}):6191.2 (d,
J = 5.6 Hz), 166.0 (d] = 256.0 Hz), 133.4 (d} = 2.8 Hz), 132.3,
132.2 (d,J = 2.8 Hz), 132.1 (d) = 9.6 Hz), 131.3, 131.1 (d,=
9.8 Hz), 128.7 (dJ = 12.4 Hz), 115.6 (d] = 22.0 Hz), 43.5 (d]
= 56.9 Hz)*'P NMR (162 MHz, CDG): §26.81; HRMS (ESI-
TOF) m/iz (M+H)"Calcd forGoH;-,FO,P 339.0950, found
339.0944.

1.0 mmol) and
2.0 mmol) was adde

e

1-(4-Chlorophenyl)-2-(diphenylphosphoryl)ethanone (3¢)™°

White solid, mp 159-160 °C, 70% vield (247.8 nit);:NMR
(400 MHz, DMSO#d): 68.02-7.97 (m, 2H), 7.86-7.79 (m, 4H),
7.59-7.48 (m, 8H), 4.54 (d] = 14.6 Hz, 2H)C NMR (100
MHz, DMSO-d,):6192.9 (d,J = 6.4 Hz), 139.0, 136.2, 133.7 (,
= 101.4 Hz), 132.3 (dJ = 2.6 Hz), 131.4, 131.1 (d = 9.7
Hz),129.1 (dJ = 5.1 Hz), 129.0, 41.9 (d,= 59.8 Hz):*'P NMR
(162 MHz, CDC}):626.67; HRMS (ESI-TOF/z (M+H)*Calcd
for C,oH;/CIO,P 355.0655, found 355.0664.

1-(3-Chlorophenyl)-2-(diphenyl phosphor yl)ethanone (3f)

White solid, mp 158-159 °C, 65% yield (230.1 mi);NMR

400 MHz, CDCY): 67.81 (d,J = 12.0 Hz, 2H), 7.70 (dd,= 11.2,

.0 Hz, 4H), 7.43-7.34 (m, 7H), 7.29-7.24 (m, 1H), 403 =
14.9 Hz, 2H)}*C NMR (100 MHz, CDCJ):6191.7 (dJ = 5.6 Hz),
138.5, 134.82, 133.5, 132.34 (45 2.4 Hz), 131.1, 131.0, 129.9,
128.9, 128.7 (dJ = 12.3 Hz), 127.7, 43.4 (d,= 57.2 Hz);*'P
NMR (162 MHz, CDC)): 626.80; HRMS (ESI-TOF)m/z
(M+H)*Calcd for GoH,,CIO,P 355.0655, found 355.0670.

1-(4-Bromophenyl)-2-(di phenyl phosphoryl)ethanone (3g)

White solid, mp 144-145 °C,60 % vield (238.8 mit) NMR
(400 MHz, CDC)): 67.91-7.84 (m, 2H), 7.83-7.74 (m, 4H),
7.59-7.50 (m, 4H), 7.43-7.49 (m, 4H), 4.10 (d= 15.2 Hz,
2H);"*C NMR (100 MHz, CDGJ)):6191.9 (d,J = 5.6 Hz), 135.7,
132.3 (d,J = 2.8 Hz), 131.9, 131.1 (d,= 9.8 Hz), 130.9, 129.1,
128.7 (d,J = 12.3 Hz), 43.6 (dJ = 56.7 Hz) *'P NMR (162
MHz, CDCL): § 26.D; HRMS (ESI-TOF)mz (M+H)" Calcd for
CyoH1/BrO,P 399.0150, found 399.0177.

2-(Diphenyl phosphoryl)-1-(3-(trifluoromethyl) phenyl )ethanone
(3h)

White solid, mp 173-174°C, 60% yield (232.8 mt); NMR
(400 MHz, CDC}):6 8.26 (d,J = 7.8 Hz, 1H), 8.18-8.14 (m, 1H),
7.84-7.75 (m, 5H), 7.58-7.46 (m, 7H), 4.17 (d= 15.3 Hz,
2H);"*C NMR (100 MHz, CDGJ)):6191.3 (d,J = 5.5 Hz), 136.9,
132.3, 131.9 (dJ = 2.6 Hz), 130.6, 130.5, 129.4 #=3.5 Hz),
128.8, 128.3, 128.2, 125.3 (= 3.8 Hz), 43.2 (dJ = 56.3 Hz);
¥P NMR (162 MHz, CDG): 626.51; HRMS (ESI-TOFmW/zZ
(M+H)*Calcd for G;H,-F;0,P 389.0918, found 389.0941.

1-(4-Cyanophenyl)-2-(di phenyl phosphoryl)ethanone(3i)

White solid, mp 169-170 °C, 60% yield (207.0 mig);NMR
(400 MHz, CDC}): 68.13 (d,J = 8.2 Hz, 2H), 7.79 (dd] = 12.0,
7.5 Hz, 4H), 7.72 (dJ = 8.2 Hz, 2H), 7.57-7.53 (m, 2H),
7.51-7.46 (m, 4H), 4.15 (d] = 15.0 Hz, 2H)°C NMR (100
MHz, CDCk):6191.8 (d,J = 5.8 Hz), 139.8, 132.5 (d,= 2.7 Hz),
132.4, 131.0 (d) = 9.8 Hz), 129.8, 128.8 (d,= 12.4 Hz), 117.9,
116.7, 44.1 (dJ = 55.4 Hz)*'P NMR (162 MHz, CDG): ¢
26.50; HRMS (ESI-TOF) m/z (M+H)"Calcd
forC,;H;/NO,P346.0997, found 346.0990.

2-(Diphenyl phosphoryl)-1-(4-nitrophenyl )ethanone (3j)"*

Yellow solid, mp 163-164 °C,30% vyield (109.0 mg) NMR
(400 MHz, CDCJ): 68.26 (d,J = 8.9 Hz, 2H), 8.20 (dJ = 8.9
Hz, 2H), 7.83-7.76 (m, 4H), 7.56 (tli= 7.2, 1.3 Hz, 2H), 7.52—
7.47 (m, 4H), 4.17 (dJ = 15.1 Hz, 2H) **C NMR (100 MHz,
CDCl):0191.6 (d,J = 5.8 Hz), 150.5, 141.2, 132.5 @@= 2.9
Hz), 131.9, 131.0 (d] = 9.9 Hz), 130.5, 128.9 (d,= 12.4 Hz),
123.7, 443 (d,J = 55.1 Hz) *P NMR (162 MHz,
CDCly):626.55; MS (ESI-TOF) m/z (M+H)'Calcd for
C,oH1NO,P 366.1, found 366.1.

2-(Diphenyl phosphoryl)-1-(4-nitrophenyl )ethanol (3;)
Yellow solid, mp 170-171 °C, 25% vyield (92.1 m{ NMR



(400 MHz, CDCY): 68.11 (d,J = 8.7 Hz, 2H), 7.75 (ddl = 11.0,
7.7 Hz, 2H), 7.67 (dd] = 11.8, 7.5 Hz, 2H), 7.60—7.55 (m, 1H),
7.54-7.46 (m, 5H), 7.43 (df, = 7.2, 3.7 Hz, 2H), 5.72 (s, 1H),
5.29 (t,J = 9.5 Hz, 1H), 2.81-2.67 (m, 1H), 2.65-2.55 (m, ;1H)
¥C NMR (100 MHz, CDCJ)):6151.4 (d,J = 12.5 Hz), 147.2,
132.4 (d,J = 2.4 Hz), 132.3 (d] = 2.5 Hz), 130.8 (d] = 9.5 Hz),
130.5 (d,J = 9.8 Hz), 129.0 (d] = 4.1 Hz, 128.8 (d] = 12 Hz),
126.5, 123.7, 68.4, 39.0 (d,= 68.6 Hz); *'P NMR (162 MHz,
CDCL): 633.8); HRMS (ESI-TOF) m/iz (M+H)*Calcd for
C,oH1NO,P 368.1052, found 368.1061.

2-(Diphenyl phosphoryl)-1-methyi-1-phenyl)ethanol (3k)**

White solid, mp 178-179°C, 73% yield (245.4 mt) NMR
(400 MHz, CDCY)): §7.74 (dd,J = 11.1, 7.4 Hz, 2H), 7.54-7.46
(m, 3H), 7.37-7.30 (m, 5H), 7.24-7.19 (m, 2H), 7.00& 7.3
Hz, 2H), 7.01 (tJ = 7.1 Hz, 1H), 5.05 (s, 1H), 2.92 @= 9.3
Hz, 2H), 1.60 (s, B);"*C NMR (100 MHz, CDCJ):6146.7 (d,J =
5.9 Hz), 132.0 (dJ = 2.6 Hz), 131.2 (d] = 2.7 Hz), 130.3 (d] =
9.6 Hz), 128.8 (dJ = 11.7 Hz), 128.2 (dJ = 12.1 Hz), 127.8,
126.6, 124.8, 74.2 (d,= 5.3 Hz), 42.3 (dJ = 69.1 Hz), 32.9 (d,
J=9.5 Hz);'P NMR (162 MHz, CDG):632.74; MS (ESI-TOF)
m/z. (M+H)*Calcd for G,H,,0,P 337.1, found 337.1.

2-(Diphenyl phosphoryl)-1,1-diphenyl)ethanol (3m)*?

White solid, mp 183-184 °C, 74% yield (294.6 gt) NMR
(400 MHz, CDC}): 68.05-7.97 (m, 2H), 7.60 (s, 3H), 7.51 (dd,
=11.3, 7.4 Hz, 2H), 7.29 (§,= 7.0 Hz, 1H), 7.24-7.14 (m, 4H),
7.10-7.01 (m, 6H), 6.89-6.84 (m, 2H), 5.51Jc 7.2 Hz, 1H),
5.17 (s, 1H), 3.64 (dJ = 8.0 Hz, 1H);"*C NMR (100 MHz,
CDCl):0141.2 (d,J = 12.2 Hz), 132.2 (dJ = 2.4 Hz), 131.9 (d,
J= 2.9 Hz), 131.6 (d) = 2.5 Hz), 131.3 (dJ = 6.9 Hz), 131.1 (d,
J = 8.7 Hz), 130.8 (d) = 9.1 Hz), 129.1 (d) = 11.4 Hz), 128.3
(d, J = 12.0 Hz), 127.7, 127.2, 127.1, 125.9, 72.6, 58.2(=
66.6 Hz);>'P NMR (162 MHz, CDG):033.24; MS (ESI-TOF)
m/z. (M+H)*Calcd for GgH,,O.P 399.1, found 399.1.

2-(Diphenyl phosphoryl)-2-methyl-1-phenyl)ethanol (3n)*

White solid, mp 189-190°C, 70% vyield (235.3 md) NMR
(400 MHz, CDCJ): §7.75 (d,J = 6.5 Hz, 2H), 7.38-7.27 (m, 4H),
7.21-7.13 (m, 4H), 7.12-7.02(m, 5H), 4.62Jd; 30.7 Hz, 1H),
3.03-2.91 (m, 1H), 1.05 (dd, = 16.6, 7.5 Hz, B);"*C NMR
(100 MHz, CDC}):0139.3 (dJ = 4.0 Hz), 135.4 (d] = 95.4 Hz),
132.2 (dJ = 8.4 Hz), 130.9 (d] = 2.4 Hz), 130.7 (d] = 4.2 Hz),
130.6, 128.1 (dJ = 11.1 Hz), 127.9, 127.5 (d, = 11.3 Hz),
126.7, 53.7 (dJ = 3.0 Hz), 37.2 (dJ = 70.3 Hz), 16.7;'P NMR
(162 MHz, CDC}):937.54; MS (ESI-TOF)mVz. (M+H)"Calcd for
C,;H,,0,P 337.1, found 337.1.

(E)-2-(Diphenyl phosphoryl)-1-phenyl)ethylene (30)*

White solid, mp 169-170 °C, 68% yield (206.7 i) NMR
(400 MHz, CDCY): 67.76 (dd,J = 11.9, 7.4 Hz, 4H), 7.58-7.43
(m, 9H), 7.41-7.32 (m, 3H), 6.84 (dii= 22.3, 17.4 Hz,H);"°*C
NMR (100 MHz, CDC}):6147.6 (d,J = 3.6 Hz), 135.1 (dJ =
17.9 Hz), 133.5, 132.5, 131.9 @3z 2.7 Hz), 131.4 (dJ = 10.0
Hz), 130.1, 128.9, 128.6 (d,= 12.2 Hz), 127.8, 119.8, 118"P
NMR (162 MHz, CDC)):524.48; MS (ESI-TOF) m/z
(M+H)"Calcd for GgH;gOP 305.1, found 305.1.

2-(Diphenyl phosphoryl)-1,2-diphenyl )ethanol (3p)*

White solid, mp248-249°C, 65% vyield (258.8 mtf} NMR
(400 MHz, CDC}): 68.06—7.96 (m, 2H), 7.63-7.56 (m, 3H), 7.51
(dd,J=11.3, 7.4 Hz, 2H), 7.29 (@,= 7.0 Hz, 1H), 7.24-7.14 (m,
4H), 7.11-7.01 (m, 6H), 6.90-6.84 (m, 2H), 5.51)¢; 7.2 Hz,
1H), 5.17 (s, 1H), 3.65 (d,= 8.0 Hz, 1H);"*C NMR (100 MHz,
CDCly): 6141.2 (d,J = 12.2 Hz), 132.2 (d] = 2.4 Hz), 131.9 (d,
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J = 2.9 Hz), 131.6 (d) = 2.5 Hz), 131.3 (d) = 6.9 Hz), 131.0
(d, J = 8.7 Hz), 130.7 (dJ = 9.1 Hz), 129.1 (dJ = 11.4 Hz),
128.3 (d,J = 12.0 Hz), 127.7, 127.2, 127.1, 125.9, 72.6, 8,2
J = 66.6 Hz):* P NMR (162 MHz, CDG):536.70; MS (ESI-
TOF)m/z. (M+H)"Calcd for GgH,,0,P 399.1, found 399.1.

Diphenyl (3-phenyl propyl)phosphine oxide (30)*°

White solid, mp 116.5-117.0 °C, 80% yield (256.1)ytf
NMR (400 MHz, CDC)): §7.72-7.63 (m, 4H), 7.56-7.38 (m,
7H), 7.25-7.22 (m, 1H), 7.20-7.16 (m, 1H), 7.11)¢ 6.9 Hz,
2H), 2.76-2.68 (m, 2H), 2.39-2.15 (m, 2H), 1.97-1.94 (
2H);"*C NMR (75 MHz, CDCJ):6140.8, 131.7, 130.7 (d,= 9.0
Hz), 128.7, 128.6, 128.5, 128.4, 126.1, 36.6)(d,14.8 Hz), 28.9
(d, 3 = 71.9 Hz), 23.0;"'P NMR (162 MHz, CDG):932.46;
HRMS (ESI-TOF)m/z. (M+H)'Calcd for G;H,,OP 321.1408,
found 321.1416.

Diphenyl (4-phenylbutyl)phosphine oxide (3r)"’

White solid, mp 92-93°C, 86% vyield (287.4 mdj NMR
(400 MHz, CDCY): 67.75-7.69 (m, 4H), 7.54-7.43 (m, 6H),
7.26-7.09 (m, 5H), 2.61-2.56 (m, 2H), 2.32-2.24 (Ht),2.75-
1.67 (m, 41);"°C NMR (75 MHz, CDCJ):0141.9, 133.7, 132.4,
131.7, 130.8 (d) = 8.9 Hz), 128.6 (d] = 11.3 Hz), 128.3, 125.8,
35.4, 32.7 (dJ = 14.2 Hz), 29.6 (d) = 71.7 Hz), 21.2;*'P NMR
(162 MHz, CDCJ):632.38; MS (ESI-TOF)m/zz (M+H)* Calcd
for C,,H,,OP 335.1, found 335.1.

Dipheny! 3-(p-tolyloxy)propyl)phosphine oxide (39)*

White solid, mp 113-114°C, 79% yield (276.6 mtj NMR
(400 MHz, CDC}): §7.82—7.67 (m, 4H), 7.55-7.43 (m, 6H), 7.05
(d, J=8.1 Hz, 2H), 6.74 (d] = 8.4 Hz, 2H), 4.00-3.92 (m, 2H),
2.54-2.42 (m, 2H), 2.27 (s, 3H), 2.16-2.02 (i);¥C NMR (75
MHz, CDCL):6156.5, 132.8 (dj = 98.9 Hz), 131.8, 130.8 (d=
9.1 Hz), 130.0, 129.9, 128.7 @z 11.5 Hz), 114.3, 67.6 (d,=
14.3 Hz), 26.4 (dJ = 72.8 Hz), 21.2 (dJ = 102.8 Hz);*'P NMR
(162 MHz, CDC}):632.55; HRMS (ESI-TOF)m/z (M+H)*Calcd
for C,,H,40,P 351.1514, found 351.1513.

Diphenyloctyl phosphine oxide (3t)*’

White solid, mp57-58°C, 61% yield (191.6 mdH NMR
(400 MHz, CDCY): 67.78-7.70 (m, 4H), 7.53-7.44 (m, 6H),
2.34-2.18 (m, 2H), 1.70-1.54 (m, 2H), 1.43-1.33 (Ht), 228
1.17 (m, 8H), 0.85 (tJ = 6.7 Hz, 31);"*C NMR (75 MHz,
CDCl):6132.8 (d,J = 97.9 Hz), 131.6 , 130.6 (d,= 9.0 Hz),
128.5 (d,J = 11.3 Hz), 31.6, 30.8 (d, = 14.2 Hz), 29.5 (dJ =
72.1 Hz), 28.9, 22.4, 21.2 (d,= 2.7 Hz), 21.113.9;*P NMR
(162 MHz, CDC}):932.96; MS (ESI-TOF)m/z. (M+H)"Calcd for
C,0H,;OP 315.2, found 315.2.

Preparation of dimethyl (2-oxo-2-arylethyl)phosphorates
5. Typical procedure for the preparation of dimethyl (2-oxo-2-
phenylethyl)phosphonate (5a). To a solution of methanol (10
mL), styrene (0.11 g, 1.0 mmol) and dimethylphotpl(0.22 g,
2.0 mmol) was added Mn(OAcf0.54 g, 2.0 mmol) over 30
minutes at 78C, and the mixture was stirred for another 30
minutes to complete the reaction. Then, the solwers removed
under vacuum. To the residue was added water (20 ant)
extracted with ethyl acetate (10 ml3). The combined organic
fractions were dried over anhydrous,N@), and concentrated
under vacuum to yield the crude product, which wasipd by
column chromatography (silica gel, petroleum
ether/EtOAc/CHCI(10:1:1) ) to give pure dimethyl (2-oxo-2-
phenylethyl)phosphonatéd).

Dimethyl (2-oxo-2-phenylethyl)phosphonate (5a)*
Colorless liquid; 69% yield (157.4 mg) '"H NMR (400 MHz,
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CDCL): 68.04-7.97 (m, 2H), 7.61 (8, = 7.4 Hz, 1H), 7.49 (t,
J= 7.7 Hz, 2H), 3.79 (dJ = 11.2 Hz, 6H), 3.65 (d] = 22.6 Hz,
2H);*C NMR (75 MHz, CDC}):6191.7 (d,J = 6.6 Hz),136.3 (d,
J=2.5Hz), 133.8, 128.9,128.7, 53.2 ¢ 6.5 Hz), 37.4 (dJ =
131.0 Hz) *P NMR (162 MHz, CDG):622.80; HRMS (ESI-
TOF) m/z (M+H)'Caled for GgH.;.0.P 229.0630, found
229.0635.

Dimethyl (2-oxo-2-(p-tolyl)ethyl)phosphonate (5b)™®

'H NMR (400 MHz, CDC}):67.98 (d,J = 8.3 Hz, 2H), 7.36
(d, J = 7.5 Hz, 2H), 3.86 (d] = 11.2 Hz, 6H), 3.70 (d] = 22.6
Hz, 2H), 2.50 (s, 3H)°C NMR (100 MHz, CDGJ):6190.8 (d,J
= 6.6 Hz), 144.4, 133.5 (d,= 2.5 Hz), 128.9, 128.7, 52.7 (#=
6.5 Hz), 36.9 (dJ = 131.4 Hz), 21.2;*® NMR (162 MHz,
CDCl,):623.08; MS (ESI-TOF)m/z. (M+H)*Calcd for G,H;s0,P
243.1, found 243.0.

Dimethyl (2-(4-methoxyphenyl)-2-oxoethyl)phosphonate (5¢)*°

'H NMR (400 MHz, CDCJ): 67.99 (d,J = 8.9 Hz, 2H), 6.95
(d, J = 8.9 Hz, 2H), 3.88 (s, 3H), 3.78 @@= 11.2 Hz, 6H), 3.60
(d,J = 22.6 Hz, 2H)™*C NMR (100 MHz, CDG)):6189.6 (d,J =
6.5 Hz), 163.6, 130.9, 129.0 @z 2.4 Hz), 113.4, 55.0, 52.6 (d,
J = 6.5 Hz), 36.7 (dJ = 131.0 HZ'P NMR (162 MHz,
CDCL):623.24; HRMS (ESI-TOF) miz. (M+H)*Calcd for
CuH160sP 259.0735, found 259.0725.

Dimethyl (2-(4-fluorophenyl)-2-oxoethyl)phosphonate (5d)*°

'H NMR (400 MHz, CDC}):08.11-7.99 (m, 2H), 7.20-7.12
(m, 2H), 3.79 (dJ = 11.2 Hz, 6H), 3.62 (dl = 22.8 Hz, 2H)**C
NMR (100 MHz, CDC}):6189.7 (d,J = 6.5 Hz), 165.7 (dJ =
255 Hz), 132.3 (dd] = 2.0, 3.0 Hz),131.3 (d} = 9.6 Hz), 115.4
(d,J = 22.0 Hz), 52.7 (dJ = 6.6 Hz), 37.1 (dJ = 130.9 Hz);*'P
NMR (162 MHz, CDC}):622.45; HRMS (ESI-TOF) m/z:
(M+H)"Calcd for GoH,5FO,P 247.0535, found 247.0530.

Dimethyl (2-(4-chlorophenyl)-2-oxoethyl)phosphonate (5¢)*°

Colorless liquid, 63% yield (165.1 mgH NMR (400 MHz,
CDCL): 67.96 (d,J = 8.6 Hz, 2H), 7.46 (d] = 8.6 Hz, 2H), 3.79
(d, J = 11.2 Hz, 6H), 3.61 (d] = 22.8 Hz, M);"*C NMR (100
MHz, CDCL):6190.6 (d,J = 6.6 Hz), 140.4, 134.7 (d, = 2.2
Hz), 130.4, 129.0, 53.2 (d,= 6.5 Hz), 37.6 (dJ = 130.7 Hz);*'P
NMR (162 MHz, CDC}):622.42; HRMS (ESI-TOF) m/z:
(M+H)*Calcd for GgH1,CIO,P 263.0240, found 263.0238.

Dimethyl (2-(4-bromophenyl)-2-oxoethyl)phosphonate (5g)™

Colorless liquid, 58% yield (117.5 mgH NMR (400 MHz,
CDCly): 67.88 (d,J = 8.6 Hz, 2H), 7.63 (d] = 8.6 Hz, 2H), 3.79
(d, J = 11.2 Hz, 6H), 3.61(d] = 22.8 Hz, 2H); *C NMR (100
MHz, CDCL):0190.8 (d,J = 6.0 Hz), 135.1 (dJ = 2.2 Hz),
132.1, 130.5, 129.3, 53.3 (@= 6.5 Hz), 37.6 (dJ = 130.0 Hz)
P NMR (162 MHz, CDG): 6 22.3); MS (ESI-TOF) m/z:
(M+Na)*Calcd for GoH,,BrO,PNa 328.9, found 328.9.

Dimethyl (2-oxo-2-(3-(trifluoromethyl)phenyl)ethyl)phosphonate
(5h)

Colorless liquid, 60% vyield (117.6 mgH NMR (400 MHz,
CDCLy): 68.27 (s, 1H), 8.21 (d] = 7.9 Hz, 1H), 7.86 (d] = 7.8
Hz, 1H), 7.65 (tJ) = 7.8 Hz, 1H), 3.80 (d] = 11.3 Hz, 6H), 3.68
(d, J = 22.8 Hz, 2);*C NMR (100 MHz, CDGJ): 6190.5 (d,J =
6.7 Hz), 136.8 (dJ = 2.1 Hz), 132.2, 131.4 (4, = 33.0 Hz),
130.1 (q,J = 3.5 Hz), 129.4, 125.8 (4,= 3.8 Hz), 123.6 (¢] =
270.9 Hz), 53.2 (dJ = 6.6 Hz), 37.8 (dJ = 130.7 Hz); *'P NMR
(162 MHz, CDC)): 621.8; HRMS (ESI-TOF) mz
(M+H)*Calcd for G;H,5F;0,P 297.0504, found 297.0509.

Dimethyl (2-(4-cyanophenyl)-2-oxoethyl)phosphonate (5i)

Colorless liquid, 59% yield (149.0 mgH NMR (400 MHz,
CDCly): 6 8.12 (d,J = 8.6 Hz, 2H), 7.80 (d] = 8.6 Hz, 2H), 3.78
(d, J = 13.5 Hz, 6H), 3.66 (d] = 22.9 Hz, 2H); *C NMR (100
MHz, CDCE):6190.1 (d,J = 6.7 Hz), 138.7 (dJ = 1.9 Hz),
132.1, 128.9, 117.3, 116.5, 52.9 = 6.6 Hz), 37.5 (dJ =
130.2Hz); *P NMR (162 MHz, CDG): § 2141; HRMS (ESI-
TOF) myz (M+H)'Calcd for G;H;sNO,P 254.0582, found
254.0583.

Dimethyl (2-(4-nitrophenyl)-2-oxoethyl)phosphonate (5j)

Yellow liquid, 50 % yield (136.1 mg)'H NMR (400 MHz,
CDCL): § 8.34 (d,J = 8.7 Hz, 2H), 8.20 (d] = 8.8 Hz, 2H), 3.81
(d, J = 11.3 Hz, 6H), 3.71 (d] = 22.9 Hz, 2H); *C NMR (100
MHz, CDCk):6 190.4 (d,J = 6.8 Hz), 150.6, 140.6 (d, = 2.0
Hz), 130.1, 123.9, 53.4 (d,= 6.6 Hz), 38.1 (dJ = 129.5 Hz)
%P NMR (162 MHz, CDG): 6 21.3; HRMS (ESI-TOF)m/z
(M+Na)"Calcd for GoH;,NNaGs;P 296.0300, found 296.0318.

Dimethyl (2,2-diphenylvinyl)phosphonate (5m)*

Colorless liquid; 75% yield (216.1 mg); '"H NMR (400 MHz,
CDCly): 67.42—7.27 (m, 10H), 6.18 (d,= 15.6 Hz, 1H), 3.50 (d,
J=11.1 Hz, 6H);"*C NMR (75 MHz, CDCJ): §160.8 (d,J = 6.4
Hz), 141.1 (dJ = 29.7 Hz), 138.7 (d) = 7.6 Hz), 129.5, 128.7,
128.3,128.1, 127.9, 127.0, 125.7, 114.8, 112.21 §&,J = 6.0
Hz); * NMR (162 MHz, CDG):519.47; HRMS (ESI-TOF)
m/z. (M+H)*Calcd for GgH,505P 289.0994, found 289.1003.

(E)-Dimethyl styrylphosphonate (50)**

Colorless liquid, 64% vyield (135.7 mgH NMR (400 MHz,
CDCly): 97.54-7.62 (m, 1H), 7.49-7.53 (m, 2H), 7.38-7.43 (m,
3H), 6.19-6.29 (m, 1H), 3.79 (d,= 11.1 Hz, 6H); *C NMR
(100 MHz, CDC}):0149.7 (d,J = 6.7 Hz), 134.6 (dJ = 23.3 Hz),
130.4, 128.9, 127.8, 112.3 (= 191.3 Hz), 52.5 (d] = 5.6 Hz).
> NMR (162 MHz, CDG):922.35; MS (ESI-TOF) miz
(M+H)*Calcd for GoH,,05P 213.0, found 213.0.

Supplementary data

Copies of theH, **C and®'P NMR spectra for compounds
and5 are available.
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