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Due to the wide importance of B-phosphorylated ketones as key building-blocks in the fabrication of
various pharmaceutically active organophosphorus compounds, finding new and truly efficient methods
for their preparation from simple, low-cost and ubiquitous feedstock materials within a single click is an
interesting subject in organic synthesis. Recently, oxyfunctionalization of carbon-carbon multiple bonds
has arisen as a straightforward and versatile tool for the synthesis of complex organic molecules from

the simple and easily accessible alkenes/alkynes via a single operation. In this context,
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Accepted 4th December 2020 oxyphosphorylation of alkenes/alkynes with P(O)-H compounds has attracted considerable attention as
a unique procedure for the construction of B-phosphorylated ketones. In this review, we outline the

DOI: 10.1039/d0ra08074h recent advances and developments in this fast-growing research field with particular emphasis on the
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1. Introduction

Organophosphorus compounds play a tremendously important
role in the fields of organic chemistry,' medicinal chemistry,*
and agricultural chemistry.* Among various organophosphorus
compounds, B-phosphorylated ketones (e.g., B-ketophospho-
nates, B-ketophosphine oxides, B-ketophosphinates) are highly
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valuable building blocks for the synthesis of various value-
added chemicals and drug-like molecules.* Moreover, some -
phosphorylated ketones themselves are endowed with
outstanding biological properties.® Despite wide importance of
these motifs in many fields of chemistry, the methods for their
preparation are relatively scarce.® The general protocols for the
synthesis of these compounds include the Michaelis-Arbuzov
reaction (Scheme 1, route a),” hydration of alkynyl phosphorus
compounds (Scheme 1, route b),® acylation of alkyl phosphorus
compounds (Scheme 1, route c),” and decarboxylative coupling
reaction of alkenyl/alkynyl carboxylic acids with P(O)H
compounds (Scheme 1, route d)."” However, most of these
methodologies, if not all, suffer from certain disadvantages,
such as requiring harsh reaction conditions, requiring pre-
functionalized starting materials, and/or expensive catalysts.
Therefore, the development of efficient, practical, and
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environmentally benign methodologies that benefit from
simple, inexpensive, and readily available substrates for the
construction of this specific class of phosphorus and carbonyl-
contain compounds is still highly desirable in synthetic
chemistry.

Recently, the double functionalization of carbon-carbon
multiple bonds in one-pot processes has emerged as a fruitful
tool for the rapid synthesis of complex molecular architectures
from safe, low-cost, and prevalent alkenes and alkynes.'** In
this family of reactions, oxyfunctionalization of alkenes/
alkynes, which installs a unique functional group and an oxo
group in adjacent carbons simultaneously, offers a powerful
strategy for the selective synthesis of B-substituted ketones.*® In
this context, direct oxyphosphorylation of C-C multiple bonds
with P(O)-H compounds has gained a considerable amount of
attention in the last couple of years in the preparation of
numerous synthetically and biologically important B-phos-
phorylated ketones (Fig. 1). This protocol features readily
accessible starting materials, high atom-, step-, and pot-
economy, and high bond-forming efficiency, thus providing
a straightforward and highly efficient access to the title
compounds. Despite significant advances and developments in
this field over the past decade, no comprehensive review can be
found in the literature covering this novel and rapidly growing
research field. In continuation of our recent published reviews
on organophosphorus chemistry'** and modern organic
synthesis,"” herein, we will highlight the most important
developments on the synthesis of pB-substituted ketones
through the direct oxyphosphorylation of alkenes/alkynes with
P(O)-H compounds from 2011 to August 2020. It is worthy of
note that a particular emphasis is placed on mechanistic
aspects of reactions which may allow possible new insights
toward designing more efficient and improved catalytic
systems.
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Fig. 1 Direct oxyphosphorylation of C—C multiple bonds with H-P(O) compounds.

2. Oxyphosphorylation of alkenes

The first mention of the synthesis of PB-ketophosphonates
through the direct oxyphosphorylation of alkenes with H-
phosphonates and dioxygen can be found in a 2011 paper by
Ji and Wei.*® To evaluate the catalytic activity of different tran-
sition metal complexes, styrene and diisopropyl phosphonate
were chosen as the model substrates. They showed that in the
presence of a combination of inexpensive and easily accessible
CuBr, and FeBr; as a catalytic system in DMSO, a variety of
electron-rich and electron-deficient styrenes 1 and various H-
phosphonates 2 reacted efficiently to give the corresponding
B-ketophosphonates 3 in moderate to high yields (Scheme 2).
Interestingly, an enamine such as 9-vinylcarbazole was also
compatible with this protocol, thus affording the corresponding
product in moderate yield. However, 1-octene did not work well
in the reaction and therefore no other aliphatic alkenes were
examined in this procedure. Of note, the authors demonstrated

the scalability of the reaction since diethyl (2-oxo0-2-phenylethyl)
phosphonate, a key intermediate for the synthesis of various
natural products such as (—)-diospongin B, could be obtained in
26 g scale in good yield of 68%. To make the mechanistic course
of this conversion clearer, the authors performed *®0 isotope
labeling and radical trapping experiments. From these results,
they speculated that the reaction starts with the formation of
dialkyl phosphonate cation radical A and Cu™-(00"") (super-
oxide) species through the single electron transfer (SET) from H-
phosphonate 2 to in situ generated copper(m) species under O,.
Next, the abstraction of the H" by Et;N from the cation radical A
leads to phosphonyl radical B and Cu'"~("OOH) (hydroperoxide)
species. Subsequently, the reaction of phosphorus-centered
radical B with alkene 1 gives the alkyl radical C, which after
interaction with Cu™-("OOH) converts to the hydroperoxide
intermediate D and regenerates the starting Cu'" catalyst.
Finally, dehydration this intermediate D with the aim of Et;N
affords the desired product 3 (Scheme 3).

CuBr, (2.5 mol%)

FeBr; (5 mol%)

2 o : (0]
/_/R . |F! o’ Et;N (1 equiv.) \\P/ORs
I DMSO, 0,, 55 °C, 12-48h  R! %
R! OR3 B s OR
R
1 2 17 emaples (52-81%) 3

(average yield: 65%)

Rlz Ph, 4-M€-C6H4, 4-OMC-C6H4, 4-F-C6H4, 4-C1-C6H4, 4-Br-C6H4, 4-OCOMC-C6H4,
4-CN-CgHy, 3-Me-C¢Hy, 2-Me-CgHy, 2-naphthyl, 2-pyridyl

R?>=H, Me

2
R!+R= (I
R3=Et, Pr, "Bu

Scheme 2 Ji's synthesis of B-ketophosphonates 3.
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Scheme 3 Possible mechanism of Cu-catalyzed oxyphosphorylation

Afterwards, Zeng and Zou along with their co-workers
developed a Mn(OAc),-mediated protocol for the oxy-
phosphorylation of styrene derivatives 4 with P(O)-H
compounds 5 (H-phosphonates and secondary phosphine
oxides) under aerobic conditions without the use of any base
and additive (Scheme 4a)."” This chemistry showed good
functional group tolerance and afforded the target B-keto-
phosphoryl products 6 in moderate to good yields within 1 h.
In this investigation, the authors found some limitation in
their methodology, when they attempted to react B-substituted
styrenes and non-conjugated terminal alkenes. Unfortunately,
in these cases only the hydrophosphorylation products were
observed with no formation of the expected B-phosphorylated
ketone products. Noteworthy, the reaction of o-substituted
styrenes with P(O)-H compounds under the standard condi-
tions also provided the hydroxyphosphorylation products due
to the presence of a-substituents. Concurrently, the same
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of alkenes 1 with H-phosphonates 2 and O,.

strategy was applied by Zhang's group to the synthesis of
a diverse range of B-hydroxyphosphine oxides through the
reaction of corresponding 1,1-disubstituted alkenes with H-
phosphine oxides and O, under catalyst- and additive-free
conditions.” Following these works, the group of Lei dis-
closed that if easily removable leaving groups were introduced
to a-position of styrenes, B-ketophosphoryl products could be
obtained exclusively." Thus, a small series of B-ketophosph-
onates 9 were synthesized in good yields by simple heating of
a-substituted styrenes 7 with diphenylphosphine oxide 8 in
DMF under air atmosphere and catalyst-free conditions
(Scheme 4b).

Drawing inspiration from these works, Du-Wei
colleagues were able to demonstrated that a library of B-keto-
phosphoryl products 12 could be obtained in fair to good yields
from the reaction of various terminal and internal alkenes 10

and

with P(O)-H compounds 11 under an oxygen atmosphere using

\ _R?
0 , P~
NN I Mn(OAc), (2 equiv.) X \
il 3 il R?
RI-- + H—P—R - > RI-F
— ll{2 MeOH, air (O,), 30-70 °C, 1 h 7
4 5 6

R!=H, 4-Me, 4-OMe, 4-F, 4-Cl, 4-Br, 4-CN, 4-NO,, 3-Cl, 3-CF;

19 emaples (30-75%)

R?= OMe, Ph (average yield: 60%)
(k) ‘LG 0 o
- \ _Ph
(0] . B
Il air (0,)
+ H—P—Ph Ph
| DMF, 60 °C,2 h
Ph
7a, LG=Br 8 9a, (81%)
7b, LG=NHCOMe 9b, (77%)
7¢, LG= CO,H 9¢, (50%)

Scheme 4
stituted alkenes 7 with diphenylphosphine oxide 8.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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>=/ + H—P—R* » P
I DCE, 0,, 25-70 °C, 2-5 h R! N,
R! R3 R
R2
10 11 32 emaples (31-89%) 12

(average yield: 63%)

R1: Ph, 4-M6-C6H4, 4-OM6-C6H4, 4-F-C6H4, 4-C]-C6H4, 4-CF3-C6H4, 4-C02MC-C6H4,
3-Me-CgHy, 2-Me-CgH,, 2-OMe-CgHy, 2,4-Cl,-C¢Hs, 2-naphthyl, 3-pyridyl, 2-thiazolyl

RU+R3= Oy, O, Uy

R3= Ph, 4-Me-C¢H,, 4-OMe-C¢H,, 4-F-C¢H,, OMe, OEt, 0"Bu
R*= Ph, 4-Me-C¢H,, 4-OMe-C¢H,, 4-F-C¢H,, OMe, OEt, O"Bu

Scheme 5 Cu-catalyzed oxyphosphorylation of enamides 10 with P(O)-H compounds 11 and O,.

CuBr, as a catalyst and Et;N as a base in DCE (Scheme 5).*°
Some of the most important information of this C-P bond
forming reaction are listed below: (i) all the three kinds of
hydrogen phosphoryl compounds (H-phosphonates, H-
phosphine oxides, and H-phosphinates) were compatible in
this reaction; (ii) the relative reaction rates of P(O)-H
compounds followed the order: H-phosphine oxides > H-
phosphonates = H-phosphinates; (iii) terminal alkenes affor-
ded higher yields of the expected products compared to the
internal alkenes; (iv) the protocol for oxyphosphorylation of
aliphatic alkenes was considerably less efficient; and (v) the
electronic nature of the substituents on phenyl ring periphery of
aromatic alkenes had a little impact on the rate of reaction. The
authors suggested reaction mechanism for this transformation
is displayed in Scheme 6 and is closely similar to the one
proposed by Ji and Wei.

In 2017, Chen and co-workers achieved CuSO,-5H,0-
catalyzed aerobic oxyphosphorylation of styrenes 13 with
various hydrogen phosphoryl compounds 14 under additive-
free conditions.** The reactions were carried out in MeCN at
60 °C, tolerated a wide number of electron-donating and
electron-withdrawing functional groups and generally provided
the desired B-ketophosphoryl products 15 in modest to excel-
lentyields (Scheme 7a). However, aliphatic alkenes did not work
well under standard conditions. It is worthwhile to mention
that the optimized reaction condition was also successfully
applied in the decarboxylative oxyphosphorylation of alkenyl

acids with the same set of P(O)-H compounds. To gain insights
into the mechanistic course of this reaction, the authors per-
formed the reaction under an inert (nitrogen) atmosphere and
no desired product was observed, indicating that the presence
of oxygen is indispensable. Moreover, an isotope labeling study
in the presence of H,*®0 was conducted, which revealed that the
carbonyl oxygen in the products came from oxygen in air. A
similar oxyphosphorylation of (hetero)aromatic alkenes with H-
phosphine oxides and O, was also achieved only using CuCN as
the catalyst under additive-free conditions.”” Concurrently,
another metal-catalyzed oxyphosphorylation of alkenes was
introduced by Gu and Cai.*® In this methodology, styrene
derivatives 16 reacted with H-phosphonates 17 in presence of
10 mol% of CuCl as a catalyst, 20 mol% of FeCl; as a co-catalyst,
1 equiv. of Et;N as a base, and 2 equiv. of DTBP (di-tert-butyl
peroxide) as the oxidant in DMF under Ar atmosphere at 90 °C
to achieve B-ketophosphonates 18 in 26-62% yields (Scheme
7b). In contrast with previous reports which suggested that
carbonyl oxygen in the products should originally be from
oxygen (air), the authors proposed that carbonyl oxygen in their
products originated from water molecules which are present in
DMTF solvent. Interestingly, when the same reaction was run at
110 °C, vinylphosphonates were obtained as the sole products.
They ascribed this observation by the boiling point of water.
Afterwards, Yamamoto-Makino's group extended the scope
of alkenes to vinyl ethers.** Thus, several alkyl/aryl 2-(diethox-
yphosphoryl)acetates 21 were synthesized in moderate yields,

0 0 0

Il ¢, 0, Il .~ EtN [l .
H—P—R* —» H—1|>—R4 Cu'—(0-0 ) — -II’—R4 + Cu'-(0—0H)

1'13 R3 R3

11

_Ac
0 o) 0

10 \\P _R* -AcNH, N\ _RY N\ _R*

R! \
RZ

— > § P P
R! \ \
R3 R3 R3

R? 12 R?

Scheme 6 Possible reaction pathway for the formation of -ketophosphoryl compounds 12.
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+ H—P—R* - R
I MeCN, air (0,), 60 °C, 3 h
Rl R2 RS Rl RZ
13 14 15
R!=H, Me, ‘Bu, OMe, F, Br, NO, 19 emaples (41-91%)
R?*=H, Me (average yield: 77%)
R3=H, Me
R? + R3= -(CHy)-
R*= OEt, O'Pr, O'Bu, Ph
R3= OEt, O'Pr, O'Bu, Ph
(b) CuCl (10 mol%)
FeCl; (20 mol%)
Rl Et;N (1 equiv.)
X 1 DTBP (2 equiv.)
+ H—P—OR? >
I DMF (trace H,0), Ar, 90 °C, 15 h
OR?

16 17 18

(Het)Ar= Ph, 4-Me-Cg¢H,, 4-'Bu-C¢H,, 4-OMe-C¢H,, 4-OAc-CgHy, 4-F-CgH,, 14 emaples (26-62%)
4-Cl1-C4Hy, 4-Br-CgHy, 2,4,6-(Me);-C¢H,, 2-thienyl (average yield: 47%)
R'=H,Me
R’= Me, Et, Pr, "Bu
Scheme 7 (a) Synthesis of B-phosphorylated ketones 15 from styrenes 13 and hydrogen phosphoryl compounds 14 under ambient air; (b) Cai's

synthesis of B-ketophosphonates 18.

ranging from 42% to 57%, via the Mn(acac)s;-catalyzed oxy-
phosphorylation of corresponding vinyl ethers 19 with dimethyl
phosphonate 20 and O, in MeCN at room temperature (Scheme
8). Noteworthy, Mn(acac), was also found to promote this
transformation; albeit, at lower efficiency. However, other
manganese salts such as MnBr,, Mn(OAc),, Mn(OAc)z-2H,0,
and [Mn™(Pc)]Cl proved to be completely ineffective. The
outcome of this reaction was strongly depended to the base
used, and among the various bases (e.g., Et3N, ipr,Net, Cy,Net,
DMAP, DTBMP, TMEDA. DBU, pyridine, 2,2'-bipyridyl, 4-
methoxypyridine, 4-(tert-butyl)pyridine, 4-(trifluoromethyl)pyri-
dine, 2,6-dimethylpyridine, 2,4,6-trimethylpyridine); pyridine
was found to be most effective for this conversion.

Recently, Zhu et al* reported a metal-free, visible light
photoredox-catalyzed aerobic oxyphosphorylation of alkenes 22
with H-phosphine oxides 23 at room temperature. No additive
or base was used and only 5 mol% of inexpensive rhodamine B
catalyst was enough for preparation of a variety of f-

1) Mn(acac); (10 mol%)
pyridine (3 equiv.)

ketophosphine oxides 24 in 33-95% yields (Scheme 9). The
reaction could also be easily scaled up to the gram-scale as
exemplified by the synthesis of 1-(4-chlorophenyl)-2-
(diphenylphosphoryl)ethanone on a 1.62 g scale (91%).
Remarkably, H-phosphinates were also responded to this reac-
tion. However, H-phosphonates were inert under standard
conditions. The radical trapping experiments with 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) pointed toward a radical
pathway. On the basis of these results and literature reports, the
authors suggested that the reaction proceeds through the
following key steps (Scheme 10): (i) photoexcitation of the
ground state photocatalyst (PC) by visible light to form the
excited state photocatalyst (PC*); (ii) single-electron transfer
from PC* to phosphinous acid A (the tautomeric form of dia-
rylphosphine oxide 23) to produce the radical cation interme-
diate B and PC"™ radical anion; (iii) oxidation of PC"™~ by O, to
afford O, and regenerate the PC; (iv) deprotonation of inter-
mediate B to yield the P-centered radical C; (v) reaction of

[l
R £ g
OEt

19 20

R= Ph, Pr, "Bu, ‘Bu, ‘Bu

MeCN, air (0,), r.t., 24 h

0 o
\ _R?
» R P
o) \

RZ
21

5 emaples (42-57%)
(average yield: 49%)

Scheme 8 Mn-catalyzed direct oxyphosphorylation of vinyl ethers 19 with dimethyl phosphonate 20 developed by Yamamoto and Makino.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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R R 18 W white LEDs R2

22

17 emaples (33-95%)

24

(average yield: 69.5%)

l{l= Ph, 4-MC-C6H4, 4-IBU-C6H4, 4-OMC-C6H4, 4-C1-C6H4, 4-CF3-C6H4, 4-CN-C6H4,
4-N02-C6H4, 3-C1-C6H4, 2-C1-C6H4, 2,3-(0Me)2—C6H3, 2-naphthyl, 2-thlel’lyl

R?=H, Me N
R'+R>= (%
R3= Ph, 4-OMe-C¢H,, 4-F-C¢H,

Scheme 9 Visible-light-induced direct oxyphosphorylation of alkenes 22 with H-phosphine oxides 23.

I G
H—fI’—R Sl 21i’—R +P—R
R 23 R A lli B
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O,
\\P/R2
b \RZ o i = ?|
24 R visible light PC ,[|>_R
R C
-H,0
PC 122
HO__ o O\O o ) o
A\ R2 \\ R? 0O, (air) 0O, \ R?
P\/ H P\/ - \P\/
R 2 <— R » R/\r 22
R R
F E D

Scheme 10 Proposed mechanism for the reaction in Scheme 9.

intermediate C with alkene 22 to give radical D; (vi) the
combination of intermediate D with O, to generate peroxide
anion E; (vii) protonation of intermediate E to form interme-
diate F; and (viii) dehydration of intermediate F to give the
desired product 24.

Very recently in 2020, the nanocatalyzed version of this
reaction was reported by Moghaddam and colleagues, who

disclosed that the treatment of various styrenes 25 bearing
either electron-donating or electron-withdrawing groups at the
phenyl ring periphery with H-phosphonates 26 in the presence
of 10 mol% of copper ferrite nanoparticles (CuFe,O, NPs), 1
equiv. of Et;N, and 2 equiv. of DTBP in MeCN under ambient air
afforded the corresponding p-ketophosphonates 27 with yield
ranging from 35% to 85% (Scheme 11).>® To evaluate the

0,
CuFeéO4 N?s (10 mol%) O\\ _OR?
\ RZ 0 t3N ( equly.) P
X I DTBP (2 equiv.) N 5
R + H—P—ORS > RI- OR
| | MeCN, air (0,), 85 °C, 6 h — R2
OR
25 26 27

R!=H, 4-Me, 4-OMe, 4-F, 4-Cl, 4-Br, 3-NO, 15 emaples (35-85%)
R?=H, Ph (average yield: 63%)
R3=Me, Et

Scheme 11  Synthesis of B-ketophosphonate derivatives 27 from styrenes 25 and H-phosphonates 26 catalyzed by copper ferrite nanoparticles.
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Fig. 2 The FE-SEM images of CuFe,O4 NPs (a) before and (b) after six times reuse.

recyclability and reusability of the catalyst, the oxy-
phosphorylation of styrene with diethyl phosphonate was per-
formed under the optimized reaction conditions. It was found
that the catalyst could be easily recovered by means of
a magnetic rod and reused six consecutive cycles without
significant decrease in its catalytic activity. Noteworthy, the FE-
SEM (field emission scanning electron microscopy) images of
the catalysts before and after six cycles of the reaction indicated
that the morphology, size, and dispersity of the nanoparticles
were not approximately transformed during these runs (Fig. 2).

3. Oxyphosphorylation of alkynes

One of the earliest reports on the synthesis of -phosphorylated
ketones via the direct oxyphosphorylation of the corresponding
alkynes appeared in 2015, when various available aryl/aliphatic
alkynes 28 were converted to B-ketophosphoryl compounds 30
through the silver/copper-catalyzed oxyphosphorylation with
P(O)-H compounds 29 and O, in binary solvent MeCN/H,0 with
ratio 1 : 1 at room temperature.”” As shown in Scheme 12, this
reaction tolerated all the three kinds of hydrogen phosphoryl
compounds and both terminal and internal alkynes, and gave
the final products in moderate to excellent yields within 2-3 h.
The reactivity order for the P(O)-H compounds under these
reaction conditions was H-phosphonates > H-phosphinates =
H-phosphine oxides. The results also indicated that terminal

alkynes afforded better yields compared to internal alkynes.
Beside good yields, broad substrate scope, mild reaction
condition, and low reaction times were the advantages,
mentioned for this atom economy synthetic strategy. The
plausible mechanism for this appealing reaction is outlined
based on a series of control experiments (Scheme 13). At the
beginning of the reaction, peroxodisulfate oxidize Ag(1) cation to
Ag(u) cation by a single-electron transfer process and the
generated Ag(u) ion oxidize P(O)-H compound 29 to form cation
radical A. Next, deprotonation of this intermediate gives the
phosphonyl radical B, which then attacks to the triple bond of
alkyne 28 to produce alkenyl radical intermediate C. Subse-
quently, reaction of this radical with in situ generated active-
oxygen copper complex D gives complex E, which in the pres-
ence of water quickly converts to hydroperoxide species F. Then,
via initial homolysis of the O-O bond, the hydroperoxide F
reacts with another molecule of 2 to form a hydroxyl radical, an
enol G as well as a phosphonyl radical B. Finally, tautomeriza-
tion of D affords the observed products 30.

In the same year, He's research team presented an efficient
copper/iron-catalyzed oxyphosphorylation of terminal alkynes
31 with H-phosphonates 32 and O, into B-ketophosphonates
33.%® The results of this investigation indicated that the
optimum condition for this transformation was the combina-
tion of Cu(acac), (10 mol%), FeCl; (20 mol%), and Et;N (1

AgNO; (5 mol%)

0 CuSO,-5H,0 (10 mol%) o QR
1l K,S,05 (4 equiv.) P~
Rl———R? + H—P—R? » R! \ :
[ DCM:H,0 (1:1), air (O,), r.t., 2-3 h R
4 2
R R
28 29 %0

Rl: CPI’, nBU, -CHZOPh, -CHzo-(4-Me-C6H4), -CHzo'(4-IBU'C6H4),
-CH,0-(4-C1-C4H,), -CH,0-(4-NO,-C¢H,), Ph, 4-Me-CgH,,

28 emaples (56-93%)
(average yield: 74.5%)

4-Et-C6H4, 4'OMe-C6H4, 4-F-C6H4, 4-Br-C6H4, 3-OMQ-C6H4

R=H,Me
R3=Ph, OEt, OPr
R*=Ph, OEt, O'Pr

Scheme 12 Ag/Cu-catalyzed direct oxyphosphorylation of alkynes 28 with P(O)—H compounds 29 and O,.
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Scheme 13 Mechanistic proposal from the formation of B-ketophosphoryl compounds 30.

Cu(acac), (10 mol%)
FeCl; (20 mol%)
Et;N (1 equiv.)

DMSO, O,,80°C, 24h
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31 32 27 emaples (34-65%) 33
(average yield: 53%)

(cc)

(Het)Ar= Ph, 4-Me-C¢H,, 4-tBu-C¢H,, 4-Ph-CgH,, 4-OMe-C4H,, 4-OBn-CgHy, 4-F-CgHy, )10
4-Cl-C¢Hy, 4-Br-C4H,, 4-COMe-C¢H,, 4-CO,Me-C¢H,, 4-CN-C¢Hy,
4-OCOCH(NHBoc)Bn-C¢H,, 3-Me-CgHy, 3-Br-C¢H,, 2-Me-CgHy,
2-Br-CgHy, 2-naphthyl, 3-benzo[b]thiophenyl, 2-thienyl, 3-thienyl,

R!'=Me, Et, ‘Pr, "Bu, Bn

(b) CuOTf (5 mol%)
0 FeCl; (10 mol%)
Il Et;N (1 equiv.)
——R! + H—P—OR? >
I DMSO, O, 70°C, 24 h
OR?
34 32 25 emaples (39-75%) 35

(average yield: 58%)

(Het)Ar= Ph, 4-Me-Cg¢H,, 4-Et-C¢Hy, 4-"Pr-C4H,, 4-"Bu-CgH,, 4-Ph-CgH,, 4-OMe-CgHy, 4-F-CgHy,
4-Cl-C4H,, 4-Br-C¢H,, 4-CN-C¢H,, 4-CF3-C¢Hy, 4-O"CsH;-C4Hy, 3-Me-CgHy, 3-F-CgHy,
3-CI-CgHy, 1-naphthyl, 9-phenanthrenyl, 2-thienyl, 2-pyridyl

R'=H, Me

R2= Me, Et, ‘Pr, "Bu, Bn

Scheme 14 (a) Cu/Fe-catalyzed oxidative coupling of aromatic terminal alkynes 31 and with H-phosphonates 32; (b) Song's synthesis of B-
phosphorylated ketones 35.
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O\\P _OR?
0
7\ 1 CuNPs/ZnO (1.7 mol% Cu) TN Y o
= + H—I—0OR* > R'— OR
e | MeCN, air (O.), 70°C, 6-10 h —
OR
Rl
36 37 38

R!=H, 4-Me, 4-OMe, 4-NMe,, 4-NH,, 3-Me, 3-ethynyl

R2=Me, Et, "Bu

9 emaples (60-97%)
(average yield: 84%)

Scheme 15 CuNPs/ZnO-catalyzed oxyphosphorylation of aromatic terminal alkynes 36 with dialkyl H-phosphonates 37.

equiv.) as a catalytic system using DMSO as the solvent, at 80 °C.
Under optimized conditions, the reaction tolerated a diverse set
of aromatic and heteroaromatic terminal alkynes and various
symmetrical dialkyl H-phosphonates and gave the desired
products in moderate to good yields (Scheme 14a). However,
both internal and aliphatic terminal alkynes failed to enter into
this reaction. Moreover, strongly electron-poor heteroaromatic
alkynes, such as 2- and 3-ethynylpyridines were inert under
standard conditions. Shortly thereafter, similar work was re-
ported by Song et al.*® Using CuOTf as catalyst and FeCl; as
cocatalyst, they realized the oxyphosphorylation of various
terminal and internal alkynes 34 with the same set of H-
phosphonates 32 into the corresponding B-phosphorylated
ketones 35 (Scheme 14b). Notably, this method allowed for the
oxyphosphorylation of 2-ethynylpyridine, which was inert under
the He's reaction conditions. This chemistry was also applicable
to the coupling of H-phosphine oxides and H-phosphinates
with terminal alkynes. However, the reaction did not work
well for aliphatic alkynes.

Later, Moglie and Radivoy along with their co-workers

supported on ZnO as an efficient catalyst for oxy-
phosphorylation of terminal alkynes with H-phosphonates
under aerobic conditions.*® Thus, a number of B-aryl-p-keto-
phosphonates 38 were successfully synthesized by treatment of
the corresponding aromatic terminal alkynes 36 with dialkyl H-
phosphonates 37 in the presence of a catalytic amount of
CuNPs@ZnO and in the absence of any additive or ligand
(Scheme 15). Interestingly, when aliphatic alkynes were sub-
jected to the same reaction conditions, the anti-Markovnikov
vinyl phosphonates were formed as the main reaction prod-
ucts, thus suggesting that the presence of a conjugated C=C in
the starting alkyne is mandatory for the formation of the B-
ketophosphonate products. The strategy was also successfully
applied to the fabrication of B-ketophosphonates from both
aromatic and aliphatic terminal alkenes. It should be
mentioned that the catalyst demonstrated not to be compatible
with the presence of hydroxyl or carboxylic acid groups in the
starting alkyne or alkene.

In 2016, Bu, Lu, and Cai demonstrated an innovative visible-
light-induced organocatalytic oxyphosphorylation of alkynes

introduced the wuse of copper nanoparticles (CuNPs) with H-phosphine oxides under mild conditions.** Thus, in the
a
(@ o\\ R
0 P

7 N\ N Rhodamine B (0.5 mol%) T L

— + H—P—R? - > R'-p &

=|= | 4 'PrOH, O, r.t., 12 h, white LEDs 7
R! K
39 40 41

R'=H, 4-Me, 4-"Bu, 4-Ph, 4-OMe, 4-F, 4-Br, 4-CF5, 4-COMe, 4-CN,

3-Me, 3-F, 3-ethynyl, 2-Me, 3,4-(CH=CH),
R?= Ph, 4-Me-C¢H,, 4-Cl-C¢H,

18 emaples (64-94%)
(average yield: 79.5%)

(b) O 0
\ _Ph
0 P
7 N\ I PhB(OH), (1 equiv.) T \
— + H—P—Ph > R—r Ph
- | NMP, 0,, 60 °C, 2 h _
| Ph
R
4 8 43

R=H, 4-Me, 4-F, 4-Br, 3-Me

Scheme 16

5 emaples (48-71%)
(average yield: 55%)

(a) Visible-light-mediated oxidative coupling of terminal alkynes 39 and diaryl phosphine oxides 40; (b) PhB(OH),-mediated oxy-

phosphorylation of aromatic terminal alkynes 42 with diphenylphosphine oxide 8.
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0 PhI(OAc), (2.5 equiv.) \ _R?
Il H,O (4 equiv.) Rl \P/
RI——=——H + H—P—R? > 07\
[ MeCN, air, 60 °C, 24 h R?
R? 0
44 45 27 emaples (64-91%) 46

(average yield: 76%)

Rl: nBU., ’Bu, -CH2CH2CH2CN, -CHz-CPent, -CHan, Ph, 4-MC-C6H4, 4-Et-C6H4, 4-OMC-C6H4,
4-F-C6H4, 4-C[-C6H4, 4-BF-C6H4, 4-CF3-C6H4, 4-N02-C6H4, 4-C02Me-C6H4, 4-CH2CN-C6H4,
1-naphthyl, 3-thienyl, 3-Me-C¢H,, 3-CI-C4Hy, 2-Me-C¢Hy, 2-C1-CgHy,

R2= Ph, 4-Me-C6H4, 4-OMS-C6H4, 4-F-C6H4, 4-C1-C6H4

Scheme 17 Hypervalent iodine-mediated direct synthesis of diaryl (2-oxo-2-alkyl/arylethyl)phosphinates 46 from terminal alkynes 44 and diaryl

H-phosphine oxides 45.

presence of only 0.5 mol% of rhodamine B as a photocatalyst in
'PrOH under an oxygen atmosphere and irradiation with a white
LED lamp at room temperature, oxidative coupling of aromatic
terminal alkynes 39 and diaryl phosphine oxides 40 furnished
the corresponding B-ketophosphine oxide derivatives 41 in
good to excellent yields (Scheme 16a). However, the system was
unfruitful with aliphatic and nitro-substituted aromatic
alkynes, and due to the formation of complex mixtures, the
products of internal alkynes could not be separated. It is worthy
of note that other photocatalysts such as rose bengal, eosin B,
eosin Y, and Ru(bpy);>" were tested in this reaction and showed
lower catalytic efficiency than that of rhodamine B. Of note, no
product was observed in the absence of in the absence of
a catalyst. The authors proposed mechanism for this trans-
formation is analogous to the one depicted for alkenes in
Scheme 10. Almost at the same time, Zhong and co-workers
disclosed that the similar reaction could also successfully
carried out under conventional heating conditions (55 °C) using
5 mol% of low-cost CuCN as a catalyst.*> Concurrently, in the
same paper describing catalyst- and additive-free synthesis of -
ketophosphonates through the oxyphosphorylation of styrene
derivatives bearing a leaving group at the o-position and H-
phosphine oxides,* the Lei laboratory described the synthesis
of five B-ketophosphine oxides 43 in yield ranging from 48% to
71% via the PhB(OH),-mediated oxidative coupling of aromatic

0 A
I PhI(OAc), R
H—P—R? —» [—P—R?2
| -AcOH / -PhI
R2 Ph R?
45 A
0
46 «—— R! ——
-Phl I/
\

terminal alkynes 42 with diphenylphosphine oxide 8 in NMP
(Scheme 16b).

Along this line, Zhang, and Cheng reported a unique and
efficient protocol for the metal-free direct synthesis of diaryl (2-
oxo-2-alkyl/arylethyl)phosphinates from terminal alkynes, H-
phosphine oxides, and water.** Careful screening of a number
of common oxidants such as H,0,, TBHP, PhI(OAc),, K,S,0s,
and m-CPBA; led to PhI(OAc), as the most suitable oxidant for
this transformation and among the various organic solvents like
THF, DCE, EtOH, DMF, MeCN, 1,4-dioxane, and toluene; MeCN
proved to be the most efficient solvent. Both aromatic and
aliphatic alkynes 44 and a variety of electron-rich and electron-
deficient symmetrical diaryl H-phosphine oxides 45 easily took
part in the reaction under optimized reaction conditions and
provided the desired diaryl (2-oxo-2-alkyl/arylethyl)
phosphinates 46 in good to excellent yields within 24 h
(Scheme 17). This method was also applicable for gram-scale
synthesis without any difficulty. The mechanistic course of
this reaction is shown in Scheme 18. Initially, diaryl H-
phosphine oxide 45 reacts with the phenyliodine diacetate to
give hypervalent iodine intermediate A that, after intermolec-
ular collapse converts to the phosphoric-carboxylic mixed
anhydride intermediate B. Thereafter, nucleophilic attack of the
water molecule on the anhydride B affords diarylphosphinic
acid C that undergoes reaction with phenyliodine diacetate in

0
| | H,0 s
AcO—P—R O0—P—R
| -AcOH |
R? R?
B C
H,O
PhI(OAc),
AcOH

(0] & O @)

I el I 44 I
o—f|>—R2 R! \ /O—[I’—R2 - /O—II’—RZ

R2 1\ R2 HO—I\ R2

E Ph

Scheme 18 Mechanism that accounts for the formation of diaryl (2-oxo-2-alkyl/arylethyl)phosphinates 46.
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I
H + H—El’—Rl
2

R
47 48

LiOH (20 mol%) o \RZ
DME/H,0 (8:1), 0,, 60°C, 3 h

23 emaples (43-88%) 49

(average yield: 74%)

(Het)Ar= Ph, 4-M3-C6H4, 4-Ph-C6H4, 4-OMC-C6H4, 4-F-C6H4, 4-C1-C6H4, 4-Br—C6H4, 4-CN-C6H4, 4-CF3-C6H4,
4-OCF;-CgH,, 4-COMe-CgH,, 3-Me-CgH,, 3-OMe-C¢H,, 2-Me-C¢H,, 2-OMe-CyHy, 3,5-Mey-CgH,,

2-naphthyl, 2-thienyl )
R!=Ph, 4-Me-C4Hy, 4-CI-C¢Hy, OEt, O'Pr
R?= Ph, 4-Me-CgH,, 4-C1-C¢H,, OEt, OPr

Scheme 19 Base-promoted direct oxyphosphorylation of (hetero)aromatic terminal alkynes 47 with P(O)-H compounds 48.

the presence of water to form the unstable intermediate D. Next,
addition of hypervalent iodine reagent D to alkyne 44 leads to
intermediate E which undergoes isomerization to give hyper-
valent iodine intermediate F. Finally, the reductive elimination
of this intermediate F affords the target product 46 with the
releases of indobenzene.

Recently, Shi and Zeng along with their colleagues disclosed
the synthesis of B-phosphorylated ketones 49 via base-catalyzed
oxyphosphorylation of (hetero)aromatic terminal alkynes 47
with P(O)-H compounds 48 (H-phosphonates, H-phosphine
oxides, H-phosphinates) employing 20 mol% of LiOH as the
base in an 8 : 1 mixture of DMF and H,O at 60 °C (Scheme 19).*
A wide panel of important functional groups (e.g., F, Cl, Br, CF3,
OCF3;, OMe, COMe, CN) at different positions of phenyl rings of
phenylacetylenes were well tolerated by this reaction, thus
indicating its broad applicability. Unfortunately, no comment
was made by the authors regarding the applicability of internal
and aliphatic terminal alkynes in this protocol.

4. Conclusion

Organophosphorus compounds have aroused a significant
interest among synthetic chemists over the past few decades
owing to their wide applications in medicinal chemistry,
organic synthesis, ligand chemistry, and material science.
Among them, B-phosphorylated ketones have attracted signifi-
cant attention as promising building blocks for the synthesis of
various important molecules due to their diverse reaction
patterns. In addition to their numerous synthetic utility, some
B-phosphorylated ketones themselves are endowed with
outstanding biological properties. Therefore, over the years,
plenty efforts have been made to identify new and efficient
synthetic methods for their preparation from simple and low-
cost starting materials. Among the various approaches, oxy-
phosphorylation of alkenes/alkynes with hydrogen phosphoryl
compounds represents an extremely attractive and powerful
route for the synthesis of the title compounds which offers
several benefits such as high step- and atom-economy as well as
the readily available starting materials. As illustrated, both
internal and terminals alkenes/alkynes and all the three kinds
of P(O)-H compounds (H-phosphonates, H-phosphine oxides,

© 2021 The Author(s). Published by the Royal Society of Chemistry

and H-phosphinates) were compatible in this synthetic strategy.
Moreover, most of the reactions covered in this review could be
easily scaled up to provide multigram quantities of the target B-
phosphorylated ketone products without any difficulty.
However, despite remarkable developments over past decade on
this attractive research arena, many challenges still remain to
be overcome: (i) the reported examples on the use of H-
phosphinates and internal alkynes as substrates are scarce
and therefore, of course, expanding of the substrate scope to
these compounds are necessary; (ii) the majority of metal-
catalyzed reactions were conducted in the presence of copper
catalysts and under relatively harsh conditions. Thus, the
development of new metal-based catalytic systems that allow
this difunctionalization reaction under milder conditions
would be desirable; and (iii) the synthetic utility of these
transformations in the preparation of biologically important
compounds should be studied. We conclude this review by
hoping that it will inspire researchers to make further progress
in this appealing research area.
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