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基于仲膦氧化物和亚磷酸酯的 C(sp3)—H 磷酰化反应研究进展 

黄远婷    陈  迁* 
(广东工业大学轻工化工学院  广州 510006) 

摘要  含有 C(sp3)—P 键的有机磷化合物被广泛应用于有机合成、生物有机和药物化学、农药、阻燃剂和萃取剂等领

域中. 近年来, C—H 键的直接磷酰化受到了广泛关注, 该策略在构建 C—P 键中显示出更为简洁、高效和原子经济性等

优势. 综述了自 2009 年以来以仲膦氧化物和亚磷酸酯为磷源的 C(sp3)—H 磷酰化反应的研究进展, 根据 C(sp3)—H 键

的类型, 对磷酰化反应分为五类进行介绍. 
关键词  仲膦氧化物; 亚磷酸酯; C(sp3)—H 键; 磷酰化 

Recent Advances in C(sp3)—H Phosphorylation Based on  
Secondary Phosphine Oxides and Phosphite Esters 

Huang, Yuanting    Chen, Qian* 
(School of Chemical Engineering and Light Industry, Guangdong University of Technology, Guangzhou 510006) 

Abstract  Organophosphorus compounds bearing C(sp3)—P bonds have been widely used in organic synthesis, bioorganic 
and medical chemistry, agrochemicals, flame retardants and extractants. In recent years, the direct phosphorylation of C—H 
bonds has received much attention because this strategy represents more straightforward, efficient and atom-economic 
construction of C—P bonds. The recent advances in C(sp3)—H phosphorylation using secondary phosphine oxides and 
phosphite esters as phosphorus sources since 2009 are reviewed, and the corresponding reactions are categorized in five types 
according to the structure of C(sp3)—H bonds. 
Keywords  secondary phosphine oxide; phosphite ester; C(sp3)—H bond; phosphorylation 

 
1  Introduction 

Organophosphorus compounds bearing C(sp3)—P bonds 
have been particular interest due to their broad applications 
in organic synthesis,[1] bioorganic and medical chemistry,[2] 
agrochemicals,[3] flame retardants,[4] and extractants.[5] For 
examples, some representative compounds bearing C(sp3)—
P bonds are shown in Figure 1. β-Ketophosphonates are 
widely used as key synthetic precursors in the Horner- 
Wadsworth-Emmons (HWE) reaction, which is the most 
popular and reliable method for the preparation of al-
kenes.[1e] Dialkylbiaryl phosphines such as SPhos are 
known as Buchwald-type phosphine ligands, which can 
dramatically improve the efficiency and selectivity of 
Pd-catalyzed reactions including amination and Suzuki- 
Miyaura cross-coupling reaction.[1c,1d] Alkylphosphonic 
acids such as SF-2312, fosfomycin, tenofovir, phosphino-
thricin, alafosfalin and glyphosate are biologically and 

pharmaceutically important compounds as antitumor, anti- 
inflammatory, enzyme inhibitor, or antifungal agents.[2,3] 
Particularly, both alafosfalin and glyphosphate have an 
α-aminophosphonate moiety as a biologically important 
framework. In addition, ethylenediamine tetra(methylene 
phosphonic acid) (EDTMP) can be used as a suitable re-
mediation agent of soil contaminated by heavy metals.[5b] 
Traditional methods for the construction of C(sp3)—P 
bonds such as Michaelis-Arbuzov and Michaelis-Becker 
reactions are somewhat unsatisfactory, which rely on the 
conversion of toxic organic halides or harsh reaction con-
ditions, together with some shortcomings including narrow 
substrate scopes, low reaction efficiency and poor atom 
economies, etc.[6] Thus, the development of green, mild 
and efficient methods for the synthesis of alkylphospho-
nates is of great importance. 
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Figure 1  Representative compounds bearing C(sp3)—P bonds 

Cross-dehydrogenative coupling (CDC) reactions are 
powerful methods in organic synthesis.[7] Over the past ten 
years, CDC reactions involving P(O)—H compounds have 
received much attention because this strategy represents 
more straightforward, efficient and atom-economic con-
struction of C—P bonds.[8] Despite the challenges associ-
ated with the low reactivity and selectivity in C(sp3)—H 
bond phosphorylation, various successful C(sp3)—P bond 
formation reactions have been realized by the coupling of 
C(sp3)—H bonds with phosphorus sources. This review 
aims to highlight recent advances in C(sp3)—H phosphor-
ylation using readily available secondary phosphine oxides 
and phosphite esters as phosphorus sources since 2009. 
The corresponding reactions are categorized in five types 
including C(sp3)—H bonds adjacent to the nitrogen or ox-
ygen atom, α-carbonyl, allylic and benzylic C(sp3)—H 
bonds. These transformations are able to proceed accord-
ing to several mechanisms such as the addition of 
P-nucleophile to an iminium, an aldehyde, an allylic cation 
or a benzylic cation (Scheme 1, methods A～D) and the 
addition of P-radical to an enolate (Scheme 1, method E). 

2  α-C(sp3)—H phosphorylation of amines 
As α-aminophosphonates and α-aminophosphonic acids 

are common structural motifs in numerous natural and 
pharmaceutical compounds,[2,3] a great deal of effort has 
been put forward for the α-C(sp3)—H phosphorylation of 
amines, which mainly focused on N-aryl tertiary amines. 
Among them, the phosphorylation of N-aryl tetrahydroi-
soquinolines (N-aryl THIQs) has been well-documented. 

2.1  N-Aryl tertiary amines 
The pioneering aerobic phosphorylation of N-aryl ter-

tiary amines with dialkyl phosphites catalyzed by copper 
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Scheme 1  C(sp3)—H phosphorylation with P-nucleophiles or 
P-radicals 

was reported by the group of Li in 2009.[9] The use of 5 
mol% CuBr as a catalyst and O2 as a green oxidant 
achieved the phosphorylation of the C(sp3)—H bond adja-
cent to the nitrogen atom of N-aryl THIQs, providing an 
easy access to α-aminophosphonates in 51%～79% yields 
(Scheme 2). In this reaction, N-aryl THIQ interacts with 
copper and O2 to generate an iminium-type intermediate. 
Then, the less stable P(III) form, which exists with the 
P(V) form via the tautomerization, attacks the iminium to 
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Scheme 2  Copper-catalyzed aerobic phosphorylation of N-aryl 
THIQs 
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produce the desired product. The authors indicated that 
copper catalyst might also play a role in the P(III)/P(V) 
tautomerization by facilitating the deprotonation and sub-
sequently accelerate the reaction rate. 

Similar metal-catalyzed reactions of N-aryl tertiary 
amines and P-nucleophiles have been studied by other 
groups (Table 1). For example, the group of Ofial et 
al.[10,11] developed an iron-catalyzed phosphorylation of 
N,N-dialkylanilines using tert-butyl hydroperoxide (TBHP) 
as an oxidant (Entry 1). Other metal-catalyzed reactions by 
using MoO3,[12] [(phen)AuCl2]Cl,[13] NaSbCl6(α-Naph- 
NO2),[14] zero-valent nanoporous gold (AuNPore),[15] 
[Rh(COD)Cl]2/Ag2CO3,[16] a binuclear copper complex 
[Cu(Sal)2(NCMe)]2 (Sal ＝ salicylate),[17] Fe(NO3)3• 
9H2O,[18] Co(OAc)2•4H2O,[19] Co(OAc)2,[20] Cu(OTf)2,[21] 
or CoNiFe-LDH[22] could also afford the corresponding 
α-aminophosphonates in moderate to excellent yields (En-
tries 2～12). Notably, O2 (air) was used as an oxidant in 
most examples. The proposed mechanisms of the above 
reactions mainly involve the oxidation of a tertiary amine 
to a highly reactive cationic iminium species under a metal 
catalysis and an oxidant. The subsequent nucleophilic ad-
ditions of the iminium species by P(O)—H compounds 
lead to the formation of the desired products and the re-
generation of the metal complexes to complete the catalyt-
ic cycles. 

The phosphorylation of N-aryl tertiary amines under 
metal-free conditions has also been developed. The group 

of Wan[23] reported a 2,3-dichloro-5,6-dicyano-1,4-benzo- 
quinone (DDQ)-promoted C(sp3)—H phosphorylation of 
N-aryl THIQs in 2012. In this reaction, the iminium spe-
cies is formed via the oxidation of N-aryl THIQs by DDQ 
(Scheme 3). 
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Scheme 3  DDQ-promoted C(sp3)—H phosphorylation of N- 
aryl THIQs 

Table 1  Metal-catalyzed C(sp3)—H phosphorylation of N-aryl tertiary amines 

 
Entry Amine P-Nucleophile Catalyst Condition Yield/% Ref.

1 R1, R2＝H R3＝OAlkyl FeCl2 TBHP, MeOH, r.t.～reflux 57～84 [10]
2 N-Aryl THIQs R3＝OAlkyl MoO3 O2, MeOH, 60 ℃ 86～95 [12]

3 N-Aryl THIQs or R1, R2＝H R3＝OAlkyl, Ar N N
Au

Cl Cl
Cl

 

Air, CH3CN, 50 or 60 ℃ 37～94 [13]

4 N-Phenyl THIQ R3＝OAlkyl NaSbCl6(α-NaphNO2), NHPI O2, CH3CN, 40 ℃ 81～90 [14]
5 N-Aryl THIQs or R1, R2＝H, alkyl R3＝OMe, OEt AuNPore O2 or TBHP, CH3CN, 80 ℃ 52～90 [15]
6 R1, R2＝alkyl R3＝Ph [Rh(COD)Cl]2, Ag2CO3 Dioxane, 80 ℃ 55～82 [16]
7 N-Phenyl THIQ R3＝OEt, Ar [Cu(Sal)2(NCMe)]2, TBAC O2, CH3CN, 30 or 60 ℃ 50～95 [17]
8 N-Aryl THIQs R3＝OAlkyl Fe(NO3)3•9H2O Air, EtOH, 30 ℃ 55～93 [18]
9 N-Aryl THIQs R3＝OAlkyl Co(OAc)2•4H2O, NHPI O2, CH3CN, r.t. 66～80 [19]
10 N-Aryl THIQs R3＝OAlkyl, Ph Co(OAc)2, NHPI Air, CH3CN, 80 ℃ 68～100 [20]

11 
O

N H

R

O
R = aryl, alkyl

Ar

 

R3＝OAlkyl, Ar Cu(OTf)2 
p-Benzoquinone, CH3CN, 
70 ℃ 

53～73 [21]

12 N-Aryl THIQs R3＝OAlkyl, Ph CoNiFe-LDH O2, dioxane, 80 ℃ 36～86 [22]  
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Later on, similar metal-free oxidant-promoted reactions 
of N-aryl tertiary amines with P(O)—H compounds via an 
iminium intermediate have been further studied (Table 2). 
The group of Prabhu[24] exploited a catalytic amount of 
DDQ to accomplish the C(sp3)—H phosphorylation of 
N-aryl THIQs by using only a catalytic amount azobisiso-
butyronitrile (AIBN) as additive under aerobic conditions 
(Entry 1). They also developed an iodine-catalyzed oxida-
tive CDC reaction of N-aryl THIQs with dialkyl phosphites 
under aerobic conditions (Entry 2), and this catalyst system 
was found to be effective and compatible with a wide 
range of nucleophiles.[25] A triarylaminium salt (TBPA＋• 
SbCl6

−) induced aerobic oxidative phosphorylation of 
N-aryl THIQs was reported by the group of Huo (Entry 
3),[26] and the employment of indoles instead of 
P-nucleophiles was also tolerated in this reaction. The 
same group[27] then achieved a CBr4-mediated phosphory-
lation of N-phenyl THIQ (Entry 4). The group of Zhang[28] 
realized this transformation by using N,N-bis[3,5-bis(tri- 
fluoromethyl)phenyl]thiourea as the catalyst and TBHP as 
the terminal oxidant (Entry 5). Interestingly, the group of 
Prabhu[29] achieved the synthesis of α-aminophosphonates 

using open air as the only oxidant without any catalysts 
and exogenous oxidants (Entry 6). In this reaction, N-aryl 
THIQ reacts with molecular oxygen, which is present in 
air, to form an aminyl radical cation, which further under-
goes a radical cleavage of proton to form the iminium in-
termediate. Recently, the group of Tang[30] described a 
TBHP-mediated α-aminophosphorylation of N-aryl THIQs 
(Entry 7). 

The development of photocatalytic reactions has recent-
ly reemerged as an important theme of research in synthet-
ic chemistry. In 2011, the group of König[31] reported a 
green-light-induced C(sp3)—H phosphorylation of N-aryl 
THIQs with dialkyl phosphites by using Eosin Y as a pho-
toredox catalyst (Scheme 4). The proposed mechanism 
suggests that a single electron transfer (SET) from N-aryl 
THIQ to the excited state of Eosin Y gives an aminyl radi-
cal cation, which then loses a hydrogen atom by a radical 
anion to form the iminium intermediate. 

Simultaneously, the group of Rueping[32] described a visi-
ble-light-mediated oxidative C(sp3)—H phosphorylation of 
N-aryl THIQs, leading to the formation of the corresponding 
α-aminophosphonates in 39%～91% yields (Table 3, Entry  

Table 2  Oxidant-promoted C(sp3)—H phosphorylation of N-aryl tertiary amines under metal-free conditions 

 

Entry Amine P-Nucleophile Oxidant Condition Yield/% Ref.
1 N-Aryl THIQs R3＝OAlkyl DDQ (10 mol%), AIBN (10 mol%), O2 MeOH, 60 ℃ 75～86 [24]
2 N-Aryl THIQs R3＝OAlkyl I2 (10 mol%), O2 MeOH, r.t. 45～75 [25]
3 N-Aryl THIQs R3＝OAlkyl, Ph TBPA＋•SbCl6− (10 mol%), air THF, r.t. 73～97 [26]
4 N-Phenyl THIQ R3＝OAlkyl CBr4, air THF, r.t. 80～84 [27]
5 N-Aryl THIQs or R1＝R2＝H R3＝OEt Thiourea (20 mol%), TBHP CH3CN, 50 ℃ 23～89 [28]
6 N-Aryl THIQs R3＝OAlkyl Air DCE, 80 ℃ 28～78 [29]
7 N-Aryl THIQs R3＝OAlkyl, Ph TBHP CH3CN, 80 ℃ 50～92 [30]

 

Scheme 4  Visible-light-induced C(sp3)—H phosphorylation of N-aryl THIQs  
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Table 3  Visible-light-induced C(sp3)—H phosphorylation of N-aryl tertiary amines 

 
Entry Amine P-Nucleophile PC, light source Condition Yield/% Ref. 

1 N-Aryl THIQs R3＝OAlkyl, OPh 
Ir

N

N
N

N

(PF6)

 
5 W fluorescent bulb 

Air, toluene/H2O, r.t. 39～91 [32] 

2 N-Aryl THIQs R3＝OEt Rose Bengal, green LEDs Air, CH3CN/H2O at 0.05 
mL•min−1, r.t. 49～60 [33] 

3 N-Aryl THIQs R3＝OAlkyl, Ar 

5 W blue LEDs 

Air, CH3CN, r.t. 82～92 [34] 

4 N-Phenyl THIQ R3＝OMe, OEt PdF20TPP, light (λ＞400 nm) O2 bubbling, 
CH3CN/MeOH 63～84 [35] 

5 N-Aryl THIQs R3＝OAlkyl, Ar PS-Ir, 7.1 W white LEDs Air, MeOH, r.t. 39～97 [36] 
6 N-Aryl THIQs R3＝OAlkyl, OPh BODIPY, white LEDs Air, MeOH, r.t. 42～85 [37] 
7 N-Phenyl THIQ R3＝OEt blue LEDs CBrCl3, CH3CN, r.t. 82 [38] 
8 N-Aryl THIQs R3＝OAlkyl COF-JLU5, 30 W blue LEDs O2, MeOH, 25 ℃ 63～91 [39] 

9 
N-Aryl THIQs or  
R1＝H, alkyl; R2＝

H, Alkyl, Ph 
R3＝OAlkyl Ru(bpy)3(PF6)2, 3 W blue LEDs 

Co(dmgH)(dmgH2)Cl2, 
PhCOONa, CH3CN/DCE, 
r.t. 

36～99 [40] 

10 N-Aryl THIQs R3＝OEt, OPh CPOPs, 23 W white LEDs Air, MeOH, r.t. 80～94 [41] 

11 N-Aryl THIQs or  
R1, R2＝H, alkyl R3＝OAlkyl, OPh CsPbBr3, white LEDs Air, toluene or THF, r.t. 50～96 [42] 

12 N-Aryl THIQs R3＝OAlkyl N-methyl-3(10H)-Acridone, 6 W 
blue LEDs Air, MeOH, r.t. 45～86 [43] 

13 N-Aryl THIQs or  
R1, R2＝H, Me R3＝OMe, Ar N

OEtBF4

, 5 W blue LEDs NaHCO3, DMF 68～91 [44] 

14 N-Phenyl THIQ R3＝OEt EY@UiO-66-NH2, 16 W green 
LEDs Air, MeOH, r.t. 80 [45] 

15 N-Phenyl THIQ P(OEt)3 N
S Pt

dmsoCl

, 15 W blue LEDs Air, toluene/H2O, r.t. 82 [46] 

16 N-Aryl THIQs R3＝OAlkyl MNPs-Eosin Y, 3 W green LEDs Air, DMSO, r.t. 86～97 [47] 
  

1). The Ir(III)-bipyridyl photocatalyst was identified as 
being optimal for this C(sp3)—P bond forming reaction. 
Later on, the same group[33] developed a continuous flow 

procedure for the green-light photoredox-catalyzed 
α-functionalization of tertiary amines (Table 3, Entry 2). 
Rose Bengal was identified as an effective organic photo-
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catalyst for this transformation. As shown in Table 3, some 
photoredox catalysts such as Au complex (Entry 3),[34] 
PdF20TPP (Entry 4),[35] polymer-immobilized iridium- 
based catalyst (Entry 5)[36] and BODIPY (Entry 6)[37] have 
also been utilized in this transformation. Notably, the 
group of Zeitler[38] reported one example of this phosphor-
ylation of N-phenyl THIQ via a photocatalyst-free blue- 
light-triggered activation with CBrCl3 (Entry 7). Other 
photoredox catalysts including two-dimensional covalent 
organic frameworks (COF-JLU5) (Entry 8),[39] Ru(bpy)3- 
(PF6)2 (Entry 9),[40] cationic polycarbazole networks 
(CPOPs) (Entry 10),[41] CsPbBr3 (Entry 11),[42] acridone 
(Entry 12),[43] N-ethoxy-2-methylpyridinium tetrafluorob-
orate (Entry 13),[44] covalently hooked Eosin Y in a Zr(IV) 
framework (EY@UiO-66-NH2) (Entry 14),[45] 8-mercapto- 
quinoline-Pt(II) complex (Entry 15)[46] and magnetic na-
noparticle-supported Eosin Y bis-benzyltriethylammonium 
salt (MNPs-Eosin Y) (Entry 16)[47] have also been em-
ployed in this transformation, providing the desired prod-
ucts in moderate to excellent yields. Among them, it is 
noteworthy that the group of Lei[40] developed an external 
oxidant-free synthesis of α-aminophosphonates by syner-
gistically combining photocatalysis and proton-  reduc-
tion catalysis (Entry 9), while a stoichiometric amount of 
oxidants as the hydrogen acceptor was required in the other 
methods. 

Compared with conventional synthetic methods, the 
electrochemical strategy could be conveniently employed 
to construct various chemical bonds under mild reaction 
conditions. In 2019, the group of Cui and Xiang[48] report-
ed a metal- and reagent-free, electrochemical CDC reac-
tion of N-aryl THIQs with phosphites, providing an envi-
ronmentally benign and simple approach for the construc-
tion of C(sp3)—P bonds in moderate to high yields with 
wide tolerance of functional groups (Scheme 5). The pro-
posed mechanism indicates that N-aryl THIQ loses an 
electron on the anode to generate a radical cation, which 
then loses a proton and an electron to generate the iminium 
intermediate. Finally, the iminium is captured by phosphite 
to give the desired product. Most recently, the group of 
Sengmany and Martens[49] described that a protected amine 
(N-Boc THIQ) could be applied for the electrochemical 
synthesis of α-aminophosphonates with dialkyl phosphites 
(5 examples, 45%～70% yields). The reaction was per-
formed in an undivided cell at constant current, using 
graphite electrodes plates both as anode and cathode. 

The phosphorylation of N-aryl tertiary amines has re-
ceived much attention due to their strong propensity to-
ward dehydrogenation to form stable π-conjugated imini-
ums, while tertiary aliphatic amines form the unstable in-
termediates. In 2018, the group of Tang[20] reported the first 
C(sp3)—H phosphorylation of tertiary aliphatic amines 
with the use of cobalt acetate as a catalyst, N-hydroxy- 
phthalimide (NHPI) as a cocatalyst and air as an oxidant, 
leading to the formation of α-aminophosphonates in 
20%～75% yields (Scheme 6). The proposed mechanism 
suggests that Co(II)-NHPI complex generated by the 
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Scheme 5  Electrochemical C(sp3)—H phosphorylation of N- 
aryl THIQs 
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Scheme 6  Cobalt-catalyzed C(sp3)—H phosphorylation of ter-
tiary aliphatic amines 

interaction of Co(OAc)2 and NHPI activates O2 to form 
Co(III)-radical, which is then coordinated with amine. The 
subsequent SET from the nitrogen atom and concerted α- 
C—H bond cleavage form the iminium. Soon after, the 
same group[30] also realized this transformation with the 
use of TBHP. 
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2.2  Secondary amines 
Secondary amines are also interesting substrates for the 

construction of C(sp3)—P bonds. In 2013, the group of 
Seidel[50] developed an aldehyde-induced C(sp3) — H 
phosphorylation of unprotected secondary amines via a 
three-component reaction of cyclic amines, aldehydes and 
secondary phosphine oxides under microwave irradiation 
at 200 ℃ (Scheme 7). The reaction provided a rapid ac-
cess to N-benzyl α-aminophosphonates. An iminium in-
termediate, which is formed by the dehydration of the re-
action of amine and aldehyde in the presence of PhCOOH, 
is also involved in this transformation. 

 

Scheme 7  Aldehyde-induced C(sp3)—H phosphorylation of 
unprotected secondary amines 

Similarly, the group of Gao[51] reported an aldehyde in-
duced phosphorylation of unprotected THIQs (Scheme 8). 
In this reaction, N-benzyl-THIQ phosphonates were pre-
pared by a three-component reaction of THIQs, aldehydes 
and phosphites at 90 ℃. Silver acetate is used to isomerize 
exocyclic iminium intermediate to the thermodynamically 
stable endocyclic isomer, leading to regioselectively to 
C(1)-phosphorylation of THIQ. 

In 2016, the group of Li[52] described a copper-catalyzed 
C(sp3)—H phosphorylation of glycine amides (Scheme 9). 
This protocol allows various methoxyphenyl-protected 
glycine amides to be phosphorylated with phosphites 
through an oxidative coupling catalyzed by copper iodide. 
An imino amide intermediate is formed via the reaction of 
amine with TBHP catalyzed by CuI. 

Particularly, the group of Yang[53] developed a chiral 
Brønsted acid-catalyzed enantioselective C(sp3) — H 
phosphorylation of allylamines, providing chiral α-amino 
phosphonates in up to 92% ee (Scheme 10). In this reac-
tion, an allylimine intermediate is generated via the oxida-
tion of allylamine by Ag2CO3. Then, a chiral phosphoric 
acid actives phosphite and allylimine to form a nine- 
membered transition state. 
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Scheme 8  Silver-catalyzed, aldehyde induced C(sp3)—H phos-
phorylation of unprotected THIQs 
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Scheme 9  Copper-catalyzed C(sp3)—H phosphorylation of 
glycine derivatives 

Other C(sp3)—H phosphorylation reactions of secondary 
amines are summarized in Table 4, and an imine or imi- 
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Scheme 10  Chiral Brønsted acid-catalyzed enantioselective 
C(sp3)—H phosphonylation of allylamines 

nium cation intermediate is probably involved in these 
reactions. The group of Jia[54] reported a radical cation salt 
(TBPA＋•) initiated phosphorylation of various glycine am-
ides with trialkyl phosphites in 2017 (Entry 1). Soon after, 
this strategy was then applied to the phosphorylation of 
N-benzylanilines by the same group (Entry 2).[55] The 
group of Xiong[56] realized the phosphorylation of second-
ary N-alkyl anilines by using DDQ as an oxidant under 
metal-free conditions (Entry 3). A similar transformation 
for allylamines was then achieved by the group of Cheng 
(Entry 4).[57] The group of Zhu and Le[58] described a direct 
phosphorylation of α-amino ketones and α-amino acid de-
rivatives with dialkyl phosphites catalyzed by a cobalt salt 
(Entry 5). Most recently, the group of Cheng and Ding[59] 
reported a simple approach for an electrochemical  
C(sp3)—H phosphorylation of secondary amines including 
unprotected THIQs with dialkyl phosphhites. Employing 
carboxylate salts as a catalyst under controlled potential 
led to the formation of α-aminophosphonates in moderate 
to good yields (Entry 6). 

3  α-C(sp3)—H phosphorylation of alco-
hols and ethers 

The phosphorylation of C(sp3)—H bond adjacent to the 
oxygen atom has received much less attention. In 2013, the 
group of Tang[60] reported a copper-catalyzed C(sp3)—H 
phosphorylation of alcohols and ethers with TBHP as an 
oxidant (Scheme 11). The reactions afforded various 
α-hydroxy phosphonates in moderate to good yields. When 
alcohols were employed, the reaction was performed via a 
CDC process. Interestingly, two regioisomers were ob-
tained by the use of ethers instead of alcohols. An aldehyde 
intermediate, which is formed via both β-hydrogen elimi-
nation and a radical pathway under CuCl2/TBHP condi-
tions, was suggested by the authors. The subsequent addi-
tion of dialkyl phosphites to the intermediate affords the 
desired product. 
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Scheme 11  Copper-catalyzed C(sp3)—H phosphorylation of 
alcohols and ethers  

A 2,2,6,6-tetramethylpiperidinooxy (TEMPO)-catalyzed 
aminophosphinoylation of ethers with amines and dia-
rylphosphine oxides was achieved for the synthesis of 
α-aminophosphine oxides by the group of Ji and Wei 
(Scheme 12).[61] This reaction could be conducted through 
tandem C(sp3)—H and C(sp3)—O bond cleavage. The 
proposed mechanism suggests that a radical is formed via 
the hydrogen-transfer reaction between tetrahydrofuran 
(THF) and TEMPO, together with the regeneration of 
TEMPO via the oxidation of the formed TEMPOH by O2. 
The radical then undergoes further oxidation to give an 
oxonium ion, which is suffered a nucleophilic attack of 
amine to afford unstable aminal and imine. Thus, the addi-
tion of P-nucleophile to imine gives the desired product. 
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Table 4  C(sp3)—H phosphorylation of secondary amines 

 
Entry Amine P-Nucleophile Condition Yield/% Ref.

1 

R1, R2 = H, alkyl
H

H
N

O

NR1R2Ar

 

P(OEt)3 TBPA＋• (15 mol%), p-TsOH (10 mol%), O2, CH3CN, 60 ℃ 17～94 [54]

2 Ar'

H

H
N

Ar
 

R'＝Et TBPA＋• (10 mol%), O2, CH3CN, 60 ℃ 21～96 [55]

3 
R

H

H
N

Ar

R = Ar, alkyl  

R'＝alkyl, Ph DDQ, THF, 80 ℃ 15～99 [56]

4 
 
R'＝alkyl DDQ, toluene, 80 ℃ 22～92 [57]

5 

 

R'＝alkyl Co(ClO4)2•6H2O (10 mol%), air, CH3CN, 80 ℃ 40～95 [58]

6 

 

R'＝Me, Et, Bn NaOAc (20 mol%), LiClO4, CH3CN, 6.6 V, r.t., graphite felt 33～89 [59]
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Scheme 12  TEMPO-catalyzed C(sp3)—H phosphorylation of ethers 

4  α-C(sp3)—H phosphorylation of ketones 
It is worth mentioning that β-ketophosphonates are val-

uable commodity chemicals in organic chemistry, espe-

cially for the construction of α,β-unsaturated carbonyl 
compounds through the well-known HWE reaction.[1e] 
However, the direct synthesis of β-ketophosphonates via 
the cross-coupling of carbonyl compounds and P(O)—H 
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compounds poses a great challenge because both reactants 
are nucleophilic. Thus, the development of α-C(sp3)—H 
phosphorylation of carbonyl compounds via a phosphorus- 
centered radical and/or an α-carbon-centered radical path-
way is a relatively recent strategy. 

In 2015, the group of Lei[62] realized an α-C(sp3)—H 
phosphorylation of aryl ketone O-acetyloximes via copper- 
catalyzed radical/radical C(sp3)—H/P—H cross-coupling, 
which produced β-ketophosphonates in 47%～86% yields 
(Scheme 13). Ketone O-acetyloxime can be easily pre-
pared by the reaction of ketone, hydroxylamine hydrochlo-
ride and acetic anhydride under mild conditions. Normally, 
the selective cross-coupling of two different radicals is 
hard to be achieved because most radicals are highly reac-
tive and very short-lived, while only the radical coupling 
between a persistent radical and a transient radical would 
lead to a selective bond formation.[63] In this reaction, a 
phosphoryl radical may be considered as a persistent radi-
cal, and a carbon-centered radical can be regarded as a 

transient radical. Firstly, the reduction of ketone 
O-acetyloxime by Cu(I) affords an iminium radical, which 
may quickly isomerize to an α-carbon radical. On the other 
hand, the oxidation of P(O)—H compound by Cu(II) gen-
erates a phosphoryl radical. Next, the selective radi-
cal/radical cross-coupling constructs a C—P bond. Finally, 
the desired β-ketophosphonate is obtained by a substitution 
reaction with Ac2O and a hydrolysis with hydrochloric 
acid. The mechanistic studies by the electron paramagnetic 
resonance (EPR) spectroscopy suggested that the reaction 
underwent a radical/radical cross-coupling process. 

The one-pot aerobic α-C(sp3)—H phosphorylation of 
ketones was then reported in 2017 by the group of Zhang 
and Wei[64] by using catalytic CuI at room temperature 
assisted by t-butyldimethylsilyl triflate (TBSOTf). A series 
of β-ketophosphonates can be easily obtained in 41%～89% 
yields with good functional group compatibility (Scheme 
14). Isotope-labeling experiments suggested that the carbon-
yl oxygen atom of β-ketophosphonates originated from 
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Scheme 13  Copper-catalyzed α-C(sp3)—H phosphorylation of aryl ketone O-acetyloximes 
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Scheme 14  Copper-catalyzed aerobic α-C(sp3)—H phosphorylation of ketones assisted by TBSOTf  
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O2. Initially, a phosphoryl radical is generated by copper. 
Then, the selective addition of the radical to enolsilane 
generated from ketone and TBSOTf gives an alkyl radical, 
which interacts with the superoxide radical and a proton to 
deliver hydroperoxide intermediate. Finally, the subse-
quent elimination of TBSOH and reduction by another 
P(O)—H compound gives an enolate, which rapidly tau-
tomerizes to form the desired β-ketophosphonate. Soon 
after, the same group[65] described a similar one-pot reac-
tion using diisopropyl azodicarboxylate (DIAD)/Bu3P in-
stead of TBSOTf to afford β-ketophosphonates in 20%～
80% yields, in which vinylhydrazinedicarboxylate might 
be formed as the intermediate. 

The copper-catalyzed radical approach was also utilized 
in α-C(sp3)—H phosphorylation of 1,3-dicarbonyl com-
pounds. Recently, the group of Bao and Zou[66] developed 
a copper-catalyzed radical cross-coupling reaction of 
α-C(sp3)—H bond of 1,3-dicarbonyl compounds and trial-
kyl phosphites using CuBr (10 mol%) and lauroyl peroxide 
(LPO) in HOAc at 110 ℃ (Scheme 15). This protocol 
provides a direct synthetic method of α-phosphonyl 
1,3-dicarbonyl compounds. The proposed mechanism of 
this reaction suggests that an α-carbon-centered radical 
reaction pathway might be involved, which is different 
with the mechanisms in Schemes 13 and 14. Upon heating, 
LPO rapidly decomposes in the presence of CuI to form an 
alkyl radical. Then, the radical can abstract a hydrogen 
atom from 1,3-dicarbonyl compound to form an 
α-carbon-centered radical, which further reacts with trial-
kyl phosphite to generate a phosphorus-centered radical. 
Finally, the β-scission of one of the alkoxy groups affords 
the desired product. 

 

Scheme 15  Copper-catalyzed α-C(sp3)—H phosphorylation of 
1,3-dicarbonyl compounds 

Nevertheless, the formation of C(sp3)—P bonds via the 
direct cross-coupling reaction of unactivated α-C(sp3)—H 
bonds of ketones and P(O)—H bonds still remains a great 
challenge. Thus, the α-C(sp3)—H phosphorylation of ac-
tive 1,3-dicarbonyl compounds involving C—C bond 

cleavage has attracted attentions in recent years. In 2017, 
the group of Dong, Ma and Peng[67] achieved a silver-  
catalyzed oxidative C(sp3)—H/P—H cross-coupling reac-
tion of 1,3-dicarbonyl compounds with P(O)—H com-
pounds using K2S2O8 as an oxidant, followed by a chemo- 
and regioselective C(sp3)—C(CO) bond-cleavage step, 
providing β-ketophosphonates in 38%～91% yields with a 
broad substrate scope (Scheme 16). Initially, P(O)—H 
compound is oxidized by Ag(I) salt to generate a phos-
phoryl radical and Ag(0), which is reoxidized to Ag(I) by a 
persulfate anion. The addition of the radical to enolate and 
the subsequent oxidation give the phosphorylated interme-
diate. C—C bond cleavage takes place after the nucleo-
philic attack of H2O to the more electron-deficient carbon-
yl group to give enolate and acetic acid. Finally, enolate 
quickly undergoes tautomerization to form β-ketophospho- 
nate. 

 
Scheme 16  Silver-catalyzed α-C(sp3)—H phosphorylation of 
1,3-dicarbonyl compounds involving C—C bond cleavage 

Later on, the group of Kim and Wu[68] reported a visi-
ble-light-induced radical cascade reaction of 1-arylbutane- 
1,3-diones with diarylphosphine oxides using Fluorescein 
(FI) as a photocatalyst and dibenzoyl peroxide (BPO) as an 
oxidant. This reaction also realized the α-C(sp3)—H phos-
phorylation of 1,3-dicarbonyl compounds involving C—C 
bond cleavage, which afforded the corresponding 
β-ketophosphine oxides in 27%～83% yields (Scheme 17). 
Based on their elaborate mechanism investigations, the 
authors described that the phosphoryl radical might be 
generated via two main pathways: (1) the photoexcited FI 
(FI*) might lead to the homolytic cleavage of the H—P 
bond of diarylphosphine oxide to generate P-centered rad-
ical; (2) the benzoxy radical could be produced by BPO 
with visible light or FI*. Then, diarylphosphine oxide un-
dergoes a hydrogen atom abstraction by the benzoxy radi-
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cal to generate P-centered radical. The subsequent reaction 
process is similar to that in Scheme 16. 

 

Scheme 17  Visible-light-induced α-C(sp3)—H phosphorylation 
of 1,3-dicarbonyl compounds involving C—C bond cleavage 

With consideration of the requirement of strong oxidants 
(K2S2O8 and BPO) in previous protocols, most recently, 
our group[69] developed an iron-catalyzed aerobic α-  
C(sp3)—H phosphorylation of 1,3-dicarbonyl compounds 
involving C—C bond cleavage. This transformation led to 
the formation of β-ketophosphonates in up to 93% yield 
with good functional group tolerance (Scheme 18). The 
significant advantages of this work are: (1) a cheap iron 
salt is employed as a catalyst; (2) air is used as an oxidant. 
Based on the results of control experiments, we concluded 
that phosphoryl radical might be generated by the autoxi-
dation of P(O)—H compound in the presence of O2 and 
K2CO3. The subsequent reaction process is also similar to 
that in Scheme 16. 

 
Scheme 18  Iron-catalyzed aerobic α-C(sp3)—H phosphoryla-
tion of 1,3-dicarbonyl compounds involving C—C bond cleavage 

5  Allylic C(sp3)—H phosphorylation 
The phosphorylation of allylic C(sp3)—H bonds has re-

ceived much less attention so far and provides opportuni-
ties for further research. In 2018, our group[70] reported a 
DDQ-promoted allylic C(sp3) — H phosphorylation of 
1,3-diarylpropenes using diarylphosphine oxides and trial-
kyl phosphites as phosphorus nucleophiles, providing a 
convenient route to allylphosphonates in up to 97% yield 
with good functional group compatibility (Scheme 19). 
Firstly, 1,3-diarylpropene interacts with DDQ to generate a 
delocalized allylic cation and a DDQH-anion. Afterwards, 
P-nucleophile attacks the allylic cation to produce an un-

stable phosphonium cation. The subsequent deprotonation 
by the DDQH-anion generates the desired product and 
DDQH2. Notably, DDQ is used not only as the oxidant, but 
also as the hydrogen acceptor in this reaction. 

22 examples
45% ~ 97%

P
O

H Ar'
Ar'

Ar Ar

P(OR)3

Proposed mechanism

DDQ
CH3NO2, r.t.

H

Ar Ar

P
O

Ar'Ar'

Ar Ar

P
O

ORRO

4 examples
70% ~ 92%

DDQ
CH3NO2, r.t.

ArAr

O
PAr' Ar'
H

Ar

P
O

Ar'Ar'

O

O

CN

CN

Cl

Cl

ArAr

DDQ

O
PAr' Ar'

H

H

O

OH

CN

CN

Cl

Cl

H

DDQH

Ar

Ar

P
O

Ar'Ar'

Ar
OH

OH

CN

CN

Cl

Cl

DDQH2

R = alkyl, Ph

 
Scheme 19  DDQ-promoted allylic C(sp3)—H phosphorylation 
of 1,3-diarylpropenes 

Then, our group[71] turned to the phosphorylation of oth-
er allylic C(sp3)—H bonds, and achieved a DDQ-promoted 
C(sp3)—H phosphorylation of cycloheptatriene (Scheme 
20). The employment of various phosphorus nucleophiles 
such as P(O)—H compounds and P(III) compounds af-
forded cyclohepta-2,4,6-trien-1-ylphosphonates in up to 
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Scheme 20  DDQ-promoted C(sp3)—H phosphorylation of cy-
cloheptatriene 
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99% yield with good functional group compatibility. Simi-
larly, cycloheptatriene interacts with DDQ to generate a 
tropylium cation and a DDQH-anion. Then, P-nucleophile 
attacks the tropylium cation to produce an unstable phos-
phonium cation. The subsequent deprotonation by the 
DDQH-anion generates the desired product and DDQH2. 

6  Benzylic C(sp3)—H phosphorylation 
Having succeeded in the phosphorylation of allylic 

C(sp3)—H bonds, we were encouraged to explore benzylic 
C(sp3)—H phosphorylation. In 2018, our group[72] devel-
oped a DDQ-promoted C(sp3)—H phosphorylation of 
xanthene derivatives (Scheme 21). This transformation 
provides a direct synthetic route to the construction of 
C(sp3)—P bonds with good functional group compatibility, 

leading to the formation of alkylphosphonates in up to 96% 
yield using diarylphosphine oxides and trialkyl phosphites 
as phosphorus nucleophiles. Xanthenes, 9,10-dihydro-   
acridines and 9,10-dihydroanthracene were all tolerated in 
this reaction. In addition, the proposed mechanism is simi-
lar to that in Scheme 19. 

The electrochemical oxidative approach was also uti-
lized in the C(sp3)—H phosphorylation of xanthene deriv-
atives. In 2019, the group of Lei[73] realized an eco-friendly 
C(sp3)—H phosphorylation of xanthene and 10-methyl- 
9,10-dihydroacridine using trialkyl phosphites as phos-
phorus nucleophiles under the exogenous-oxidants-free 
and metal catalysts-free electrochemical oxidation condi-
tions (Scheme 22). Initially, xanthene is oxidized at the 
anode to form a radical cation. The subsequent deprotona-  
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Scheme 21  DDQ-promoted C(sp3)—H phosphorylation of xanthene derivatives 
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Scheme 22  Electrochemical oxidative C(sp3)—H phosphorylation of xanthene derivatives  
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tion and further oxidation give a benzylic carbocation, 
which is then captured by trialkyl phosphite and delivers a 
phosphonium cation. Finally, the dealkylation leads the 
desired product. Soon after, the group of Zeng[74] reported 
a similar electrochemical phosphorylation of xanthene with 
P(O)—H compounds (3 examples, 52%～79% yields). 

Most recently, the group of Dong[75] described a 
Pd(II)-catalyzed oxidative benzylic C(sp3)—H phosphory-
lation of 8-methylquinolines with P(O)—H compounds via 
chelation-assisted C(sp3)—H bond activation (Scheme 23). 
The reactions of various 8-methylquinoline derivatives 
with P(O) — H compounds afforded diverse potential 
P,N-ligands in moderate to good yields with excellent 
functional-group tolerance and exclusive chemo- and regi-
oselectivity. Based on their mechanistic studies, the au-
thors proposed a mechanism of this reaction. First, a cy-
clometalated Pd complex is generated via chelation-   
assisted C(sp3)—H bond activation. Next, P(O)—H com-
pound reacts with the Pd complex to replace the acetate 
ligand on palladium, leading to a phosphoryl-Pd interme-
diate. The following reductive elimination delivers the 
desired product and Pd(0), which would be reoxidized to 
Pd(II) by Ag(I) to fulfil the catalytic cycle. 

Proposed mechanism
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Scheme 23  Pd(II)-catalyzed oxidative benzylic C(sp3)—H 
phosphorylation of 8-methylquinolines 

7  Conclusions 
Organophosphorus compounds bearing C(sp3)—P bonds 

are of importance as valuable functional molecules. The 
construction of C—P bonds is one of the core issues in the 

field of organophosphorus chemistry. In this review article, 
we have summarized the recent advances in the direct 
C(sp3)—H phosphorylation with secondary phosphine ox-
ides and phosphite esters for the C(sp3)—P bond for-
mation. Compared with the well-developed synthesis of 
α-aminophosphonates, the phosphorylation reactions of 
other C(sp3)—H bonds such as allylic and benzylic C—H 
bonds were less explored. In addition, the phosphorylation 
of unactivated C(sp3)—H bonds has been rarely reported. 
Thus, in our personal view, the phosphorylation of unacti-
vated C(sp3)—H bonds via a selective carbon-centered 
radical/phosphorus-centered radical cross-coupling based 
on the Ingold-Fischer “Persistent Radical Effect” theory,[63] 
as well as the application of new strategies such as elec-
trochemical synthesis will attract the attention of chemists 
in the future. Furthermore, the asymmetric C(sp3)—H 
phosphorylation for the synthesis of important chiral 
P-ligands via a strategy of the radical enantioselective 
transition-metal-catalyzed C(sp3)—H functionalization[76] 
should be further investigated. 
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