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1 Introduction 

Organophosphorus chemistry has evolved into a 

blooming research area over the past decades, 

benefiting from a fact that phosphorus substituents 

vitally regulate important biological, medicinal, 

material, and catalytic functions.[1] Moreover, the 

versatile roles in performing as ligands or direct 

groups to influence the reactivity and selectivity of 

metal catalysts make them particularly attractive to 

organic chemists. From this point of view, phosphine 

oxides (P=O) directed C-H activation and 

functionalization provide a promising tool in novel 

phosphine ligands development and organic synthesis 

owing to their broad substrate scope and high atom 

economy.[2] Since 2013, elegant studies on 

phosphoryl directed C-H functionalization have been 

independently reported by several leading scientists, 

including Glorius, Kim, Lee, Yang, Loh, Miura, Shi 

and others.[3] Inherently, these works share a common 

point in utilizing phosphoryl-containing compounds 

as directing groups for two-component cross-

coupling, in other words, the reaction of in-situ 

generated metallacyclic intermediates with an 

extramolecular nucleophile or electrophile (Scheme 1, 

a). It is predictable that, P=O directed intramolecular 

cyclization will offer an efficient approach to 

construct diverse phosphonic heterocyclic 

compounds. However, as far as we know, this 

strategy has not been reliably established yet.[2,4] 

Benzo[b]phosphole oxides as representative 

phosphonic heterocyclic compounds have long been 

investigated in the development of new classes of 

optoelectrochemical materials,[5] together with an 

emerging direction as asymmetric induction 

precursors.[6] The high value of benzo[b]phosphole 

oxides necessitates their explorations on structural 

diverse against classical dibenzo[b]phosphole oxides 

and synthetic innovations. Nevertheless, to date, 

only a handful of catalytic methods were reported, 
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with substrates confined in the annulations of alkynes 

and phosphorus compounds.[7] For pioneer studies 

(Scheme 1, b), in 2013, silver or manganese-

mediated C-H/P-H functionalization reactions of H-

arylphosphine oxides with internal alkynes to access 

benzo[b]phosphole oxides were documented by the 

groups of Duan,[7a] Satoh and Miura,[7b] respectively. 

Soon after this, Yoshikai described a modular 

approach to benzo[b] phosphole derivatives based on 

one-pot sequential coupling of arylzinc reagents, 

alkynes, dichlorophenylphosphines and oxidants, 

sequentially catalyzed by cobalt and copper.[7c] Very 

recently, Lakhdar developed a photoredox catalytic 

protocol using eosin Y as the catalyst and N-ethoxy-

2-methylpyridinium tetrafluoroborate as the 

oxidant.[7d] Although much progress has been made, 

the reported strategies on P-ring closure still suffered 

from several drawbacks, such as stoichiometric 

transition metals, synthetic oxidants, low yields, poor 

regioselectivity or limited substrate scope. More 

importantly, alkenyl benzo[b]phosphole oxides, a 

new family member of benzo[b]phosphole oxides 

possessing promising optoelectrochemical properties, 

have been underdeveloped within the regime.[8]  

 

Scheme 1.  Representative Studies on Phosphine Oxides-Directed Cross-Couplings (a); Synthesis of Benzo[b] phosphole 

Oxides (b); Classifications of Allylic Fragments (c); Our Previous Work (d); This Work (e). 

Since 2015, our group has advanced researches on 

palladium-catalyzed coupling of phosphinyl allenes 

bearing allylic fragments (1) with arylboronic acids, 

N-tosylhydrazones, and conjugated N-tosylhydra-
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zones, respectively (Scheme 1, c).[9] The couplings 

were initiated through a common π-allylpalladium 

intermediate, generated from the cleavage of α-

allenylic aryl ether bonds. Intriguingly, an 

unprecedented palladium-catalyzed cleavage of 

alkenyl C-P(O) bonds directed by P=O and pyrazole 

moieties was also discovered by us.[9c] Note that the 

cleavage of allyl fragments with electron-rich 

functionalities (Scheme 1d, XR: X=O, N; R=aryl, 

alkyl) to generate π-allyl-metal species is challenging 

but attractive,[10] this process has been dominantly 

limited within cross-couplings, though being 

extended to direct C-H functionalization 

recently.[10c,10e] Inspired by the aforementioned 

studies and our previous works on direct C-H 

functionalization and organophosphorus chemistry,[11] 

we envisioned that, the phosphinyl allenes bearing 

allylic fragments (1) upon palladium catalysis might 

form six-membered palladacycles, which then 

undergo intramolecular cyclization to deliver a novel 

family of benzo[b]phosphole oxides (2) (Scheme 1, 

e). 

2 Results and Discussion 

We initiated the study by examining a palladium 

dichloride-catalyzed intermolecular cyclization of 

phosphinyl allenes (1a) in the presence of sodium 

pivalate and refluxing THF. The usage of sodium 

pivalate was based on its basicity and facilitation on 

direct C-H functionalization.[12] For a preliminary 

result, alkenyl benzo[b]phosphole oxides 2a was 

isolated in 23% yield along with about 5% yield of 

2’a (Table 1, entry 3), which indicated that 2a and 

2’a might be an olefin isomerization pair. 

Systematically screenings of the conditions were 

performed after then. The cyclization exhibited 

obvious sensitivity to the solvents used. Toluene, 

acetonitrile and 1,4-dioxane afforded better yields 

than of other solvents, offering further optimizations. 

Alternative palladium catalysts, such as Pd(OAc)2, 

Pd(TFA)2 and Pd(PPh3)2Cl2, improved the yields up 

to 50% and spontaneously suppressed the formation 

of 2’a to some extent (entries 9-11). Taking into 

account that 2’a might be convertible into 2a via 

isomerization, various bases were tested subsequently. 

Delightfully, as shown in entry 14, cesium carbonate 

significantly enhanced the cyclization yields up to 

70%, with only trace amount of 2’a detected. In sharp 

contrast, other bases adversely affected the efficiency, 

resulting in either no reaction or formation of much 

more isomer 2’a (entries 13, 15-20). Eventually, the 

combination of cesium carbonate and sodium pivalate 

was considered as the best components to enable the 

reaction (entry 14). The observations together with 

the control experiments in entries 21-23, strongly 

suggested that palladium precursor, a base and an 

additive would synergistically play vital roles in 

achieving high efficiency and suppressing the 

unwanted isomer. 

Table 1. Palladium-catalyzed Intramolecular Cyclization of Phosphinyl Allenes (1a): Conditions Screening.[a] 

 

entry catalyst (5 mol%) base/solvent/additive yield (2a/2’a,%)[b] 

1 PdCl2 PivONa/THF/- trace 

2 PdCl2 PivONa/CH2Cl2/- 0 

3 PdCl2 PivONa/Toluene/- 23/<5 

4 PdCl2 PivONa/H2O/- 20/<5 

5 PdCl2 PivONa/DME/- trace 

6 PdCl2 PivONa/Acetonitrile/- 42/10 

7 PdCl2 PivONa/DMF(110 oC)/- trace 

8 PdCl2 PivONa/dioxane/- 40/10 

9 Pd(OAc)2 PivONa/dioxane/- 28/15 

10 Pd(TFA)2 PivONa/dioxane/- 42/10 

11 Pd(PPh3)2Cl2 PivONa/dioxane/- 50/29 

10.1002/adsc.201800103

A
cc

ep
te

d 
M

an
us

cr
ip

t

Advanced Synthesis & Catalysis

This article is protected by copyright. All rights reserved.



 4 

12 Pd(PPh3)2Cl2 PivOCs/dioxane/- 45/35 

13 Pd(PPh3)2Cl2 PivONa/dioxane/K2CO3 39/31 

14 Pd(PPh3)2Cl2 PivONa/dioxane/Cs2CO3 70/trace 

15 Pd(PPh3)2Cl2 PivONa/dioxane/t-BuOK trace 

16 Pd(PPh3)2Cl2 PivONa/dioxane/t-BuOLi trace/51 

17 Pd(PPh3)2Cl2 PivONa/dioxane/Et3N 42/22 

18 Pd(PPh3)2Cl2 PivONa/dioxane/NaHCO3 29/18 

19 Pd(PPh3)2Cl2 PivONa/dioxane/DBU trace 

20 Pd(PPh3)2Cl2 PivONa/dioxane/DABCO 49/27 

21 Pd(PPh3)2Cl2 -/dioxane/Cs2CO3 trace 

22 Pd(PPh3)2Cl2 -/dioxane/- 0 

23 - PivONa/dioxane/- 0 

[a] Reaction conditions: phosphinyl allene (1a, 0.3 mmol), catalyst (5 mol%), base (0.9 mmol), additive (0.6 mmol) in 3 mL 

refluxing solvent for 18 hours; 
[b] Isolated yield. 

With the optimized conditions in hand, the effect 

of electron-rich functionalities on ether moiety was 

investigated firstly. Substrates bearing aromatic 

substitutions showed comparable reactivities with 

excellent yields (Table 2, entries 1-4), whereas an 

alkyl one performed sluggishly under the standard 

conditions, with only 10% yield of target product 

formed (entry 5). In terms of substitution-free 

substrate (α-allenic alcohol, R=H), a dihydrofuranyl 

derivative (I)[13] was isolated instead of 3-alkenyl 

benzo[b]phosphole oxides (entry 6), resulting from 

the nucleophilic attack of hydroxyl group to 

palladium-allene complex. Notably, most of the 

purified allene substrates were highly viscous gum, 

therefore 2,6-dimethylphenyl substituted allenes were 

chosen for further studies due to their crystalline state 

and operationally simplicity. 

Table 2. Palladium-catalyzed Intramolecular 

Cyclization of Phosphinyl Allenes: Ether Substitution 

Effect. 

 

Entry R Product 
Isolated  

Yield (%) 

1 2,6-Dimethylphenyl 2b 96 

2 Phenyl 2b 95 

3 4-Methylphenyl 2b 93 

4 2,4-difluorophenyl 2b 89 

5 -CH2CH2Ph 2b 10 

6 H 

(I) 

73 

Subsequently, we evaluated the substrate scope of 

various phosphinyl allenes (1a-1o) by altering the 

endmost substitutions of allenes. As depicted in 

Scheme 2, the cyclization delivered varieties of 3-

alkenyl benzo[b]phosphole oxides with yields ranged 

from medium to excellent, depending on the structure 

and electronic properties of substituents. On one hand, 

phosphinyl allenes bearing endmost symmetrical 

alicyclic or alkyl substitutions afforded products 2a-

2e in good to excellent yields, with cyclopentyl 

derivative as an exceptional case. An ORTEP 

drawing of the molecular structure of 2c (CCDC 

1574953) was given in Figure 1a.[14] It is noticed that 

alkenyl benzo[b]phosphole oxide contains a prochiral 

center (phosphorus atom),[15] however, the X-ray 

structure of 2c exhibits only R-isomer in a crystal cell 

(see details in S.I.). We deduced that this might be 

attributed to a spontaneous resolution at molecular 

level upon recrystallization.[16] Phosphinyl allenes 

with terminal heterocycles furnished 2f, 2g/2g’in 

yields of 57% and 50%, respectively.  On the other 

hand, substrates bearing endmost unsymmetrical 

substitutions proceeded smoothly to give structurally 

diverse alkenyl benzo[b]phosphole oxides (2h-2o), 

with yields ranged from 53-94%. In this part, the 

cyclization was quite susceptible to the electron effect, 

where substrates with strong electron-donating group 

(p-methoxy, 1i) and electron-withdrawing group (p-

trifluoromethyl, 1k) furnished distinct results (93% vs 

65%). When it came to ethyl and propyl derivatives 

(1m-1o), the cyclization products gave slightly 

preferences of E-selectivity with ratios of 2.4-4.2:1 

over Z-isomers. 

Scheme 2. Palladium-catalyzed Intramolecular 

Cyclization of Phosphinyl Allenes: Substrate Scope on 

Allenes Moiety.[a],[b] 
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[a] Reaction conditions: phosphinyl allene  (1, 0.3 mmol),  

Pd(PPh3)2Cl2 (5 mol%), Cs2CO3 (0.9 mmol), sodium pivalate 

(0.6 mmol), 3 mL 1,4-dioxane, reflux.  
[b] Isolated yield.  
[c] E/Z ratios were determined by 1H-NMR and HPLC. 

The substrate scopes of phosphinyl allenes 
containing various arylphosphine oxides were 
evaluated as well (Scheme 3). The cyclization was 
explained as insensitive to steric hindrance, in which 
the ortho-methyl substituted allene bearing dimethyl 

terminals (1p) proceeded quite well to afford 2p with 
a yield of 84%. Interestingly, the reaction showed 
excellent regioselectivity once the aryl moieties 
bearing meta-substitutions. For substrates with meta-
methyl (1q, 1r) or 1,3-dioxo groups (1s), the 
reactions cyclized exclusively at the central ortho-
positions in excellent yields up to 99%, with the 
regioselectivities determined according to 1HNMR 
data (the hydrogen atoms at the hindered positions 
disappeared after cyclization) and X-ray 
crystallographic analysis of 2s (CCDC 1574954, 
Figure 1b).[14] With respect to para-substituents, the 
cyclization tolerated with chloro, tert-butyl, methoxy 
and trifluoromethoxy groups, furnishing products 2t-
2x in medium to good yields. Although the 
cyclizations presented insusceptibility to the electron 
effect of substituents on phosphine oxides, sensitivity 
was found in the case of changing allene terminals. 
For instance, para-fluoro, para-chloro-substituted 
substrates (1u and 1v) substantially impaired the 
efficiency. To our delight, para-trifluoromethoxy 
group improved the stereo-preference as well and 
62% yield of E-isomer (2y-E) was isolated with a 
ratio of 5.9:1 over Z-isomer. As for polyaromatic 
systems, β-naphthyl derivated substrate (1aa) gave 
selective cyclization on α-position, which could also 
be ascribed to the influence of electron density. In 
general, considering that the C-H alkenylation 
occurred directly on the aryl moieties of phosphine 
oxides, the relative substituents exhibited excellent 
regiocontrol, along with superior stereo-control than 
those generated from the endmost of allenes. 
Moreover, to the best our knowledge, this 
intramolecular P=O directed strategy affords the best 
regioselectivity to build benzo[b]phosphole oxides 
scaffolds over the previous reports.[7] As for 
aryl/alkyl-substituted phosphinyl allene (1ab), the 
reaction pathway was entirely changed, delivering a 
(E)-1,3-butadiene product (II) in 73% yield, which 
was produced from the nucleophilic attack of 2,6-
dimethylphenolate to the π-allyl-palladium species. 
The distinct result can be rationalized that the alkyl 
group weakened the polarization of P=O bond, hence 
preventing the coordination of π-allyl-palladium with 
P=O moiety from forming a key C(sp2)-H activation 
intermediate. 

 

Figure 1. X-ray structures of 2c ([a]) and 2s ([b]). 

10.1002/adsc.201800103

A
cc

ep
te

d 
M

an
us

cr
ip

t

Advanced Synthesis & Catalysis

This article is protected by copyright. All rights reserved.



 6 

Scheme 3. Palladium-catalyzed Intramolecular 

Cyclization of Phosphinyl Allenes (1a): Substrate Scope 

on Phosphine Oxide Moiety. 

 

 

[a] Reaction conditions: phosphinyl allene  (1, 0.3 mmol),  

Pd(PPh3)2Cl2 (5 mol%), Cs2CO3 (0.9 mmol), sodium pivalate 

(0.6 mmol), 3 mL 1,4-dioxane, reflux.  
[b] Isolated yield.  
[c] E/Z ratios were determined by 1H-NMR, and the major 

isomers were separated by preparative HPLC. 

 

Control experiments were conducted to determine 

the reaction mechanism. To confirm the 

transformation of 2’ to final product 2, 2’a was 

synthesized under standard conditions by replacing 

cesium carbonate with t-BuOLi. The intermediate 

could be fully converted into 2a in the presence of 

cesium carbonate (Scheme 4, eq. a), probably 

through a 1,5-hydrogen shift process[17]  or base-

assisted isomerization. When deuterated 1e was 

employed, no 1,5-D-atom shift was observed in the 

final product, with 2e-D5 exclusively formed in 71% 

yield (eq. b, see details in S.I.). The negative result 

under base-free conditions in eq. a and the 

deuteration experiment collectively pointed to the 

isomerization process instead of 1,5-hydrogen shift. 

With the consideration of clarifying the P=O directed 

cyclization, analogues including tosyl-substituted 

allene (3) and benzoyl-substituted allene (5) were 

synthesized and applied to the cyclization conditions 

(eqs. c and d). However, these allenes decomposed 

rapidly, without detection of any proposed cyclization 

products (4/4’, 6/6’).[18] Finally, an arylether-free 

analogue, (4-methylpenta-2,3-dien-2-yl)diphenyl 

phosphine oxide (7), was found to be entirely inert 

under the identical reaction conditions (eq. e), which 

suggested that the C-H activation as an initial step to 

form palladium intermediates can be ruled out 

accordingly.  

Scheme 4. Mechanism Studies. 

 

      Based on the observed experimental facts, as well 

as previous reports on palladium-catalyzed allene 

chemistry and cyclocarbo-palladation,[3,11,19] a 

plausible mechanism is proposed in Scheme 5. 

Initially, oxidative addition and cleavage of C(sp3)-

O(Ar) bond lead to the formation of π-allylpalladium 

species [A]. Subsequent C(sp2)-H activation and P=O 

direction in the presence of pivalate should be 

involved to give the transition state [B], as was 

strongly supported by the control experiments (Table 

1, entries 21-23; Scheme 4, eq. c and d).  Afterwards, 

base removes the pivalic acid to form the six-

membered cyclopalladium intermediate [C], followed 

by reductive elimination to generate isomer 2’, along 
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with the recycle of the Pd(0) catalyst. Eventually, 2’ 

isomerizes to the final product 2, with the assistance 

of cesium carbonate. 

Scheme 5. Plausible Mechanism. 

 

3 Conclusion 

In conclusion, for the first time, we disclosed a 

palladium-catalyzed cyclization of phosphinyl allenes 

toward the synthesis of novel 3-alkenyl benzo[b] 

phosphole oxides. The intramolecular cyclization was 

consisted of an unprecedented cascade C-O cleavage 

and P=O directed C-H alkenylation pathway. Various 

3-alkenyl benzo[b]phosphole oxides were obtained 

with medium to excellent yields, along with broad 

group tolerance and high regioselectivity. We 

anticipated that this novel strategy will enrich the C-

H activation chemistry and provide new classes of 

optoelectro-chemical materials. 

Experimental Section 

Typical Procedures for the Palladium-Catalyzed 

Intramolecular Cyclization of Phosphinyl Allenes. To a 

5 mL two-necked flask equipped with condenser under 

nitrogen was added phosphinyl allene (1a, 128 mg, 0.3 

mmol), Pd(PPh3)2Cl2 (11 mg, 5 mol%), Cs2CO3 (293 mg, 

0.9 mmol), PivONa (74 mg, 0.6 mmol) and 3 mL degassed 

1,4-dioxane. The reaction mixture was then heated to 

reflux for 18 hours until the complete consuming of 1a as 

monitored by TLC. After all of the volatiles were removed 

under vacuum, the crude product was purified on flash 

chromatography (eluent: 1:1 (v/v) of ethyl acetate/ 

petroleum ether) to afford product 2a (64 mg, 70% yield) 

as a viscous yellow liquid. TLC (Rf = 0.24, petroleum 

ether/ethyl acetate = 1:1). 1H-NMR (400 MHz, CDCl3) δ 

7.69-7.64 (m, 2H), 7.60-7.56 (m, 1H), 7.54-7.49 (m, 1H), 

7.47-7.41 (m, 3H), 7.35-7.26 (m, 2H), 5.32 (s, 1H), 4.90 (s, 

1H), 1.90 (d, J = 12.3 Hz, 3H), 1.67-1.60 (m, 1H), 0.81-

0.73 (m, 2H), 0.56-0.47 (m, 2H). 13C-NMR (101 MHz, 

CDCl3) δ 150.7 (d, J = 21.2 Hz), 144.2 (dd, J = 21.7, 6.7 

Hz), 133.0 (d, J = 2.0 Hz), 132.2 (d, J = 2.8 Hz), 131.9 (d, 

J = 28.5 Hz), 130.9 (d, J = 37.9 Hz), 130.8 (d, J = 10.6 Hz), 

129.3 (d, J = 97.3 Hz), 128.9 (d, J = 12.2 Hz), 128.8 (d, J = 

9.6 Hz), 128.3 (d, J = 10.5 Hz), 123.1 (d, J = 10.9 Hz), 

112.8, 27.3, 16.1, 10.7 (d, J = 11.2 Hz), 7.3 (d, J = 7.3 Hz). 
31P-NMR (162 MHz, CDCl3) δ 40.4 (s). HR-MS (ESI): 

([M+H]+) Calcd for C20H20OP: 307.1246, Found: 307.1243. 

IR (film) ν 3077, 3007, 2909, 2849, 2159, 2029, 1976, 

1732, 1627, 1588, 1568, 1481, 1436, 1282, 1198, 1156, 

1128, 1023, 776, 693 cm-1. 
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