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ABSTRACT: A copper-catalyzed tandem carboarylation/cyclization of alkynyl phosphonates with diaryliodonium salts is 
reported. The reaction gives straightforward access to valuable cyclic enol phosphonates in good yields under mild condi-
tions. This transformation entails an initial chemoselective arylation of the alkyne followed by an intramolecular trapping 
of an intermediate vinyl cation by the phosphoryl group. Observation of β-aryl rearrangements across the double bond in 
intermediates generated from 1,2-diaryl alkynes support the intermediacy of a vinyl cation. 
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Introduction 

Phosphorus heterocycles represent an important class 
of compounds which exhibit a wide range of biological 
activities.1 In particular, cyclic enol phosphonates bearing 
a tetrasubstituted double bond have found application as 
potent enzyme inhibitors (Figure 1).2  

Figure 1. Examples of biologically active cyclic phospho-
nates 

As a result, the development of new catalytic method-
ologies to prepare these important cyclic phosphonate 
derivatives is highly desirable. Synthetic methods for the 
preparation of these molecules mainly rely on multistep 
procedures based on halocyclization of alkynyl dialkyl 
phosphonates or phosphonic acid monoesters which are 
prepared from the former adding an extra step to the 
synthesis.3 These transformations typically involve intra-
molecular nucleophilic attack by the oxygen of the phos-
phoryl group to the alkyne which is activated by coordi-
nation with a superstoichiometric amount of halide or 
metal halide (Scheme 1a). Resulting alkenyl halides can 
then be functionalized by cross-coupling procedures. 
Cyclic enol phosphonates have also been obtained by Rh- 
or Ru-catalyzed oxidative coupling of phosphonic acid 
monoesters and alkynes (Scheme 1b).4 These reactions 
entail a more atom-efficient formation of cyclic phospho-

nates. However, they require the stoichiometric use of Ag 
salts as oxidants and are mainly limited to aromatic sub-
strates which provide regioisomeric mixtures when un-
symmetrical alkynes are used. 

Scheme 1. Synthetic Methods for the Preparation of 
Cyclic Enol Phosphonates 

 

Diaryliodonium salts, which are air- and moisture-
stable, non-toxic and easy to prepare compounds, have 
recently gained considerable attention as mild and selec-
tive arylating reagents in organic synthesis.5 In particular, 
copper-catalyzed arylation with diaryliodonium salts has 
become a powerful tool for the development of a wide 
range of synthetic transformations.6 These reactions typi-
cally involve the formation of a highly electrophilic aryl-
Cu(III) intermediate by activation of the diaryliodonium 
salt with a Cu(I) catalyst.7 This type of aryl-Cu(III) species 
has been described to activate alkynes forming a reactive 
intermediate which can then be trapped by a pendant 
nucleophile leading to aryl/cyclization processes.8-11,12 



 

We envisioned that an alkynyl phosphonate could react 
with a diaryliodonium salt under Cu catalysis to afford an 
arylated cyclic enol phosphonate in a simple and efficient 
manner (Scheme 1c). This transformation would feature 
the concomitant formation of a C-C and a C-O bond and 
the use of a cheap and readily available catalyst thus rep-
resenting a step and costly effective alternative for the 
synthesis of these important phosphorous compounds. 
Success of our proposed transformation would require a 
high level of chemoselectivity in the arylation step as 
competitive copper-catalyzed oxygen-arylation of the 
phosphonate group,13 which has been described to occur 
under similar conditions than alkyne arylation,8 has to be 
suppressed. We report here the development of a copper-
catalyzed synthesis of cyclic enol phosphonates bearing 
tetrasubstituted double bonds from readily available al-
kynyl phosphonates. The new catalytic process is opera-
tionally simple, occurs under mild conditions and pro-
ceeds both with aliphatic and aromatic alkynyl phospho-
nates and a variety of diaryliodonium salts. 

Results and discussion 

Optimization studies. We started our studies by in-
vestigating the reaction between alkynyl phosphonate 1a 
and diphenyliodonium triflate 2a (Table 1).  

Table 1. Screening of Reaction Conditions 

 

entrya [Cu] solvent T (°C) 
3aa 

yield(%)b 

1c CuCl CH2Cl2 40 84 

2c CuTC CH2Cl2 40 76 

3c Cu(OTf)2 CH2Cl2 40 6 

4c CuCl DCE 40 58 

5c CuCl 1,4-dioxane 40 60 

6 CuCl CH2Cl2 50 97 (89)d 

7 CuCl CH2Cl2 60 89e 

8f CuCl CH2Cl2 50 64 

9 - CH2Cl2 60 0 
aReactions performed on a 0.1 mmol scale (0.1 M) in a sealed tube. bDe-
termined by 1H-NMR using Ph3CH as internal standard. cFull conversion 
not achieved. dYield of isolated product shown in brackets. e10% of O-
arylation of 3aa was observed. fIn the absence of dtbpy. DCE = 1,2-
dichloroethane. 

To test the feasibility of our proposed carboaryla-
tion/cyclization process, we first run the reaction under 
the conditions reported for the copper-catalyzed O-
arylation of phosphonates (CuCl as catalyst, 2,6-di-tert-
butyl pyridine (dtbpy) as additive in dichloromethane at 

40 °C).13 To our delight cyclic enol phosphonate 3aa, aris-
ing from a formal 6-endo-dig cyclization, was the only 
product of the reaction and no traces of O-arylation 
products were observed (entry 1). A screening of copper 
complexes (entries 1-3) and solvents (entries 4-5) revealed 
that CuCl/dichloromethane is the most efficient catalyst-
solvent combination for this transformation. By carrying 
out the reaction at 50 °C, full conversion was achieved 
and cyclic phosphonate 3aa was obtained in almost quan-
titative yield (entry 6). At higher temperature a decrease 
in yield was observed due to formation of a small amount 
of O-arylation of 3aa (entry 7). Although reaction pro-
ceeded in the absence of dtbpy, product 3aa was obtained 
in lower yield (entry 8). Importantly, no reaction took 
place in the absence of copper catalyst (entry 9). Moreo-
ver, in the absence of diaryliodonium salt no conversion 
of 1a was observed thus ruling out a possible mechanism 
involving copper(I)-catalyzed cyclization14 followed by 
oxidation of resulting vinylcopper species with the dia-
ryliodonium salt. 

Scope of the reaction. Having established optimized 
conditions for the carboarylation/cyclization of alkynyl 
phosphonates (Table 1, entry 6), we set out to investigate 
the scope of the reaction. We first explored the reaction 
of several alkynyl phosphonates 1 with diphenyliodonium 
triflate 2a (Table 2).  

Table 2. Scope of Dialkyl γ-Alkynyl Phosphonates 1a 

 
a Reactions performed on a 0.2 mmol scale. Yields refer to isolated pure 
products. b 1.1 equiv of 2a. 

This catalytic transformation proved to be very efficient 
for several dialkylphosphonates bearing methyl, ethyl or 
isopropyl groups  providing products 3aa-ca in very good 
yields. Diisopropyl phosphonate 1c showed higher reactiv-
ity and it was necessary to decrease the amount of 2a (1.1 
equiv) to avoid further product O-arylation. We observed 
that the nature of the substituent on the triple bond 
played an important role in the outcome of the reaction. 
Besides the p-anisyl group, a phenyl group was suitable 



 

enough to perform the reaction although in this case 
diethylphosphonate 1d led to product 3da in a diminished 
yield.15 However, the use of diisopropylphosphonate 1e 
allowed to obtain the corresponding product 3ea in re-
stored yield. Substrate 1f bearing a styrenyl group also 
worked well and led to product 3fa in good yield. This 
new methodology is also applicable to alkynyl phospho-
nates bearing heteroaryl groups as illustrated by the syn-
thesis of indole-substituted cyclic enol phosphonates 3ga 
and 3ha. Importantly, no arylation on the C2 or C3 posi-
tion on the indole group6b was observed further highlight-
ing the high level of chemoselectivity of this catalytic 
reaction. On the other hand, substrate 1i bearing an alkyl 
group on the alkyne did not give any conversion. Interest-
ingly, a formal arylation/5-endo-dig cyclization was also 
possible as shown for the synthesis of five-membered 
phosphonate 3ja. 

Different arylmesityliodonium salts were used for this 
carboarylation/cyclization of alkynyl phosphonates (Table 
3). These unsymmetrical diaryliodonium salts bearing a 
bulky mesityl ligand allow the selective transfer of the 
other aryl group under copper-catalysis.6 This approach is 
attractive from a practical point of view as only one 
equivalent of the desired transferring aryl group is re-
quired. Furthermore, these diaryliodonium salts are easily 
prepared from commercially available reagents in one-pot 
operations.16  

Table 3. Scope of Diaryliodonium Saltsa 

 
a Reactions performed on a 0.2 mmol scale. Yields refer to isolated pure 
products. b Reaction run at 60 °C. 

Diaryliodonium salts 2b-e bearing meta- and para-
substituents all worked well in combination with both 
diethyl and diisopropyl alkynyl phosphonates inde-
pendently of the electronic nature of the aryl group. The 
corresponding cyclic phosphonates 3 were exclusively 
obtained in good yields (Table 3). In sharp contrast, no 
conversion was observed when diaryliodonium salt 2f 
displaying an ortho-methyl substituted aryl group was 
used, probably due to its steric hindrance which imposes 

lower reactivity to this salt.8 Importantly, this tandem C-
C/C-O bond forming reaction was also suitable for the 
transfer of heteroaryl and vinyl groups as shown by the 
synthesis of cyclic phosphonates 3ag and 3ch.  

Interestingly, the present methodology could be com-
bined with the copper-catalyzed O-arylation of phospho-
nates13 to perform a selective one-pot diarylation with two 
different diaryliodonium salts in which CuCl acts as the 
same catalyst for both arylation reactions.17 Thus, treat-
ment of phosphonate 1c with diaryliodonium salt 2c un-
der optimized conditions and subsequent addition of 2a 
afforded the diarylated product 3cca in good yield 
(Scheme 2). 

Scheme 2. Copper-catalyzed one-pot diarylation with 
two different diaryliodonium salts  

 

Once having studied the behavior of alkynyl phospho-
nates 1 bearing an aliphatic linking unit we turned our 
attention to aromatic substrates 4 (Table 4).  

Table 4. Copper-catalyzed carboarylation/cyclization 
of aromatic alkynyl phosphonatesa 

 
a Reactions performed on a 0.2 mmol scale. Yields refer to isolated pure 
products. PMP = 4-OMe-C6H4. b 2 equiv of 2 were used. c Combined yield 
of both isomers. d Regioisomeric ratio (5:5') shown in brackets. e Reaction 
run at 70 °C.  



 

The carboarylation/cyclization of alkynyl phosphonates 
4 would give straightforward access to tetrasubstituted 
phosphaisocoumarins which resemble the structure of 
potent inhibitors for pancreatic cholesterol esterase (Fig-
ure 1).2c We were pleased to find that treatment of phos-
phonate 4a with mesityl para-methoxyphenyliodonium 
triflate 2d under the optimized conditions gave rise to the 
formation of phosphaisocoumarin 5ad in very good yield. 
Interestingly, when diaryliodonium triflates bearing a 
transferable group different than p-anisyl were used the 
corresponding products 5 were obtained in good yields as 
variable mixtures of two regioisomers in which one of 
them displayed a shifted p-anisyl group.18 Reaction of 
phosphonate 4a with diphenyliodonium triflate 2a gave 
rise to a 3.5:1 mixture of 5aa and 5'aa. Similar result was 
obtained with chloro-substituted phosphonate 4b 
(5ba:5'ba = 3:1) while the use of substrates 4c and 4d 
bearing a more electron rich substituent on the ar-
ylphosphonate ring gave rise to an almost equimolar 
isomeric ratio. Substrate 4e bearing a more electron rich 
para-dimethylamino phenyl group on the alkyne afforded 
product 5ea with total regioselectivity albeit in a dimin-
ished yield. A phenyl group was also tolerated as alkyne 
substituent although in this case it was necessary to run 
the reaction with the more electron rich substrate 4f to 
obtain the corresponding phosphoisocoumarin 5fa.19 The 
electronic nature of the transferring aryl group of the 
diaryliodonium salt plays a crucial role on the outcome of 
the reaction. While the use of a electron rich mesit-
ylstyrenyliodonium triflate 2h gave rise to a 1:1 mixture of 
5ah and 5'ah, the use of diaryliodonium salt 2b bearing a 
p-chloro susbtituted aryl group led to an increase of the 
regioisomeric ratio  (5ab:5'ab = 5:1). Importantly, this 
selectivity trend could be further exploited to control the 
regioselectivity of the reaction. Thus, by using more elec-
tron deficient diaryliodoniums salts 2c, 2e and 2i the 
corresponding products 5 were obtained almost exclusive-
ly.  

Mechanistic considerations. An important mechanis-
tic feature of the copper-catalyzed carboaryla-
tion/cyclization of alkynes with diaryliodoinum salts is 
the nature of the reactive intermediate which is formed 
during the arylation step. Different intermediates have 
been proposed depending on the nature of the pendant 
nucleophile. While Gaunt8,9a and Chen9b,11 described the 
formation of vinyl carbocation type intermediates in cy-
clizations involving Friedel-Crafts processes,8 hydride 
migration9 or etherification,11 Novák proposed a mecha-
nism for the arylation/cyclization of alkynyl amides which 
entails the attack of the amide group to an aryl-Cu(III)-
acetylene complex and subsequent reductive elimination 
of the formed vinylcopper species.10 On the basis of our 
experimental observations, in which the strong effect of 
the alkyne substituent resembles the requirements for 
vinyl cation stabilization,20 we propose the following 
mechanism for the copper-catalyzed carboaryla-
tion/cyclization of alkynyl phosphonates with diarylio-
donium salts (Scheme 3). Initially, the Cu(I) catalyst 
would coordinate the alkyne forming intermediate I.21 

Subsequent oxidation with diaryliodonium salt would 
give rise to a coordinated Cu(III) intermediate II which 
would undergo intramolecular nucleophilic attack of the 
alkyne with concomitant formation of vinyl cation inter-
mediate III and regeneration of the Cu(I) catalyst after 
reductive elimination. Subsequent intramolecular nucle-
ophilic attack of the oxygen of the phosphoryl group fol-
lowed by Arbuzov-type alkyltriflate elimination13 would 
afford the cyclic enol phosphonate. 

Scheme 3. Proposed mechanism for the Cu-catalyzed 
carboarylation/cyclization of alkynyl phosphonates 

 

An interesting observation made in the copper-
catalyzed carboarylation/cyclization of aromatic al-
kynylphosphonates 4 was the formation of variable regioi-
someric mixtures of products 5 and 5'. As aromatic sub-
stituents are known to stabilize vinyl cations,20 the aryla-
tion of 1,2-diarylalkynes 4 could occur on both sites of the 
alkyne (Scheme 4). Intermediate A would evolve, as ex-
plained above, by intramolecular trapping affording com-
pound 5. On the other hand, intramolecular trapping to 
afford a five-membered heterocycle might be slower (or 
no competitive) in intermediate A' and β-aryl rearrange-
ment across the double bond would occur faster.20b,22 
Depending on both the stabilization ability of the rear-
rangement transition state (A'-->A or A'-->B') and of the 
different vinyl cations by each aryl group, intermediate A' 
would undergo migration of the aryl unit transferred by 
the diaryliodonium salt giving intermediate A or would 
evolve through β-anisyl rearrangement leading to inter-
mediate B' which would afford product 5' by nucleophilic 
attack of the phosphoryl group. Given the higher migrato-
ry aptitude of the anisyl vs. the phenyl group,22 formation 
of B' from A' would be more favorable and the formation 
of 5 as the major isomer could account for a more effi-
cient stabilization of vinyl cation A. Decrease in the regi-
oisomeric ratio in 5ca and 5da could be attributed to a 
higher stabilization of the corresponding vinyl intermedi-
ate A' due to the presence of a electron-donating group in 
the aryl phosphonate group. On the other hand, the pres-
ence on the alkyne of a more electron rich substituent 
such as the p-dimethylaminophenyl group leads to the 
formation of a single product probably due to a better 
stabilization of the vinyl cation intermediate A. The high 
regioselectivity observed for the use of diaryliodonium 
salts bearing an electron-deficient aryl group may arise 
from the poor ability of this type of aryl groups as α-vinyl 



 

cation stabilizers which would preclude the migration of 
the anisyl group across the double bond of intermediate 
A'. 

Scheme 4. Rationale for the formation of regioiso-
mers 5 and 5' 

 

Conclusions 

In summary, we have developed an efficient copper-
catalyzed tandem carboarylation/cyclization of alkynyl 
phosphonates with diaryliodonium salts. The reaction 
occurs with excellent level of chemoselectivity, as no 
traces of O-arylation are observed, and affords cyclic enol 
phosphonates in high yields under relatively mild condi-
tions. Moreover, copper catalysis can also be applied to 
one-pot diarylation processes with two distinct diarylio-
donium salts. We believe this transformation proceeds 
through the formation of an intermediate vinyl cation 
which is intramolecularly trapped by nucleophilic attack 
of the phosphoryl group. Observed β-aryl rearrangements 
across the double bond in 1,2-diaryl systems further sug-
gest the intermediacy of a vinyl cation. 
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