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In general, the P-centered ring-opening of quaternary phosphirenium salts

(QPrS) predominantly leads to hydrophosphorylated products, while the
C-centered ring-opening is primarily confined to intramolecular nucleophilic
reactions, resulting in the formation of phosphorus-containing cyclization
products instead of difunctionalized products generated through inter-
molecular nucleophilic processes. Here, through the promotion of ring-
opening of three-member rings by iodine anions and the quenching of elec-
tronegative carbon atoms by iodine cations, we successfully synthesize f-
functionalized vinylphosphine oxides by the P-addition of QPrS intermediates
generated in situ. Multiple B-iodo-substituted vinylphosphine oxides can be
obtained with exceptional regio- and stereo-selectivity by reacting secondary

M Check for updates

phosphine oxides with unactivated alkynes. In addition, a variety of S-func-
tionalized vinylphosphine oxides converted from C-I bonds, especially the
rapid construction of benzo[b]phospholes oxides, demonstrates the sig-
nificance of this strategy.

Organophosphorus are a predominant class of organic compounds
extensively present in fire retardants'™*, pesticides’”’, natural products,
and biologically active molecules®™. Among the various types of
organophosphorus compounds, vinylphosphine oxides play a vital
role as the fundamental synthetic component for the construction of
these essential molecules'”, The construction of Csp*P is of great
importance in the field of organophosphorus chemistry. Many elegant
methods have been developed for the synthesis of these
compounds™~?, while the construction of S-functionalized vinylpho-
sphine oxides remains highly restricted®~**. In the limited number of
reports thus far, there is a frequent need for significant quantities of
oxidants or metal salts. Considering the significance of p-

functionalized vinylphosphine oxides in the modification of organo-
phosphorus skeleton, the pursuit of diverse approaches to their pre-
paration using easily obtainable substrates remains highly appealing.

On the other hand, the value of three-membered rings possessing
a heteroatom in organic transformations has been demonstrated by
the rapid and atomically economical synthesis of S-functionalized
alcohols and amines via ring opening processes***. Quaternary
phosphirenium salts (QPrS), which could be easily generated from
alkynes and secondary phosphine oxides in the presence of Tf,0, are
also considered to be powerful intermediates for the construction of
organophosphorus compounds®***2. However, in contrast to
epoxides”™ and aziridines**™', the phosphorus atom possesses
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inherent electrophilicity, resulting from the polarity inversion of the
C-P bond*, which leads to C-addition occurring exclusively when a
weakly nucleophilic reagent attacks the ring™™ (Fig. 1a). When
employing potent nucleophilic reagents, P-addition will be prioritized
to afford hydrophosphorylated products instead of S-functionalized
vinylphosphine oxides. For example, Wild’s group reported that
phosphirenium triflates can undergo ring-opening to obtain cis-
hydrophosphorylated products in the presence of MeOH or H,0°%. To
the best of our knowledge, there are only a few examples of -sub-
stituted phosphine compounds obtained via C-addition for example
using aniline*® or intramolecular aromatic as nucleophilic reagents®,
while the synthesis of these compounds through a P-addition ring-
opening process remains unreported.

Although this completive ring-opening process leads to incom-
patibility of strongly nucleophilic reagents in the synthesis of S-func-
tionalized vinylphosphine oxides, it also presents an additional
opportunity for the synthesis of these compounds. When the
P-centered nucleophilic addition of quaternary phosphirenium salts is
occurring due to nucleophilic reagents attacks on the phosphine, the
electronegative carbon atoms could therefore be trapped by electro-
philic reagents (Fig. 1b). Therefore, by coordinating the presence of
these two reagents in the system, it becomes possible to synthesize -
substituted vinylphosphine oxides through P-addition process. lodine
monomers are known to readily polarize in solvents, producing iodine
anions and cations, which may be utilized in our designs as

nucleophilic and electrophilic reagents respectively. Therefore, the
regio- and stereoselective phosphonoiodination of unactivated
alkynes have been described herein (Fig. 1c). The attack of iodine
nucleophilic reagents on the phosphorus atom leads to ring-opening
of the three-membered ring while quenching of the carbon anion by
iodine electrophilic reagents is essential for the production of S-
functionalized vinylphosphine oxides. In addition, a variety of g-
functionalized vinylphosphine oxides could be easily obtained
through the conversion of C-I bonds. Furthermore, the skeleton of
benzo[b]phosphole oxides could also be constructed through a radical
cyclization process involving this particular class of compounds.

Results and discussion

Reaction development

According to our design, diphenylphosphine oxide 1a and unactivated
alkyne 2a were selected as model substrates to produce quaternary
phosphirenium salts in situ in the presence of Tf,0. When I, was
introduced at the start of the reaction, and the system was allowed to
react in CHCl; (2.0 mL) at 60 °C for 21 h, no desired phosphonoiodi-
nation product was obtained (Table 1, entry 1). Considering that the
presence of iodine might disrupt the production of phosphirenium
intermediate from electrophilic phosphination reagent generated
in situ and alkyne 2a, we conducted the experiment without iodine for
3 h. Subsequently, we introduced iodine and allowed the reaction to
proceed for an additional 18 h. To our delight, 3a was isolated in 50%
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Table 1 | Optimization of reaction conditions®

activating species (1.0 equiv)
base (2.0 equiv)

2 . CHCl3, 60 °C, 3 h Ph  P(O)Phy
Phi"jiH rRhT=—H then [I] source (2.0 equiv), 18 h
Ph g | Et
1a 2a 3a

Entry Activating species Base | source Yield of 3a (%)°
1° Tf,0 / lp trace
2 Tf,0 / I 50
3 Tf,0 BDMEP I 69
4 Tf,0 BDMEP k 32
5 Tf,0 DBU I, trace
6 TMSOTf BDMEP I n.d.
7 BF5-Et,O BDMEP I n.d.
8 (CF3CO),0 BDMEP I n.d.
9 Tf,0 BDMEP NIS 33
10 Tf,0 BDMEP ICL 27
n Tf,0 BDMEP TBAI/Nal n.d.
124 Tf,0 BDMEP k 66
13° Tf,0 BDMEP I 35
14 Tf,0 BDMEP I 83

“n.d.” stands for “not detected”.

Tf,O trifluoromethanesulfonic anhydride, TMSOTT trimethylsilyl trifluoromethanesulfonate, BDMEP 2,6-Di-tert-butylpyridine, DBU 1,8-Diazabicyclo[5.4.0Jundec-7-ene, NIS N-lodosuccinimide, TBA/

Tetrabutylammonium iodide.

“Reaction conditions: 1a (0.20 mmol, 1.0 equiv), 2a (0.40 mmol, 2.0 equiv), activating species (0.20 mmol, 1.0 equiv), base (0.40 mmol, 2.0 equiv), CHCl; (2.0 mL), 60 °C, 3 h, then | source

(0.40 mmol, 2.0 equiv) was added for 18 h. Isolated yield.
°l source was added at first and stirred at 60 °C for 21h.

92a (0.30 mmol, 1.5 equiv) was used.

°2a (0.20 mmol, 1.0 equiv) was used.

fCHCl (1.0 mL) and Tf,0O (0.21 mmol, 1.05 equiv) were used.

yield (Table 1, entry 2), and the structure was confirmed by X-ray
crystallographic analysis (CCDC no. 2240040). When 2.0 equiv of 2,6-
di-tert-butylpyridine was added as a base, the yield of 3a could be
increased to 69% (Table 1, entry 3). Other bases, such as 2,4,6-tri-
methylpyridine and Na,HPO,, gave a significant decrease in yield, and
no target product was detected when EtzN, DBU, DABCO, K,HPO,,
Na,CO; were employed as the base (see Supplementary Information
for more details). Additionally, no desired product was obtained when
Tf,0 was replaced by other activating species such as TMSOTf,
BF3-Et,0, and (CF3CO),0 (Table 1, entries 6-8). Although NIS and ICI
were considerably less efficient, affording 3a in only 33% and 27%
yields, respectively, the screening of different I source indicated that
an " source was crucial for successful phosphonoiodination of alkynes,
which may also prove that the process was not carried out through
C-addition (Table 1, entries 9-11). No product was detected when the
reaction was performed at room temperature, and the yield was not
improved by increasing the temperature (see Supplementary Infor-
mation for more details). There was no significant effect on the reac-
tion by slightly reducing the amount of alkyne (Table 1, entry 12).
Finally, the yield of 3a was significantly increased to 83% yield by
slightly increasing the concentration of the reaction and the amount of
Tf,0 (Table 1, entry 14).

Substrate scope

With the optimized conditions in hand, we first begin testing our
substrate scope with secondary phosphine oxides. As shown in Fig. 2,
diarylphosphine oxides bearing electron-withdrawing and electron-
donating groups on the benzene ring were suitable for this reaction,
delivering the corresponding products in moderate to good yields
(3a-3n). The steric effect had a certain impact on the reaction, leading

to decreased yields when the benzene rings had substituents at the
meta-position (3f, 3h-3i). Substituents at the ortho-position of the
benzene rings resulted in the major products being trivalent phos-
phorus (3m’ and 3n’), with a certain amount of pentavalent phos-
phorus. This result may be attributed to steric hindrance that leads to
the C-centered ring-opening. And we didn’t observe trivalent phos-
phorus products when using other SPOs as substrates. To determine
the Z/E configuration of trivalent phosphorus products, we chose 3m”
as an example. It was oxidized to pentavalent phosphorus by H,0,, and
the configuration was subsequently confirmed through X-ray crystal-
lographic analysis (CCDC no. 2300801). In addition to diarylphosphine
oxide, cyclopentyl(phenyl)phosphine oxide was also suitable sub-
strate, providing the corresponding product 31 in 45% yield.
Subsequently, we examined the scope of alkynes in the phos-
phonoiodination reactions. As shown in Fig. 3, a variety of functional
groups, such as methyl (4a-4b), methoxy (4c-4d), methylthio (4e),
phenyl (4f), trimethylsilyl (4g), fluorine (4h), chlorine (4i), tri-
fluoromethyl (4j-4k) and trifluoromethoxy (41) were all tolerated in
the reaction. When an electron-withdrawing group was attached to the
benzene ring, the yield decreased rapidly as the electron-withdrawing
effect increases (4j-4k), which may be because the electron-
withdrawing group is unfavorable for the formation of the three-
membered cyclic phosphorus cation intermediate, and only phos-
phoric anhydride and products were observed in the analysis of *'P
NMR spectra of the crude mixture (See Supplementary Fig. 2, Sup-
plementary Information for more details). Meanwhile, disubstituted
phenyl (4m), naphthyl (4n), and other heterocycles such as ben-
zothienyl (40), benzofuranyl (4p), and thiophenyl (4q) can be suc-
cessfully transformed in the system. Furthermore, alkynes with various
functional group substitutions on the carbon chain were also well
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Fig. 2| Scope of secondary phosphine oxides in phosphonoiodination. Reaction
conditions: 1 (0.20 mmol, 1.0 equiv), 2a or 2b (0.40 mmol, 2.0 equiv), Tf,0
(0.21 mmol, 1.05 equiv), 2,6-di-tert-butylpyridine (0.40 mmol, 2.0 equiv), CHCI;

(1.0mL), 60 °C, 3 h, then I, (0.40 mmol, 2.0 equiv) was added for 18 h. Isolated yield
and the number in parentheses is 'H NMR yield based on dimethyl terephthalate.

compatible in this system, and the presence of ketones (4r), three-
membered rings (4s), double bonds (4t) and protected amino groups
(4u) offer further possibilities for subsequent modifications. To our
delight, aliphatic internal alkynes, such as hex-3-yne could also be
successfully employed to afford the desired phosphonoiodination
products 4v, albeit in only 15% yield.

Mechanistic study

To gain more insight into the mechanism of this reaction, several
mechanistic experiments were performed. As shown in Fig. 4, the
isotope labeling experiments were performed firstly. When the reac-
tion was carried out under standard conditions using diphenylpho-
sphine with an oxygen isotope label and quenched with water, there
was no isotope label in the product. In contrast, when the model
reaction was quenched with oxygen-labeled water, product with oxy-
gen isotope labeling was obtained in 60% yield (Fig. 4a). These results
indicate that the oxygen present in the product originates solely from
water. Subsequently, when the substrate 5 was used in the reaction and
iodine was added at the beginning, both the phosphonoiodination
product 6 and the cyclization product 7 were obtained simultaneously
(Fig. 4b)>. This suggests that the phosphonoiodination reaction may
also undergo a three-membered cyclic phosphorus cation inter-
mediate and that these products result from a competitive reaction
between the P-addition and C-addition process of this intermediate. To
further confirm the existence of this intermediate in our reaction, we
conducted an in situ P NMR experiment before adding I, and
observed a distinct peak of -104.4 ppm which is assigned to phos-
phirenium species A (Fig. 4c).

Additionally, density functional theory (DFT) calculations were
employed to elucidate the possible mechanism and chemoselectivity
of the ring-opening process. In Fig. 4d, DFT calculations based on
phosphirenium iodide indicated that both kinetics and thermo-
dynamics support the generation of the product. Further calculations
on phosphirenium triflate were performed, revealing that the energy
barrier for the transition states is significantly higher than that of the
ring-opening of phosphirenium iodide (See Supplementary Fig. 4,
Supplementary Information for more details). Therefore, we thought
that the presence of the iodide increases the driving force for the ring-
opening. Moreover, we considered the direct cleavage of the I-1 bond,
locating a concerted transition state A-TS3 (See Supplementary Fig. 5,
Supplementary Information for more details), in which the cleavage of
C-P bond is coupled with the formation of C-I1 and P-I bonds. How-
ever, the energy barrier is prohibitively high, so this pathway involving
the direct cleavage of I-I bond can be excluded safely.

Synthetic applications

To further demonstrate the synthetic value of this procedure, trans-
formations of product 3a and 3b were carried out. As shown in Fig. 5,
various B-functionalized vinylphosphine oxides can be obtained in
excellent yields by conversion of the C-1 bond. For instance, 3a was
easily transformed to tetrasubstituted vinylphosphine oxides con-
taining azido (8), cyano (9) and pyrrolo groups (10) at the S-position.
Hydrodehalogenation of 3a in the Zn/acetic acid system afforded the
trisubstituted vinylphosphine oxides 11 (Z/E£=2:1) in excellent yield.
The corresponding vinylphosphine oxides 12 and 13 were also pro-
duced with retention of the olefin stereochemistry through
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Fig. 3 | Scope of alkynes in phosphonoiodination. Reaction conditions: 1a (0.20 mmol, 1.0 equiv), 2 (0.40 mmol, 2.0 equiv), Tf,0 (0.21 mmol, 1.05 equiv), 2,6-di-tert-
butylpyridine (0.40 mmol, 2.0 equiv), CHCl3 (1.0 mL), 60 °C, 3 h, then I, (0.40 mmol, 2.0 equiv) was added for 18 h. Isolated yield.

Suzuki-Miyaura and Stille couplings, respectively. Additionally, Heck
coupling of 3a afforded the conjugate vinylphosphine oxide 14 with a
mixture of isomers (Z, E/Z, Z=54).

In addition to transition metal-catalyzed coupling reactions, C-I
bonds can also be transformed by other types of reactions.
According to the literature, homolytic cleavage of C-I bonds in the
presence of strong electron-absorbing groups can generate corre-
sponding iodine radicals and carbon radicals®*®'. Here, we
achieved a homogeneous cleavage of the C-1 bond in the presence
of 8-hydroxyquinoline and Cs,COj3, and the resulting carbon radical
can undergo radical cyclization to give the benzo[b]phosphole oxi-
des. As shown in Fig. 6, benzo[b]phosphole oxides with a variety of
alkyl, aryl and heteroaryl groups on the backbone can be obtained in
excellent yields (15a-15i). When there was methoxyphenyl sub-
stitution at the a-position of the carbon radical, the yield of the
target product decreased significantly (15j), meanwhile, the by-
product ketone 16 was obtained in 31% yield. Besides, we are also
exploring other transformations for this alkenyl radical containing a
vinylphosphine oxide group.

In conclusion, we have described a strategy for the synthesis of -
iodo-substituted vinylphosphine oxides from readily available sec-
ondary phosphine oxides, alkynes, and iodine, which was achieved by
activation of the alkyne through Ar,P-OTf generated in situ to form
three-membered phosphorus cation intermediate, followed by ring-
opening with I,. The successful implementation of this strategy for
synthesizing B-functionalized vinylphosphine oxides through
P-addition heavily relied on the precise coordination between elec-
trophilic and nucleophilic reactivity of iodine. The reaction was metal-
free and did not necessitate the presence of additional oxidants.

Various S-functionalized vinylphosphine oxides can be obtained by the
conversion of the C-1 bonds. Finally, the construction of the benzo[b]
phosphole oxide skeleton can be achieved by homologous cleavage of
the C-I bonds and radical cyclization.

Methods

General procedure for the preparation of 3 and 4

A 10 mL oven-dried sealed tube equipped with a magnetic stir bar
was charged with secondary phosphine oxides 1 (0.2 mmol, 1.0
equiv), alkynes 2 (0.4 mmol, 2.0 equiyv, if solid). The tube was evac-
uated and backfilled with argon (three times) and then CHCI;
(1.0 mL) was added sequentially via a syringe, followed by alkynes 2
(0.4 mmol, 2.0 equiv, if oil), 2,6-di-tert-butylpyridine (0.4 mmol, 2.0
equiv) and Tf,0 (0.21 mmol, 1.05 equiv) were added by a syringe. The
resulting mixture was stirred for 3 h at 60 °C, and I, (0.4 mmol, 2.0
equiv) was added for 18 h at 60 °C. After cooled to ambient tem-
perature, sat. NaHCO5; aq (5.0 mL) was added and the resulting
mixture was extracted with DCM (3 x 10 mL). The organic layer was
washed with sat. Na,S,0; aq and brine, followed by dried over
MgS0,, and volatiles were removed under reduced pressure. The
residue was purified by flash column chromatography on silica gel to
give the desired products 3 and 4.

General procedure for the preparation of 15

A 10 mL oven-dried sealed tube equipped with a magnetic stir bar
was charged with 3 or 4 (0.10 mmol, 1.0 equiv), 8-hydroxyquinoline
(0.02 mmol, 0.2 equiv) and Cs,CO5 (0.2 mmol, 2.0 equiv). The tube
was evacuated and backfilled with argon (three times) and then DMF
(2.0 mL) was added sequentially via a syringe. The resulting mixture
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a Oxygen labeling experiments

d The relative Gibbs energy profiles of possible

chemoselective ring-opening pathways.
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Fig. 4 | Mechanistic experiments and DFT calculations. a Oxygen labeling experiments. b Competitive reaction during intramolecular cyclization. ¢ In situ *P NMR
experiment. d The relative Gibbs energy profiles of possible chemoselective ring-opening pathways.
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Fig. 5 | Derivatization of the C-I bond of S-iodo vinylphosphine oxides 3.
Reaction conditions: (a) NaN;, DMAC; (b) CuCN, DMF; (c) pyrrole, Cul, DMEDA,

methyl acrylate, Pd(OAc),, TBAB, NaHCO;, DMF.

K5POy,, toluene; (d) Zn, H,O/AcOH; (e) 4-methylphenylboronic acid, Pd,(dba)s, X-

Phos, Cs,CO3;, DMF/H,0; (f) tributyl(ethenyl)stannane, Pd(PPh;),Cl,, DMF; (g)

was stirred for 12 h at 110 °C. After cooled to ambient temperature,

Data availability

H,O was added and the resulting mixture was extracted with EA
(3 x10 mL). The organic layer was washed with brine and dried over
MgSO,, and volatiles were removed under reduced pressure. The
residue was purified by flash column chromatography on silica gel to
give the desired products 15.

The X-ray crystallographic coordinates for structures reported in this
study have been deposited at the Cambridge Crystallographic Data
Center (CCDC), under deposition numbers CCDC 2240040 (3a), and
CCDC 2300801 (3m). These data can be obtained free of charge from
The Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/

Nature Communications | (2024)15:5385


http://www.ccdc.cam.ac.uk/data_request/cif

Article

https://doi.org/10.1038/s41467-024-49640-z

. (o}
Ar P(O)Ph, 8-Hydroxyquinoline (29 mol%) \P/Ph
¢:< Cs,CO;3 (2.0 equiv) R3
roR DMF, 110 °C, 12 h
Ar
3ord 15
O, (0]
W __Ph X
S Q. _ph P pPh
Q.__Ph S R, R, ~"Bu O )-"Bu
R R, / Bu /) Bu
Y/ /

o o s 8 & @

SCH; Ph

15a, 95% 15b, 83% 15¢, 77% 15d, 80% 15e, 70% 15f, 71%

0 o} T o X

v Ph » Ph Q. _Ph % _Ph i
R R R 3 P MeQ, :
p "Bu Y "Bu O P "Bu ‘ P gy E
‘ ' i
QO O O O o
| (0] "Bu ,
ol OCF, S 1 OMe i
15g, 65% 15h, 85% 15i, 75% . 15j, 20% 16, 31% :

Fig. 6 | Synthesis of benzo[b]phosphole oxides by radical cyclization of 3. Reaction conditions: 3 or 4 (0.10 mmol, 1.0 equiv), 8-hydroxyquinoline (0.02 mmol, 20 mol
%), Cs»CO3 (0.2 mmol, 2.0 equiv), DMF (2.0 mL), 110 °C, 12 h. Isolated yield.

data_request/cif. The full experimental details for the preparation of all
new compounds, and their spectroscopic and chromatographic data
generated in this study are provided in the Supplementary Informa-
tion. All data are available from the corresponding author upon
request. Source data are present. Source data are provided with
this paper.
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