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Abstract: The addition of interelement compounds with heteroatom-heteroatom single bonds to
carbon-carbon unsaturated bonds under light irradiation is believed to be an atomically efficient
method to procure materials with carbon-heteroatom bonds. In this study, we achieved the photoin-
duced bisphosphination of alkynes using the phosphorus interelement compound, tetraphenyldiphos-
phine monosulfide (1), to stereoselectively obtain the corresponding (E)-vic-1,2-bisphosphinoalkenes,
which are important transition-metal ligands. The bisphosphination reaction was performed by
mixing 1 and various alkynes and then exposing the mixture to light irradiation. Optimization of
the conditions for the bisphosphination reaction resulted in a wide substrate range and excellent
trans-selectivity. Moreover, the completely regioselective introduction of pentavalent and trivalent
phosphorus groups to the terminal and internal positions of the alkynes, respectively, was achieved.
We also found that the novel double-bond isomerization reaction of the synthesized bisphosphinated
products occurred with a catalytic amount of a base under mild conditions. Our method for the pho-
toinduced bisphosphination of carbon-carbon unsaturated compounds may have strong implications
for both organic synthesis and organometallic and catalyst chemistry.

Keywords: interelement compounds; photoinduced bisphosphination; radical reaction; stereoselective
synthesis; double-bond isomerization

1. Introduction

The addition of interelement compounds with heteroatom-heteroatom single bonds
to carbon-carbon unsaturated bonds has recently attracted wide attention as an atomi-
cally efficient method for carbon-heteroatom bond formation [1–6]. This addition reaction
is promoted by transition-metal catalysts, acids, bases, and radical initiators [7–26]. On
the other hand, photoirradiation has recently attracted much attention as a clean, eco-
friendly, and powerful method in organic synthesis [27–29]. Thus, given the drawbacks
of conventional methods, photoirradiation-induced radical addition reactions, which do
not require additives, are becoming increasingly important from the viewpoint of green
innovation [30,31]. The radical addition reactions of halogens and organic disulfides have
been reported to occur under photoirradiation, but their synthetic applications are limited.
To clarify the universality of the photoinduced radical reaction of heteroatom compounds
as a method for generating carbon-heteroatom bonds, we previously investigated a se-
ries of radical addition reactions to the carbon-carbon unsaturated bonds, of group 16
(e.g., diselenides and ditellurides) [32–36], group 15 (e.g., diphosphines) [37–42], and
group 13 (e.g., diboranes) compounds [43,44]. We then combined these reactions with disul-
fides and fluorinated iodoalkanes and successfully formed a variety of carbon-heteroatom
bonds [45–53]. We also recently developed the radical addition reactions of diphosphines
containing pentavalent phosphorus groups, such as Ph2P(O)-PPh2, Ph2P(S)-PPh2, and
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Ph2P(S)-P(S)Ph2, to alkenes (Scheme 1) [38–40]. Because the synthesized vicinally diphos-
phinated adducts are excellent ligands for transition metals [54–58], the development of a
novel method for the photoinduced bisphosphination of carbon-carbon unsaturated com-
pounds is expected to have a great impact on both organic synthesis and organometallic
and catalyst chemistry.

Molecules 2022, 27, x FOR PEER REVIEW 2 of 16 
 

 

tom bonds [45–53]. We also recently developed the radical addition reactions of diphos-
phines containing pentavalent phosphorus groups, such as Ph2P(O)-PPh2, Ph2P(S)-PPh2, 
and Ph2P(S)-P(S)Ph2, to alkenes (Scheme 1) [38–40]. Because the synthesized vicinally di-
phosphinated adducts are excellent ligands for transition metals, [54–58] the development 
of a novel method for the photoinduced bisphosphination of carbon-carbon unsaturated 
compounds is expected to have a great impact on both organic synthesis and organome-
tallic and catalyst chemistry. 

 
Scheme 1. Photoinduced radical addition of phosphorus–phosphorus interelement compounds to 
alkenes. 

As shown in Scheme 1, pentavalent and trivalent phosphorus groups can be simul-
taneously introduced to the terminal and internal positions of terminal alkenes, respec-
tively, to obtain the corresponding adducts with excellent regioselectivity. This method 
can be used to obtain a variety of vicinal phosphines in a simple manner. The radical ad-
dition of diphosphines to alkynes generates E- and Z-isomers; therefore, the development 
of stereoselective methods to obtain vic-1,2-bisphosphinoalkenes may lead to the produc-
tion of novel phosphorus ligands with the use of synthetic intermediates. However, only 
one example of the photoinduced radical addition of the diphosphine Ph2P(S)-PPh2 to al-
kynes has been studied thus far, [39] and the details of the substrate scope, factors influ-
encing the stereoselectivity of the adducts, and relevant synthetic applications have not 
been elucidated.  

In this paper, we report the results of a detailed study on the radical addition reaction 
of Ph2P(S)-PPh2 to alkynes under light irradiation (Scheme 2a) and investigate the syn-
thetic utilization of the generated vic-1,2-bisphosphinoalkenes. Interestingly, we found 
that the novel double-bond isomerization reaction of vic-1,2-bisphosphinoalkenes pro-
ceeded smoothly under mild conditions in the presence of a catalytic amount of a base 
(Scheme 2b).  

 
Scheme 2. (a) Photoinduced bisphosphination of alkynes with phosphorus-based interelement com-
pounds; (b) applications of vic-1,2-bisphosphinoalkenes to double-bond isomerization. 

Scheme 1. Photoinduced radical addition of phosphorus–phosphorus interelement compounds
to alkenes.

As shown in Scheme 1, pentavalent and trivalent phosphorus groups can be simulta-
neously introduced to the terminal and internal positions of terminal alkenes, respectively,
to obtain the corresponding adducts with excellent regioselectivity. This method can be
used to obtain a variety of vicinal phosphines in a simple manner. The radical addition
of diphosphines to alkynes generates E- and Z-isomers; therefore, the development of
stereoselective methods to obtain vic-1,2-bisphosphinoalkenes may lead to the produc-
tion of novel phosphorus ligands with the use of synthetic intermediates. However, only
one example of the photoinduced radical addition of the diphosphine Ph2P(S)-PPh2 to
alkynes has been studied thus far [39], and the details of the substrate scope, factors influ-
encing the stereoselectivity of the adducts, and relevant synthetic applications have not
been elucidated.

In this paper, we report the results of a detailed study on the radical addition reaction
of Ph2P(S)-PPh2 to alkynes under light irradiation (Scheme 2a) and investigate the synthetic
utilization of the generated vic-1,2-bisphosphinoalkenes. Interestingly, we found that
the novel double-bond isomerization reaction of vic-1,2-bisphosphinoalkenes proceeded
smoothly under mild conditions in the presence of a catalytic amount of a base (Scheme 2b).
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2. Results and Discussion

Obtaining a single isomer with the highest selectivity among several possible regio-
and stereoisomers is necessary to develop a straightforward method for the synthesis
of functional phosphorus-based ligands for metals. Therefore, we began our research
by monitoring the time-dependent profiles of the photoinduced bisphosphination of
alkynes with Ph2P(S)-PPh2 (1) by 31P NMR spectroscopy. The results are summarized in
Tables 1 and 2. When aliphatic 1-octyne 2a was used as the substrate (Table 1), the E-isomer
of 3a was gradually formed with excellent stereoselectivity under light irradiation for up to
9 h; minimal formation of the Z-isomer was observed. After 9 h, the yield of Z-3a gradually
increased and the stereoselectivity of E-3a decreased.

Table 1. Time-dependent profiles of the photoinduced bisphosphination of 1-octyne 2a.
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Table 2 shows the results of the photoinduced addition reaction of 1 with phenylacety-
lene 2b as an aromatic alkyne. The yield of Z-3b increased at a much shorter photoirradia-
tion time with 2b than with the aliphatic acetylene, thereby suggesting that photoirradiation
led to the rapid isomerization of E-3b to Z-3b. These results indicate that the optimum
reaction times for the selective synthesis of E-adducts are 9 h for aliphatic alkynes and 2 h
for aromatic alkynes.

With the optimized conditions (aliphatic alkynes: 9 h, arylacetylenes: 2 h) in hand,
we then evaluated the substrate scope of the photoinduced bisphosphination of a series of
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alkynes with 1 (Table 3). Because the formed vic-1,2-bisphosphinoalkene 3 has a trivalent
phosphorus group in its structure and is, therefore, sensitive to air, it was successfully
isolated by sequential oxidation to 4 at 25 ◦C for 30 min using 30% aqueous H2O2. As
shown in Table 3, 1-octyne 2a and phenylacetylene 2b were successfully converted to
the corresponding adducts 4a and 4b, respectively, in good yields with excellent stere-
oselectivity (E/Z = 90/10, entries 1 and 2). The phosphinylphosphination of alkynes
under light irradiation could also be applied to various alkynes containing a branched
chain (2c), cyclohexyl group (2d), benzyl group (2e), and phenethyl group (2f), and the
corresponding adducts 4c–4f were obtained in moderate yields with good stereoselectivity
(E/Z = 89/11–100/0, entries 3–6). The use of ethyl propiolate 2h, an electron-deficient
alkyne, did not provide the desired adducts in sufficient yield, and a complex mixture
was obtained after 9 h of irradiation (entry 7 in Table 3). The reaction was also applicable
to an alkyne with a chloro group, and the desired adduct 4h was obtained in 54% yield
with excellent stereoselectivity (E/Z = 91/9, entry 8 in Table 3). Moreover, arylacetylenes
2i and 2j were successfully converted to the corresponding adducts 4i and 4j in 65% and
64% yields, respectively, after irradiation for 2 h, and the E-adducts were isolated as nearly
pure isomers (entries 9 and 10). When 4-octyne, one of the internal alkynes, was used as a
substrate, the photoinduced bisphosphination with 1 did not proceed at all, even after 9 h
of irradiation, and 1 was recovered in 78% yield. This might be due to the steric hindrance
of the substrate to Ph2P(S)-PPh2.

Based on the results of this study and our previous studies, a plausible reaction
pathway for the photoinduced bisphosphination of alkynes with 1 is shown in Scheme 3. In
the initiation stage, homolytic cleavage of the P–P bond occurred reversibly under light to
form Ph2P(S)• and Ph2P•. The generated Ph2P(S)• selectively attacks the terminal position
of alkyne to form A. Then, the carbon radical A selectively reacts with the Ph2P-moiety
of 1, which is sterically less hindered than the Ph2P(S)-moiety. Finally, the following
oxidation of the trivalent phosphorus group of the product 3 resulted in the corresponding
vic-1,2-bisphosphinoalkene 4.
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Our previous studies also showed that the addition reaction of Ph2P(O)–PPh2 to
terminal alkynes can selectively introduce Ph2P(O) and Ph2P groups to the terminal and
internal positions of alkynes, respectively, under light irradiation or in the presence of a
catalytic radical initiator (e.g., AIBN, V-40, etc.). Treatment of adduct 3′ with elemental
sulfur resulted in the formation of adduct 5 featuring Ph2P(O) and Ph2P(S) groups at the
terminal and internal positions, respectively (Scheme 4) [38,59]. As shown in Table 3, a
variety of vic-1,2-bisphosphinoalkenes 4 were obtained in good yields with remarkable
stereoselectivity upon the addition of Ph2P(S)-PPh2 to the corresponding alkynes under
light irradiation. Interestingly, our method allowed the regio-complementary introduction
of Ph2P(S) and Ph2P(O) groups to the terminal and internal positions of alkynes, respec-
tively, thereby providing a versatile synthetic approach to obtain bisphosphinated materials.
The synthesized bisphosphinated products 4 and 5 could easily be reduced to afford the
corresponding trivalent phosphine compounds, (E)-Ph2PCH=CR(PPh2), as monodentate
ligands for mononuclear complexes. This feature is highly attractive because a hierarchical
structure can be constructed by cross-linking the two metals [60–63].
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Table 3. Substrate scope for the photoinduced bisphosphination of alkynes with tetraphenyldiphos-
phine monosulfide (1).
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the initiation stage, homolytic cleavage of the P–P bond occurred reversibly under light to 
form Ph2P(S)• and Ph2P•. The generated Ph2P(S)• selectively attacks the terminal position 
of alkyne to form A. Then, the carbon radical A selectively reacts with the Ph2P-moiety of 
1, which is sterically less hindered than the Ph2P(S)-moiety. Finally, the following oxida-
tion of the trivalent phosphorus group of the product 3 resulted in the corresponding vic-
1,2-bisphosphinoalkene 4. 

 
Scheme 3. A plausible pathway for the photoinduced bisphosphination of alkyne with 1. 

Our previous studies also showed that the addition reaction of Ph2P(O)–PPh2 to ter-
minal alkynes can selectively introduce Ph2P(O) and Ph2P groups to the terminal and in-
ternal positions of alkynes, respectively, under light irradiation or in the presence of a 
catalytic radical initiator (e.g., AIBN, V-40, etc.). Treatment of adduct 3′ with elemental 
sulfur resulted in the formation of adduct 5 featuring Ph2P(O) and Ph2P(S) groups at the 
terminal and internal positions, respectively (Scheme 4) [38,59]. As shown in Table 3, a 
variety of vic-1,2-bisphosphinoalkenes 4 were obtained in good yields with remarkable 
stereoselectivity upon the addition of Ph2P(S)-PPh2 to the corresponding alkynes under 
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to 20 mol% and the isomerization reaction was attempted under toluene reflux conditions 
(110 °C), 6a was obtained in high yield (90%, entry 2 in Table 4). This result indicates that 
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Scheme 4. Regio-complementary synthesis of vic-1,2-bisphosphinoalkenes.

In addition, if the position of the carbon-carbon double bond in the series of addition
products 4 and 5 can be controlled by an isomerization reaction, it will be possible to prepare
a more diverse group of phosphorus ligands. Therefore, we started to investigate the
isomerization of the carbon-carbon double bond using various inorganic and organic bases.
Here, regarding the synthesis and purification of 4 and 5, the separation of 4 and Ph2P(S)-
PPh2 was rather difficult, and 4 could only be purified on a small scale. In contrast, 5 could
be synthesized on a gram scale and was easily isolated by silica gel column chromatography.
Therefore, 5 was chosen as a model substrate for the isomerization reaction.

Interestingly, the isomerization of the carbon-carbon double bond of adduct 5 occurred
when amines, which are representative organic bases, were used (Scheme 5). When adduct
5a bearing an alkyl chain was treated with an equimolar amount of n-octylamine in acetoni-
trile at 80 ◦C for 15 h, the double-bond isomerization products 6a and 6a’ were obtained in
90% and 6% yields, respectively.
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To clarify the influence of the base, solvent, and temperature on the regioselectivity of
the double-bond isomerization of 5a, we performed detailed optimization studies of the
reaction conditions, as shown in Table 4. When the amount of the base was reduced to
20 mol% and the isomerization reaction was attempted under toluene reflux conditions
(110 ◦C), 6a was obtained in high yield (90%, entry 2 in Table 4). This result indicates that
the double-bond isomerization reaction proceeds with a catalytic amount of the base. When
the amount of the base was reduced to 5 mol% and the reaction was performed under the
same conditions, the yield of 6a decreased (entry 3 in Table 4). When the base was changed
from n-octylamine to 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), the yield of 6a increased
to 59%; very interestingly, 6a’ in 39% yield was also obtained (entry 4 in Table 4). When the
amount of DBU was increased to 40 mol%, 6a’ was preferentially formed in 83% yield (entry 5 in
Table 4). In the absence of the base, the isomerization did not occur (entry 6 in Table 4).
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Next, we investigated the same double-bond isomerization reaction using the addition
product 5b with a phenethyl group (Table 5). Surprisingly, the isomerization reaction of 5b
using primary amines, such as n-butylamine and n-octylamine, in acetonitrile selectively
produced 6b as the sole product, which was formed by the double isomerization of the
carbon-carbon double bond of 5b (entries 1 and 2 in Table 5). This might be attributed
to the C–C double bond of 6b being stabilized by conjugation with aromatic rings. The
use of secondary or tertiary amines resulted in the formation of very small amounts of 6b,
most likely because of the steric hindrance of the bases used (entries 3–5 in Table 5). When
DBU was used as the base, 6b was successfully obtained in 94% yield (entry 6 in Table 5).
Other bases, such as 4-dimethylaminopyridine (DMAP) and Cs2CO3, were ineffective
for double-bond isomerization (entries 7 and 8 in Table 5). Base-catalyzed isomerization
was attempted using n-octylamine and DBU (20 mol%) in toluene at 110 ◦C, and 6b was
successfully obtained in excellent yield (entries 9 and 10 in Table 5). Moreover, the use of
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Figure 1 represented the result of X-ray single-crystal structure analysis of the double-
bond isomerization product 6b. The result shown in Figure 1 clarifies the regio- and
stereoselective formation of E-isomer as a single product, having different types of phos-
phorus functional groups in one molecule. Such a compound with both two phosphorus
functional groups and one vinyl functional group is very rare; thus, the developed method
in this work will be a powerful protocol for the facile preparation of a variety of new
phosphorus ligands.
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Figure 1. Crystal structure of 6b with numbered atoms. Ellipsoids are shown at the 50% probability
level. Selected interatomic distances (Å) and angles (deg): P1–S1, 1.9577(4); P1–C11, 1.8171(12); P1–
C17, 1.8123(12); P1–C1, 1.8420(12); P2–O1, 1.4905(9); C2–C1, 1.5494(15); P2–C29, 1.8130(12); P2–C23,
1.8035(12); P2–C2, 1.8084(12); C4–C3, 1.3326(17); C3–C1, 1.5066(16); C5–C4, 1.4727(17); C11–P1–S1,
113.27(4); C11–P1–C1, 106.17(5); C17–P1–S1, 112.79(4); C17–P1–C11, 104.27(5); C17–P1–C1, 107.85(5);
C1–C2–P2, 114.40(8); C1–P1–S1, 111.95(4); O1–P2–C29, 111.02(5); O1–P2–C23, 112.90(5); O1–P2–C2,
113.53(5); C23–P2–C29, 106.72(5); C23–P2–C2, 107.09(6); C2–P2–C29, 105.04(5); C30–C29–P2, 123.46(9);
C3–C4–C5, 127.10(12); C34–C29–P2, 117.36(9); C4–C3–C1, 121.29(11); C12–C11–P1, 118.14(9); C2–
C1–P1, 106.85(7); C3–C1–P1, 110.00(8); C16–C11–P1, 122.12(9); C3–C1–C2, 114.34(9); C24–C23–P2,
117.07(9); C9–C10–C5, 120.76(15); C28–C23–P2, 123.42(10); C22–C17–P1, 119.52(9); C18–C17–P1,
120.30(9); C6–C5–C4, 122.56(12); C10–C5–C4, 118.81(13).

We also performed the base-catalyzed isomerization reaction on the regio-complementary
bisphosphination product 4f, and successfully obtained 7a in 99% yield with good regioselec-
tivity (Scheme 6).
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3. Materials and Methods
3.1. General Information

Unless otherwise stated, all starting materials were purchased from commercial
sources and used without further purification. The diphosphine 1 was prepared according
to the previously reported procedure [39]. All solvents were distilled and degassed with
argon before use. 1H, 13C{1H}, and 31P NMR spectra were recorded in CDCl3 using a Bruker
BioSpin Ascend 400 spectrometer (Tokyo, Japan) at 400, 100, and 162 MHz, respectively,
with Me4Si as the internal standard. The characterization data of compounds are shown as
follows (1H, 13C{1H}, and 31P NMR spectra are included in the Supplementary Materials).

3.2. General Procedure for the Photoinduced Bisphosphination of Alkynes with
Tetraphenyldiphosphine Monosulfide

The diphosphine 1 (0.4 mmol), alkyne 2 (0.4 mmol), and degassed dry CH2Cl2
(0.4 mL) were added to a sealed Pyrex NMR tube under an argon atmosphere. The mixture
was irradiated with a xenon lamp (100 W) at a distance of 10 cm for 2–9 h at 20–25 ◦C.
Since 1 is sensitive to the reaction temperature [39], the NMR tube was immersed in water
during light exposure to maintain a reaction temperature of 20–25 ◦C. After the reaction,
the mixture was transferred to a 10 mL test tube with a stir bar and added with 30% H2O2
(0.4 mmol). The mixture was stirred at 25 ◦C for 30 min in air and quenched with saturated
aqueous Na2S2O3 (3 mL). The resulting solution was extracted using CH2Cl2 (10 mL × 3).
The organic layer was washed with saturated aqueous Na2S2O3 (10 mL) and brine (10 mL)
and then dried with anhydrous MgSO4. The solvent was concentrated under reduced
pressure. Finally, the residue was purified by silica gel column (AcOMe/iso-hexane) and
preparative thin-layer (AcOMe/iso-hexane) chromatography to yield 4 (Table 3).

(E)-(1-(Diphenylphosphorothioyl)oct-1-en-2-yl)diphenylphosphine oxide (4a) (CAS: 2271208-
25-2) [39]. After purification, the molar ratio of E-isomer/Z-isomer was 90/10. Colorless oil,
133.1 mg, 63%; 1H NMR (400 MHz, CDCl3): δ 7.84–7.79 (dd, J = 13.4, 7.0 Hz, 4H), 7.73–7.69
(dd, J = 11.6, 7.2 Hz, 4H), 7.57–7.54 (m, 2H), 7.50–7.44 (m, 6H), 7.43–7.38 (m, 4H), 7.20 (dd,
JH–P = 23.7, 21.6 Hz, 1H), 2.67–2.59 (m, 2H), 1.02–0.90 (m, 4H), 0.85–0.78 (m, 4H), 0.71 (t,
J = 7.3 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ 156.9 (d, JC–P = 79.2 Hz), 136.2 (dd,
JC–P = 72.3, 8.1 Hz), 133.6 (d, JC–P = 84.3 Hz), 132.4 (d, JC–P = 2.6 Hz), 132.1 (d, JC–P = 9.6 Hz),
131.7 (d, JC–P = 2.9 Hz), 131.1 (d, JC–P = 10.7 Hz), 130.9 (d, JC–P = 100.9 Hz), 128.7 (d,
JC–P = 11.8 Hz), 128.6 (d, JC–P = 12.4 Hz), 31.0, 30.6 (dd, JC–P = 8.8, 8.8 Hz), 29.4, 28.9, 22.3,
14.0; 31P NMR (162 MHz, CDCl3): δ 30.3 (d, JP–P = 56.0 Hz), 27.8 (d, JP–P = 56.1 Hz) (for
Z-isomer: δ 34.9 (d, JP–P = 18.0 Hz), 26.0 (d, JP–P = 18.0 Hz)).

(E)-2-((Diphenylphosphorothioyl)-1-phenylvinyl)diphenylphosphine oxide (4b). After
purification, the molar ratio of E-isomer/Z-isomer was 90/10. White solid, 128.8 mg, 62%,
mp 47.0–47.5 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.69 (m, 9H), 7.51–7.47 (m, 2H), 7.41–7.37
(m, 4H), 7.32–7.28 (m, 2H), 7.25–7.20 (m, 4H), 6.93–6.86 (m, 3H), 6.81–6.78 (m, 2H); 13C
{1H} NMR (100 MHz, CDCl3): δ 152.8 (d, JC–P = 79.8 Hz), 137.0 (dd, JC–P = 71.9, 7.9 Hz),
132.6, 132.3 (d, JC–P = 9.2 Hz), 132.3 (d, JC–P = 2.4 Hz), 132.1 (d, JC–P = 84.9 Hz), 131.3 (d,
JC–P = 10.5 Hz), 131.28 (d, JC–P = 3.2 Hz), 129.9 (dd, JC–P = 4.5, 1.7 Hz), 129.7 (d, JC–P = 102.5
Hz), 128.5 (d, JC–P = 11.9 Hz), 128.3 (d, JC–P = 12.4 Hz), 128.1 (d, JC–P = 1.8 Hz), 127.3; 31P
NMR (162 MHz, CDCl3): δ 30.0 (d, JP–P = 48.5 Hz), 27.8 (d, JP–P = 48.8 Hz) (for Z-isomer:
δ 33.7 (d, JP–P = 12.3 Hz), 23.1 (d, JP–P = 12.3 Hz)); HRMS (EI) m/z calcd for C32H26OP2S
[M]+: 520.1180, found: 520.1173.

(E)-(1-(Diphenylphosphorothioyl)-5-methylhex-1-en-2-yl)diphenylphosphine oxide (4c).
White solid, 98.0 mg, 48%, mp 174.0–174.5 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.85–7.80
(m, 4H), 7.73–7.68 (m, 4H), 7.58–7.54 (m, 2H), 7.50–7.45 (m, 6H), 7.45–7.40 (m, 4H), 7.28
(dd, JH–P = 25.7, 21.7 Hz, 1H), 2.68–2.59 (m, 2H), 1.06–0.98 (m, 1H), 0.80–0.75 (m, 2H), 0.46
(d, J = 6.6 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3): δ 157.2 (d, JC–P = 78.6 Hz), 136.4 (dd,
JC–P = 72.4, 8.0 Hz), 133.7 (d, JC–P = 84.0 Hz), 132.3 (d, JC–P = 2.8 Hz), 132.2 (d, JC–P = 9.6 Hz),
131.6 (d, JC–P = 2.9 Hz), 131.2 (d, JC–P = 10.5 Hz), 131.0 (d, JC–P = 101.0 Hz), 128.7 (d,
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JC–P = 11.9 Hz), 128.7 (d, JC–P = 12.2 Hz), 37.1, 28.9 (dd, JC–P = 8.9, 9.1 Hz), 28.4, 21.8; 31P
NMR (162 MHz, CDCl3): δ 30.0 (d, JP–P = 55.8 Hz), 27.6 (d, JP–P = 55.1 Hz); HRMS (EI) m/z
calcd for C31H32OP2S [M]+: 514.1649, found: 514.1644.

(E)-(1-Cyclohexyl-2-(diphenylphosphorothioyl)vinyl)diphenylphosphine oxide (4d). After
purification, the molar ratio of E-isomer/Z-isomer was 89/11. Colorless oil, 89.2 mg, 42%;
1H NMR (400 MHz, CDCl3): δ 7.75–7.69 (m, 8H), 7.58–7.54 (m, 2H), 7.51–7.47 (m, 4H),
7.45–7.43 (m, 2H), 7.41–7.37 (m, 4H), 6.52 (dd, JH–P = 24.3, 21.4 Hz, 1H), 3.23–3.11 (m, 1H),
1.80–1.70 (m, 2H), 1.46–1.37 (m, 3H), 1.26–1.22 (m, 2H), 1.11–1.01 (m, 1H), 0.75–0.65 (m,
2H); 13C{1H} NMR (100 MHz, CDCl3): δ 160.6 (d, JC–P = 77.5 Hz), 136.7 (dd, JC–P = 73.3,
10.2 Hz), 133.8 (d, JC–P =83.3 Hz), 132.4 (d, JC–P = 99.9 Hz), 132.1 (d, JC–P = 2.7 Hz), 131.9 (d,
JC–P = 9.5 Hz), 131.6 (d, JC–P = 3.0 Hz), 130.9 (d, JC–P = 10.4 Hz), 128.6 (d, JC–P = 12.2 Hz, ortho
carbons of Ph2P(S) and Ph2P(O) group are overlapped), 44.5 (dd, JC–P = 10.0, 7.2 Hz), 30.4,
26.1, 25.2; 31P NMR (162 MHz, CDCl3): δ 33.3 (d, JP–P = 55.8 Hz), 27.5 (d, JP–P = 54.3 Hz)
(for Z-isomer: δ 35.0 (d, JP–P = 18.2 Hz), 26.4 (d, JP–P = 18.7 Hz)); HRMS (EI) m/z calcd for
C32H32OP2S [M]+: 526.1649, found: 526.1649.

(E)-(1-(Diphenylphosphorothioyl)-3-phenylprop-1-en-2-yl)diphenylphosphine oxide (4e).
After purification, the molar ratio of E-isomer/Z-isomer was 90/10. Colorless oil, 122.5
mg, 57%; 1H NMR (400 MHz, CDCl3): δ 7.78–7.73 (m, 4H), 7.57–7.52 (m, 4H), 7.44–7.40
(m, 4H), 7.38–7.30 (m, 8H), 7.25–7.16 (m, 1H), 7.21 (dd, JH–P = 21.5, 21.2 Hz, 1H), 6.95–6.94
(m, 2H), 6.85–6.79 (m, 2H), 4.17 (d, JH–P = 16.7 Hz, 2H); 13C{1H} NMR (100 MHz, CDCl3):
δ 155.3 (d, JC–P = 80.2 Hz), 137.6 (dd, JC–P = 71.6, 8.1 Hz), 135.6, 133.4 (d, JC–P = 84.2 Hz), 132.0
(d, JC–P = 2.3 Hz), 131.9 (d, JC–P = 9.7 Hz), 131.7 (d, JC–P = 2.9 Hz), 131.0 (d, JC–P = 10.5 Hz),
130.6 (d, JC–P = 101.6 Hz), 129.7, 128.8 (d, JC–P = 12.6 Hz), 128.4 (d, JC–P = 12.1 Hz), 127.7,
126.1, 35.5 (dd, JC–P = 9.2, 8.9 Hz); 31P NMR (162 MHz, CDCl3): δ 30.7 (d, JP–P = 52.6 Hz),
27.9 (d, JP–P = 52.3 Hz) (for Z-isomer: δ 33.4 (d, JP–P = 16.5 Hz), 26.1 (d, JP–P = 17.7 Hz));
HRMS (EI) m/z calcd for C33H28OP2S [M]+: 534.1336, found: 534.1337.

(E)-(1-(Diphenylphosphorothioyl)-4-phenylbut-1-en-2-yl)diphenylphosphine oxide (4f). Af-
ter purification, the molar ratio of E-isomer/Z-isomer was 98/2. White solid, 109.8 mg, 50%,
mp 179.5–180.0 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.90–7.84 (m, 4H), 7.76–7.70 (m, 4H),
7.61–7.56 (m, 2H), 7.52–7.40 (m, 11H), 7.12–7.02 (m, 3H), 6.77–6.75 (m, 2H), 3.01–2.93 (m,
2H), 2.29–2.24 (m, 2H); 13C{1H} NMR (100 MHz, CDCl3): δ 156.0 (d, JC–P = 77.9 Hz), 140.9,
137.0 (dd, JC–P = 71.0, 7.6 Hz), 133.7 (d, JC–P = 83.7 Hz), 132.6 (d, JC–P = 2.7 Hz), 132.2 (d,
JC–P = 9.6 Hz), 131.8 (d, JC–P = 2.8 Hz), 131.2 (d, JC–P = 10.4 Hz), 130.8 (d, JC–P = 105.6 Hz),
128.9 (d, JC–P = 11.8 Hz), 128.8 (d, JC–P = 12.3 Hz), 128.3, 128.2, 34.8, 32.8 (dd, JC–P = 9.0,
8.8 Hz); 31P NMR (162 MHz, CDCl3): δ 29.4 (d, JP–P = 54.2 Hz), 27.7 (d, JP–P = 54.3 Hz)
(for Z-isomer: δ 34.2 (d, JP–P = 16.4 Hz), 25.8 (d, JP–P = 16.9 Hz)); HRMS (EI) m/z calcd for
C34H30OP2S [M]+: 548.1493, found: 548.1496.

(E)-(6-Chloro-1-(diphenylphosphorothioyl)hex-1-en-2-yl)diphenylphosphine oxide
(4h). After purification, the molar ratio of E-isomer/Z-isomer was 91/9. White solid,
122.6 mg, 54%, mp 168.5–169.0 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.83–7.77 (m, 4H),
7.73–7.68 (m, 4H), 7.60–7.56 (m, 2H), 7.52–7.47 (m, 6H), 7.45–7.40 (m, 4H), 7.20 (dd,
JH–P = 23.7, 21.3 Hz, 1H), 3.12 (t, J = 6.9 Hz, 2H), 2.72–2.64 (m, 2H), 1.37–1.30 (m, 2H),
1.17–1.09 (m, 2H); 13C{1H} NMR (100 MHz, CDCl3): δ 156.2 (d, JC–P = 79.2 Hz), 136.8 (dd,
JC–P = 71.5, 8.0 Hz), 133.5 (d, JC–P = 84.1 Hz), 132.5 (d, JC–P = 2.7 Hz), 132.1 (d, JC–P = 9.5 Hz),
131.8 (d, JC–P = 2.8 Hz), 131.1 (d, JC–P = 10.7 Hz), 130.6 (d, JC–P = 101.4 Hz), 128.8 (d,
JC–P = 12.0 Hz), 128.8 (d, JC–P = 12.3 Hz), 44.1, 32.7, 29.7 (dd, JC–P = 9.0, 9.0 Hz), 26.5; 31P
NMR (162 MHz, CDCl3): δ 30.3 (d, JP–P = 54.3 Hz), 27.7 (d, JP–P = 54.3 Hz) (for Z-isomer: δ
34.8 (d, JP–P = 18.0 Hz), 25.9 (d, JP–P = 17.0 Hz)); HRMS (EI) m/z calcd for C30H29ClOP2S
[M]+: 534.1103, found: 534.1104.

(E)-(1-(4-(tert-Butyl)phenyl)-2-(diphenylphosphorothioyl)vinyl)diphenylphosphine oxide
(4i). After purification, the molar ratio of E-isomer/Z-isomer was 99/1. White solid,
148.6 mg, 65%, mp 179.0–179.5 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.67–7.61 (m, 8H),
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7.50–7.45 (m, 3H), 7.42–7.37 (m, 4H), 7.28–7.24 (m, 2H), 7.21–7.17 (m, 4H), 6.90–6.88 (m, 2H),
6.81–6.79 (m, 2H), 1.12 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3): δ 152.4 (d, JC–P = 79.4 Hz),
150.9, 138.2 (dd, JC–P = 72.2, 8.9 Hz), 132.3 (d, JC–P = 9.4 Hz), 131.7 (d, JC–P = 109.5 Hz),
131.3 (d, JC–P = 10.7 Hz), 131.2, 131.0 (d, JC–P = 96.8 Hz), 129.6 (dd, JC–P = 4.4, 1.7 Hz),
129.7, 129.5, 128.5 (d, JC–P = 12.1 Hz), 128.2 (d, JC–P = 12.4 Hz), 124.3, 34.3, 31.1; 31P NMR
(162 MHz, CDCl3): δ 30.3 (d, JP–P = 50.1 Hz), 28.6 (d, JP–P = 50.2 Hz) (for Z-isomer: δ 33.5
(d, JP–P = 14.0 Hz), 23.3 (d, JP–P = 12.1 Hz)); HRMS (EI) m/z calcd for C36H34OP2S [M]+:
576.1806, found: 576.1801.

(E)-(1-(4-Bromophenyl)-2-(diphenylphosphorothioyl)vinyl)diphenylphosphine oxide (4j).
White solid, 152.3 mg, 64%, mp 186.7–187.3 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.68–7.59 (m,
8H), 7.54–7.48 (m, 3H), 7.45–7.41 (m, 4H), 7.37–7.33 (m, 2H), 7.28–7.24 (m, 4H), 6.93–6.91
(m, 2H), 6.78–6.77 (m, 2H); 13C{1H} NMR (100 MHz, CDCl3): δ 151.5 (d, JC–P = 79.6 Hz),
139.4 (dd, JC–P = 71.4, 8.0 Hz), 132.5 (d, JC–P = 2.5 Hz), 132.3 (d, JC–P = 9.4 Hz), 131.9 (d,
JC–P = 54.5 Hz), 131.7, 131.5 (dd, JC–P = 4.1, 2.0 Hz), 131.4 (d, JC–P = 2.9 Hz), 131.3
(d, JC–P = 10.6 Hz), 130.5, 129.4 (d, JC–P = 102.7 Hz), 128.7 (d, JC–P = 12.1 Hz), 128.4
(d. JC–P = 12.6 Hz), 122.7 (d, JC–P = 2.5 Hz); 31P NMR (162 MHz, CDCl3): δ 29.9 (d,
JP–P = 48.1 Hz), 27.9 (d, JP–P = 48.1 Hz); HRMS (EI) calcd for C32H25BrOP2S [M]+: 598.0285,
found: 598.0287.

3.3. Base-Catalyzed Double Bond Isomerization of vic-1,2-Bisphosphinoalkenes 5a

Degassed dry toluene (0.3 mL), 5a (0.3 mmol), and 1-octylamine (20 mol%) were
added to a 10 mL two-neck flask, and stirred for 15 h at 110 ◦C in an oil bath. The resulting
solution was transferred to a round-bottom flask with acetone (5 mL), and the solvent
was removed under reduced pressure. Finally, the residue was purified by preparative
thin-layer chromatography (AcOMe/iso-hexane = 1:3) to give product 6a (entry 2 in Table 4).

(E)-(2-(Diphenylphosphorothioyl)oct-2-en-1-yl)diphenylphosphine oxide (6a). After pu-
rification, the molar ratio of E-isomer/Z-isomer was 98/2. Colorless oil, 66.4 mg, 42%;
1H NMR (400 MHz, CDCl3): δ 7.75–7.70 (m, 4H), 7.57–7.52 (m, 4H), 7.39–7.24 (m, 12H),
6.00–5.90 (m, 1H), 3.96 (dd, JH–P = 16.2, 13.5 Hz, 2H), 2.55–2.48 (m, 2H), 1.35–1.30 (m, 2H),
1.28–1.12 (m, 4H), 0.82 (t, J = 7.1 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ 153.0 (dd,
JC–P = 7.6, 7.6 Hz), 133.4 (d, JC–P = 98.1 Hz), 132.2 (d, JC–P = 10.4 Hz), 131.7 (d,
JC–P = 84.5 Hz), 131.4 (d, JC–P = 2.8 Hz), 131.3 (d, JC–P = 3.0 Hz), 130.8 (d, JC–P = 9.3 Hz),
128.29 (d, JC–P = 11.4 Hz), 128.28 (d, JC–P = 11.4 Hz), 122.9 (dd, JC–P = 78.6, 8.8 Hz),
31.5 (d, JC–P = 1.5 Hz), 31.4, 29.4 (dd, JC–P = 66.0, 14.6 Hz), 28.1, 22.4, 14.0; 31P NMR
(162 MHz, CDCl3): δ 50.9 (d, JP–P = 9.5 Hz), 27.3 (d, JP–P = 8.3 Hz) (for Z-isomer: δ 48.9 (d,
JP–P = 58.3 Hz), 19.6 (d, JP–P = 58.6 Hz)); HRMS (EI) calcd for C32H34OP2S [M]+: 528.1806,
found: 528.1807.

3.4. Base-Catalyzed Double Bond Isomerization of vic-1,2-Bisphosphinoalkenes 5b

Degassed dry toluene (1.2 mL), 5b (1.2 mmol), and DBU (5 mol%) were added to
a 10 mL two-neck flask, and stirred for 15 h at 110 ◦C in an oil bath. The resulting
solution was transferred to a round-bottom flask with CH2Cl2 (5 mL), and the solvent was
removed under reduced pressure. Finally, the residue was purified by recrystallization
(iso-hexane/CH2Cl2) to give pure product 6b (entry 11 in Table 5).

(E)-(2-(Diphenylphosphorothioyl)-4-phenylbut-3-en-1-yl)diphenylphosphine oxide (6b).
White solid, 624.3 mg, 95%, mp 189.0–189.5 ◦C; 1H NMR (400 MHz, CDCl3): δ 8.14–8.09 (m,
2H), 7.78–7.73 (m, 2H), 7.69–7.64 (m, 2H), 7.61–7.56 (m, 2H), 7.53–7.51 (m, 3H), 7.44–7.40 (m,
1H), 7.37–7.31 (m, 3H), 7.30–7.25 (m, 2H), 7.22–7.15 (m, 3H), 7.10–7.03 (m, 3H), 6.69–6.67
(m, 2H), 5.88 (dd, JH–H = 15.8 Hz, JH–P = 5.1 Hz, 1H), 5.69–5.61 (m, 1H), 4.35–4.25 (m,
1H), 2.97–2.87 (m, 1H), 2.64–2.53 (m, 1H); 13C{1H} NMR (100 MHz, CDCl3): δ 136.2 (d,
JC–P = 3.6 Hz), 136.1 (d, JC–P = 13.0 Hz), 134.0 (d, JC–P = 98.9 Hz), 132.3 (d, JC–P = 91.3 Hz),
132.0 (d, JC–P = 2.8 Hz), 131.83 (d, JC–P = 9.2 Hz), 131.78 (d, JC–P = 8.7 Hz), 131.84 (d, over-
lapped), 131.5 (d, JC–P = 2.8 Hz), 131.3 (d, JC–P = 2.9 Hz), 131.1 (d, JC–P = 9.5 Hz), 130.8 (d,
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JC–P = 80.1 Hz), 130.4 (d, JC–P = 75.0 Hz), 130.3 (d, JC–P = 9.4 Hz), 129.1 (d, JC–P = 11.6 Hz),
128.7 (d, JC–P = 11.6 Hz), 128.4 (d, JC–P = 11.9 Hz), 128.2 (d, JC–P = 12.0 Hz), 127.9, 127.5,
126.3 (d, JC–P = 1.9 Hz), 122.8 (dd, JC–P = 7.5, 1.6 Hz), 38.8 (dd, JC–P = 51.9, 2.8 Hz),
29.3 (d, JC–P = 68.9 Hz); 31P NMR (162 MHz, CDCl3): δ 51.7 (d, JP–P = 51.7 Hz), 29.8 (d,
JP–P = 51.2 Hz); HRMS (EI) m/z calcd for C34H30OP2S [M]+: 548.1493, found: 548.1502.

3.5. X-ray Diffraction Studies of 6b

An X-ray crystallographic measurement was carried out on a Rigaku VariMax RAPID
diffractometer (Tokyo, Japan) with Mo-Kα radiation at 103 K. Of 48,252 reflections collected,
6590 were unique (Rint = 0.0233). Using Olex2, [64] the structure of 6b was solved with
the SHELXT [65] structure solution program using Intrinsic Phasing and refined with the
SHELXL [66] refinement package using least squares minimization.

Crystallographic data: formula weight = 548.58; monoclinic; space group P21/c;
a = 11.2160(2) Å, b = 19.5271(4) Å, c = 13.8308(3) Å; V = 2874.78(15) Å3; Z = 4;
ρcalcd = 1.267 g cm−3; total reflections collected = 48252; GOF = 1.058; R1 = 0.0314;
wR2 = 0.0810. Crystallographic data have been deposited with Cambridge Crystallo-
graphic Data Centre (CCDC-2132957). These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (accessed on: 7 January 2022) (or from
the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E-mail:
deposit@ccdc.cam.ac.uk).

3.6. Base-Catalyzed Double Bond Isomerization of vic-1,2-Bisphosphinoalkenes 4f

Degassed dry toluene (0.3 mL), 4f (0.3 mmol), and DBU (5 mol%) were added to
a 10 mL two-neck flask, and stirred for 15 h at 110 ◦C in an oil bath. The resulting
solution was transferred to a round-bottom flask with CH2Cl2 (5 mL), and the solvent was
removed under reduced pressure. Finally, the residue was purified by recrystallization
(iso-hexane/CH2Cl2) to give pure product 7a (Scheme 5).

(E)-(1-(Diphenylphosphorothioyl)-4-phenylbut-3-en-2-yl)diphenylphosphine oxide (7a).
White solid, 154.9 mg, 94%, mp 190.0–190.5 ◦C; 1H NMR (400 MHz, CDCl3): δ 8.01–7.99
(m, 2H), 7.79–7.74 (m, 2H), 7.70–7.64 (m, 4H), 7.54 (m, 3H), 7.40–7.32 (m, 6H), 7.13–7.05
(m, 6H), 6.64–6.63 (m, 2H), 5.96 (dd, JH–H = 15.8 Hz, JH–P = 4.0 Hz, 1H), 5.51–5.44 (m,
1H), 4.31–4.20 (m, 1H), 3.31–3.23 (m, 1H), 2.67–2.57 (m, 1H); 13C{1H} NMR (100 MHz,
CDCl3): δ 136.5 (d, JC–P = 11.2 Hz), 136.2 (d, JC–P = 3.0 Hz), 134.3 (d, JC–P = 82.7 Hz),
132.2 (d, JC–P = 2.7 Hz), 131.74 (d, JC–P = 10.5 Hz), 131.72 (d, JC–P = 1.9 Hz), 131.5 (d, over-
lapped), 131.4 (d, JC–P = 8.5 Hz), 131.38 (d, JC–P = 99.8 Hz), 131.2 (d, JC–P = 8.9 Hz), 131.0 (d,
JC–P = 2.7 Hz), 130.4 (d, JC–P = 9.9 Hz), 131.0 (d, JC–P = 87.5 Hz), 130.6 (d, JC–P = 93.4 Hz),
129.1 (d, JC–P = 11.4 Hz), 128.8 (d, JC–P = 12.0 Hz), 128.3 (d, JC–P = 11.7 Hz), 128.2 (d, JC–P = 12.3 Hz),
127.9, 127.4, 126.1 (d, JC–P = 1.0 Hz), 121.8 (dd, JC–P = 9.3, 1.0 Hz), 39.1 (dd, JC–P = 66.2,
2.3 Hz), 30.4 (d, JC–P = 54.5 Hz); 31P NMR (162 MHz, CDCl3): δ 42.8 (d, JP–P = 54.4 Hz), 35.7
(d, JP–P = 54.4 Hz); HRMS (EI) m/z calcd for C34H30OP2S [M]+: 548.1493, found: 548.1502.

4. Conclusions

In this study, we achieved the photoinduced bisphosphination of alkynes using the
phosphorous interelement compound Ph2P(S)-PPh2 to obtain the corresponding vic-1,2-
bisphosphinoalkenes. Optimization of the reaction conditions resulted in a wide substrate
range and excellent trans-selectivity. Moreover, the completely regioselective introduction
of pentavalent and trivalent phosphorus groups to the terminal and internal positions of
the alkynes, respectively, was achieved.

We found that the novel double-bond isomerization reaction of the synthesized 1,2-
bisphosphinated products occurs with a catalytic amount of the base under mild conditions.
Our method for the photoinduced bisphosphination of carbon-carbon unsaturated com-
pounds may have strong implications for both organic synthesis and organometallic and
catalyst chemistry. For example, several diphosphine compounds are believed to be useful
as monodentate, bidentate, and tridentate ligands for various metals (Scheme 7).

http://www.ccdc.cam.ac.uk/conts/retrieving.html


Molecules 2022, 27, 1284 13 of 15

Molecules 2022, 27, x FOR PEER REVIEW 13 of 16 
 

 

4. Conclusions 
In this study, we achieved the photoinduced bisphosphination of alkynes using the 

phosphorous interelement compound Ph2P(S)-PPh2 to obtain the corresponding vic-1,2-
bisphosphinoalkenes. Optimization of the reaction conditions resulted in a wide substrate 
range and excellent trans-selectivity. Moreover, the completely regioselective introduction 
of pentavalent and trivalent phosphorus groups to the terminal and internal positions of 
the alkynes, respectively, was achieved. 

We found that the novel double-bond isomerization reaction of the synthesized 1,2-
bisphosphinated products occurs with a catalytic amount of the base under mild condi-
tions. Our method for the photoinduced bisphosphination of carbon-carbon unsaturated 
compounds may have strong implications for both organic synthesis and organometallic 
and catalyst chemistry. For example, several diphosphine compounds are believed to be 
useful as monodentate, bidentate, and tridentate ligands for various metals (Scheme 7). 

 
Scheme 7. Possible metal ligands from vic-diphosphine compounds. 

Supplementary Materials: The following are available online. Copies of 1H, 13C{1H}, and 31P NMR 
spectra. 

Author Contributions: Investigation, Y.Y., R.T., S.K., A.N. and A.O.; formal analysis, Y.Y. and R.T.; 
resources, S.K., A.N. and A.O.; writing—original draft preparation, Y.Y., R.T. and A.O.; writing—
review and editing, Y.Y., S.K., A.N. and A.O.; funding acquisition, S.K., A.N. and A.O. All authors 
have read and agreed to the published version of the manuscript. 

Funding: This work was supported by JSPS KAKENHI Grant Numbers JP21H01977, JP19H02791, 
and JP19H02756, the Ministry of Education, Culture, Sports, Science and Technology, Japan, and 
also the Nanotechnology Platform Program of the Nara Institute of Science and Technology 
(NAIST). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available in the article and in its 
Supplementary Materials. 

Acknowledgments: The authors also acknowledge Shin-ichi Kawaguchi (Saga University) for his 
initial contribution to this work. 

Conflicts of Interest: The authors declare no conflict of interest. 

Sample Availability: Samples of the compounds are not available from the authors. 

References 
1. Tamao, K.; Yamaguchi, S. Introduction to the chemistry of interelement linkage. J. Organomet. Chem. 2000, 611, 3−4. 
2. Tokitoh, N. New aspects in the chemistry of low-coordinated inter-element compounds of heavier Group 15 elements. J. Organ-

omet. Chem. 2000, 611, 217−227. 

Scheme 7. Possible metal ligands from vic-diphosphine compounds.

Supplementary Materials: The following are available online. Copies of 1H, 13C{1H}, and 31P NMR spectra.

Author Contributions: Investigation, Y.Y., R.T., S.K., A.N. and A.O.; formal analysis, Y.Y. and R.T.;
resources, S.K., A.N. and A.O.; writing—original draft preparation, Y.Y., R.T. and A.O.; writing—
review and editing, Y.Y., S.K., A.N. and A.O.; funding acquisition, S.K., A.N. and A.O. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by JSPS KAKENHI Grant Numbers JP21H01977, JP19H02791,
and JP19H02756, the Ministry of Education, Culture, Sports, Science and Technology, Japan, and also
the Nanotechnology Platform Program of the Nara Institute of Science and Technology (NAIST).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article and in its
Supplementary Materials.

Acknowledgments: The authors also acknowledge Shin-ichi Kawaguchi (Saga University) for his
initial contribution to this work.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Tamao, K.; Yamaguchi, S. Introduction to the chemistry of interelement linkage. J. Organomet. Chem. 2000, 611, 3–4. [CrossRef]
2. Tokitoh, N. New aspects in the chemistry of low-coordinated inter-element compounds of heavier Group 15 elements.

J. Organomet. Chem. 2000, 611, 217–227. [CrossRef]
3. Hata, T.; Kitagawa, H.; Masai, H.; Kurahashi, T.; Shimizu, M.; Hiyama, T. Geminal difunctionalization of alkenylidene-type

carbenoids by using interelement compounds. Angew. Chem. Int. Ed. 2001, 40, 790–792. [CrossRef]
4. Beletskaya, I.; Moberg, C. Element–element additions to unsaturated carbon-carbon bonds catalyzed by transition metal

complexes. Chem. Rev. 2006, 106, 2320–2354. [CrossRef]
5. Ogawa, A. Addition of X−Y reagents to alkenes, alkynes, and allenes. Compr. Organic Synth. II 2014, 4, 392–411.
6. Iwasaki, M.; Nishihara, Y. Synthesis of multisubstituted olefins through regio- and stereoselective addition of interelement

compounds having B–Si, B–B, and Cl–S bonds to alkynes, and subsequent cross-couplings. Chem. Rec. 2016, 16, 2031–2045.
[CrossRef]

7. Han, L.-B.; Choi, N.; Tanaka, M. Facile oxidative addition of the phosphorous–selenium bond to Pd(0) and Pt(0) complexes and
development of Pd-catalyzed regio- and stereoselective selenophosphorylation of alkynes. J. Am. Chem. Soc. 1996, 118, 7000–7001.
[CrossRef]

8. Han, L.-B.; Tanaka, M. The first platinum(0)-catalyzed regio- and stereoselective thiosilylation of alkynes using disulfides and
disilanes: A new strategy for introducing two different heteroatoms into carbon-carbon unsaturated bonds. J. Am. Chem. Soc.
1998, 120, 8249–8250. [CrossRef]

9. Kondo, T.; Uenoyama, S.-Y.; Fujita, K.-I.; Mitsudo, T.-A. First transition-metal complex catalyzed addition of organic disulfides to
alkenes enables the rapid synthesis of vicinal-Dithioethers. J. Am. Chem. Soc. 1999, 121, 482–483. [CrossRef]

http://doi.org/10.1016/S0022-328X(00)00544-1
http://doi.org/10.1016/S0022-328X(00)00437-X
http://doi.org/10.1002/1521-3773(20010216)40:4&lt;790::AID-ANIE7900&gt;3.0.CO;2-T
http://doi.org/10.1021/cr050530j
http://doi.org/10.1002/tcr.201600017
http://doi.org/10.1021/ja9608860
http://doi.org/10.1021/ja981474p
http://doi.org/10.1021/ja983497+


Molecules 2022, 27, 1284 14 of 15

10. Han, L.-B.; Tanaka, M. Transition metal-catalysed addition reactions of H–heteroatom and inter-heteroatom bonds to carbon-
carbon unsaturated linkages via oxidative additions. Chem. Commun. 1999, 5, 395–402. [CrossRef]

11. Kondo, T.; Mitsudo, T.-A. Metal-catalyzed carbon–sulfur bond formation. Chem. Rev. 2000, 100, 3205–3220. [CrossRef] [PubMed]
12. Yamamoto, H.; Oshima, K. (Eds.) Main Group Metals in Organic Synthesis; Wiley-VCH: Weinheim, Germany, 2004.
13. Sato, A.; Yorimitsu, H.; Oshima, K. Synthesis of (E)-1,2-diphosphanylethene derivatives from alkynes by radical addition of

tetraorganodiphosphane generated in situ. Angew. Chem. Int. Ed. 2005, 44, 1694–1696. [CrossRef] [PubMed]
14. Sato, A.; Yorimitsu, H.; Oshima, K. Radical phosphination of organic halides and alkyl imidazole-1-carbothioates. J. Am. Chem.

Soc. 2006, 128, 4240–4241. [CrossRef] [PubMed]
15. Beletskaya, I.P.; Ananikov, V.P. Addition reactions of E-E and E-H bonds to triple bond of alkynes catalyzed by Pd, Pt, and Ni

complexes (E = S, Se). Pure Appl. Chem. 2007, 79, 1041–1056. [CrossRef]
16. Wada, T.; Kondoh, A.; Yorimitsu, H.; Oshima, K. Intermolecular radical addition of alkylthio-and arylthiodiphenylphosphines to

terminal alkynes. Org. Lett. 2008, 10, 1155–1157. [CrossRef] [PubMed]
17. Sato, A.; Yorimistu, H.; Oshima, K. Regio- and stereoselective synthesis of 1-aryl-1-thio-2-thiophosphinylethene derivatives via a

radical process. Tetrahedron 2009, 65, 1553–1558. [CrossRef]
18. Beletskaya, I.P.; Ananikov, V.P. Transition-metal-catalyzed C–S, C–Se, and C–Te bond formation via cross-coupling and atom-

economic addition reactions. Chem. Rev. 2011, 111, 1596–1636. [CrossRef]
19. Yorimitsu, H. Homolytic substitution at phosphorus for C-P bond formation in organic synthesis. Beilstein J. Org. Chem. 2013, 9,

1269–1277. [CrossRef]
20. Wille, U. Radical cascades initiated by intermolecular radical addition to alkynes and related triple bond systems. Chem. Rev.

2013, 113, 813–853. [CrossRef]
21. Okugawa, Y.; Hirano, K.; Miura, M. Copper-catalyzed vicinal diphosphination of styrenes: Access to 1,2-bis(diphenylphosphino)

ethane-type bidentate ligands from olefins. Angew. Chem. Int. Ed. 2016, 55, 13558–13561. [CrossRef]
22. Okugawa, Y.; Hirano, K.; Miura, M. Brønsted base mediated stereoselective diphosphination of terminal alkynes with diphos-

phanes. Org. Lett. 2017, 19, 2973–2976. [CrossRef] [PubMed]
23. Otomura, N.; Okugawa, Y.; Hirano, K.; Miura, M. vic-Diphosphination of alkenes with silylphosphine under visible-light-

promoted photoredox catalysis. Org. Lett. 2017, 19, 4802–4805. [CrossRef] [PubMed]
24. Hirano, K.; Miura, M. Recent advances in diphosphination of alkynes and alkenes. Tetrahedron Lett. 2017, 58, 4317–4322. [CrossRef]
25. Otomura, N.; Hirano, K.; Miura, M. Diphosphination of 1,3-dienes with diphosphines under visible-light-promoted photoredox

catalysis. Org. Lett. 2018, 20, 7965–7968. [CrossRef] [PubMed]
26. Kawaguchi, S.-I.; Yamamoto, Y.; Ogawa, A. Catalytic synthesis of sulfur and phosphorus compounds via atom-economic reactions.

Mendeleev Commun. 2020, 30, 129–138. [CrossRef]
27. Escobedo, R.; Miranda, R.; Martínez, J. Infrared irradiation: Toward green chemistry, a review. Int. J. Mol. Sci. 2016, 17, 453.

[CrossRef] [PubMed]
28. Pawlowski, R.; Stanek, F.; Stodulski, M. Recent advances on metal-free, visible-light-induced catalysis for assembling nitrogen-

and oxygen-based heterocyclic scaffolds. Molecules 2019, 24, 1533. [CrossRef] [PubMed]
29. Albano, G.; Decandia, G.; Capozzi, M.A.M.; Zappimbulso, N.; Punzi, A.; Farinola, G.M. Infrared irradiation-assisted solvent-free

Pd-catalyzed (hetero)aryl-aryl coupling via C−H bond activation. ChemSusChem 2021, 14, 3391–3401. [CrossRef]
30. Nomoto, A.; Higuchi, Y.; Kobiki, Y.; Ogawa, A. Synthesis of selenium compounds by free radical addition based on visible-light-

activated Se-Se bond cleavage. Mini-Rev. Med. Chem. 2013, 13, 814–823. [CrossRef]
31. Kawaguchi, S.-I.; Ogawa, A. Future trends in organophosphorus chemistry. Organophosphorus Chemistry: From Molecules to Applications;

Iaroshenko, V., Ed.; Wiley-VCH: Weinheim, Germany, 2019; pp. 545–556.
32. Ogawa, A.; Yokoyama, K.; Yokoyama, H.; Sekiguchi, M.; Kambe, N.; Sonoda, N. Photo-initiated addition of diphenyl diselenide

to allenes. Tetrahedron Lett. 1990, 31, 5931–5934. [CrossRef]
33. Ogawa, A.; Yokoyama, H.; Yokoyama, K.; Masawaki, T.; Kambe, N.; Sonoda, N. Photo-initiated addition of diphenyl diselenide

to acetylenes. J. Org. Chem. 1991, 56, 5721–5723. [CrossRef]
34. Ogawa, A.; Yokoyama, K.; Yokoyama, H.; Obayashi, R.; Kambe, N.; Sonoda, N. Photo-initiated addition of diphenyl ditelluride to

acetylenes. J. Chem. Soc. Chem. Commun. 1991, 24, 1748–1750. [CrossRef]
35. Ogawa, A.; Yokoyama, K.; Obayashi, R.; Han, L.-B.; Kambe, N.; Sonoda, N. Photo-induced ditelluration of acetylenes with

diphenyl ditelluride. Tetrahedron 1993, 49, 1177–1188. [CrossRef]
36. Tran, C.C.; Kawaguchi, S.-I.; Sato, F.; Nomoto, A.; Ogawa, A. Photoinduced cyclizations of o-diisocyanoarenes with organic

diselenides and thiols that afford chalcogenated quinoxalines. J. Org. Chem. 2020, 85, 7258–7266. [CrossRef] [PubMed]
37. Kawaguchi, S.-I.; Nagata, S.; Shirai, T.; Tsuchii, K.; Nomoto, A.; Ogawa, A. Photochemical behaviors of tetraphenyldiphosphine

in the presence of alkynes. Tetrahedron Lett. 2006, 47, 3919–3922. [CrossRef]
38. Sato, Y.; Kawaguchi, S.-I.; Nomoto, A.; Ogawa, A. Highly selective phosphinylphosphination of alkenes with tetraphenyldiphos-

phine monoxide. Angew. Chem. Int. Ed. 2016, 55, 9700–9703. [CrossRef]
39. Sato, Y.; Kawaguchi, S.-I.; Nomoto, A.; Ogawa, A. Synthesis of bis(phosphanyl)alkane monosulfides by the addition of diphos-

phane monosulfides to alkenes under light. Chem. Eur. J. 2019, 25, 2295–2302. [CrossRef]
40. Sato, Y.; Nishimura, M.; Kawaguchi, S.-I.; Nomoto, A.; Ogawa, A. Reductive rearrangement of tetraphenyldiphosphine disulfide

to trigger the bisthiophosphinylation of alkenes and alkynes. Chem. Eur. J. 2019, 25, 6797–6806. [CrossRef]

http://doi.org/10.1039/a806537c
http://doi.org/10.1021/cr9902749
http://www.ncbi.nlm.nih.gov/pubmed/11749318
http://doi.org/10.1002/anie.200462603
http://www.ncbi.nlm.nih.gov/pubmed/15690392
http://doi.org/10.1021/ja058783h
http://www.ncbi.nlm.nih.gov/pubmed/16568994
http://doi.org/10.1351/pac200779061041
http://doi.org/10.1021/ol800059n
http://www.ncbi.nlm.nih.gov/pubmed/18303899
http://doi.org/10.1016/j.tet.2008.12.071
http://doi.org/10.1021/cr100347k
http://doi.org/10.3762/bjoc.9.143
http://doi.org/10.1021/cr100359d
http://doi.org/10.1002/anie.201606976
http://doi.org/10.1021/acs.orglett.7b01209
http://www.ncbi.nlm.nih.gov/pubmed/28513163
http://doi.org/10.1021/acs.orglett.7b02223
http://www.ncbi.nlm.nih.gov/pubmed/28837350
http://doi.org/10.1016/j.tetlet.2017.10.018
http://doi.org/10.1021/acs.orglett.8b03534
http://www.ncbi.nlm.nih.gov/pubmed/30520640
http://doi.org/10.1016/j.mencom.2020.03.001
http://doi.org/10.3390/ijms17040453
http://www.ncbi.nlm.nih.gov/pubmed/27023535
http://doi.org/10.3390/molecules24081533
http://www.ncbi.nlm.nih.gov/pubmed/31003464
http://doi.org/10.1002/cssc.202101070
http://doi.org/10.2174/1389557511313060004
http://doi.org/10.1016/S0040-4039(00)97997-8
http://doi.org/10.1021/jo00019a052
http://doi.org/10.1039/c39910001748
http://doi.org/10.1016/S0040-4020(01)85809-9
http://doi.org/10.1021/acs.joc.0c00647
http://www.ncbi.nlm.nih.gov/pubmed/32347097
http://doi.org/10.1016/j.tetlet.2006.03.165
http://doi.org/10.1002/anie.201603860
http://doi.org/10.1002/chem.201805114
http://doi.org/10.1002/chem.201900073


Molecules 2022, 27, 1284 15 of 15

41. Kawaguchi, S.-I.; Ogawa, A. Applications of diphosphines in radical reactions. Asian J. Org. Chem. 2019, 8, 1164–1173. [CrossRef]
42. Yamamoto, Y.; Tanaka, R.; Ota, M.; Nishimura, M.; Tran, C.C.; Kawaguchi, S.-I.; Kodama, S.; Nomoto, A.; Ogawa, A. Photoinduced

syntheses and reactivities of phosphorus-containing interelement compounds. J. Org. Chem. 2020, 85, 14708–14719. [CrossRef]
43. Yoshimura, A.; Takamachi, Y.; Han, L.-B.; Ogawa, A. Organosulfide-catalyzed diboration of terminal alkynes under light. Chem.

Eur. J. 2015, 21, 13930–13933. [CrossRef] [PubMed]
44. Yoshimura, A.; Takamachi, Y.; Mihara, K.; Saeki, T.; Kawaguchi, S.-I.; Han, L.-B.; Nomoto, A.; Ogawa, A. Photoinduced metal-free

diboration of alkynes in the presence of organophosphine catalysts. Tetrahedron 2016, 72, 7832–7838. [CrossRef]
45. Ogawa, A.; Tanaka, H.; Yokoyama, H.; Obayashi, R.; Yokoyama, K.; Sonoda, N. A highly selective thioselenation of olefins using

disulfide-diselenide mixed system. J. Org. Chem. 1992, 57, 111–115. [CrossRef]
46. Ogawa, A.; Obayashi, R.; Doi, M.; Sonoda, N.; Hirao, T. A novel photoinduced thioselenation of allenes by use of a disulfide-

diselenide binary system. J. Org. Chem. 1998, 63, 4277–4281. [CrossRef]
47. Ogawa, A.; Ogawa, I.; Obayashi, R.; Umezu, K.; Doi, M.; Hirao, T. Highly selective thioselenation of vinylcyclopropanes with a

(PhS)2-(PhSe)2 binary system and its application to thiotelluration. J. Org. Chem. 1999, 64, 86–92. [CrossRef]
48. Tsuchii, K.; Ogawa, A. A highly selective photoinduced selenoperfluoroalkylation of terminal acetylenes by using a novel binary

system of perfluoroalkyl iodide and diphenyl diselenide. Tetrahedron Lett. 2003, 44, 8777–8780. [CrossRef]
49. Tsuchii, K.; Tsuboi, Y.; Kawaguchi, S.-I.; Takahashi, J.; Sonoda, N.; Nomoto, A.; Ogawa, A. Highly selective double chalcogenation

of isocyanides with disulfide−diselenide mixed systems. J. Org. Chem. 2007, 72, 415–423. [CrossRef]
50. Mitamura, T.; Tsuboi, Y.; Iwata, K.; Tsuchii, K.; Nomoto, A.; Sonoda, M.; Ogawa, A. Photoinduced thiotelluration of isocyanides

by using a (PhS)2–(PhTe)2 mixed system, and its application to bisthiolation via radical cyclization. Tetrahedron Lett. 2007, 48,
5953–5957. [CrossRef]

51. Shirai, T.; Kawaguchi, S.-I.; Nomoto, A.; Ogawa, A. Photoinduced highly selective thiophosphination of alkynes using a
(PhS)2/(Ph2P)2 binary system. Tetrahedron Lett. 2008, 49, 4043–4046. [CrossRef]

52. Mitamura, T.; Iwata, K.; Ogawa, A. Photoinduced intramolecular cyclization of o-ethenylaryl isocyanides with organic disulfides
mediated by diphenyl ditelluride. J. Org. Chem. 2011, 76, 3880–3887. [CrossRef]

53. Tamai, T.; Nomoto, A.; Tsuchii, K.; Minamida, Y.; Mitamura, T.; Sonoda, M.; Ogawa, A. Highly selective perfluoroalkylchalco-
genation of alkynes by the combination of iodoperfluoroalkanes and organic dichalcogenides upon photoirradiation. Tetrahedron
2012, 68, 10516–10522. [CrossRef]

54. Littke, A.F.; Fu, G.C. Palladium-catalyzed coupling reactions of aryl chlorides. Angew. Chem. Int. Ed. 2002, 41, 4176–4211.
[CrossRef]

55. Marsden, J.A.; Miller, J.J.; Shirtcliff, L.D.; Haley, M.M. Structure−property relationships of donor/acceptor-functionalized
tetrakis(phenylethynyl)benzenes and bis(dehydrobenzoannuleno)benzenes. J. Am. Chem. Soc. 2005, 127, 2464–2476. [CrossRef]
[PubMed]

56. Daniels, D.S.B.; Jones, A.S.; Thompson, A.L.; Paton, R.S.; Anderson, E.A. Ligand bite angle-dependent palladium-catalyzed
cyclization of propargylic carbonates to 2-alkynyl azacycles or cyclic dienamides. Angew. Chem. Int. Ed. 2014, 53, 1915–1920.
[CrossRef] [PubMed]

57. Locascio, T.M.; Tunge, J.A. Palladium-catalyzed regiodivergent substitution of propargylic carbonates. Chem. Eur. J. 2016, 22,
18140–18146. [CrossRef] [PubMed]

58. Hashimoto, T.; Ishimaru, T.; Shiota, K.; Yamaguchi, Y. Bottleable NiCl2(dppe) as a catalyst for the Markovnikov-selective
hydroboration of styrenes with bis(pinacolato)diboron. Chem. Commun. 2020, 56, 11701–11704. [CrossRef]

59. Tran, D.P.; Sato, Y.; Yamamoto, Y.; Kawaguchi, S.-I.; Kodama, S.; Nomoto, A.; Ogawa, A. Highly regio-and stereoselective
phosphinylphosphination of terminal alkynes with tetraphenyldiphosphine monoxide under radical conditions. Beilstein J. Org.
Chem. 2021, 17, 866–872. [CrossRef]

60. Lozano, E.; Nieuwenhuyzen, M.; James, S.L. Ring-opening polymerisation of silver–diphosphine [M2L3] coordination cages to
give [M2L3]∞ coordination polymers. Chem. Eur. J. 2001, 7, 2644–2651. [CrossRef]

61. DelNegro, A.S.; Woessner, S.M.; Sullivan, B.P.; Dattelbaum, D.M.; Schoonover, J.R. Stereospecific, unsymmetrical photosubstitu-
tion in a ligand-bridged dimer. Inorg. Chem. 2001, 40, 5056–5057. [CrossRef]

62. Brandys, M.-C.; Puddephatt, R.J. Polymeric complexes of silver(I) with diphosphine ligands: Self-assembly of a puckered sheet
network structure. J. Am. Chem. Soc. 2002, 124, 3946–3950. [CrossRef]

63. Ghosh, S.; Mukherjee, P.S. Self-assembly of metallamacrocycles via a rigid phosphorus donor linker. Organometallics 2007, 26,
3362–3367. [CrossRef]

64. Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A.K.; Puschmann, H. OLEX2: A complete structure solution, refinement
and analysis program. J. Appl. Cryst. 2009, 42, 339–341. [CrossRef]

65. Sheldrick, G.M. SHELXT—Integrated space-group and crystal-structure determination. Acta Crystallogr. Sect. A 2015, A71, 3–8.
[CrossRef] [PubMed]

66. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. A 2015, C71, 3–8. [CrossRef] [PubMed]

http://doi.org/10.1002/ajoc.201900339
http://doi.org/10.1021/acs.joc.0c02014
http://doi.org/10.1002/chem.201502425
http://www.ncbi.nlm.nih.gov/pubmed/26376328
http://doi.org/10.1016/j.tet.2016.06.040
http://doi.org/10.1021/jo00027a021
http://doi.org/10.1021/jo972253p
http://doi.org/10.1021/jo981053q
http://doi.org/10.1016/j.tetlet.2003.09.182
http://doi.org/10.1021/jo061704f
http://doi.org/10.1016/j.tetlet.2007.06.126
http://doi.org/10.1016/j.tetlet.2008.04.068
http://doi.org/10.1021/jo200299d
http://doi.org/10.1016/j.tet.2012.09.026
http://doi.org/10.1002/1521-3773(20021115)41:22&lt;4176::AID-ANIE4176&gt;3.0.CO;2-U
http://doi.org/10.1021/ja044175a
http://www.ncbi.nlm.nih.gov/pubmed/15725001
http://doi.org/10.1002/anie.201309162
http://www.ncbi.nlm.nih.gov/pubmed/24505010
http://doi.org/10.1002/chem.201603481
http://www.ncbi.nlm.nih.gov/pubmed/27797416
http://doi.org/10.1039/D0CC05246A
http://doi.org/10.3762/bjoc.17.72
http://doi.org/10.1002/1521-3765(20010618)7:12&lt;2644::AID-CHEM26440&gt;3.0.CO;2-3
http://doi.org/10.1021/ic001401i
http://doi.org/10.1021/ja0113293
http://doi.org/10.1021/om700296k
http://doi.org/10.1107/S0021889808042726
http://doi.org/10.1107/S2053273314026370
http://www.ncbi.nlm.nih.gov/pubmed/25537383
http://doi.org/10.1107/S2053273314026370
http://www.ncbi.nlm.nih.gov/pubmed/25537383

	Introduction 
	Results and Discussion 
	Materials and Methods 
	General Information 
	General Procedure for the Photoinduced Bisphosphination of Alkynes with Tetraphenyldiphosphine Monosulfide 
	Base-Catalyzed Double Bond Isomerization of vic-1,2-Bisphosphinoalkenes 5a 
	Base-Catalyzed Double Bond Isomerization of vic-1,2-Bisphosphinoalkenes 5b 
	X-ray Diffraction Studies of 6b 
	Base-Catalyzed Double Bond Isomerization of vic-1,2-Bisphosphinoalkenes 4f 

	Conclusions 
	References

