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ABSTRACT: A Brønsted base mediated stereoselective
diphosphination of terminal alkynes with diphosphanes
proceeds to deliver the corresponding (E)-1,2-diphosphino-
ethenes in good yields. The reaction of aromatic alkynes
occurs efficiently in the presence of a catalytic amount of LiO-
t-Bu while MN(TMS)2 (M = Li or Na) gave better results in
the case of aliphatic substrates. The Brønsted base mediated
protocol can offer a good alternative to precedented transition-metal-catalyzed or radical-promoted approaches to the 1,2-
diphosphinoethene framework of potent interest in catalysis and coordination chemistry.

Organophosphines now represent an important class of
compounds in organic chemistry because of their

ubiquity in synthetic reagents,1 supported ligands for transition
metal catalysts,2 and organic functional materials.3 Particularly,
1,2-diphosphinoethenes have received significant attention in
the fields of catalysis4 and coordination chemistry.5 Among
several protocols for their preparation,6 vicinal-introduction of
two phosphino moieties to alkyne platforms is the most
straightforward approach to the above target structure (Scheme
1). The conversion of terminal alkynes to 1-alkynylphosphines

is followed by anti-hydrophosphination to form the (Z)-1,2-
bisphosphinoethenes in good overall yields (Scheme 1a). This
strategy was originally reported by Carty,7 with a stoichiometric
amount of Pd or Pt, in 1979, and Yorimitsu and Oshima8

subsequently developed the catalytic variant using a readily
available Cu salt.9 The direct vicinal-diphosphination of

terminal alkynes was also achieved by a radical reaction with
diphosphanes in the presence of a radical initiator V-40 or
under UV irradiation (Scheme 1b).10,11 Notably, high (E)-
selectivity was observed in the former case.10a Herein, we report
the third route to 1,2-bisphosphinoethenes from terminal
alkynes: a Brønsted base-mediated vicinal-diphosphination of
terminal alkynes with diphosphanes is described. The present
reaction can offer an alternative approach to (E)-1,2-
diphosphinoethene frameworks (Scheme 1c).
Due to our recent interest in the phosphination reaction of

alkenes and alkynes,12 we examined the reactivity of phenyl-
acetylene (1a; 0.25 mmol) with tetraphenyldiphosphane (2a;
0.30 mmol) and serendipitously found that the vicinal-
diphosphination of 1a occurred in the presence of 20 mol %
LiO-t-Bu (Table 1, entry 1). For ease of handling, the
diphosphinated product 3aa was analyzed and isolated as the
corresponding sulfide 3aa-S after treatment with S8. Notably,
the reaction proceeded even at room temperature in THF, and
3aa-S was obtained in 85% 31P{1H} NMR yield with 95:5 E/Z
selectivity (75% isolated yield of pure (E)-product). Inspired by
the intriguing result, we subsequently screened various bases.
Other alkali metal alkoxides and hydroxides including NaO-t-
Bu, KO-t-Bu, LiOMe, LiOH, and NaOH also promoted the
reaction, but LiO-t-Bu was somewhat superior in view of the
yield and stereoselectivity probably because of its better
solubility in THF (entries 2−6).13 Neither more basic metal
amide (entry 7) nor less basic fluoride and carbonate (entries 8
and 9) increased the reaction efficiency. Additional inves-
tigation of solvent revealed that THF was best from the
viewpoint of yield of 3aa-S (entries 10−17); in some more and
less polar solvents such as DMF, MeOH, and hexane, the
reaction stopped at an early stage, and unreacted diphosphane
was largely recovered although the reason was unclear. The
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Scheme 1. Diphosphination Approaches to 1,2-
Diphosphinoethenes from Terminal Alkynes
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diphosphination reaction could also be conducted on a 1.0
mmol scale under somewhat forceful conditions (60 °C; entry
18).
We next investigated the scope of terminal alkynes under

conditions using LiO-t-Bu. The reaction was usually performed
at room temperature, but in some cases the higher reaction
temperature (60 °C) improved the reaction efficiency. The
representative products are shown in Scheme 2. The reaction
was compatible with arylalkynes that bear electronically diverse
functional groups including methyl, methoxy, trifluoromethyl,
cyano, and ester groups (3ba-S, 3ca-S, 3da-S, 3ea-S, 3fa-S, and
3ga-S). The aryl-Br moiety also remained intact (3ha-S), which
can be a good handle for further manipulations. Sterically
demanding ortho-methylphenyl, mesityl, and 1-naphthyl
substituents did not interfere with the reaction to form the
corresponding diphosphinated products 3ia-S, 3ja-S, and 3ka-S
in good to excellent yields. Moreover, the heteroaromatic 2-
pyridylacetylene was also concerted to 3la-S in an acceptable
yield. In all cases, the stereoselectivity was uniformly high (E/Z
> 94:6).14

On the other hand, aliphatic 1-octyne did not react with 2a
under the standard conditions of entry 1 in Table 1. Thus, we
carried out additional optimization studies. Pleasingly, the
portionwise addition of NaN(TMS)2 (0.050 mmol × 3, every 3
h) in heated 1,4-dioxane (90 °C) dramatically improved the
yield of desired 3ma-S to 63% 31P{1H} NMR yield with 95:5
E/Z selectivity (51% isolated yield of pure (E)-isomer)
(Scheme 3). The addition of 0.15 mmol of NaN(TMS)2 in
one portion caused undesired olefin isomerization (see the

Supporting Information for details). The use of LiN(TMS)2
also gave a comparable result. Under MN(TMS)2-meditaed
modified conditions, the diphosphination of several aliphatic
terminal alkynes 1 was performed. Primary alkyl alkynes that
bear phenyl- and silyl-protected alcohol moieties underwent the
diphosphination to furnish 3na-S and 3oa-S with synthetically
useful levels of yield and stereoselectivity. In the cases of
secondary alkyl substituents, LiN(TMS)2 showed better
activity: cyclohexylacetylene and cyclopropylacetylene partici-
pated in the reaction, and the corresponding 3pa-S and 3qa-S
were formed in 45% and 57% yields, respectively. However, the
latter resulted in somewhat lower stereoselectivity (E/Z =
88:12). On the other hand, more congested tert-butylacetylene
gave no desired diphosphinated product (3ra-S).
The obtained diphosphinated product 3aa-S could be easily

desulfidated under radical conditions using (TMS)3SiH
reductant and AIBN initiator to afford the corresponding
trivalent P(III) compound 3aa in 79% yield (Scheme 4).15

Table 1. Optimization for Base-Mediated Stereoselective
Diphosphination of Phenylacetylene (1a) with
Tetraphenyldiphosphane (2a)a

entry base solvent yield (%),b E/Zc

1 LiO-t-Bu THF 85 (75), 95:5
2 NaO-t-Bu THF 83, 95:5
3 KO-t-Bu THF 30, 83:17
4 LiOMe THF 84, 95:5
5 LiOH THF 83, 95:5
6 NaOH THF 73, 95:5
7 NaN(TMS)2 THF 6, 97:3
8 CsF THF 59, 96:4
9 Cs2CO3

d THF 33, 96:4
10 LiO-t-Bu 1,4-dioxane 68, 94:6
11 LiO-t-Bu PhOMe 84, 95:5
12 LiO-t-Bu toluene 84, 95:5
13 LiO-t-Bu hexane 28, 90:10
14 LiO-t-Bu DMF 44, 98:2
15 LiO-t-Bu DMSO 14, 77:23
16 LiO-t-Bu CH2Cl2 81, 97:3
17 LiO-t-Bu MeOH 14, 100:0
18e LiO-t-Bu THF 71 (60), 95:5

aReaction conditions: 1a (0.25 mmol), 2a (0.30 mmol), base (0.050
mmol), solvent (1.5 mL), rt, 12 h, N2 then S8 (0.75 mmol), rt, 30 min,
N2.

bDetermined by 31P{1H} NMR with P(O)(OEt)3 as internal
standard. Isolated yield of isomerically pure (E)-3aa-S is in
parentheses. cDetermined by 31P{1H} NMR of the crude mixture.
dWith 18-crown-6 (0.050 mmol). e1.0 mmol scale. At 60 °C.

Scheme 2. LiO-t-Bu-Mediated Stereoselective
Diphosphination of Terminal Aryl Alkynes 1 with
Tetraphenyldiphosphane (2a)a

aReaction conditions: 1 (0.25 mmol), 2a (0.30 mmol), LiO-t-Bu
(0.050 mmol), THF (1.5 mL), rt or 60 °C, 12 h, N2 then S8 (0.75
mmol), rt, 30 min, N2. The reaction temperature is in parentheses.
Yields are determined by 31P{1H} NMR with P(O)(OEt)3 as internal
standard. Isolated yield of isomerically pure (E)-3-S is in parentheses.
The E/Z ratios are determined by 31P{1H} NMR of the crude mixture.
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Additionally, without S8 quench, the same diphosphine 3aa was
obtained in 62% yield with a 98:2 E/Z ratio directly from the
reaction of 1a with 2a. The corresponding diphosphine oxide
3aa-O was selectively formed when 30% H2O2 aq instead of S8
was used upon workup. Furthermore, the crude 3aa-O
underwent the hydrogenation under Pd(OH)2/C catalysis16

to produce the diphosphine oxide 4aa-O with the saturated
ethylene linker in 75% overall yield.
To gain some mechanistic insight, we implemented the

following experiments (Scheme 5). Although the independently
prepared 1-alkynylphosphine 5 was subjected to the LiO-t-Bu-
mediated standard reaction conditions, the diphosphinated 3aa-
S was not detected and alkynylphosphine sulfide 5-S was

instead recovered. The same result was obtained under
modified conditions using Ph2P−H instead of 2a. The
competitive reaction of 5 and mesitylacetylene (1i) in the
same reaction vessel also gave only 3ia-S arising from terminal
alkyne 1i with the alkynylphosphine sulfide 5-S left intact.
These results suggest no intermediacy of alkynylphosphine in
the diphosphination reaction.17 On the other hand, the reaction
of 1a with unsymmetrical diphosphane Cy2P-PPh2 2b (93%
purity, contaminated with 2% Ph2P−PPh2 and 5% Cy2P−
PCy2) formed a mixture of expected 3ab-S and crossover
products 3ab′-S and 3aa-S. The structure of 3ab-S was
unambiguously confirmed by X-ray crystallographic analysis,18

and its regioisomer was not obtained.19

On the basis of the above outcomes, the reaction mechanism
of 1a with 2a can involve (1) deprotonation of acidic C−H at
the alkyne terminus of 1a by LiO-t-Bu, (2) attack of the formed
lithium acetylide 6 to diphosphane 2a, (3) rearrangement of an
initially formed tetracoordinated phosphonium species 7 into a
vicinal-diphosphinated vinyllithium (Z)-8, (4) isomerization
into more thermodynamically favored (E)-8, and (5)
protonation with t-BuOH to produce 3aa with regeneration
of the starting LiO-t-Bu (Scheme 6). Given the above
phosphorus scrambling with Cy2P−PPh2 2b, the rearrangement
process from 7 to (Z)-8 may proceed via a bimolecular
mechanism.20,21 However, further efforts are essential for
uncovering the detailed mechanism.22

In conclusion, we have developed a Brønsted base mediated
vicinal-diphosphination of terminal alkynes with diphosphanes.
The reaction proceeds stereoselectively to form the corre-
sponding (E)-1,2-diphosphinoethenes of potent interest in
catalysis and coordination chemistry. This reaction can
complement precedented transition-metal-mediated and radi-
cal-promoted diphosphination approaches to the 1,2-diphos-

Scheme 3. MN(TMS)2-Mediated Stereoselective
Diphosphination of Terminal Alkyl Alkynes 1 with
Tetraphenyldiphosphane (2a)a

aReaction conditions: 1 (0.25 mmol), 2a (0.30 mmol), MN(TMS)2
(M = Li or Na, 0.050 mmol × 3, every 3 h), 1,4-dioxane (1.5 mL), 90
°C, 12 h, N2 then S8 (0.75 mmol), rt, 30 min, N2. The countercation of
MN(TMS)2 used is in parentheses. Yields are determined by 31P{1H}
NMR with P(O)(OEt)3 as internal standard. Isolated yield of
isomerically pure (E)-3-S is in parentheses. The E/Z ratios are
determined by 31P{1H} NMR of the crude mixture.

Scheme 4. Isolation of Trivalent P(III) Compounds and
Reduction of Double Bond

Scheme 5. Experiments for Mechanistic Investigation
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phinoethene framework from terminal alkynes. Further
development of related phosphination reactions of unsaturated
molecules is ongoing and will be reported in due course.
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