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Microwave-assisted solventless single and double
addition of HP(O)Ph2 to alkynes
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Abstract

Microwave radiation has been used to promote the addition of diphenylphosphine oxide to alkynes. The addition reactions were carried out
using homogeneous and polymer-supported Group 9 catalysts such as (PPh3)3RhCl, [Rh(cod)Cl]2, and Rh/supported triphenyl phosphine.
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olventless reactions involving terminal alkynes were extremely rapid, and high yields of the alkenylphosphine oxides were obtain
sing microwave radiation. The hydrophosphinylation of internal alkynes such as 4-octyne was also rapid (20 min). For compariso
eactions were carried out using conventional heating with the solid supported catalysts. The supported catalyst prepared from
iphenylphosphine-co-vinyl diphenylphosphine oxide-co-vinyl chloride) was reused seven times to promote the addition of HP(O)P2 to
-heptyne with >90% conversion obtained in each case.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The addition of PH bonds to unsaturated substrates is
valuable transformation due to the large number of appli-

ations the resulting compounds have in organic, medicinal,
nd agricultural chemistry. Classic methods of promoting the
ddition reaction include the addition of bases or radical ini-

iators[1]. When alkynes are used, the addition reaction often
esults in mixtures of the monofunctional species as well as
,1 and 1,2 double addition products[2]. The development
f a transition-metal-mediated version of these reactions is
ttractive due to the ability of transition-metal-containing cat-
lysts to control the regioselectivity and stereoselectivity of
reaction through manipulation of the ligand architecture.
A number of transition-metal-containing complexes pro-

ote the hydroamination of alkenes and alkynes; however,
ydrophosphinylation reactions have received less attention

∗ Corresponding author. Tel.: +1 570 577 1665; fax: +1 570 577 1739.
E-mail address:rstockla@bucknell.edu (R.A. Stockland Jr.).

[3]. Glueck and Pringle investigated the platinum-cataly
addition of H-PR2 to activated alkenes such as acrylo
trile [4,5], and Tanaka and co-workers reported the rhod
catalyzed addition of HP(O)Ph2 to alkynes[6] as well as th
hydrophosphorylation of alkenes using a pinacol-derived
drogen phosphonate[7]. Recently, Deprele and Montcham
have reported the addition of H2P(O)OR to alkenes[8].

Over the last decade, the use of microwave radiatio
accelerate transition-metal-catalyzed reactions has bee
subject of an intense amount of research[9,10]. Examples
of successful applications include Heck[11], Suzuki [12],
and Negishi couplings[13]. In many cases, reaction tim
can be reduced from hours or days to minutes. Despit
intense interest in this chemistry, the effectiveness of
crowave radiation on the transition-metal-catalyzed add
of P H bonds to unsaturated substrates has rarely been
tigated[14]. Additionally, atom efficient and “solvent-fre
processes have grown in popularity over the last decad
to the ease of product isolation and the elimination of org
solvents from the reaction[15].
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.09.020
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Recently, there has been a great deal of interest in the use of
supported transition metal complexes as catalysts for organic
transformations[16–18]. In many cases, the supported cata-
lysts exhibit high reactivity and are easily separated from the
reaction mixture by filtration. Ideally, the recovered catalysts
promote subsequent reactions and are “recycled”. The use of
the same catalyst for multiple reactions is attractive from an
economic standpoint due to the high cost of transition metals
and supporting ligands.

2. Results and discussion

2.1. Solventless reactions involving homogeneous and
heterogeneous catalysts

The rhodium-catalyzed addition of HP(O)Ph2 to terminal
alkynes was remarkably fast using microwave radiation in the
absence of solvent (Table 1). In a typical reaction, a reactor
vial was charged with 1 equiv of HP(O)Ph2 and alkyne with
2 mol% Rh as the catalyst. A focused microwave reactor was
used to irradiate the samples. When the maximum tempera-
ture setting (300◦C) was used as well as the maximum power
setting (300 W), an intractable mixture was formed. Decreas-
ing the power and temperature settings to 25 W and 120◦C
a in.
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In addition to simple alkynes such as phenylacetylene and 1-
heptyne, functionalized alkynes such as ethynylferrocene and
4-ethynyl bromobenzene were readily hydrophosphinylated
under these conditions. It was encouraging to see that the aryl
bromide did not react with rhodium to generate side products.
The reaction residues exhibited a single peak in the31P NMR
spectrum that was assigned to the alkenylphosphine oxide. In
most cases, the crude product was clean enough to use in sub-
sequent transformations with no further purification. When
needed, the rhodium was removed by column chromatogra-
phy (silica gel).

The use of solid-supported catalysts to promote the addi-
tion reaction was also successful. Typically, HP(O)Ph2 was
treated with 1 equiv of the desired alkyne using the solid-
supported catalyst with no added solvent (Table 1, entries
4 and 5). Reaction times were slightly longer than when
[Rh(cod)Cl]2 or (PPh3)3RhCl were used (Table 1, entries
1–3). In addition to the desired products, small amounts
of double addition products (1–5%) formed when solid-
supported catalysts were used. The recovery and reuse of
solid-supported catalysts is one of the attractive aspects of
the chemistry. The possibility of recycling the catalyst was
investigated using 1-heptyne and diphenylphosphine oxide
as the model system. After irradiation, the residue was ex-
tracted with diethyl ether and filtered. The catalyst was used
i
fforded high yields of the alkenylphosphine oxides in 2 m

able 1
icrowave-assisted solventless hydrophosphinylation of terminal alkya

ntry Alkyne Product
a Reactions were carried out without solvent using 0.25 mmol alkyne and
b Time is given in minutes.
c Yields are based upon isolated material. i = rhodium-bound oligo(vi

i = rhodium-bound supported triphenyl phosphine.
Compound Catalyst, timeb Yieldc

1 [Rh(cod)Cl]2, 2 87

2 [Rh(cod)Cl]2, 2 75

3 (PPh3)3RhCl, 2 81

4 i, 7 91

5 ii, 7 70

n three subsequent hydrophosphinylation reactions.
HP(O)Ph2. Microwave conditions = 25 W, Temp. = 120◦C.

nyl diphenylphosphine-co-vinyl diphenylphosphine oxide-co-vinyl chloride).
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2.2. Thermal reaction in the absence of catalyst

To investigate the possibility that the hydrophosphiny-
lation process was a result of the microwave heating, the
addition reaction was carried out using 1-heptyne, phenyl
acetylene and ethynylferrocene as model systems. Under the
conditions listed inTable 1, only starting materials were re-
covered after irradiation in the absence of catalyst. Thus, the
results shown inTable 1were due to a metal-catalyzed pro-
cess.

2.3. Double hydrophosphinylation of terminal alkynes

Bisphosphine oxides are important compounds and
are used as organocatalysts for the allylation ofN-

Table 2
Microwave-assisted solventless synthesis of bisphosphine oxidesa

Entry Alkyne Product Compound Catalyst, timeb Yieldc

1

2

3

4

5

6

7

i

acylhydrazones[19]. The synthesis of these compounds is
generally cumbersome and requires harsh conditions. In a
rare example of a transition-metal-catalyzed process, Lin
and co-workers found that homogeneous palladium catalysts
promote the double hydrophosphinylation of alkynes[20].
Although successful, the addition process typically required
long reaction times (24 h, 110◦C).

To investigate the effectiveness of microwave radiation
on the synthesis of bisphosphine oxides, a series of reac-
tions were carried out using the focused microwave reactor
with rhodium complexes as catalysts. The results of the reac-
tions are summarized inTable 2. Typically, terminal alkynes
were treated with 3 equiv of HP(O)Ph2, and 2 mol% of the
catalyst. The reactions were rapid and typically complete
within 40 min at 120◦C. In addition to simple alkynes such
a Reactions were carried out without solvent using 0.12 mmol alkyne and
b Time is given in minutes.
c Yields are based upon isolated material. i = rhodium-bound oligo(vi

i = rhodium-bound supported triphenyl phosphine.
6 [Rh(cod)Cl]2, 40 76

7 [Rh(cod)Cl]2, 40 84

8 (PPh3)3RhCl, 40 64

9 [Rh(cod)Cl]2, 40 71
10 (PPh3)3RhCl, 40 88

11 i, 40 75

12 ii, 40 70

0.37 mmol HP(O)Ph2.; microwave settings: 50 W, 120◦C.

nyl diphenylphosphine-co-vinyl diphenylphosphine oxide-co-vinyl chloride).
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as 1-heptyne and phenylacetylene, functionalized substrates
such as 4-ethynylbromobenzene and 3-ethynylpyridine were
successfully coupled using [Rh(cod)Cl]2 and (PPh3)3RhCl
as catalysts. It was encouraging to see that the aryl bromide
does not react with rhodium to generate side products. Solid-
supported catalysts were also successfully used in the double
hydrophosphinylation reaction (Table 2, entries 6 and 7). In
some cases, analytically pure material could be obtained by
simply washing the sample with ethyl acetate/ether (1:1).

2.4. Mechanistic investigation of the double
hydrophosphinylation reaction

To investigate the possibility that the double-hydrophos-
phinylation reaction was the result of a radical process, the ad-
dition reaction was carried out using several different alkynes
in the absence of a catalyst. When unactivated substrates such
as phenylacetylene or 3-ethynylpyridine were treated with
3 equiv of HP(O)Ph2 in the absence of solvent and catalyst,
only starting materials were recovered after stirring and irra-
diating for 40 min at 120◦C. However, this result only con-
firmed that the metal catalyst was needed for the first step
in the reaction. This is a critical point because, once the first
–P(O)Ph2 group was added, the resulting alkene was acti-
vated for the second addition reaction. To investigate if the
m tion,
( uri-
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fied and used as a representative substrate. Treatment of this
compound with 1.5 equiv of HP(O)Ph2 in the absence of sol-
vent and catalyst afforded the double-hydrophosphinylated
product in high yield. Thus, the first addition is metal pro-
moted, but the second addition reaction was induced by the
microwave radiation.

2.5. Single and double hydrophosphinylation of internal
alkynes

Due to the success with terminal alkynes, the microwave-
assisted chemistry was extended to internal alkynes. Typi-
cally, the alkyne, HP(O)Ph2, and catalyst were added to a
microwave reactor vial along with a magnetic stirring bar.
The vial was irradiated for 20 min (50 W, 120◦C) in the
focused reactor (seeTable 3). Similar to the reactions in
Tables 1 and 2, no reaction was observed for unactivated sub-
strates in the absence of the metal catalyst. However, when an
activated alkyne, dimethyl acetylenedicarboxylate (DMAD),
was treated with 2 equiv of HP(O)Ph2 in the presence
or absence of a catalyst, the double-hydrophosphinylation
reaction occurred to generate the bisphosphine oxide in
high yield. Thus, the double hydrophosphinylation of un-
activated alkynes proceeds, at least initially, through a
metal-catalyzed process, whereas activated internal alkenes
w ced
r

etal catalyst was critical for the second addition reac
E)-1-(diphenylphosphinyl)-1-heptene was rigorously p

able 3
icrowave-assisted solventless hydrophosphinylation of internal alkya

ntry Alkyne Product
a Reactions were carried out without solvent using alkyne HP(O)Ph2; microwav
b Time is given in minutes.
c Yields are based upon isolated material. i = rhodium-bound oligo(vinyl d
Compound Catalyst, timeb Yieldc

13 [Rh(cod)Cl]2, 20 73

13 None, 20 64

14 (PPh3)3RhCl, 20 55

None, 20 0

15 i, 20 62

None, 20 0

ere hydrophosphinylated through a microwave-indu
eaction.
e settings: 50 W, 120◦C.

iphenylphosphine-co-vinyl diphenylphosphine oxide-co-vinyl chloride).
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2.6. Addition reactions using solid-supported catalysts
with conventional heating

For comparison, a series of addition reactions using solid-
supported catalysts were carried out with various solvents and
conventional heating. In order to probe the effectiveness of
the procedure, the addition of HP(O)Ph2 to phenyl acetylene
was used as a model system (Table 4). The use of toluene or
THF as the solvent gave high yields of the addition product,
while chlorinated solvents (CHCl3, CH2Cl2; entries 10 and
11) afforded only 3–5% conversion. High catalyst loadings
were successful in promoting reactions at room temperature
(entry 10), while lower loadings afforded high conversions at
slightly elevated temperatures (entry 7; 75◦C). Concentration
was not a key factor in these reactions as evidenced by entries
14–17.

The system selected for catalytic reactions consisted of
1 equiv of alkyne and HP(O)Ph2, 5 mol% of Rh bound
polymer, and toluene (2 mL) as the solvent. The results
of the addition reactions are summarized inTable 5.
Alkynes containing alkyl, aryl, trimethylsilyl, and vinyl
groups were consumed within 4 h at 75◦C. The process
was high yielding and selective for theE-isomer as de-
termined by1H NMR spectroscopy. Internal alkynes were
also successfully employed (entries 7 and 8), although high
y 0◦
8
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1

mol)
a

2.7. Catalyst recycling

One of the attractive features of a supported catalyst was
the ease with which it was separated from the reaction mix-
ture. If the catalyst was recovered, it could conceivably be
used in subsequent reactions. We have investigated the recy-
cling of the rhodium-bound oligo(vinyl diphenylphosphine-
co-vinyl diphenylphosphine oxide-co-vinyl chloride) using
the addition of HP(O)Ph2 to 1-heptyne as a test case. Af-
ter completion of the catalytic reaction, the reaction mixture
was cooled to room temperature and diluted with toluene
(3× 8 mL). Separation of the catalyst from the reaction was
accomplished by decanting the solution. The solid residue
was used as the catalyst for subsequent reactions; however,
lower yields of the vinyl diphenylphosphine oxide were ob-
tained (40–50%). The reduction in reactivity could be due to
oxidation of the metal from Rh(I) to Rh(III). In an effort to
reactivate the catalyst, the residue was refluxed in ethanol for
2 h [21]. After removal of the ethanol, addition reactions us-
ing this regenerated catalyst afforded high yields of the vinyl
diphenylphosphine oxide. Thus, the procedure for successful
reuse of the catalyst consisted of decanting the solution from
the solid catalyst, washing the solid with toluene, refluxing in
ethanol, and drying under vacuum. Following this protocol,
seven reactions were carried out using the same supported
c that
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ields were only obtained at elevated temperatures (11C,
h).

able 4
eaction conditions for thermal reaction using supported catalysta

ntry Solvent Volume
(mL)

Temp.
(◦C)

Loading
(mol% Rh)

Time
(h)

% Conv.b

1 Tol 2 23 1 24 6
2 Tol 2 23 3 24 31
3 Tol 2 23 5 24 56
4 Tol 2 23 10 24 89
5 Tol 2 23 5 16 52
6 Tol 2 40 5 16 69
7 Tol 2 75 5 4 99
8 Tol 2 23 5 24 56
9 THF 2 23 5 24 77
0 CHCl3 2 23 5 24 5
1 CH2Cl2 2 23 5 24 5
2 THF/H2Oc 2 23 5 24 2
3 THF 0.5 23 5 24 63
4 THF 2.0 23 5 24 77
5 THF 5.0 23 5 24 60
6 THF 10.0 23 5 24 68
7 THF 0.5 23 5 24 63

a Reactions were carried out using diphenylphosphine oxide (0.50 m
nd phenyl acetylene (0.50 mmol).
b The conversion was determined by NMR.
c 1:1 mixture.

p ne
w

atalyst with >90% yields obtained in each case, albeit
onger reaction times were required after the second ru

.8. Rhodium leaching

Although the supported catalyst was successfully reu
he reaction solutions were yellow/red in color. To investig
he possibility of metal leaching from the support, the cr
eaction mixtures were analyzed using inductively cou
lasma-atomic emission spectroscopy (ICP-AES;Table 6).
he concentration of Rh was highest in the initial react
nd decreased with reuse of the catalyst. The decrease
mount of Rh in subsequent samples was consistent wi
ase of displacement of the metal from different sites o
olymer support (Fig. 1A–D). Rhodium could be displace

rom the binding sites containing two phosphine oxides o
emilabile sites, and less readily from –PPh2 sites. Increasin

he temperature of the reaction from 75 to 100◦C did not
hange the amount of Rh that was leached from the pol
∼3�mol of Rh in each case). Additionally, no detecta
mounts of Rh were found in the ethanol used in the recy
rocedure.

Diphenylphosphine oxide exists as two tautom
P(O)Ph2 and P(OH)Ph2. The latter is quite nucleophil
nd is known to coordinate to metal centers[22]. To test the
ossibility of a homogeneous active species created by l

ng of the Rh from the solid support, the reaction betw
P(O)Ph2 and 1-heptyne was filtered after 5 min (75◦C) and
tirred for an additional 4 h (75◦C). Analysis of the reactio
roducts showed that (E)-1-(diphenylphosphinyl)hept-1-e
as formed in >90% yield.
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Table 5
Addition reactions involving terminal and internal alkynes using conventional heating with a supported catalysta

Entry Alkyne Product Compound Catalyst, time Yieldb

1 16 i, 4 h 80

2 4 i, 4 h 91

3 17 i, 4 h 96

4 18 i, 4 h 98

5 5 ii, 4 h 92

6 19 ii, 4 h 93

7 15 i, 8 h 85c

8 16 ii, 8 h 87c

a Reactions were stirred at 75◦C for 4 h with 1 equiv. of alkyne (0.50 mmol) and diphenylphosphine oxide (0.50 mmol), supported Rh catalyst (5 mol%),
and toluene (2 mL) as the solvent.

b Yields are based upon isolated material.
c 110◦C, 8 h.

The commercially available “supported triphenylphos-
phine” was also investigated as the scaffold for these
reactions. The Rh-bound material was prepared following
literature procedures and screened for activity[23]. As a rep-
resentative example, the addition of HP(O)Ph2 to 1-heptyne
proceeded in 93% yield in 8 h at 75◦C. Similar amounts of Rh
were found in the crude reaction mixtures of these reactions
(∼1.5�mol).

2.9. Preparation of the solid-supported catalyst

One of the rhodium-bound solid-supported catalysts
was synthesized from commercially available “supported
triphenyl phosphine” by treatment of this material with
[Rh(cod)Cl]2 and washing with toluene. Preparation of

the rhodium-bound oligo(vinyl diphenylphosphine-co-vinyl
diphenylphosphine oxide-co-vinyl chloride) was accom-
plished in two steps with different sources of starting
materials. Treatment of commercial PVC (THF solution;
Mn = 65,000) with LiPPh2 (THF solution prepared from
HPPh2 andnBuLi; 1:1 per monomer unit), afforded a col-
orless solid after aqueous workup. The31P NMR spectrum
of this material exhibited two broad resonances of similar
intensity (δ −3.0, 29.0 ppm). The resonance at higher fre-
quency was assigned to a –P(O)Ph2 group formed by oxi-
dation of the –PPh2 unit (−3.0 ppm). The chlorine content
of the sample decreased from 56.40% (commercial PVC) to
4.72%, showing that a number of the chlorinated sites re-
mained intact (approximately one –CHClCH2– site for every
–6-phosphorus containing sites). This was consistent with
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Fig. 1. Coordination of Rh to the solid support.

previous observations that long reaction times at high temper-
atures were necessary to replace all of chlorine atoms[24,25].
The SEC chromatograph (CHCl3) of the material was multi-
modal over a wide molecular weight range (Mn = 800–1500)
showing that chain scission accompanied the substitution re-
action.

Similar results were obtained using a piece of scrap
PVC pipe as the source of poly(vinyl chloride). The pipe
was shredded, dissolved in THF and precipitated by the
addition of methanol (three times) to remove the addi-
tives. The colorless PVC was treated with LiPPh2 to afford
oligo(vinyl diphenylphosphine-co-vinyl diphenylphosphine
oxide-co-vinyl chloride). The NMR spectra and SEC chro-
matographs of this material were nearly identical to those
obtained using the lower molecular weight PVC. Due to the
millions of pounds of PVC that occupy landfills throughout
the world, the ability to use waste pipe as the starting material
for the preparation of the solid support is both environmen-
tally attractive and cost-effective.

Treatment of oligo(vinyl diphenylphosphine-co-vinyl
diphenylphosphine oxide-co-vinyl chloride) (dissolved in
CHCl3) with 0.5 equiv of [Rh(cod)Cl]2 afforded a red/orange
solid that precipitated from solution. The volatiles were re-
moved under vacuum, and the resulting residue was washed
with ether and dried under vacuum. The solid was used
a oly-
m t
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n

T
R

E

1
2
3
4
5
6

d
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(

3. Conclusion

In summary, we have shown that microwave-assisted sol-
ventless hydrophosphinylation reactions are remarkably fast
and high yielding using homogeneous or solid-supported cat-
alysts. The double hydrophosphinylation of terminal alkynes
also proceeds smoothly using microwave radiation. Studies
using model systems confirm that the transition metal cata-
lyst is needed for the first addition reaction. However, irra-
diation alone will promote the second hydrophosphinylation
due to the presence of the activating –P(O)Ph2 group. In-
ternal alkynes were also successfully used in the addition
reactions. For comparison, hydrophosphinylation reactions
were carried out using conventional heating with supported
rhodium complexes as the catalysts. The catalyst prepared
from oligo(vinyl diphenylphosphine-co-vinyl diphenylphos-
phine oxide-co-vinyl chloride) was successfully reused seven
times to promote the addition of HP(O)Ph2 to 1-heptyne with
>90% conversion obtained in each case.

4. Experimental

4.1. General considerations

-
d ox.
R hine
o
a ther
p ne.
D r
C ared
f er-
a -
s ave
r eac-
t ular
w orted
r y size
e SEC
s
t l
T
3 with
a
a re
g ive
s the catalyst without further purification. Since the p
er support contained both –P(O)Ph2 and –PPh2 pendan
roups, several different monodentate and bidentate co
ation sites were possible (Fig. 1).

able 6
ecycling experiments and rhodium leachinga

xperiment Yield (%)b Rh (�mol)c Time (h) Rh (mol%)d

91 3.4 4 0.68
93 2.8 4 0.56
91 1.9 8 0.38
92 1.0 12 0.19
92 0.7 12 0.14
91 0.6 12 0.11

a Reactions were stirred at 75◦C with 1 equiv. of 1-heptyne an
iphenylphosphine oxide, the same supported Rh catalyst, and to
2 mL).

b Yields are based upon isolated material.
c Determined by ICP-AES.
d Relative to the amount of diphenylphosphine oxide.
All reactions were performed under N2 using stan
ard Schlenk techniques or in a nitrogen-filled dryb
eagents including diphenylphosphine, diphenylphosp
xide, butyllithium, PVC, [Rh(cod)Cl]2, (PPh3)3RhCl, and
lkynes were obtained from Aldrich and used without fur
urification. THF was distilled from sodium/benzopheno
ichloromethane, chloroform, and CDCl3 were dried ove
aH2 and distilled. The supported rhodium catalyst prep

rom “supported triphenyl phosphine” (Fluka) was gen
ted following literature procedures[23]. Elemental analy
es were performed by Midwest Microlabs. The microw
eactions were carried out in a CEM Discover focused r
or using 10 mL heavy-walled reactor vials. The molec
eights of the phosphorus-containing polymers are rep

elative to polystyrene standards and were determined b
xclusion chromatography (SEC) using a Waters Breeze
ystem (RI detection; Waters 2414 detector) with CHCl3 as
he mobile phase. Due to the low solubility of PVC in CHC3,
HF was used as the eluent for the SEC analysis.1H and
1P NMR spectra were recorded at ambient temperature
Bruker 300-MHZ spectrometer.1H NMR chemical shifts

re reported relative to SiMe4, and coupling constants a
iven in Hertz.31P NMR chemical shifts are reported relat
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to external H3PO4 (85%, δ 0 ppm). Quantitative31P NMR
spectra were obtained using an inverse-gated decoupling se-
quence with a recycle delay of 30 s. ICP-AES experiments
were carried out on a Thermo Jarrell ICP spectrometer. Sam-
ples were prepared for ICP-AES analysis by dissolving the
reaction products in concentrated sulfuric acid and diluting
with water to a known volume. The crude reaction products
(after removing the supported catalyst) were used for the ICP-
AES experiments due to reproducibly problems encountered
when reaction solutions were tested. The identity and purity
of known compounds was established based upon compari-
son of1H and31P NMR spectra to literature values as well
as GC/MS.

4.2. Preparation of oligo(vinyl
diphenylphosphine-co-vinyl diphenylphosphine
oxide-co-vinyl chloride)

A flask was charged with diphenyl phosphine (2.79 mL,
16.0 mmol) and cooled to−78◦C. THF (10 mL) was added
to the flask followed by drop-wise addition of butyllithium
(10 mL of 1.6 M solution; 16.0 mmol) to give a bright or-
ange/red solution. A THF (30 mL) solution of PVC (1.0 g,
16.0 mmol) was added by syringe to the LiPPh2 solution with
constant stirring. After stirring at 25◦C for 24 h, the reac-
t The
p e a
w vac-
u les),
C
C

os-
p h
( ra-
t

4
d
o

nyl
d
v o-
r s
a e
p hed
w

4

4 e
h

ged
w yne
( opri-
a the

alkyne was injected by syringe (when the alkyne was a liq-
uid at room temperature). The reaction mixture was crushed
to a fine paste by stirring at room temperature for 5 min and
irradiated in a focused microwave reactor. When needed, the
title compounds were purified by column chromatography.
The identity of known compounds was established by com-
parison of the1H and31P{1H}NMR data to literature values.

4.4.2. Preparation of (E)-1-(diphenylphosphinyl)-2-
(4-bromophenyl)ethene (1, Table 1, entry 1)

The general procedure was followed using HP(O)Ph2
(0.050 g, 0.25 mmol), 4-ethynylbromobenzene (0.045 g,
0.25 mmol) and [Rh(cod)Cl]2 (0.001 g, 2.0�mol; 4.0�mol
of Rh). After irradiating for 2 min (maximum power = 25 W,
120◦C), purification of the residue by column chromatogra-
phy (hexanes/EtOAc) afforded 0.082 g (87%) of the title com-
pound as a colorless solid. Anal. Calcd. for C20H16BrOP: C,
62.68; H, 4.21. Found: C, 62.38; H, 4.25.1H NMR (CDCl3) δ

7.70–7.62 (m, 4H, Ar–H), 7.50–7.25 (m, 11H, Ar–H,CH–),
6.75 (dd, 1H,J= 22.1, 17.3, CH–) ppm.13C{1H} NMR
(CDCl3): δ 146.1 (d,J= 3.7, CH–), 134.0 (d,J= 18.2, quat),
132.6 (d,J= 106.3,ipso-C6H5), 132.1 (s, Ar–C), 132.0 (d,
J= 2.9, Ar–C), 131.3 (d,J= 10.0, Ar–C), 129.2 (s, Ar–C),
128.6 (d,J= 12.2, Ar–C), 124.3 (s, quat), 120.1 (d,J= 103.5,

CH–) ppm.31P{1H} NMR (CDCl3): δ 23.5 (s) ppm.
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ion was quenched with a few drops of acidic methanol.
roduct was precipitated by the addition of MeOH to giv
hite solid that was washed with water and dried under
um (3.40 g). Elemental analysis (average of two samp
: 71.64, H: 6.11, P: 13.44, Cl: 4.42.31P{1H} NMR (25◦C,
DCl3): δ 29.0 (–P(O)Ph2), −3.0 (–PPh2) ppm.
Note: Due to the pyrophoric nature of secondary ph

hines, the commercially available solution of LiPP2
Aldrich) is an attractive alternative to the in situ prepa
ion of LiPPh2.

.3. Preparation of rhodium-bound oligo(vinyl
iphenylphosphine-co-vinyl diphenylphosphine
xide-co-vinyl chloride)

A round-bottomed flask was charged with oligo(vi
iphenylphosphine-co-vinyl diphenylphosphine oxide-co-
inyl chloride) (0.250 g) and chloroform (15 mL). A chl
oform solution of [Rh(cod)Cl]2 (0.270 g, 0.548 mmol) wa
dded by syringe. After stirring 4 h at 25◦C, a red/orang
recipitate formed that was collected by filtration, was
ith diethyl ether and dried under vacuum (0.365 g).

.4. General method for the addition reactions

.4.1. Solventless hydrophosphinylation with microwav
eating

A 10 mL heavy-walled glass reactor vial was char
ith diphenylphosphine oxide, magnetic stirring bar, alk

when the alkyne was a solid), and catalyst (where appr
te). After evacuating the flask and refilling with nitrogen,
.4.3. Preparation of (E)-4-(diphenylphosphinyl)-2-(3-
utenyloxy)tetrahydro-2-H-pyran (2, Table 1, entry 2)

The general procedure was followed using HP(O)2
0.050 g, 0.25 mmol), 2-(3-butynyloxy)tetrahydro-2H-
yran (38.8�L, 0.25 mmol), and [Rh(cod)Cl]2 (0.001 g
.0�mol; 4.0�mol of Rh). After irradiating for 2 min (ma
ower = 25 W; 120◦C), purification of the residue by colum
hromatography (hexanes/EtOAc) afforded 0.066 g (7
f the title compound as an oily solid. Anal. Calcd.
21H25O3P: C, 70.77; H, 7.07. Found: C: 70.45; H, 7.01.1H
MR (CDCl3): δ 7.73–7.67 (m, 4H, Ar–H), 7.55–7.43 (
H, Ar–H), 6.73 (m, 1H, CH–), 6.35 (dd, 1H,J= 23.7, 17.0
CH–), 4.59 (m, 1H, –CH–), 3.89 (m, 1H, –CH2–), 3.78 (m
H, –CH2–), 3.57–3.45 (m, 2H, –CH2–), 2.64–2.57 (m, 2H
CH2–), 1.85–1.40 (m, 6H, –CH2–) ppm. 13C{1H} NMR
CDCl3): δ 149.2 (d,J= 2.4, CH–), 133.0 (dd,J= 100.6
.4, Ar–C), 131.7 (d,J= 2.6, Ar–C), 131.3 (d,J= 10.3,
r–C), 128.4 (d,J= 12, Ar–C), 124.4 (d,J= 102.6, CP–),
8.7 (s, –CH–), 65.2 (s, –CH2–), 62.1 (s, –CH2–), 34.9 (d
= 17.0, –CH2–), 30.5 (s, –CH2–), 25.4 (s, –CH2–), 19.3 (s
CH2–) ppm.31P{1H} NMR (CDCl3) δ 22.7 (s) ppm.

.4.4. Preparation of (E)-1-(diphenylphosphinyl)-2-
errocenylethene (3, Table 1, entry 3)

The general procedure was followed using HP(O)2
0.050 g, 0.25 mmol), ethynylferrocene (0.052 g, 0.25 mm
nd (PPh3)3RhCl (0.004 g, 4.3�mol). After irradiating

or 2 min (max power = 25 W, 120◦C), purification of the
esidue by column chromatography (hexanes/EtOAc
orded 0.083 g (81%) of the title compound. The identit
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the title compound was established by comparison of the1H
and31P NMR data with literature values[6].

4.4.5. Preparation of (E)-1-(diphenylphosphinyl)-1-
heptene (4, Table 1, entry 4)

The general procedure was followed using HP(O)Ph2
(0.050 g, 0.25 mmol), 1-heptyne (32.4�L, 0.25 mmol),
and Rh-bound oligo(vinyl diphenylphosphine-co-vinyl
diphenylphosphine oxide-co-vinyl chloride) (0.008 g).
After irradiating for 7 min (max power = 25 W, 120◦C),
purification of the residue by column chromatography
(hexanes/EtOAc) afforded 0.067 g (91%) of the title com-
pound as a colorless solid. The identity and purity was
established by GC as well as1H and31P NMR spectroscopy
[26].

4.4.6. Preparation of (E)-1-(cyclohexene-1-yl)-2-
(diphenylphosphinyl)ethene (5, Table 1, entry 5)

The general procedure was followed using HP(O)Ph2
(0.050 g, 0.25 mmol), 1-ethynylcyclohexene (29.1�L,
0.25 mmol), and Rh-bound supported PPh3 (0.008 g).
After irradiating for 7 min (max power = 25 W, 120◦C),
purification of the residue by column chromatography (hex-
anes/EtOAc) afforded 0.053 g (70%) of the title compound.
The identity and purity was established by GC as well as1H
a
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e ford-
i The

identity was established by comparison of the1H and 31P
NMR data to literature values[20].

4.4.9. Preparation of 1-(4-tolyl)-1,2-ethanediyl-
bis(diphenylphosphine oxide) (8, Table 2, entry 3)

The general procedure was followed using HP(O)Ph2
(0.075 g, 0.37 mmol), 4-ethynyltoluene (15.7�l, 0.12 mmol),
and (PPh3)3RhCl (0.004g, 4.3�mol). After irradiating the
reaction for 40 min (max power = 50 W, 120◦C), the residue
was washed with a 1:1 mixture of ethyl acetate/ether and
dried under vacuum affording 0.041 g (64%) of the title com-
pound as a colorless solid. Anal. Calcd. for C33H30O2P2: C,
76.14; H, 5.81. Found: C, 75.60; H, 5.55.1H NMR (CDCl3):
δ 7.99–7.91 (m, 2H, Ar–H), 7.55–6.97 (m, 18H, Ar–H), 6.97
(d, 2H,J= 6.7, Ar–H), 6.60 (d, 2H,J= 7.8, Ar–H), 4.16 (m,
1H, –CH– or –CH2–), 3.07 (m, 1H, –CH– or –CH2–), 2.72
(m, 1H, –CH– or –CH2), 2.00 (s, 3H, –CH3) ppm.13C{1H}
NMR (CDCl3): δ 38.7 (d, J= 66.5, –PCH– or –PCH2–),
30.24 (d,J= 69.4, –PCH– or –PCH2–), 20.8 (s, –CH3) ppm.
31P{1H}NMR (CDCl3): δ 34.0 (d,J= 47.8, –P(O)Ph2), 29.0
(d, J= 47.8, –P(O)Ph2) ppm.

4.4.10. Preparation of 1-cyclohexenyl-1,2-
ethanediyl-bis(diphenylphosphine oxide) (9, Table 2,
entry 4)

Ph
(
0
A
s thyl
e ) of
t ;
H
7 m,
7
3 r
–
1 ,
–
(
o
–
p
2

4
p

Ph
( g,
0
t
r nder
v s a
c ,
5
1 H,
nd31P NMR spectroscopy[6].

.4.7. Preparation of 1-(4-bromophenyl)-1,2-
thanediyl-bis(diphenylphosphine oxide) (6, Table 2,
ntry 1)

The general procedure was followed using HP(O)2
0.075 g, 0.37 mmol), 4-ethynylbromobenzene (0.02
.12 mmol), and [Rh(cod)Cl]2 (0.001 g, 2.0�mol, 4�mol
h). After irradiating for 40 min (max power = 50 W, 120◦C),

he residue was washed with ethyl acetate and dried
er vacuum affording 0.055 g (76%) of the title compo
s a colorless solid. Anal. Calcd. for C32H27BrO2P2: C,
5.65; H, 4.65. Found: C, 65.40; H, 4.52.1H NMR (CDCl3,
9◦C):δ7.99–7.92 (m, 2H, Ar–H), 7.51–7.0 (m, 18H, Ar–H
.91–6.82 (m, 4H, Ar–H), 4.18 (m, 1H, –CH– or –CH2–),
.02 (m, 1H, –CH– or –CH2–), 2.73 (m, 1H, –CH– or –CH2–)
pm.13C{1H} NMR (CDCl3, 19◦C, low-frequency region
38.8 (d,J= 69.3, –CH– or –CH2–), 30.2 (d,J= 69.3, –CH–
r –CH2–) ppm.31P{1H} NMR (CDCl3, 19◦C): δ 33.5 (d,
= 46.8, –P(O)Ph2), 28.6 (d,J= 46.8, –P(O)Ph2) ppm.

.4.8. Preparation of 2-[1,2-bis(diphenyl-
hosphinyl)ethyl]-pyridine (7, Table 2, entry 2)

The general procedure was followed using HP(O)2
0.075 g, 0.37 mmol), 2-ethynylpyridine (12.5�l, 0.12
mol), and [Rh(cod)Cl]2 (0.001 g, 2�mol; 4�mol Rh). Af-

er irradiating the reaction for 40 min (max power = 50
20◦C), the residue was washed with a 1:1 mixture
thyl acetate/diethyl ether and dried under vacuum af

ng 0.053 g (84%) of the title compound as a tan solid.
The general procedure was followed using HP(O)2
0.075 g, 0.37 mmol), 1-ethynyl-1-cyclohexene (14.5�l,
.12 mmol), and [Rh(cod)Cl]2 (0.001 g, 2�mol; 4�mol Rh).
fter irradiating for 40 min (max power = 50 W, 120◦C), the
olid was washed with a 1:1 mixture of ethyl acetate/die
ther and dried under vacuum to afford 0.045 g (71%

he title compound. Anal. Calcd. for C32H32O2P2: C, 75.28
, 6.32. Found: C, 74.94; H, 6.24.1H NMR (CDCl3): δ

.97 (m, 2H, Ar–H), 7.70 (m, 2H, Ar–H), 7.63–7.50 (
H, Ar–H), 7.45–7.32 (m, 9H, Ar–H), 5.67 (m, 1H,CH–),
.61 (m, 1H, –CH– or –CH2–), 3.02 (m, 1H, –CH– o
CH2–), 2.55 (m, 1H, –CH– or –CH2–), 1.83 (m, 1H, –CH2–),
.63 (m, 1H, –CH2–), 1.42 (m, 1H, –CH2–), 1.13 (m, 1H
CH2–), 0.88–0.78 (m, 4H, –CH2–) ppm. 13C{1H} NMR
CDCl3; low-frequency region):δ 39.5 (d,J= 69.4, –PCH–
r –PCH2–), 29.0, (s, –CH2–), 27.5 (d,J= 70.3, –PCH– or
PCH2–), 25.2 (s, –CH2–), 22.0 (s, –CH2–), 21.1 (s, –CH2–)
pm.31P{1H}NMR (CDCl3): δ 33.8 (d,J= 49.7, –P(O)Ph2),
8.7 (d,J= 49.7, –P(O)Ph2) ppm.

.4.11. Preparation of 3-[1,2-bis(diphenylphos-
hinyl)ethyl]-pyridine (10, Table 2, entry 5)

The general procedure was followed using HP(O)2
0.075 g, 0.37 mmol), 3-ethynyl pyridine (0.013
.12 mmol), and (Ph3P)3RhCl (0.004 g, 4.3�mol). Af-

er irradiating for 40 min (max power = 50 W, 120◦C), the
esidue was washed with ethyl acetate and dried u
acuum to afford 0.055 g (88%) of the title compound a
olorless solid. Anal. Calcd. for C31H27NO2P2: C, 73.37; H
.36. Found: C, 73.36; H, 5.43.1H NMR (CDCl3): δ 8.18 (m,
H, Ar–H), 8.11–8.02 (m, 3H, Ar–H), 7.61–7.11 (m, 19
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Ar–H), 6.75 (m, 1H, Ar–H), 4.32 (m, 1H, –CH2– or –CH–),
3.12 (m, 1H, –CH2– or –CH–), 2.85 (m, 1H, –CH2– or
–CH–) ppm.13C{1H}NMR (CDCl3, low-frequency region):
δ 36.9 (d,J= 105.3, –CH2– or –CH–), 29.6 (d,J= 105.3,
–CH2– or –CH–) ppm.31P{1H} NMR (CDCl3): δ 34.1 (d,
J= 45.4, –P(O)Ph2), 28.3 (d,J= 45.4, –P(O)Ph2) ppm.

4.4.12. Preparation of 1-phenyl-1,2-ethanediyl-
bis(diphenylphosphine oxide) (11, Table 2, entry 6)

The general procedure was followed using HP(O)Ph2
(0.075 g, 0.37 mmol), phenylacetylene (13.6�L, 0.12 mmol),
and Rh-bound oligo(vinyl diphenylphosphine-co-vinyl
diphenylphosphine oxide-co-vinyl chloride) (0.008 g). After
irradiating for 40 min (max power = 50 W, 120◦C), the
residue was washed with ethyl acetate and died under
vacuum affording 0.047 g (75%) of the title compound as a
colorless solid. The identity was established by comparison
of the1H and31P NMR data to literature values[2].

4.4.13. Preparation of 1-pentyl-1,2-ethanediyl-
bis(diphenylphosphine oxide) (12, Table 2, entry 7)

The general procedure was followed using HP(O)Ph2
(0.075 g, 0.37 mmol), 1-heptyne (16.2�L, 0.12 mmol), and
Rh-bound supported triphenylphosphine (0.008 g). After ir-
radiating for 40 min (max power = 50 W, 120◦C), the residue
was purified by column chromatography (hexanes/EtOAc)
a less
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a
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mmol), and (Ph3P)3RhCl (0.004 g, 4.3�mol). After irradi-
ating for 20 min (max power = 50 W, 120◦C), purification of
the residue by column chromatography (hexanes/EtOAc) af-
forded 0.052 g (55%) of the title compound as a colorless
solid. The identity and purity was established by GC as well
as1H and31P NMR spectroscopy[28].

4.4.17. Treatment of HP(O)Ph2 with diphenylacetylene
without catalyst (Table 3, entry 4)

The general procedure was followed using new glass-
ware and a new stirring bar. The microwave reactor vial was
charged with HP(O)Ph2 (0.055 g, 0.27 mmol), and dipheny-
lacetylene (0.044 g, 0.25 mmol). After irradiating for 20 min
(max power = 50 W, 120◦C), analysis by1H and31P NMR
spectroscopy revealed only the starting materials.

4.4.18. Preparation of (E)-1,2-bis(diphenylphosphinyl)-
4-octyne (15, Table 3, entry 5)

The general procedure was followed using HP(O)Ph2
(0.05 g, 0.25 mmol), 4-octyne (18.1�L, 0.12 mmol),
and Rh-bound oligo(vinyl diphenylphosphine-co-vinyl
diphenylphosphine oxide-co-vinyl chloride) (0.008 g).
After irradiating for 20 min (max power = 50 W, 120◦C),
purification of the residue by column chromatography
(hexanes/EtOAc) afforded 0.043 g (62%) of the title com-
pound. The identity of the title compound was confirmed by
c
v
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w the
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T -box)
a s
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o f the
1

A

the
H 20).
ffording 0.043 g (70%) of the title compound as a color
olid. The identity and purity was established by GC as
s1H and31P NMR spectroscopy[26].

.4.14. Preparation of (E)-1,2-bis(diphenylphosphinyl)-
-2-butenedioic acid, dimethyl ester (13, Table 3, entry 1)

The general procedure was followed using HP(O)2
0.055 g, 0.27 mmol), 1-heptyne (12.5�L, 0.12 mmol), and
Rh(cod)Cl]2 (0.001 g, 2.0�mol; 4.0�mol Rh). After irra-
iating for 20 min (max power = 50 W, 120◦C), the residu
as purified by column chromatography (hexanes/EtO

o afford 0.049 g (73%) of the title compound. The iden
stablished by comparison of the1H and31P NMR data to

iterature values[27].

.4.15. Preparation of (E)-1,2-bis(diphenylphosphinyl)-
-2-butenedioic acid, dimethyl ester without catalyst (13,
able 3, entry 2)

The general procedure was followed using new glass
nd a new stirring bar. A round-bottomed flask was cha
ith HP(O)Ph2 (0.055 g, 0.27 mmol) and DMAD (12.5�L,
.12 mmol). After irradiating for 20 min (max power = 50
20◦C), the residue was purified by column chromatogra
hexanes/EtOAc) to afford 0.043 g (64%) of the title co
ound. The identity and purity was established by GC
ell as1H and31P NMR spectroscopy.

.4.16. Preparation of (E)-1,2-bis(diphenylphosphinyl)-
-diphenyl acetylene (14, Table 3, entry 3)

The general procedure was followed using HP(O)2
0.055 g, 0.27 mmol), diphenylacetylene (0.044 g, 0
omparison of the1H and31P{1H}NMR data with literature
alues[6].

.4.19. Treatment of HP(O)Ph2 with 4-octyne without
atalyst (Table 3, entry 6)

The general procedure was followed using new g
are and a new stirring bar. The microwave reactor
as charged with HP(O)Ph2 (0.055 g, 0.27 mmol), and
ctyne (18.1�L, 0.25 mmol). After irradiating for 20 mi
max power = 50 W, 120◦C), analysis by1H and31P NMR
pectroscopy revealed only the starting materials.

.5. Conventional heating with solid-supported catalyst

A screw-cap vial was charged with diphenylphosphine
de (0.100 g, 0.50 mmol) and catalyst (0.016 g). After sea
ith a septum, evacuating, and refilling with nitrogen,
lkyne (0.50 mmol) and toluene (2 mL) were added. W
olid alkynes were used, they were added prior to evacu
he septum was replaced by a screw-cap (in the glove
nd the reaction was stirred for 4 h at 75◦C. The toluene wa
emoved under vacuum and the residue was purified by
mn chromatography. The identity of the alkenylphosp
xides was established by GC–MS and a comparison o
H and31P NMR data to literature values[6].
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