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The addition of 4-trifluoromethyl-1-ethynylbenzene, phenylacetylene, or 4-ethynylanisole to
P-mesityldiphenylmethylenephosphine, 1, produced photoluminescent 1,2-dihydrophosphinines 4a–c,
respectively, in quantitative yield via a [4 + 2] cycloaddition. Limited reactivity was observed between 1
and non-aromatic alkynes. P-[Bis(trimethylsilyl)amino][(trimethylsilyl)methylene]phosphine, 2, and
P-mesityl[(t-butyl)(trimethylsiloxy)methylene]phosphine, 3, showed extremely limited reactivity with all
alkynes examined. The reactivity of phosphaalkenes toward terminal alkynes is compared to that of
alkenes as well as silenes and germenes.

Introduction

On the basis of the iconic Periodic Table, it is natural to compare
the reactivity of multiply bonded compounds containing
elements with the same valency, for example silenes
(R2SivCR2) and alkenes or phosphaalkenes (RPvCR2) and
imines. However, after three decades of research, it is now appar-
ent that the properties and reactivity of phosphaalkenes are more
similar to those of their carbon analogues, the alkenes, rather
than to those of imines.1 This so called “phosphorus–carbon
analogy” has been attributed to the diagonal relationship
between P and C, which focuses on the similar electronegativ-
ities of carbon (χ = 2.5) and phosphorus (χ = 2.1) rather than the
number of valence electrons.1a,b

Like alkenes, phosphaalkene chemistry plays a significant role
in synthesis and materials chemistry.1,2,3 Cycloaddition reactions
of phosphaalkenes are of particular interest since they hold much
potential for the synthesis of a wide variety of phosphorus het-
erocycles. Several cycloadditions of phosphaalkenes have been
investigated; however, the majority of work focuses on 6π elec-
tron cycloadditions and 1,3-dipolar additions.1,3 In contrast,
formal [2 + 2] cycloaddition reactions of phosphaalkenes have
not been well-studied. Although these types of reactions are ther-
mally forbidden in alkene chemistry, there have been some
reports of phosphaalkenes undergoing [2 + 2] cycloadditions,
presumably via a stepwise mechanism. A common example is
the dimerization of simple phosphaalkenes, which highlights the
increased reactivity of the PvC bond over the CvC bond.

Our group has been interested in the cycloaddition reactions
of alkynes with silenes4 and germenes5 and how the reactivity of
these heavy Group 14 analogues compares to that of alkenes.
Unlike alkenes, silenes and germenes react readily with terminal
alkynes at room temperature. Brook silenes, ((Me3Si)2SivC
(OSiMe3)R), undergo a facile, regioselective cycloaddition reac-
tion to give silacyclobutenes in high yield (Scheme 1).6 We have
found that the addition proceeds by way of a biradical interme-
diate.4a,b In contrast, naturally polarized silenes prefer to add
across the CH bond of terminal alkynes.4c Less is known about
the addition of alkynes to germenes.7 Recently, we reported that
the addition of terminal alkynes to naturally polarized germenes
gives three types of products: [2 + 2] cycloadducts, σ-adducts
from the insertion of the terminal alkynyl CH bond across the
GevC bond, and ene-adducts.5 Given the stark differences in
the reactivity of silenes and germenes compared to alkenes
towards alkynes, and the phosphorus–carbon analogy, we were
keen to explore the reactivity of alkynes with phosphaalkenes.

The reaction between phosphaalkenes and alkynes has not
been well studied: most examples reported in the literature
concern the reactivity of specialized phosphaalkenes and electron
rich alkynes, for example the addition of electron rich alkynes to
metallophosphaalkenes,8 phosphoranes,9 metal-coordinated
phosphaalkenes,10 1,2-thiaphospholes,11 or fluorinated phos-
phaalkenes (Scheme 2)12 has been examined. We were interested
in studying the reactivity of a prototypical organo-substituted
phosphaalkene with a range of terminal alkynes.

In this study, the reactivity of P-mesityldiphenylmethylene-
phosphine, 1,13 (selected as the prototypical organo-substituted

Scheme 1 Cycloaddition of Brook silenes with alkynes.

†Electronic supplementary information (ESI) available: 1H NMR
spectra for compounds 4a–c, X-ray experimental and crystallography
data for compounds 6a–c, UV-VIS and fluorescence spectra for 4a–c.
CCDC reference numbers 842629–842631. For ESI and crystallographic
data in CIF or other electronic format see DOI: 10.1039/c2dt11690a
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phosphaalkene) with a number of different alkynes has been
investigated. Both electron rich and electron deficient, aromatic
and non-aromatic, alkynes were included in the study. Phos-
phaalkene 1 contains only carbon substituents, and thus, the
PvC bond is naturally polarized, with a slight partial negative
charge on carbon. The absence of any strongly electron with-
drawing substituents leaves the PvC bond of 1 relatively elec-
tron rich. The reactivity of 1 was compared to the reactivity of
two other representative phosphaalkenes, bis(trimethylsilyl)-
amino(trimethylsilyl)methylenephosphine, 2,14 and P-mesityl
[(t-butyl)(trimethylsiloxy)]methylenephosphine, 3 (Fig. 1).15 Both
phosphaalkene 2 and 3 have substituents that greatly influence
the electronic nature of the PvC bond. Both the P-amino group
and the C-silyl group on 2 enhance the natural polarity of the
PvC bond by increasing the electron density at carbon. The C-
siloxy group on 3 diminishes the polarity of the PvC bond
through π-donation of electron density from oxygen to phos-
phorus. The reactivity of phosphaalkenes towards alkynes will
be compared to that of alkenes as well as silenes/germenes.

Results

A solution of P-mesityldiphenylmethylenephosphine, 1, and
excess aromatic alkyne (ArCuCH; Ar = p-CF3C6H4, Ph, p-
MeOC6H4) in C6D6 was heated to reflux. The reaction was mon-
itored by 1H and 31P NMR spectroscopy. In each case, a 1,2-
dihydrophosphinine, 4a–c, was obtained quantitatively
(Scheme 3). A difference was noted, however, in the reaction
times. The addition of p-CF3C6H4CuCH to 1 was complete
after 16 h, whereas the addition of PhCuCH and p-MeOC6H4-
CuCH required 4 and 6 days, respectively, to go to completion.
Although in each reaction the 1,2-dihydrophosphinine, 4a–c,
was formed as the sole addition product, purification by chrom-
atography was required to remove residual alkyne. It was
difficult to obtain samples of high purity (>95%) due to the ten-
dency of 4a–c to oxidize in air or on silica.

The structures of 1,2-dihydrophosphinines 4a–c were deter-
mined using 1H, 13C, 31P, gCOSY, 1H–13C gHSQC and gHMBC
NMR spectroscopy, and mass spectrometry. A molecular ion
consistent with a 1 : 1 (1 to alkyne) adduct was observed in the
mass spectra for all addition products.

The 31P signals of 4a–c (−27 to −26 ppm) were significantly
shifted upfield in comparison to the 31P signal of phosphaalkene
1 (234 ppm), which is consistent with a change from two-coordi-
nate phosphorus(III) to three-coordinate phosphorus(III).16 The 1H
NMR spectra of 4a–c all showed a doublet in the vinylic region
(∼6.5 ppm) with a coupling constant that ranged from 17–19 Hz,
consistent with a geminal coupling between a vinylic 1H and a
31P(III) centre.16 The presence of a vinylic 1H geminal to the
P(III) centre suggested that the terminal end of the alkyne added
to the phosphorus centre of the phosphaalkene.

The 13C NMR spectra of 4a–c showed the presence of a satu-
rated carbon adjacent to the P(III) centre; a doublet at ∼46 ppm
with a coupling constant of 11–13 Hz was observed in all
cases.16 This carbon signal showed a correlation in the 1H–13C
gHSQC spectra of 4a–c to a signal at ∼5.5 ppm in the 1H dimen-
sion, which integrated for one 1H. Thus, this 1H was situated
two bonds from the 31P(III) centre; however, there was no visible
splitting of the 1H signal due to the proximal 31P(III). In addition
to the saturated CH, the phosphorus was substituted with an
unsaturated CH and a mesityl group to give a MesP(CHvCR2)
(CHR2) moiety.

Upon close examination of the 1H NMR spectra of 4a–c, the
integration value of the signals in the aromatic region did not
correspond to the number of aromatic hydrogens present in the
starting materials; there was one less hydrogen than expected. To
account for the low integration value in the aromatic region,
along with the presence of a 1H signal on a saturated carbon next
to the 31P(III) centre, regioselective cycloaddition between phos-
phaalkene 1 and the alkyne to initially give 1,4-dihydrophosphi-
nine 5a–c, followed by a rapid isomerization via a H-transfer to
re-aromatize the fused ring was proposed (Scheme 3).

Several attempts were made to crystallize 1,2-dihydrophosphi-
nines 4a–c, but suitable crystals for X-ray analysis were not
obtained. Thus, compounds 4a–c were oxidized with elemental
sulfur to give the phosphorus(V) analogues, 6a–c (Scheme 4).

Oxidized products 6a–c were identified by IR, 1H, 13C, 31P,
gCOSY, 1H–13C gHSQC and gHMBC NMR spectroscopy, mass
spectrometry, and X-ray crystallography. As expected, the 1H

Scheme 2 Selected examples of alkyne addition to phosphaalkenes.

Fig. 1 Phosphaalkenes 1, 2, 3.

Scheme 3 Addition of aromatic alkynes to 1.
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and 13C NMR data of 6a–c were very similar to those of 4a–c.
Noticeably, the chemical shift of the 31P signal of the oxidized
structures was shifted downfield to ∼30 ppm (from −26 ppm).
Both the IR and mass spectra were consistent with the incorpor-
ation of sulfur into the structure. Crystals of 6a–c were grown by
slow diffusion of hexanes into a concentrated benzene–Et2O sol-
ution. The molecular structures of 6a–c were determined by X-
ray crystallography; a thermal ellipsoid plot of 6b is shown in
Fig. 2. The phosphorus atom lies out of the plane made by the
remaining carbon atoms of the six-membered ring, which gives
the ring a puckered conformation. The intracyclic bond angles at
phosphorus are close to 98° and the intracyclic P–C bond
lengths are between 1.79–1.86 Å. The metrics of 6a–c are com-
parable to those of other crystallographically characterized 1,2-
dihydrophosphinines.17 The stereochemistry of 6a–c was deter-
mined from the molecular structures; the P-mesityl and the C-
phenyl substituents were trans to each other in each case.

Adducts 4a–c are bright green solids whereas the oxidized
phosphorus(V) analogues, 6a–c, are colourless. 1,2-Dihydrophos-
phinines 4a–c were analyzed by UV-VIS and fluorescence spec-
troscopy. In addition to the absorption attributed to the aromatic
substituents at ∼250 nm in the UV-VIS spectra of 4a–c

(Fig. S4†), a second, lower energy absorption was observed at
∼345 nm, which was assigned to the n to π* transition. There
were no absorption bands present in the visible range, which was
puzzling given the green colour. However, excitation at the
low energy absorption (∼340 nm) gave rise to a broad emission
band for each compound between 450 and 500 nm (Fig. S5†),
which is consistent with the observed colour of the
dihydrophosphinines.

The reaction of phosphaalkene 1 with non-aromatic alkynes
(RCuCH; R = (CH2)3CH3, t-Bu, SiMe3, C(O)OMe) was also
examined. The alkyne was present in excess; solutions (C6D6)
were heated for at least 20 h, and in some cases, up to 6 days.
The reactions were monitored by 1H and 31P NMR spectroscopy.
No reaction was observed with the alkyl- and silyl-substituted
alkynes (R = (CH2)3CH3, t-Bu, SiMe3). Upon addition of
methyl propiolate (HCuCC(O)OMe), phosphaalkene 1 was
entirely consumed; however, a complex mixture of products was
formed, from which no single addition product could be
separated.

The reactivity of phosphaalkenes 2 and 3 with terminal
alkynes was also studied. Unlike phosphaalkene 1, neither 2 nor
3 have aromatic substituents on carbon, and thus, the [4 + 2]
cycloaddition pathway is not possible. Phosphaalkenes 2 and 3
were each treated with phenylacetylene, hexyne, and methyl pro-
piolate. No reactions were observed with phenylacetylene or
hexyne, even after the reaction mixtures were refluxed in C6D6.
These results are consistent with a previous report on the reactiv-
ity of 2 towards phenylacetylene.18 Methyl propiolate reacted
with 2 at room temperature; the phosphaalkene was entirely con-
sumed after 2 days. Unfortunately, like the reaction of methyl
propiolate with 1, an intractable mixture was obtained and no
single product could be isolated. Phosphaalkene 3 did not react
with methyl propiolate at room temperature; however, a complex
mixture was obtained after 5 days in refluxing C6D6.

Since phosphaalkenes 1, 2, and 3 did not appear to react with
several alkynes under thermal conditions, photochemical con-
ditions were explored. Hexane solutions of phosphaalkenes 1, 2,
or 3 were irradiated in the cold (−70 °C) at 254 nm in the pres-
ence of either phenylacetylene or hexyne. The reactions were
monitored by 31P NMR spectroscopy. After 20 h of irradiation,
no 31P-containing products were observed in any of the reac-
tions. In the case of phosphaalkene 3, a small amount of isomeri-
zation from the E-phosphaalkene to the Z-isomer was observed.

Discussion

1,2-Dihydrophosphinines, such as 4a–c, in general, are well-
known phosphorus heterocycles;19 however, the synthesis of 1,2-
dihydrophosphinines via cycloaddition between a phosphaalkene
and an alkyne has not previously been reported. Typically, 1,2-
dihydrophosphinines are synthesized from either the addition of
an organometallic reagent to the parent phosphinine or the ring-
expansion of a dihydrophosphole (Scheme 5).19,20,21 The synth-
eses of the required phosphinines and dihydrophospholes can be
challenging and/or require harsh conditions, and thus, the cyclo-
addition of an aromatic alkyne to a C-aryl substituted phos-
phaalkene represents a facile, mild route to benzo-fused 1,2-
dihydrophosphinines.

Scheme 4 Oxidation of 4a–c with sulfur.

Fig. 2 Thermal ellipsoid plot (50% probability surface) of 6b. Two
molecules of 6b were present in the asymmetric unit; the structure and
parameters are given for one of the two molecules. Hydrogen atoms are
omitted for clarity. Selected bond lengths (Å) and angles (deg): P(1)–
C(1) = 1.7937(18), P(1)–C(5) = 1.8526(19), C(1)–C(2) = 1.343(3),
C(2)–C(3) = 1.484(2), C(3)–C(4) = 1.411(2), C(4)–C(5) = 1.518(2),
C(5)–P(1)–C(1) = 97.63(8), C(4)–C(5)–P(1) = 108.77(11).
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Reactivity of phosphaalkenes with alkynes

1,2-Dihydrophosphinines 4a–c are likely derived from a formal
[4 + 2] cycloaddition followed by a H-transfer; the C-phenyl
substituted phosphaalkene acts as the 4π component and the
alkyne as the 2π component in the cycloaddition. However, the
possibility of ring expansion from an intermediate 1,2-dihydro-
phosphete (or phosphacyclobutene), as was reported in the
addition of benzophenone to a C-mesityl substituted Brook
silene,22 cannot be ruled out.

For a phosphaalkene to behave as the 4π component, there
must be some delocalization between the PvC bond and at least
one of the aromatic rings on carbon. Detailed studies of the
structure of 1 have lead to the conclusion that conjugation
between the PvC bond and C-aryl substituents is present, but of
minor importance to the stability of this phosphaalkene.23 The
conclusion has been extended to other C-aryl substituted
phosphaalkenes.24

Analogous [4 + 2] chemistry has been reported for related
heavier main group systems: the addition of an aldehyde to a C-
aryl substituted germene, dimesitylfluorenylidenegermane, gave
a 1,2-oxagermin.25 Interestingly, the fluorenylidene substituent
ensures the C-substituted aromatic ring is held coplanar to the
GevC bond. There are no reported examples involving an
alkyne.

Simple, non-aromatic 1-phosphabutadienes also undergo
[4 + 2] cycloaddition reactions upon treatment with dienophiles.26

Examples of cycloadditions between 1-phosphabutadienes and
alkynes have been reported; however, the addition products are
generally 1,4-dihydrophosphinines, rather than 1,2-dihydrophos-
phinines.26,27 Re-aromatization of the fused ring system likely
promotes the isomerization of 1,4-dihydrophosphinines 5a–c to
1,2-dihydrophosphinines 4a–c (Scheme 3) in the reactions
between phosphaalkene 1 and the aromatic alkynes.

Cycloadducts 4a–c are formed regio- and stereospecifically;
only a single diastereomer was obtained for each compound.
Although the exact factors governing the regiochemistry of
alkyne addition to phosphaalkene 1 are unclear, we note that the
dipoles of the phosphaalkene and the alkyne are aligned when
the terminal alkynyl carbon approaches the phosphorus centre.28

Most likely, steric interactions also play a role in governing the
regiochemistry of the reaction. The stereoselectivity of the reac-
tion is consistent with a concerted [4 + 2] cycloaddition followed
by a suprafacial H-transfer. Since stepwise cycloaddition mech-
anism would potentially lead to a mixture of diastereomers, the
formation of one diastereomer was taken as evidence for a con-
certed cycloaddition reaction pathway.

In carbon chemistry, a concerted [4 + 2] cycloaddition is
typically favoured when an electron rich diene interacts with an
electron deficient dienophile. Interestingly, the reaction between
phosphaalkene 1 and 4-trifluoromethyl-1-ethynylbenzene, the
aromatic alkyne with the strongest electron withdrawing group,
took the least amount of time (16 h), compared to the time
required to react with phenylacetylene (4 days) or with the (rela-
tively) electron rich 4-ethynylanisole (6 days). Thus, phos-
phaalkene 1, when acting as a diene, appears to follow similar
reactivity trends as carbon-based dienes. The enhanced reactivity
with electron deficient alkynes also provides evidence that phos-
phaalkene 1 is electron rich and that conjugation between the
PvC bond and at least one C–Ph substituent is present.23 With
this analysis, it is not surprising then that there was no reaction
observed with the aliphatic alkynes since alkyl groups are
known to be electron donating.

Methyl propiolate, an electron deficient alkyne, reacted with
phosphaalkene 1; however, the reaction was not clean. The pres-
ence of the ester functionality in methyl propiolate, in addition
to the CuC triple bond, likely leads to side reactions between
the phosphaalkene and the carbonyl group.

Phosphaalkenes 2 and 3 showed limited reactivity towards
alkynes. Neither phosphaalkene reacted with phenylacetylene or
hexyne and only complex product mixtures were formed upon
treatment with methyl propiolate. In the absence of an C-aryl
substituent, the [4 + 2] cycloaddition pathway is unavailable
and, without this reaction pathway, it appears that phosphaalk-
enes do not readily react with alkynes, which is consistent with a
thermally forbidden [2 + 2] cycloaddition. The electronic nature
of the substituents on the phosphaalkene did not have any sig-
nificant influence on the reactivity of these phosphaalkenes.

Once again, phosphaalkenes mimic the chemistry of alkenes
more so than silenes in terms of their reactivity towards alkynes.
In alkene chemistry, [2πs + 2πs] cycloaddition reactions are ther-
mally forbidden;29 the same reaction appears to be thermally for-
bidden in phosphaalkene chemistry as evidenced by the lack of
[2 + 2] cycloaddition between phosphaalkenes 1–3 and the term-
inal alkynes. The previously reported examples of formal [2 + 2]
cycloadditions between phosphaalkenes and alkynes all involved
electron rich–electron poor combinations of reagents,8,10 which
likely promoted stepwise addition mechanisms. In contrast, the
[2 + 2] cycloaddition of alkynes to the relatively non-polar
Brook silenes occurs readily to give a silacyclobutene4a,b,6 and
naturally polarized silenes add readily across the CH bond of
terminal alkynes.4c In general, silenes appear to be more reactive
than phosphaalkenes.3,6,30 On the other hand, [4πs + 2πs] cyclo-
addition reactions are thermally allowed in carbon chemistry.
The preference for phosphaalkenes to undergo [4 + 2] rather
than [2 + 2] cycloaddition reactions suggests that the [4 + 2]
pathway is lower in energy than a stepwise [2 + 2] pathway. The
observed reactivity of phosphaalkenes 1–3 with alkynes provides
further support for the diagonal relationship between the chem-
istry of low valent phosphorus and carbon compounds.1

Under photochemical conditions, a [2πs + 2πs] cycloaddition
of alkenes is symmetry allowed. Since phosphaalkenes 1–3
appear to behave in a similar manner to alkenes, alkyne cyclo-
addition may be achieved through excitation of the PvC bond.
Unfortunately, this was not observed. E/Z isomerization of the
PvC bond in phosphaalkene 3 was observed providing evidence

Scheme 5 Typical routes to 1,2-dihydrophosphinines.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 3294–3301 | 3297
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that the PvC bond was indeed being excited; however, the
excited state may have an extremely short lifetime making reac-
tion with the alkyne unlikely. Under the conditions examined, an
excited state may not have been achieved with phosphaalkenes
1 and 2.

Properties of 1,2-dihydrophosphinines 4a–c

Based on the UV-VIS spectral data, the central six-membered
ring and the fused aromatic ring of 1,2-dihydrophosphinines
4a–c are conjugated. π-Conjugated organophosphorus derivatives
are of current interest due to their interesting optical and elec-
tronic properties.31 Phospholes, in particular, have been investi-
gated extensively in the development of new materials for solar
cells and organic light emitting diodes.32 In contrast to pyrroles,
phospholes do not exhibit a high degree of aromaticity. The lone
pair does not interact with the π-system very efficiently since
phosphorus has a much higher barrier for planarization than
nitrogen. The small amount of aromatic character that is present
in phospholes arises from hyperconjugation between the exocyc-
lic P–R σ-bond and the π-system. Phospholes also have a high
electron affinity, similar to that of siloles. The combination of
low aromaticity, σ–π hyperconjugation, and high electron affinity
separates phospholes from both pyrroles and thiophenes in terms
of optical and electronic properties, which makes them desirable
as materials in various photonic applications.

Other types of phosphorus-containing ring systems, such as
phosphinines and 1,2-dihydrophosphinines, have not been
studied to the same extent as phospholes with respect to their
potential for use in π-conjugated materials. Like phospholes,
1,2-dihydrophosphinines 4a–c are photoluminescent; absorption
of light in the UV range gives rise to emission in the visible
range at ∼450 nm. In general, 1,2-dihydrophosphinines are not
photoluminescent;19 however, the additional π-conjugation from
the fused aromatic ring appears to significantly influence the
photoluminescent properties in 4a–c. The phosphorus(III) centre,
in addition to the extended conjugated π-system, apparently
plays an important role in the photoluminescence of 4a–c since
the corresponding phosphine sulfides 6a–c are colourless.
Although it has not been determined whether there is any σ–π
hyperconjugation between the exocyclic P–Mes bond and the
cyclic diene moiety, it seems likely that σ–π hyperconjugation is
present in 4a–c since modification of the geometry at P, through
oxidation, affects the emission. A crystal structure of the P(III)
derivative is needed to give insight into the geometry at phos-
phorus in 4a–c. The emissive behaviour of these systems is inter-
esting. The preparation of 4a–c is simple and could easily be
performed on a large scale, which may promote future interest in
these systems; however, a larger substituent on phosphorus will
be required to prevent oxidation under ambient conditions.

Conclusions

We have examined the addition of simple alkynes to three differ-
ent phosphaalkenes (1, 2, 3) under thermal and photochemical
conditions. Luminescent 1,2-dihydrophosphinines 4a–c were
formed quantitatively when 4-trifluoromethyl-1-ethynylbenzene,
phenylacetylene, or 4-ethynylanisole was added to MesPvCPh2

(1) although isolated yields are only moderate due to oxidation
at the P(III) centre upon chromatography. Phosphaalkene 1 can
be produced readily in large quantities, is easy to handle, and is
stable under an inert atmosphere for extended periods of time.
Furthermore, several phenyl-substituted derivatives of 1 can be
synthesized in good yield,13b and thus, the addition of alkynes to
phosphaalkenes may offer a simple, direct route to a variety 1,2-
dihydrophosphinines from readily available starting materials.

Phosphaalkene 1 acts as the 4π component in the cyclo-
addition reactions with aromatic terminal alkynes, through the
use of the C-phenyl substituent, to yield bicyclic phosphorus het-
erocycles. The addition of a number of aliphatic alkynes to 1
was also attempted; however, no products were observed or iso-
lated. Phosphaalkenes 2 and 3 showed very little reactivity
towards terminal alkynes and no reaction was observed upon
irradiation of any of the phosphaalkenes (1, 2, or 3) with phenyl-
acetylene or hexyne.

The general lack of reactivity with terminal alkynes empha-
sizes that phosphaalkenes do indeed mimic alkenes in terms of
their cycloaddition chemistry. Regardless of the polarity of the
phosphaalkene examined, [2 + 2] cycloaddition with aromatic/
aliphatic terminal alkynes does not appear to be a favoured
reaction.

Experimental

General experimental details

All reactions were carried out under an inert atmosphere (argon)
in flame-dried NMR tubes. The C6D6 was distilled from LiAlH4,
degassed prior to use, and then stored over 4 Å molecular sieves.
Hexanes and dichloromethane were dried using a solvent purifi-
cation system (Innovative Technologies Inc., Newburyport, Mas-
sachusetts) in which the solvent was passed through an alumina-
packed column. Phenylacetylene, 4-trifluoromethyl-1-ethynyl-
benzene, 4-ethynylanisole, hexyne, t-butylacetylene, trimethyl-
silylacetylene, and methyl propiolate were purchased from the
Aldrich Chemical Co. and stored over 4 Å molecular sieves. P-
Mesityldiphenylmethylenephosphine, 1,13b P-[bis(trimethylsilyl)
amino][(trimethylsilyl)methylene]phosphine, 2,14 and P-mesityl
[(t-butyl)(trimethylsiloxy)methylene]phosphine, 3,15 were pre-
pared according to reported procedures.

The NMR spectra were recorded on a Varian Mercury 400,
Inova 400 or Inova 600 spectrometer. The internal NMR stan-
dards used were residual C6D5H (7.15 ppm) for 1H NMR
spectra and the central signal of C6D6 (128.00 ppm) for 13C
NMR spectra. An external standard of 85% H3PO4 (0 ppm) was
used for the 31P NMR spectra and C6F6 (−164.9 ppm) was used
for the 19F NMR spectra. Electron impact mass spectra were
obtained using a MAT model 8400 mass spectrometer using an
ionizing voltage of 70 eV. Mass spectral data are reported in
mass-to-charge units, m/z. IR spectra were recorded (cm−1) from
thin films on a Bruker Tensor 27 FT-IR spectrometer.

General procedure for the addition of aromatic alkynes to
phosphaalkene 1

A solution of phosphaalkene (100 mg, 0.3 mmol) and excess
alkyne in C6D6 (1.5 mL) was heated to reflux. The reaction was
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monitored by 1H and 31P NMR spectroscopy. Phosphaalkene 1
was completely consumed after 20 h, 4 days, or 6 days of
heating with 4-trifluoromethyl-1-ethynylbenzene, phenylacety-
lene, or 4-ethynylanisole, respectively. Upon completion of the
reaction, the solvent and excess alkyne were removed under
vacuum. The crude products were sticky yellow solids. Prepara-
tive thin-layer chromatography was performed to purify the
crude products (silica gel, 1 : 1 CH2Cl2–hexanes) yielding 1,2-
dihydrophosphinine 4a–c (23–33% isolated yields) as bright
green waxy solids. Compounds 4a–c oxidized slowly in air and
upon adsorption to silica, and thus, it was difficult to obtain
samples of high purity (>95%). The products were stored under
nitrogen to prevent further oxidation.

4a: green waxy solid; UV-VIS (THF): λmax = 344 nm, λem =
449, 476 nm; 1H NMR (C6D6) δ 1.93 (s, 3 H, Mes p-CH̲3), 2.47
(s, 6 H, Mes o-CH ̲3), 5.53 (br s, 1 H, P–CH ̲Ph), 6.43 (d, JPC =
17 Hz, 1 H, P–CH ̲vCAr), 6.58 (br s, 2 H, Mes–H̲), 6.87–6.90
(m, 3 H, Bi–Ar 2/3/4-H ̲), 6.95–6.97 (m, 1 H, Ph p-H ̲), 7.02–7.06
(m, 3 H, Ph m-H/Bi–Ar 1-H ̲), 7.11–7.12 (m, 2 H, Ar o-H ̲),
7.33–7.35 (m, 4 H, Ph o-H ̲/Ar m-H ̲); 13C NMR (C6D6) δ 20.85
(Mes p-C ̲H3), 24.14 (d, JPC = 16 Hz, Mes o-C ̲H3), 45.90 (d, JPC
= 12 Hz, P–C ̲HPh), 125.07 (q, JFC = 270 Hz, C ̲F3), 125.61 (q,
JFC = 4.0 Hz, Ar m-C ̲), 126.63 (d, JPC = 21 Hz, Mes i-C ̲),
126.91 (Bi-Ar 3-C̲), 126.96 (d, JPC = 2.9 Hz, Ph p-C ̲), 128.133
(Bi-Ar 4-C ̲), 128.53 (Bi-Ar 2-C ̲), 128.65 (d, JPC = 5.7 Hz, Bi-Ar
1-C ̲), 128.79 (Ph m-C ̲), 128.89 (d, JPC = 2.9 Hz, Ar o-C ̲), 129.30
(q, JFC = 18 Hz, Ar p-C ̲), 130.21 (d, JPC = 3.9 Hz, Mes m-C ̲),
130.40 (d, JPC = 8.6 Hz, Ph o-C ̲), 132.78 (d, JPC = 19 Hz,
P–C̲HvCAr), 136.20 (d, JPC = 2.9 Hz, PCH–CvC ̲Ar), 138.33
(d, JPC = 13 Hz, PCHPh–C ̲vC), 139.90 (Mes p-C ̲), 140.42 (d,
JPC = 12 Hz, Ph i-C ̲), 142.90 (d, JPC = 12 Hz, P–CHvC ̲Ar),
145.66 (d, JPC = 15 Hz, Mes o-C ̲), 146.65 (Ar i-C ̲); 31P NMR
(C6D6) δ −26.0; 19F NMR (C6D6) δ −62.1; High-Resolution
EI-MS for C31H26PF3 m/z calcd 486.1724, found 486.1716.

4b: green waxy solid; UV-VIS (THF): λmax = 336 nm, λem =
449, 478 nm; 1H NMR (C6D6) δ 1.92 (s, 3 H, Mes p-CH̲3), 2.48
(s, 6 H, Mes o-CH ̲3), 5.56 (br s, 1 H, P–CH ̲Ph), 6.52 (d, JPH =
19 Hz, 1 H, P–CH ̲vCAr), 6.57 (br s, 2 H, Mes–H̲), 6.87–6.88
(m, 2 H, Bi-Ar 2/4-H ̲), 6.95 (t, J = 7.5 Hz, 1 H, Ph p-H ̲),
7.02–7.05 (m, 3 H, Ph m-H ̲/Bi–Ar 1-H ̲), 7.10–7.13 (m, 1 H, Ar
p-H ̲), 7.15–7.18 (m, 3 H, Bi–Ar 3-H ̲/Ar m-H ̲), 7.32–7.34 (m, 2
H, Ar m-H ̲), 7.36 (d, J = 8.4 Hz, 2 H, Ph o-H ̲); 13C NMR
(C6D6) δ 20.86 (Mes p-C ̲H3), 24.16 (d, JPC = 17 Hz, Mes o-
C ̲H3), 45.99 (d, JPC = 11 Hz, P–C ̲HPh), 126.77 (Ph p-C ̲), 126.80
(Bi–Ar 4 or 2-C ̲), 127.18 (d, JPC = 22 Hz, Mes i-C ̲), 127.43 (Ar
p-C ̲), 128.30, 128.50, 128.53, 128.66, 128.68, 128.70 (Ph m-C ̲/
Bi–Ar 1 and 3-C ̲/Bi–Ar 2 or 4-C̲/Ar o- and m-C ̲), 130.13 (d, JPC
= 3.5 Hz, Mes m-C ̲), 130.42 (d, JPC = 8.0 Hz, Ph o-C ̲), 130.69
(d, JPC = 18 Hz, P–C ̲HvCAr), 136.89 (d, JPC = 3.5 Hz,
PCHPh–CvC ̲), 138.38 (d, JPC = 13 Hz, PCHPh–C ̲vC), 139.56
(Mes p-C ̲), 140.82 (d, JPC = 11 Hz, Ph i-C ̲), 143.32 (d, JPC = 2.3
Hz, Ar i-C ̲), 144.43 (d, JPC = 10 Hz, P–CHvC ̲Ar), 145.68 (d,
JPC = 16 Hz, Mes o-C ̲); 31P NMR (C6D6) δ −27.0; High-Resol-
ution EI-MS for C30H27P m/z calcd 418.1850, found 418.1844.

4c: green waxy solid; UV-VIS (THF): λmax = 344 nm, λem =
467 nm; 1H NMR (C6D6) δ 1.93 (s, 3 H, Mes p-CH ̲3), 2.52 (s, 6
H, Mes o-CH3̲), 3.33 (s, 3 H, OCH ̲3), 5.58 (br s, 1 H, P–CH ̲Ph),
6.53 (d, JPH = 18 Hz, 1 H, P–CH ̲vCAr), 6.58 (br s, 2 H, Mes–
H ̲), 6.78–6.80 (m, 2 H, Ar m-H̲), 6.89–7.00 (m, 3 H, Ph p-H ̲/Bi–

Ar 2- and 3-H ̲), 7.03–7.06 (m, 3 H, Ph m-H ̲/Bi–Ar 1-H ̲),
7.26–7.28 (m, 3 H, Bi–Ar 4-H ̲/Ar o-H ̲), 7.38 (d, J = 7.8 Hz, 2
H, Ph o-H ̲); 13C NMR (C6D6) δ 20.85 (Mes p-C ̲H3), 24.18 (d,
JPC = 17 Hz, Mes o-C ̲H3), 46.04 (d, JPC = 13 Hz, P–C ̲HPh),
54.82 (OC ̲H3), 114.18 (Ar m-C ̲), 126.76 (Ph p-C ̲), 127.38 (d,
JPC = 23 Hz, Mes i-C ̲), 128.27–128.29 (Bi–Ar 2/3-C ̲),
128.50–128.54 (Bi–Ar 1/4-C ̲), 128.68 (Ph m-C ̲), 129.50 (d, JPC
= 18 Hz, P–C ̲HvCAr), 129.81 (d, JPC = 3.5 Hz, Ar o-C ̲),
130.15 (d, JPC = 4.7 Hz, Mes m-C ̲), 130.43 (d, JPC = 9.2 Hz, Ph
o-C ̲), 135.64 (d, JPC = 3.5 Hz, Ar i-C ̲), 137.12 (d, JPC = 3.5 Hz,
PCHPh–CvC ̲), 138.55 (d, JPC = 12 Hz, PCHPh–C ̲vC), 139.50
(Mes p-C ̲), 140.89 (d, JPC = 11 Hz, Ph i-C ̲), 144.10 (d, JPC = 10
Hz, P–CHvC̲Ar), 145.69 (d, JPC = 15 Hz, Mes o-C ̲), 159.59
(Ar p-C); 31P NMR (C6D6) δ −27.3; High-Resolution EI-MS for
C31H29PO m/z calcd 448.1956, found 448.1966.

Oxidation of 1,2-dihydrophosphinine 4a–c with sulfur

Sulfur powder (25 mg, 0.75 mmol) was added to a solution of
4a–c34 (0.3 mmol)35 in dichloromethane (3 mL) at room temp-
erature. The reaction mixture was allowed to stir overnight. The
excess sulfur powder was removed by filtration and the product
mixture was purified by preparative thin-layer chromatography
(silica gel, 9 : 1 hexanes–acetone). 1,2-Dihydrophosphinine
sulfides 6a–c were obtained as white solids (20–23% isolated
yields). Compounds 6a–c were contaminated with a small
amount of the corresponding phosphinine oxides. Colourless
crystals were grown by the slow diffusion of hexanes into an
ether–benzene solution of 6a–c and the molecular structures
were determined by X-ray crystallography.

6a: colourless solid; IR cm−1 701 (m), 739 (s, PvS), 824 (w),
1018 (w), 1067 (m), 1128 (m), 1168 (m), 1265 (m), 1323 (s),
1407 (w), 1451 (w), 1605 (w), 2850 (w), 2919 (w), 3052 (w);
1H NMR (C6D6) δ 1.79 (s, 3 H, Mes p-CH̲3), 2.64 (br s, 6 H,
Mes o-CH3̲), 5.17 (d, JPH = 14 Hz, 1 H, P–CH ̲Ph), 6.03 (d, JPH
= 15 Hz, 1 H, P–CH ̲vCAr), 6.43 (d, JPH = 3.6 Hz, 2 H, Mes–
H ̲), 6.63–6.69 (m, 3 H, Bi–Ar 2/3/4-H ̲), 6.74–6.75 (m, 1 H, Bi–
Ar 1-H ̲), 7.07–7.10 (m, 3 H, Ar o-H ̲/Ph p-H ̲), 7.22 (t, J = 7.5
Hz, 2 H, Ph m-H̲), 7.29–7.31 (m, 2 H, Ar m-H ̲), 7.56 (d, J = 7.8
Hz, 2 H, Ph o-H ̲); 13C NMR (C6D6) δ 20.54 (Mes p-C ̲H3), 24.73
(Mes o-C ̲H3), 50.10 (d, JPC = 47 Hz, P–C ̲HPh), 124.75 (q, JFC =
270 Hz, C ̲F3), 125.54 (d, JPC = 73 Hz, P–C̲HvCAr), 125.86 (q,
JFC = 3.5 Hz, Ar m-C ̲), 127.62 (d, JPC = 3.5 Hz, Ph p-C ̲),
128.133 (Ph m-C ̲), 128.233 (Bi–Ar 3-C ̲), 128.52 (d, JPC = 3.3 Hz,
Bi–Ar 4-C ̲), 128.633 (d, JPC = 90 Hz,36 Mes i-C ̲), 128.84 (Ar o-
C ̲), 129.72 (Bi–Ar 2-C ̲), 130.44 (d, JPC = 4.7 Hz, Ph o-C ̲),
130.75 (q, JFC = 32 Hz, Ar p-C), 130.87 (d, JPC = 8.1 Hz, Bi–Ar
1-C ̲), 131.49 (d, JPC = 12 Hz, Mes m-C ̲), 133.97 (d, JPC = 4.7
Hz, Ph i-C ̲), 134.46 (d, JPC = 14 Hz, PCHPh–CvC ̲), 136.03 (d,
JPC = 5.7 Hz, PCHPh–C̲vC), 140.09 (d, JPC = 2.4 Hz, Mes p-
C ̲), 140.63 (d, JPC = 9.2 Hz, Mes o-C ̲), 143.28 (d, JPC = 15 Hz,
Ar i-C ̲), 147.04 (P-CHvC ̲Ar); 31P NMR (C6D6) δ 30.0; 19F
NMR (C6D6) δ −62.4; High-Resolution EI-MS for C31H26F3PS
m/z calcd 518.1445, found 518.1435.

6b: colourless solid; IR cm−1 685 (m), 698 (s, PvS), 735
(m), 780 (m), 850 (w), 1031 (w), 1076 (w), 1266 (w), 1444 (m),
1494 (m), 1556 (w), 1603 (m), 2922 (w), 3028 (w), 3058 (w);
1H NMR (C6D6) δ 1.78 (s, 3 H, Mes p-CH̲3), 2.69 (br s, 6 H,
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Mes o-CH ̲3), 5.19 (d, JPH = 15 Hz, 1 H, P–CH ̲Ph), 6.11 (d, JPH
= 17 Hz, 1 H, P–CH ̲vCAr), 6.42 (d, JPH = 3.0 Hz, 2 H, Mes–
H ̲), 6.62–6.66 (m, 2 H, Bi–Ar 2/3-H ̲), 6.76 (d, J = 6.0 Hz, 1 H,
Bi–Ar 1-H ̲), 6.93 (d, J = 9.0 Hz, 1 H, Bi–Ar 4-H̲), 7.05 (t, J =
7.2 Hz, 1 H, Ph p-H ̲), 7.10–7.14 (m, 3 H, Ar m,p-H), 7.19 (t, J =
7.2 Hz, 2 H, Ph m-H ̲), 7.28 (d, J = 6.6 Hz, 2 H, Ar o-H ̲), 7.64
(d, J = 7.2 Hz, 2 H, Ph o-H ̲); 13C NMR (C6D6) δ 20.53 (Mes p-
C ̲H3), 24.68 (Mes o-C ̲H3), 50.18 (d, JPC = 48 Hz, P–C ̲HPh),
123.80 (d, JPC = 75 Hz, P–C ̲HvCAr), 127.45 (d, JPC = 2.9 Hz,
Ph p-C ̲), 128.033 (Bi–Ar 3-C ̲), 128.133 (Ph m-C), 128.64 (Ar o-
C ̲), 128.91 (Bi–Ar 4-C ̲), 128.94 (Ar m-C), 129.01 (Ar p-C ̲),
129.10 (d, JPC = 81 Hz, Mes i-C ̲), 129.41 (Bi–Ar 2-C ̲), 130.51
(d, JPC = 5.0 Hz, Ph o-C ̲), 130.75 (d, JPC = 8.7 Hz, Bi–Ar 1-C ̲),
131.43 (d, JPC = 11 Hz, Mes m-C ̲), 134.25 (d, JPC = 3.9 Hz, Ph
i-C ̲), 135.21 (d, JPC = 14 Hz, PCHPh–CvC ̲), 136.19 (d, JPC =
5.7 Hz, PCHPh–C ̲vC), 139.78 (d, JPC = 3.0 Hz, Mes p-C ̲),
139.96 (d, JPC = 14 Hz, Ar i-C ̲), 140.63 (d, JPC = 9.6 Hz, Mes
o-C ̲), 148.78 (P–CHvC ̲Ar); 31P NMR (C6D6) δ 30.3; High-Res-
olution EI-MS for C30H27PS m/z, calcd 450.1571, found
450.1560.

6c: colourless solid; IR cm−1 670 (s), 695 (s), 735 (s), 778
(m), 812 (m), 933 (w) 1031 (s), 1178 (s), 1253 (s), 1292 (m),
1331 (m), 1376 (w), 1411 (w), 1451 (m), 1510 (s), 1552 (w),
1606 (s), 2837 (w), 2929 (w), 2964 (w), 3033 (w); 1H NMR
(C6D6) δ 1.79 (s, 3 H, Mes p-CH ̲3), 2.72 (br s, 6 H, Mes o-
CH3̲), 3.32 (s, 3 H, OCH3), 5.20 (d, JPH = 14 Hz, 1 H,
P–CH ̲Ph), 6.09 (dd, JPH = 16 Hz, J = 1.8 Hz, 1 H,
P–CH ̲vCAr), 6.44 (d, JPH = 3.6 Hz, 2 H, Mes–H ̲), 6.65 (t, J =
7.5 Hz, 1 H, Bi–Ar 2-H ̲), 6.70 (t, J = 7.5 Hz, 1 H, Bi–Ar 3-H ̲),
6.72–6.75 (m, 2 H, Ar m-H ̲), 6.76–6.78 (m, 1 H, Bi–Ar 1-H ̲),
7.03–7.07 (m, 2 H, Bi–Ar 4-H ̲/Ph p-H ̲) 7.20–7.24 (m, 4 H, Ph
m-H̲/Ar o-H ̲), 7.66 (d, J = 7.8 Hz, 2 H, Ph o-H ̲); 13C NMR
(C6D6) δ 20.54 (Mes p-C ̲H3), 24.69 (Mes o-C ̲H3), 50.19 (d, JPC
= 48 Hz, P–C ̲HPh), 54.92 (OC ̲H3), 114.50 (Ar m-C ̲), 122.09 (d,
JPC = 76 Hz, P–C ̲HvCAr), 127.41 (d, JPC = 3.5 Hz, Ph p-C ̲),
127.92 (Bi–Ar 3-C ̲), 128.033 (Ph m-C ̲), 128.97 (d, JPC = 2.4 Hz,
Bi–Ar 4-C ̲), 129.31 (d, JPC = 79 Hz, Mes i-C ̲), 129.37 (Bi–Ar
2-C ̲), 130.01 (Ar o-C ̲), 130.53 (d, JPC = 4.5 Hz, Ph o-C ̲), 130.77
(d, JPC = 9.2 Hz, Bi–Ar 1-C ̲), 131.43 (d, JPC = 10 Hz, Mes
m-C ̲), 132.00 (d, JPC = 15 Hz, Ar i-C ̲), 134.33 (d, JPC = 4.7 Hz,
Ph i-C), 135.41 (d, JPC = 14 Hz, PCHPh–CvC ̲), 136.35,
(d, JPC = 5.7 Hz, PCHPh–C ̲vC), 139.71 (d, JPC = 2.3 Hz,
Mes p-C ̲), 140.59 (d, JPC = 10 Hz, Mes o-C ̲), 148.65
(P–CHvC ̲Ar), 160.87 (Ar p-C ̲); 31P NMR (C6D6) δ 30.4; High-
Resolution EI-MS for C31H29OPS m/z calcd 480.1677, found
480.1666.

General procedure for the addition of alkynes to
phosphaalkenes 1, 2, and 3

A solution of phosphaalkene (0.3 mmol) and excess alkyne in
C6D6 (1.5 mL) was heated to reflux. The reaction was monitored
by 1H and 31P NMR spectroscopy. There was never any indi-
cation of reaction, except for when methyl propiolate was used.
In that case, the solvent was removed by rotary evaporation
yielding a yellow residue. Chromatographic separation of the
crude product was attempted; however, no single compound was
isolated.

General procedure for the addition of alkynes to
phosphaalkenes 1, 2, and 3 under photochemical conditions

A solution of phosphaalkene (0.3 mmol) and excess alkyne in
hexanes (1.5 mL) was irradiated at 254 nm in the cold (−70 °C)
for 20 h using a Rayonet Photochemical Reactor. The choice of
irradiation wavelength was made upon examination of the
UV-VIS absorption data of the phosphaalkenes. The lowest
energy absorptions were assigned to π to π* transitions: 1
324 nm,13b 2 280 nm (this work), 3 310 nm.37 The reaction was
monitored by 31P NMR spectroscopy. The 31P signal for the
phosphaalkene (1–3) was unchanged and no new signals were
observed.

Notes and references

1 (a) F. Mathey, Acc. Chem. Res., 1992, 25, 90; (b) K. B. Dillon, F. Mathey
and J. F. Nixon, Phosphorus: The Carbon Copy, John Wiley & Sons,
New York, 1998; (c) F. Mathey, Angew. Chem., Int. Ed., 2003, 42, 1578;
(d) D. Gates, Top. Curr. Chem., 2005, 250, 107.

2 (a) J. E. Mark, H. R. Allcock and R. West, Inorganic Polymers, Oxford
University Press, Oxford, 2005; (b) I. Manners, Angew. Chem., Int. Ed.
Engl., 1996, 35, 1602; (c) I. Manners, Angew. Chem., Int. Ed., 2007, 46,
1565.

3 For additional reviews on phosphaalkene reactivity see: (a) R. Appel,
F. Knoll and I. Ruppert, Angew. Chem., Int. Ed. Engl., 1981, 20, 731;
(b) O. J. Scherer, Angew. Chem., Int. Ed. Engl., 1985, 24, 924;
(c) L. N. Markovskii and V. D. Romanenko, Tetrahedron, 1989, 45,
6019; (d) J. F. Nixon, Chem. Rev., 1988, 88, 1327; (e) R. Appel and
F. Knoll, Adv. Inorg. Chem., 1989, 33, 259; (f ) R. Appel, in Multiple
Bonds and Low Coordination in Phosphorus Chemistry, ed. M. Regitz,
O. J. Scherer, Thieme, Stuttgart, 1990, p. 157; (g) A. C. Gaumont and J.
M. Denis, Chem. Rev., 1994, 94, 1413; (h) L. Weber, Angew. Chem., Int.
Ed. Engl., 1996, 35, 271; (i) M. Yoshifuji, J. Chem. Soc., Dalton Trans.,
1998, 3343; ( j) L. Weber, Eur. J. Inorg. Chem., 2000, 2425.

4 (a) K. K. Milnes, M. C. Jennings and K. M. Baines, J. Am. Chem. Soc.,
2006, 128, 2491; (b) K. K. Milnes and K. M. Baines, Can. J. Chem.,
2009, 87, 307; (c) K. K. Milnes, L. C. Pavelka and K. M. Baines, Orga-
nometallics, 2010, 29, 5972.

5 L. C. Pavelka and K. M. Baines, Organometallics, 2011, 30, 2261.
6 For reviews on silene reactivity see: (a) L. E. Gusel’nikov and N.
S. Nametkin, Chem. Rev., 1979, 79, 529; (b) N. Wiberg, J. Organomet.
Chem., 1984, 273, 141; (c) G. Raabe and J. Michl, Chem. Rev., 1985, 85,
419; (d) A. G. Brook and K. M. Baines, Adv. Organomet. Chem., 1986,
25, 1; (e) A. G. Brook and M. A. Brook, Adv. Organomet. Chem., 1996,
39, 71; (f ) T. Müller, W. Ziche and N. Auner, in The Chemistry of
Organosilicon Compounds, ed. Z. Rappoport, Y. Apeloig, Wiley & Sons,
New York, 1998, vol. 2, ch. 16; (g) T. L. Morkin, T. R. Owens and
W. J. Leigh, in The Chemistry of Organic Silicon Compounds ed.
Z. Rappoport, Y. Apeloig, Wiley & Sons, New York, 2001, vol. 3, ch. 17;
(h) T. L. Morkin and W. J. Leigh, Acc. Chem. Res., 2001, 34, 129.

7 For reviews on germene reactivity see: (a) N. Wiberg, J. Organomet.
Chem., 1984, 273, 141; (b) J. Barrau, J. Escudié and J. Satgé,
Chem. Rev., 1990, 90, 283; (c) K. M. Baines and W. G. Stibbs, Adv.
Organomet. Chem., 1996, 39, 275; (d) J. Escudie, C. Couret and
H. Ranaivonjatovo, Coord. Chem. Rev., 1998, 178–180, 565;
(e) N. Tokitoh and R. Okazaki, in The Chemistry of Organic Germanium,
Tin and Lead Compounds ed. Z. Rappoport and Y. Apeloig, Wiley &
Sons, New York, 2002, vol. 2, ch. 13; (f ) V. Ya. Lee and A. Sekiguchi,
Organometallics, 2004, 23, 2822.

8 (a) L. Weber and A. Rühlicke, J. Organomet. Chem., 1994, 470, C1;
(b) L. Weber, O. Kaminski, H.-G. Stammler, B. Neumann and R. Boese,
Z. Naturforsch. B, 1994, 49, 1693; (c) L. Weber, O. Kaminski,
A. Rühlicke, B. Quasdorff, H.-G. Stammler and B. Neumann,
Organometallics, 1996, 15, 123; (d) L. Weber, Coord. Chem. Rev., 2005,
249, 741.

9 B. A. Boyd, R. J. Thoma and R. H. Neilson, Tetrahedron Lett., 1987, 28,
6121.

10 A. Marinetti and F. Mathey, J. Chem. Soc., Chem. Commun., 1990, 153.
11 J. Dietz, J. Renner, U. Bergsträßer, P. Binger and M. Regitz, Eur. J. Org.

Chem., 2003, 512.

3300 | Dalton Trans., 2012, 41, 3294–3301 This journal is © The Royal Society of Chemistry 2012

Pu
bl

is
he

d 
on

 3
0 

Ja
nu

ar
y 

20
12

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Pr
in

ce
 E

dw
ar

d 
Is

la
nd

 o
n 

22
/1

0/
20

14
 0

5:
12

:3
4.

 
View Article Online

http://dx.doi.org/10.1039/c2dt11690a


12 J. Grobe and D. LeVan, J. Fluorine Chem., 2004, 125, 801.
13 (a) Th. C. Klebach, R. Lourens and F. Bickelhaupt, J. Am. Chem. Soc.,

1978, 100, 4886; (b) M. Yam, J. H. Chong, C.-W. Tsang, B. O. Patrick,
A. E. Lam and D. P. Gates, Inorg. Chem., 2006, 45, 5225.

14 R. H. Neilson, Inorg. Chem., 1981, 20, 1679.
15 G. Becker, Z. Anorg. Allg. Chem., 1976, 423, 242.
16 L. D. Quin, A Guide to Organophosphorus Chemistry, Wiley & Sons,

New York, 2000.
17 E. Fuchs, B. Breit, U. Bergsträber, J. Hoffmann, H. Heydt and M. Regitz,

Synthesis, 1991, 1099.
18 C. M. Angelov and R. H. Neilson, Inorg. Chem., 1993, 32, 334.
19 M. J. Gallagher, Phosphorus-Carbon Heterocyclic Chemistry: The Rise

of a New Domain, ed. F. Mathey, Pergamon/Elsevier, Amsterdam, 2001,
p. 463.

20 N. Mezailles and P. L. Floch, Curr. Org. Chem., 2006, 10, 3.
21 (a) G. Keglevich, Synthesis, 1993, 931; (b) G. Keglevich, Curr. Org.

Chem., 2006, 10, 93; (c) L. Kollár and G. Keglevich, Chem. Rev., 2010,
110, 4257.

22 A. G. Brook, W. J. Chatterton, J. F. Sawyer, D. W. Hughes and
K. Vorspohl, Organometallics, 1987, 6, 1246.

23 Th. A. van der Knaap, Th. C. Klebach, F. Visser, F. Bickelhaupt, P. Ros,
E. J. Baerends, C. H. Stam and M. Konun, Tetrahedron, 1984, 40, 765.

24 A. Termaten, M. van der Sluis and F. Bickelhaupt, Eur. J. Org. Chem.,
2003, 2049.

25 C. J. Allan, C. R. W. Reinhold, L. C. Pavelka and K. M. Baines, Organo-
metallics, 2011, 30, 3010.

26 R. K. Bansal and S. K. Kumawat, Tetrahedron, 2008, 64, 10945.

27 (a) F. Mathey, F. Mercier and C. Charrier, J. Am. Chem. Soc., 1981, 103,
4595; (b) N.-H. Tran Huy and F. Mathey, Tetrahedron Lett., 1988, 29,
3077; (c) H. Trauner, E. de la Cuesta, A. Marinetti and F. Mathey, Bull.
Soc. Chim. Fr., 1995, 132, 384.

28 A gas-phase basicity study of aryl-substituted phenylacetylenes consist-
ently shows protonation at the terminal end, indicating a general polarity
of HC(δ−)C(δ+)R: F. Marcuzzi, G. Modena and D. Paradisi, J. Org.
Chem., 1985, 50, 4973.

29 (a) R. B. Woodward and R. Hoffman, J. Am. Chem. Soc., 1965, 87, 395;
(b) R. B. Woodward and R. Hoffman, Conservation of Orbital Symmetry,
Academic, New York, 1970.

30 J. Escudié and H. Ranaivonjatovo, Organometallics, 2007, 26, 1542.
31 For reviews on P-conjugated materials see: (a) M. Hissler, P. W. Dyer and

R. Réau, Coord. Chem. Rev., 2003, 244, 1; (b) M. Hissler, P. W. Dyer and
R. Reau, Top. Curr. Chem., 2005, 250, 127; (c) M. G. Hobbs and
T. Baumgartner, Eur. J. Inorg. Chem., 2007, 3611; (d) Y. Dienes,
M. Eggenstein, T. Kárpáti, T. C. Sutherland, L. Nyulászi and
T. Baumgartner, Chem.–Eur. J., 2008, 14, 9878; (e) Y. Matano and
H. Imahori, Org. Biomol. Chem., 2009, 7, 1258.

32 (a) T. Baumgartner and R. Réau, Chem. Rev., 2006, 106, 4681;
(b) J. Crassous and R. Réau, Dalton Trans., 2008, 6865.

33 Chemical shift estimated from 1H–13C gHMBC spectrum.
34 Addition product 4 was not isolated before oxidation.
35 Theoretical yield of 4 based on mmol of phosphaalkene 1.
36 Coupling constant (J) estimated from 1H–13C gHMBC spectrum.
37 V. A. Wright, B. O. Patrick, C. Schneider and D. P. Gates, J. Am. Chem.

Soc., 2006, 128, 8836.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 3294–3301 | 3301

Pu
bl

is
he

d 
on

 3
0 

Ja
nu

ar
y 

20
12

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Pr
in

ce
 E

dw
ar

d 
Is

la
nd

 o
n 

22
/1

0/
20

14
 0

5:
12

:3
4.

 
View Article Online

http://dx.doi.org/10.1039/c2dt11690a

