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Phospha-Peterson reactions with esters and
thioesters: isolation of phosphaalkenes bearing
C-heteroatom substituents
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and Derek P. Gates *

Several phospha-Peterson routes to phosphaalkenes from silylphosphines and various ester or thioester

reagents are investigated. Treatment of MesP(SiMe3)2 with PhCO(OPh) in the presence of KOH (10 mol%)

affords the Becker-type phosphaalkene, MesPvC(OSiMe3)Ph rather than MesPvC(OPh)Ph. Using stoi-

chiometric Li[MesPSiMe3] rather than catalytic KOH permitted isolation of the presumptive phospha-

enolate intermediate following ester cleavage, MesPvC(OLi)Ph. The analogous MesPvC(ONa)Ph was

obtained by treating a mixture of MesPH2 and NaOt-Bu with PhC(O)Cl. Both are dimers in the solid-state.

Treatment of the rare alkali metal phospha-enolates with Me3SiCl afforded known MesPvC(OSiMe3)Ph.

When using ε-thiocaprolactone, OvCS(CH2)5, as the substrate in the Lewis acid-mediated phospha-

Peterson reaction with ArP(SiMe3)2, three new C-chalcogen-substituted phosphaalkenes, RPvCS(CH2)5
(R = Mes, m-Xyl, Tripp) were obtained.

Introduction

The carbon–carbon double bond of olefins (R2CvCR2) is
amongst the most important building blocks in fundamental
and applied chemistry. Originally believed to be inaccessible,
the isolobal phosphorus-carbon double bond of phosphaalk-
enes (RPvCR2) has emerged as an important synthon for phos-
phorus chemistry. For instance, a wide range of applications for
PvC bonds have been reported, such as: cyclization reactions to
produce P-heterocycles,1–3 polymerizations to produce novel
functional materials,4–6 π-acceptor ligands for transition metal
catalysts,7–10 and substrates for asymmetric hydrogenation reac-
tions to form enantiopure secondary phosphines.7 The ability to
synthesize phosphaalkenes with a variety of substituents
permits fine tuning of steric and electronic properties, thereby
broadening their potential applications. Due to the limited
kinetic and thermodynamic stability of the PvC bond, in
general, isolable phosphaalkenes require bulky and/or electroni-
cally-delocalizing substituents to impart kinetic and/or thermo-
dynamic stabilization to the (3p–2p)π-bond.

Although numerous methods for synthesizing phosphaalk-
enes are known, most are only amenable to large alkyl or aryl
substituents at the PvC bond, leading to a limited pool of
possible phosphaalkenes. In 1976, the first Becker-type phos-
phaalkenes, RPvC(OSiMe3)R′ (R = Ph, Cy, t-Bu; R′ = t-Bu),11

were reported with a heteroatom substituent at carbon.
Despite the many successful syntheses and applications of
Becker-type phosphaalkenes (A in Fig. 1),12–26 there have been
fewer reports of non-Becker-type phosphaalkenes bearing –O-
or –S-alkyl or aryl substituents at carbon (B,27 C,28–31 D,32

E,33–35 F,33–36 G,32 and H37,38 in Fig. 1). Notably, the two isol-
able phosphaalkenes B were in equilibrium with the corres-

Fig. 1 Examples of chalcogen-substituted phosphaalkenes.
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ponding tris(acyl)phosphine. The synthesis of C requires harsh
conditions due to the challenge of synthesizing intermediate,
F3CPvCF2.

31 This highly reactive intermediate is subsequently
treated with alcohol (+ROH) followed by base [–(HB)F] to afford
isolable C. In contrast, employing the bulky Mes* [Mes* = 2,4,6-
tri-(tert-butyl)phenyl] substituent provides kinetic stabilization
to phosphaalkenes (D–G), but often renders the PvC bond rela-
tively inert to further chemistry. Furthermore, the Mes* substitu-
ent is known to undergo undesirable intramolecular insertion
reactions into the C–H bond of the ortho-t-Bu group.39,40 Bulky
NHC substituents are a promising new substituent type for
novel cationic phosphaalkenes bearing O/S-substituents (H).37

This methodology requires thiocarbonyls (SvCRR′) and, thus
far, is incompatible with readily available carbonyls which are
popular for the synthesis of phosphaalkenes bearing less steri-
cally bulky P-substituents.39,41–45 The vast majority of carbonyl
substrates used to prepare phosphaalkenes have been ketones
or aldehydes that do not permit incorporation of –OR substitu-
ents (R = alkyl or aryl).

The work presented herein seeks to explore of the efficacy
of ester and thioester substrates towards the formation of O-
and S-substituted phosphaalkenes. In particular, we show that
esters can be used to form alkali metal phospha-enolate salts.
We have also isolated alkylthioether-substituted phosphaalk-
enes bearing a 2,4,6-trimethylphenyl (Mes), 2,6-dimethyl-
phenyl (m-Xyl), or 2,4,6-triisopropylphenyl (Tripp) substituent
at phosphorus.

Results and discussion
Base-mediated phospha-Peterson reaction with esters

To investigate the possibility of preparing P-analogues of vinyl
ethers, we first attempted the base-catalyzed phospha-Peterson
reaction as a route to MesPvC(OPh)Ph (1a).42 Thus, a solution
of MesP(SiMe3)2 in THF was treated with a solution of PhCO
(OPh) (1 equiv.) in THF. To the resultant stirred solution was
added a suspension of anhydrous KOH (10 mol%) in THF
(Scheme 1). The reaction mixture was stirred for 1 h and an
aliquot was transferred to an NMR tube. Analysis by 31P NMR
spectroscopy revealed two new downfield signals at 142.5 and
141.4 ppm (ratio: 7 : 93) which are in the region expected for
phosphaalkenes.

After work-up, the crude product was isolated as a yellow
oil. Expectedly, the 1H NMR spectrum of a CDCl3 solution of
the crude product showed signals assigned to Mes and Ph
moieties. In addition, an unexpected signal was observed at
−0.18 ppm with an integrated ratio of 9H relative to the
signals at 2.42 and 2.29 ppm assigned to the o- and p-Me moi-
eties of Mes (6H and 3H, respectively). Signals were observed
at 7.24 (dd, J = 8.2, 7.5 Hz, 2H), 6.97 (t, J = 7.4 Hz, 1H), 6.85 (d,
J = 7.6 Hz, 2H), and 0.27 (s, 9H) ppm which match nearly iden-
tically to those previously reported for Me3SiOPh [δ = 7.24 (dd,
J = 8.8, 6.6 Hz, 2H); 6.96 (t, J = 7.3 Hz, 1H); 6.84 (d, J = 6.6 Hz,
2H); 0.26 (s, 9H)].46 Taken together, these data permit assign-
ment of the major signal in the 31P NMR spectra to known

Becker phosphaalkene, Z-MesPvC(OSiMe3)Ph (Z-1a′: δ =
141.4).12 The minor signal was assigned to E-MesPvC
(OSiMe3)Ph (E-1a′: δ = 142.5) (vide infra). Interestingly, E-1a′
has not been reported previously since the classical Becker
reaction, [MesP(SiMe3)2 + PhC(O)Cl] in THF, affords Z-1a′
selectively.12

Given that PhCO(OMe) possesses the poorer methoxide
leaving group, we hypothesized that its base-mediated
phospha-Peterson reaction may afford MesPvC(OMe)Ph (1b)
rather than 1a′. Under the same experimental conditions as
described above, the synthesis of MesPvC(OMe)Ph was
attempted. After 1 h, the reaction mixture had changed from
colourless to yellow. An aliquot was removed from the reaction
solution and its 31P NMR spectrum showed only the resonance
for the unreacted MesP(SiMe3)2 (δ = –162.6). No change was
observed upon monitoring reaction progress for 24 h indicat-
ing that there was no reaction.

To further explore the possible preparation of 1a, the classi-
cal phospha-Peterson reaction was explored.14 To an in situ-
prepared solution of Li[MesP(SiMe3)] (δ = –189.2)47 in THF/
Et2O was added PhCO(OPh) (1 equiv.) in THF [Scheme 2(a)].

Scheme 1 Reaction scheme using the base-catalyzed phospha-
Peterson reaction. (a) Attempted synthesis of 1a which instead produced
1a’. (b) Attempted synthesis of 1b.

Scheme 2 Synthesis of phospha-enolates (a) Li[Z-2]·THF and (b) Na[Z-
2]·THF, and (c) the reaction of Li[Z-2]·THF with Me3SiCl forming 1a’.
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The reaction mixture was stirred overnight, and an aliquot was
transferred to an NMR tube. The 31P NMR spectrum displayed
a new broad singlet at 60.2 ppm and several smaller signals
[Fig. 2(a)]. After work up, the crude product was dissolved in
minimal THF, and pentane was slowly diffused into the solu-
tion. Yellow crystals were obtained and one was analyzed by
X-ray crystallography to identify the molecular structure of Li
[Z-2]·THF [Fig. 3(a)].

Noting that the related Na[PhPvC(O)Mes] has been
reported and characterized by 31P NMR spectroscopy,48,49 we
employed a similar strategy to access Na[2]. Specifically, a
mixture of MesPH2 and NaOt-Bu (2 equiv.) in THF was treated
with a solution of PhC(O)Cl (1 equiv.) in THF [Scheme 2(b)].
Analysis of an aliquot removed from the reaction mixture by
31P NMR spectroscopy displayed a new broad singlet at
58.3 ppm [Fig. 2(b)]. The crude product was recrystallized as
described for Li[Z-2]·THF and analyzed by single crystal X-ray
crystallography, producing the molecular structure of Na[Z-
2]·THF [Fig. 3(b)].

31P NMR analysis of a solution of the crystals in THF-d8 per-
mitted unequivocal assignment of the major signals, given
above for the reaction mixtures, to Li[Z-2]·THF and Na[Z-
2]·THF (δ = 58.0 and 57.4, respectively). Each signal was much

sharper than in the reaction mixture, suggesting minimal
interconversion of the pure product, even over a broad temp-
erature range (−85 to 60 °C). In our experience with Becker
phosphaalkenes, the E-isomer will be downfield of the
Z-isomer.12 Therefore, the smaller resonances observed in the
reaction mixtures at 79.0 and 70.1 ppm, were assigned to Li[E-
2]·THF and Na[E-2]·THF, respectively. Each product was further
characterized by 1H and 13C{1H} NMR spectroscopy which
showed that the coordinated THF remains in solution.

Both Li[Z-2]·THF and Na[Z-2]·THF crystallized as discrete
dimers with bridging alkali metal atoms bound by the formally
anionic oxygen atoms. Of the eight crystallographically charac-
terized alkali metal “phospha-enolates”, four adopt a similar
dimeric structure.50–53 The P1–C1 bond lengths within Li[Z-
2]·THF and Na[Z-2]·THF [1.737(1) and 1.741(1) Å, respectively]
are similar to reported phospha-enolate PvC bond lengths
(1.712(2)–1.796(3) Å)50–53 and slightly longer to that of neutral
Z-1a [1.708(1) Å].12 These distances are slightly longer than the
typical range for PvC bonds in phosphaalkenes (1.61–1.71 Å)
and are consistent with considerable double bond character.54

In addition, Li[Z-2]·THF and Na[Z-2]·THF have shorter C1–O1
bonds [1.300(2) and 1.288(2) Å respectively] than Z-1a′ [1.371
(1) Å] indicating delocalization of the negative charge through-
out the PvC–O moiety.

Interestingly, the Mes-substituent is η2-coordinated to Li+

via the ipso- and ortho-carbon atoms and the angle between
the best plane of the Mes moiety and the PvC plane is 66.33
(4)°. In contrast, the Mes-substituent is η3-coordinated to Na+

and, consequently, shows a much higher tilt angle [89.48(4)°].
These side-on bindings of the Mes-moiety are accompanied by
more acute Mes–PvC angles in Li[Z-2]·THF and Na[Z-2]·THF
[101.60(6) and 99.04(6)°, respectively] when compared to Z-1a
[104.20(6)°]. The angle between the 5-atom plane containing
the PvC bond and the plane of the phenyl substituent is very
similar in Li[Z-2]·THF and Na[Z-2]·THF [26.95(4) and 25.90(4)°,
respectively]. These angles closely match that in Z-1a [27.8(2)°]
and suggest significant π-conjugation between the PvC and
Ph moieties.

We propose that [2]− represents an intermediate in the
base-catalyzed phospha-Peterson reaction with esters. To
support this assertion, an excess of Me3SiCl was added to a
solution of Li[Z-2] in THF. This solution was lightly shaken
until the clear yellow solution became faintly cloudy and col-
ourless (ca. 30 s). The 31P NMR spectrum showed only two new
signals at 142.0 and 143.1 ppm (99 : 1) assigned to Z-1a′ and E-
1a′, respectively, just as with the base-catalyzed reaction (vide
supra). Furthermore, the Z conformation about the PvC bond,
observed in the molecular structure of Li[Z-2]·THF, was
retained upon silylation.

Lewis acid-mediated phospha-Peterson reactions with esters
and thioesters

The Lewis acid-mediated phospha-Peterson reaction has
proven successful with substrates where base-catalyzed
approaches failed.41 Thus, a series of reactions were performed
wherein solutions of MesP(SiMe3)2 and PhCO(OR) (1 equiv., R

Fig. 2 31P NMR spectrum (162 MHz, THF) of the reaction mixture for
the synthesis of (a) Li[Z-2]·THF and (b) Na[Z-2]·THF.

Fig. 3 Molecular structures of (a) Li[Z-2]·THF and (b) Na[Z-2]·THF.
Thermal ellipsoids are drawn at 50% probability level. Hydrogens are
omitted for clarity. Selected bond lengths (Å) and angles (°): (a) P(1)–C(1)
1.737(1), P(1)–C(8) 1.842(1), C(1)–O(1) 1.300(1); O(1)–Li(1) 1.896(2); Li(1)–
C(8) 2.710(2); C(1)–P(1)–C(8) 100.50(5), P(1)–C(1)–O(1) 127.40(8). (b)
P(1)–C(1) 1.741(1), P(1)–C(8) 1.851(1), C(1)–O(1) 1.288(2); O(1)–Na(1)
2.2482(9); Na(1)–C(8) 2.816(1); C(1)–P(1)–C(8) 99.04(6), P(1)–C(1)–O(1)
126.90(9).
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= Ph, Me, Cy, t-Bu) in CH2Cl2 were added dropwise to AlCl3 (1
equiv.) in CH2Cl2. Over 1–3 h, the stirred reaction solution
slowly changed from colourless to red. In all cases, the 31P
NMR spectra showed two signals at 145.4 (ca. 5–10%) and
141.4 ppm (ca. 90–95%), respectively assigned to Z-1a′ and E-
1a′ (Scheme 3).

In an effort to inhibit ester cleavage and RO− elimination,
cyclic ε-caprolactone was tested as a substrate. Thus, a solution
of MesP(SiMe3)2 and ε-caprolactone (1 equiv.) in CH2Cl2 was
added to AlCl3 (1 equiv.) in CH2Cl2 (Scheme 4). 31P NMR ana-
lysis of an aliquot removed from the reaction mixture showed
that the signal assigned to MesP(SiMe3)2 (δ = −161.4) was no
longer present. The only resonances detected were character-
istic of the D-/L- and meso-isomers of the previously reported
(MesPH)2.

55 It was initially postulated that this outcome is a
consequence of the enolizable protons on the ester substrate.
However, we also observed small amounts of (MesPH)2 in ana-
logous reactions involving esters without enolizable protons
[e.g. PhCO(Ot-Bu)]. Furthermore, (MesPH)2 has been reported
to be a decomposition product of MesPvCH(t-Bu) which was
synthesized using this same procedure.41 Thus far, the mecha-
nism to form (MesPH)2 has not been ascertained and is
beyond the scope of the present study.

We next turned our attention to ε-thiocaprolactone as a
potential substrate for phospha-Peterson reactions. Thus, a
solution of MesP(SiMe3)2 and ε-thiocaprolactone (1 equiv.) in
CH2Cl2 was added to a stirred suspension of AlCl3 (1 equiv.) in
CH2Cl2 (Scheme 5). The initially pale yellow and cloudy reac-
tion mixture slowly changed to red and transparent after being
stirred for 1 h at 25 °C. Analysis of an aliquot removed from
the reaction mixture by 31P NMR spectroscopy revealed that
the signal assigned to MesP(SiMe3)2 (δ = –161.4) was no longer

present and a new triplet resonance was observed at
180.0 ppm (3JPH = 21 Hz), as expected for desired 3a.
Analogous reactions employing ArP(SiMe3)2 [Ar = m-Xyl, Tripp]
resulted in the successful formation of 3b and 3c [δ = 179.2
(3b), 179.8 (3c)]. For 3a–c, saturated solutions in hexanes were
cooled to −35 °C to afford colourless crystals suitable for X-ray
crystallography.

The molecular structures of thio-substituted phosphaalk-
enes 3a–c are shown in Fig. 4. All three molecules are exclu-
sively in the Z-conformation about the PvC bond. This result
agrees with the detection of only one triplet signal in the 31P
NMR spectrum of each product. This also aligns with pre-
viously reported observations showing that bulky
P-substituents favour the Z-isomer in Becker phosphaalk-
enes.12 The PvC bond lengths are virtually identical [range:
1.691(2)–1.694(2) Å] and are similar to known S-substituted
phosphaalkenes [range: 1.655(4)–1.74(2) Å].16,33–35,38 These are
at the long end of the range for PvC bond lengths
(1.61–1.71 Å).54 The C–S bond lengths are virtually identical
[range: 1.736(1)–1.740(1) Å] are typical of vinyl thioethers (ca.
1.75 Å)56 and are indicative of π-conjugation within the PvC–
SR moiety. The aryl P-substituent plane is nearly orthogonal to
the 5-atom plane containing the PvC bond in each of 3a–c
[80.87(3)°, 88.86(3)°, and 80.63(5)°, respectively] consistent

Scheme 3 Reaction scheme using the Lewis acid-mediated phospha-
Peterson reaction, attempting to synthesize 1a–d which instead pro-
duced 1a’ in each case.

Fig. 4 Molecular structures of 3a–c. One of the two unique molecules
of 3c in the asymmetric unit are shown. Thermal ellipsoids are drawn at
50% probability level. Selected bond lengths (Å) and angles (°): (a) P(1)–C
(1) 1.691(2), P(1)–C(7) 1.835(1), C(1)–S(1) 1.736(1); P(1)–C(1)–C(2) 117.47
(8), P(1)–C(1)–S(1) 122.40(7), C(1)–P(1)–C(7) 103.02(5). (b) P(1)–C(1) 1.694
(1), P(1)–C(7) 1.842(1), C(1)–S(1) 1.740(1); P(1)–C(1)–C(2) 117.9(1), P(1)–C
(1)–S(1) 122.31(8), C(1)–P(1)–C(7) 102.64(6). (c) P(1)–C(1) 1.694(2), P(1)–C
(7) 1.845(2), C(1)–S(1) 1.739(2); P(1)–C(1)–C(2) 117.6(1), P(1)–C(1)–S(1)
121.5(1), C(1)–P(1)–C(7) 104.27(9).

Scheme 4 Attempted reaction using the Lewis acid-mediated
phospha-Peterson reaction with ε-caprolactone producing the pre-
viously reported (MesPH)2.

Scheme 5 Reaction scheme for the synthesis of 3a–c using the Lewis
acid-mediated phospha-Peterson reaction.
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with minimal π-conjugation between the PvC moiety and the
bulky aryl substituent.

Analytically pure phosphaalkenes 3a–c were obtained by
successive recrystallization from hexanes. The formulation and
purity of each compound was confirmed by 1H, 31P and 13C
{1H} NMR spectroscopy, mass spectrometry, and elemental
analysis.

Conclusions

In summary, the work presented herein demonstrated that
esters appear to be unsuitable substrates for formation of non-
Becker type O-substituted phosphaalkenes using base and acid
mediated phospha-Peterson reactions due to ester-bond clea-
vage. However, using a stoichiometric amount of base has led
to the formation of alkali–metal phospha-enolates Li[Z-2] and
Na[Z-2]. The synthesis of phosphaalkenes 3a–c demonstrates
that the Lewis acid-mediated phospha-Peterson reaction can
successfully be used to synthesize phosphaalkenes bearing
S-substituents with thioesters. Future work will investigate
applications of these new phosphaalkenes and phospha-eno-
lates as novel building blocks for functional molecules, com-
plexes and polymers.

Experimental section
General considerations

All experiments were performed under an inert atmosphere
using standard Schlenk and glovebox techniques unless other-
wise specified. Methyl benzoate, sodium tert-butoxide, anhy-
drous aluminum trichloride, potassium hydroxide, methyl
lithium solution, benzoyl chloride, trimethylsilyl chloride, ε-
caprolactone and all solvents were purchased from commercial
sources. Potassium hydroxide was made anhydrous by recrys-
tallization from ethanol and subsequently heated in vacuo
according to a literature procedure.57 THF was dried over
sodium in the presence of benzophenone and freshly distilled
prior to use. Pentane was dried over CaH2 and distilled prior
to use. Dichloromethane, toluene and hexanes were purified
by a solvent purification system containing an activated
alumina column and collected over activated 4 Å molecular
sieves. Phenyl benzoate,58 cyclohexyl benzoate,59 tert-butyl ben-
zoate,59 ε-thiocaprolactone,60 MesPH2,

19 MesP(SiMe3)2,
19

m-XylP(SiMe3)2,
61 and TrippP(SiMe3)2

62 were prepared accord-
ing to literature procedures. 1H, 13C{1H}, 31P, COSY, and
1H–13C HSQC NMR spectra were measured at room tempera-
ture on a Bruker Avance III HD 400 spectrometer. Chemical
shifts were reported in parts per million relative to residual
proton and carbon signals of the solvent. Chemical shifts of
31P NMR spectra were reported in parts per million downfield
from 85% H3PO4 as an external standard (δ = 0). FD mass
spectra were collected with a Jeol AccuTOF-GCv 4G, a GC-TOF
MS instrument equipped with a field desorption/ionization
(FD/FI) ion source. Electrospray ionization (ESI) mass spectra

were collected on a Bruker HCT Ultra PTM Discovery system,
directly infused at a flow rate of 500 μL h−1. Spectra were
obtained in negative-ion mode. Elemental analyses were per-
formed by UBC Mass Spectrometry/Elemental Analysis Facility
using a Thermo Flash 2000 Elemental Analyzer.

X-ray diffraction studies

X-ray data were collected at 100 K on a Bruker APEX-II DUO
CCD diffractometer using Mo-Kα radiation (λ = 0.71073 Å) or
on a Bruker D8-Venture using Cu-Kα radiation (λ = 1.54178 Å).
Data was integrated using the Bruker SAINT software
package63 and corrected for absorption effects using
SADABS,64 unless otherwise noted. The structures were each
solved with the XT (Sheldrick, 2015) solution program using
Intrinsic Phasing methods65 and refined with XL (Sheldrick,
2015)66 using full matrix least squares minimisation on F2 via
the Olex2 interface.67 Non-hydrogen atoms were refined aniso-
tropically. Hydrogen atom positions were calculated geometri-
cally and refined using the riding model.

Reaction of MesP(SiMe3)2 and PhCO(OPh) mediated by KOH
(10 mol%) to afford MesPvC(OSiMe3)Ph (E/Z-1a′)

To a stirred solution of MesP(SiMe3)2 (0.500 g, 1.69 mmol) and
PhCO(OPh) (1.69 mmol, 0.334 g) in THF (5 mL) was added a
suspension of anhydrous KOH (0.010 g, 0.178 mmol) in THF
(5 mL) under an inert atmosphere. The reaction mixture was
stirred for 1 h and 31P NMR spectroscopy of an aliquot taken
from the mixture revealed the signal assigned to MesP(SiMe3)2
was no longer present. The reaction mixture was then added to
hexanes (10 mL) producing a precipitate. The mixture was fil-
tered, and volatiles were removed in vacuo from the soluble
fraction to afford a yellow oil (0.673 g). The data below
suggested that the oil consisted of a mixture of Z-1a, E-1a and
PhOSiMe3.

12,46 It was not purified further.
Z-1a′ (93%): 31P NMR (CDCl3, 162 MHz): δ 141.6. 1H NMR

(CDCl3, 400 MHz): δ 7.82 (m, 2H), 7.33 (m, 3H), 6.89 (s, 2H),
2.42 (s, 6H), 2.29 (s, 3H), −0.18 (s, 9H).

E-1a′ (7%): 31P NMR (CDCl3, 162 MHz): δ 145.6.
PhOSiMe3:

1H NMR (CDCl3, 400 MHz): 7.24 (dd, J = 8.2, 7.5
Hz, 2H), 6.97 (t, J = 7.4 Hz, 1H), 6.85 (d, J = 7.6 Hz, 2H), 0.27 (s,
9H) ppm.

Attempted reaction of MesP(SiMe3)2 and PhCO(OMe)
mediated by KOH (10 mol%)

To a stirred solution of MesP(SiMe3)2 (0.500 g, 1.69 mmol) and
PhCO(OMe) (1.69 mmol, 0.230 g) in THF (5 mL) was added a
suspension of anhydrous KOH (0.010 g, 0.178 mmol) in THF
(5 mL) under an inert atmosphere. The reaction mixture was
stirred for 24 h at room temperature and only the signal
assigned to MesP(SiMe3)2 (δ = –162.6) was observed by 31P
NMR spectroscopy, suggesting no reaction had occurred.

Preparation of Li[Z-2]·THF

To a stirred solution of MesP(SiMe3)2 (0.474 g, 1.60 mmol) in
THF (10 mL) was added MeLi (1 mL, 1.6 M, 1.60 mmol) in
diethyl ether. The solution was monitored by 31P NMR spec-
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troscopy until the signal assigned to MesP(SiMe3)2 was com-
pletely consumed (ca. 5 h), then phenyl benzoate (0.317 g,
1.60 mmol) in THF (5 mL) was added. The reaction mixture
was stirred for 16 h. After removal of volatiles in vacuo, the
yellow amorphous solid was washed with pentane (3 × 2 mL).
The product was purified by slow diffusion of pentane into a
saturated THF solution of Li[Z-2]·THF producing yellow crys-
tals (0.455, 85%).

31P NMR (THF-d8, 162 MHz): δ 58.2. 1H (THF-d8, 400 MHz):
δ 7.96–7.92 (m, 2H), 7.11–7.04 (m, 3H), 6.70 (s, 2H), 3.63–3.59
(m, 4H), 2.42 (s, 6H), 2.17 (s, 3H), 1.78–1.75 (m, 4H); 13C{1H}
NMR (THF-d8, 100 MHz): δ 211.9 (d, 1JCP = 69 Hz), 149.5 (d,
1JCP = 48 Hz), 143.4 (d, 2JCP = 6 Hz), 142.0 (d, 2JCP = 44 Hz),
134.4, 127.8, 127.5 (d, 4JCP = 4 Hz), 127.4, 125.6 (d, 3JCP = 19
Hz), 68.3, 26.4, 23.6 (d, 3JCP = 9 Hz), 21.3; LRMS (−ESI): m/z
1042, 1041 {[Li3(2)4]

−, 3%, 3%}, 782, 781, 780, 779 {[Li2(2)3]
−,

2, 9, 42, 100}, 519, 518, 517 {[Li(2)2]
−, 2, 11, 26}, 255 {[2]−, 1%}.

Elemental anal. calcd for C20H24POLi: C, 71.85; H, 7.2; found:
C, 69.2; H, 7.2. Satisfactory elemental analyses could not be
obtained despite apparently clean NMR spectra.

Preparation of Na[Z-2]·THF

This procedure follows a similar procedure to that previously
reported for Na[PhPvC(O)Mes] except that the present pro-
cedure employed THF at 25 °C instead of toluene at 0 °C.49 In
the present experiment, using toluene as solvent produced
lower yields of Na[Z-2]·THF. To a stirred solution of MesPH2

(0.152 g, 1.00 mmol) in THF (5 mL) was added a suspension of
NaOt-Bu (0.192 g, 2.00 mmol) in THF (5 mL). After the reaction
mixture was stirred for 30 minutes, a solution of benzoyl chlor-
ide (0.141 g, 1.00 mmol) in THF (5 mL) was added. The reac-
tion mixture was stirred for 2 h at room temperature, filtered,
and the solvent was removed in vacuo. The crude product was
purified by slow diffusion of pentane into a saturated THF
solution of Na[Z-2] affording yellow crystals (0.175, 50%).

31P NMR (THF-d8, 162 MHz): δ 57.4. 1H (THF-d8, 400 MHz):
δ 7.98–7.95 (m, 2H), 7.11–7.04 (m, 3H), 6.76 (s, 2H), 3.63–3.59
(m, 4H), 2.43 (s, 6H), 2.19 (s, 3H), 1.79–1.75 (m, 4H). 13C{1H}
NMR (THF-d8, 100 MHz): δ 212.8 (d, 1JCP = 69 Hz), 149.3 (d,
1JCP = 48 Hz), 143.3 (d, 2JCP = 6 Hz), 141.8 (d, 2JCP = 47 Hz),
134.9, 128.2, 127.7 (d, 4JCP = 4 Hz), 127.6, 125.3 (d, 3JCP = 19
Hz), 68.2, 26.4, 23.5 (d, 3JCP = 9 Hz), 21.3; LRMS (−ESI): m/z
1091, 1090, 1089 {[Na3(2)4]

−, 2%, 5%, 8%}, 814, 813, 812, 811
{[Na2(2)3]

−, 2, 12, 52, 100}, 535, 534, 533 {[Na(4)2]
−, 2, 11, 32},

256, 255 {[2]−, 1, 8}.

Reaction of Li[Z-2]·THF and Me3SiCl to afford MesPvC
(OSiMe3)Ph (E/Z-1a′)

To a solution of Li[Z-2]·THF (0.020 g, 0.030 mmol) in 1 mL of
THF in an NMR tube was added three drops of Me3SiCl (ca.
0.020 g, 0.180 mmol). The NMR tube was capped and lightly
shaken until the clear yellow solution became faintly cloudy
and colourless (ca. 30 s). 31P NMR spectroscopy of the reaction
mixture revealed the signal assigned to Li[Z-2]·THF was no
longer present. Two new signals had appeared which were

assigned to Z-1a′ and E-1a′ (ca. 99 : 1).12 No attempts were
made to isolate this product.

Reaction of MesP(SiMe3)2 and PhCO(OPh) in the presence of
AlCl3 to afford MesPvC(OSiMe3)Ph (E/Z-1a′)

To a stirred suspension of anhydrous AlCl3 (0.450 g,
3.37 mmol) in CH2Cl2 (5 mL) was added MesP(SiMe3)2 (1.00 g,
3.37 mmol) and PhCO(OPh) (0.668 g, 3.37 mmol) in CH2Cl2
(5 mL). The reaction mixture was monitored by 31P NMR spec-
troscopy until the signal assigned to MesP(SiMe3)2 was no
longer present (1–3 h). Upon consumption of MesP(SiMe3)2,
10 mL of hexanes was added to the reaction mixture, produ-
cing a brown precipitate. The suspension was filtered, and the
solvent was removed in vacuo. The mixture was washed with
hexane (3 × 2 mL) and the washings were combined and fil-
tered. The solvent was again removed in vacuo to afford a red
oil (0.336 g, 30%). The data below suggested that the oil con-
sisted of a mixture of Z-1a and E-1a (ca. 90 : 10).12 It was not
purified further.

31P NMR (CDCl3, 162 MHz): δ 145.6 (93%, Z-1a′), 141.6 (7%,
E-1a′).

Reaction of MesP(SiMe3)2 and PhCO(OMe) in the presence of
AlCl3 to afford MesPvC(OSiMe3)Ph (E/Z-1a′)

To a stirred suspension of anhydrous AlCl3 (0.450 g,
3.37 mmol) in CH2Cl2 (5 mL) was added MesP(SiMe3)2 (1.00 g,
3.37 mmol) and PhCO(OMe) (0.459 g, 3.37 mmol) in CH2Cl2
(5 mL). The reaction mixture was monitored by 31P NMR spec-
troscopy until the signal assigned to MesP(SiMe3)2 was no
longer present (1–3 h). The reaction mixture displayed 31P
NMR spectroscopy signals consistent with Z-1a′ and E-1a′.12 It
was not purified further.

Reaction of MesP(SiMe3)2 and PhCO(OCy) in the presence of
AlCl3 to afford MesPvC(OSiMe3)Ph (E/Z-1a′)

To a stirred suspension of anhydrous AlCl3 (0.450 g,
3.37 mmol) in CH2Cl2 (5 mL) was added MesP(SiMe3)2 (1.00 g,
3.37 mmol) and PhCO(OCy) (0.689 g, 3.37 mmol) in CH2Cl2
(5 mL). The reaction mixture was monitored by 31P NMR spec-
troscopy until the signal assigned to MesP(SiMe3)2 was no
longer present (1–3 h). The reaction mixture displayed 31P
NMR spectroscopy signals consistent with Z-1a′ and E-1a′.12 It
was not purified further.

Reaction of MesP(SiMe3)2 and PhCO(Ot-Bu) in the presence of
AlCl3 to afford MesPvC(OSiMe3)Ph (E/Z-1a′)

To a stirred suspension of anhydrous AlCl3 (0.450 g,
3.37 mmol) in CH2Cl2 (5 mL) was added MesP(SiMe3)2 (1.00 g,
3.37 mmol) and PhCO(Ot-Bu) (0.601 g, 3.37 mmol) in CH2Cl2
(5 mL). The reaction mixture was monitored by 31P NMR spec-
troscopy until the signal assigned to MesP(SiMe3)2 was no
longer present (1–3 h). The reaction mixture displayed 31P
NMR spectroscopy signals consistent with Z-1a′ and E-1a′.12 It
was not purified further.
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Reaction of MesP(SiMe3)2 with ε-caprolactone in the presence
of AlCl3 to afford (MesPH)2

To a stirred suspension of anhydrous AlCl3 (0.112 g,
0.843 mmol) in CH2Cl2 (2 mL) was added MesP(SiMe3)2
(0.250 g, 0.843 mmol) and ε-caprolactone (0.096 g,
0.843 mmol) in CH2Cl2 (2 mL). The reaction mixture was
stirred for 1 h at room temperature. 31P NMR spectroscopy of
an aliquot from the reaction mixture showed no resonances in
the expected phosphaalkene region and only those assigned to
(MesPH)2 by comparison to the literature.55 No attempts were
made to isolate this product. 31P NMR (CH2Cl2, 162 MHz): δ
−111.3 [m, D-/L-(MesPH)2], −118.8 [m, meso-(MesPH)2] were
identical to those described in the literature.55

Preparation of 3a–c

To a stirred suspension of anhydrous AlCl3 (0.450 g,
3.37 mmol) in CH2Cl2 (5 mL) was added RP(SiMe3)2
(3.37 mmol) and ε-thiocaprolactone (0.439 g, 3.37 mmol) in
CH2Cl2 (5 mL). The reaction was monitored by 31P NMR spec-
troscopy and after 1 h the solution was concentrated in vacuo
leaving a bright red solution. The product was crystallized at
−35 °C, producing colourless crystals suitable for single crystal
X-ray diffraction. The product was further purified by recrystal-
lization from hexanes.

3a: (0.705 g, 79%). 31P NMR (CDCl3, 162 MHz): δ 180.0 (t,
3JPH = 21 Hz). 1H (CDCl3, 400 MHz): δ 6.90 (s, 2H), 3.04 (dt,
3JHP = 21 Hz, 3JHH = 5 Hz, 2H), 2.79 (t, 3JHH = 5 Hz, 2H), 2.37 (s,
6H), 2.28 (s, 3H), 1.87 (m, 2H), 1.83 (m, 2H), 1.72 (m, 2H). 13C
{1H} NMR (CDCl3, 100 MHz): δ 193.6 (d, 1JCP = 54 Hz), 140.7 (d,
2JCP = 6 Hz), 138.6, 135.3 (d, 1JCP = 39 Hz), 128.5, 39.9 (d, 2JCP =
39 Hz), 33.0 (d, 3JCP = 2 Hz), 32.0 (d, 4JCP = 2 Hz), 31.0 (d, 3JCP =
13 Hz), 29.8, 21.4 (d, 3JCP = 8 Hz), 21.2; LRMS (FD): m/z 266,
265, 264 {[3a]+, 8%, 21%, 100%}. Elemental anal. calcd for
C15H21PS: C, 68.15; H, 8.0; found: C, 68.0; H, 8.0.

3b: (0.843 g, 95%). 31P NMR (CDCl3, 162 MHz): δ 179.2 (t,
3JPH = 21 Hz). 1H (CDCl3, 400 MHz): δ 7.17 (t, 3JHH = 7 Hz, 1H),
7.06 (d, 3JHH = 7 Hz, 2H), 3.05 (dt, 3JHP = 21 Hz, 3JHH = 5 Hz),
2.79 (t, 3JHH = 5 Hz, 2H), 2.41 (s, 6H), 1.87 (m, 2H), 1.81 (m,
2H), 1.70 (m, 2H); 13C{1H} NMR (CDCl3, 100 MHz): δ 193.4 (d,
1JCP = 53 Hz), 140.7 (d, 2JCP = 6 Hz), 138.9 (d, 1JCP = 40 Hz),
128.7, 127.5, 40.0 (d, 2JCP = 39 Hz), 33.1 (d, 3JCP = 2 Hz), 32.0
(d, 4JCP = 2 Hz), 31.0 (d, 3JCP = 13 Hz), 29.8, 21.5 (d, 3JCP = 8
Hz); LRMS (FD): m/z 502, 501, 500 {[(3b)2]

+, 2%, 5%, 15%},
252, 251, 250 ([3b]+, 6, 16, 100). Elemental anal. calcd for
C14H19PS: C, 67.2; H, 7.65; found: C, 67.4; H, 7.5.

3c: (0.939, 80%). 31P NMR (CDCl3, 162 MHz): δ 179.8 (t, 3JPH
= 21 Hz); 1H (CDCl3, 400 MHz): δ 7.03 (s, 2H), 3.40 (m, 2H),
3.05 (dt, 3JHP = 21 Hz, 3JHH = 5 Hz), 2.90 (sept, 1H), 2.79 (t, 3JHH

= 5 Hz, 2H), 1.86 (m, 2H), 1.81 (m, 2H), 1.69 (m, 2H), 1.29 (d,
3JHH = 7 Hz, 6H), 1.27 (d, 3JHH = 7 Hz, 6H), 1.20 (d, 3JHH = 7 Hz,
6H); 13C{1H} NMR (CDCl3, 100 MHz): δ 193.1 (d, 1JCP = 53 Hz),
151.5 (d, 2JCP = 5 Hz), 149.9, 133.8 (d, 1JCP = 39 Hz), 121.1, 40.1
(d, 2JCP = 39 Hz, 34.4, 33.4, 33.3 (d, 3JCP = 2 Hz), 32.2 (d, 4JCP =
2 Hz), 31.3 (d, 3JCP = 13 Hz), 30.0, 24.8 (d, 3JCP = 7 Hz), 24.1;
LRMS (FD): m/z 350, 349, 348 {[3c]+, 7%, 24%, 100%}.

Elemental anal. calcd for C21H33PS: C, 72.4; H, 9.5; found: C,
72.0; H, 9.4.
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