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ABSTRACT

A range of P-containing ene-diynes suitable for desymmetrization was prepared via a two-step process starting from phosphorus oxychloride. In the
presence of the Hoveyda-Grubbs II catalyst, these substrates underwent diastereoselective enyne ring-closing metathesis leading to various synthetically
useful P-stereogenic heterocycles featuring an exocyclic alkynyl group. These products are amenable to further functional manipulation.

The rapid growth in the field of asymmetric transition-metal-
catalyzed reactions has relied on the availability of a robust
synthetic route to chiral ligands.1 In this context, P-ste-
reogenic phosphines and derivatives are widely recognized
as an important class of compounds, especially since they
have also found applications in organocatalysis2 and for drug
development.3 To date, their use remains relatively limited
in comparison with chiral phosphines bearing stereogenic
carbon centers or possessing axial or planar chirality.4 This
is likely due to the difficulties associated with the develop-
ment of robust and general methods for the stereocontrol-
led creation of a P-stereocenter. For many years, several
research groups have reported various asymmetric syn-

theses of P-stereogenic phosphorus compounds by resolu-
tion5 or using chiral auxiliaries,6 but more recently, the
focus is also on generic approaches featuring catalytic
asymmetric reactions.7

Imamoto et al. have demonstrated that P-stereogenic
ligands bearing alkynyl groups induced excellent enantiose-
lectivity in various transition-metal-catalyzed reactions, a
result which was accounted for evoking the large steric
differentiation at phosphorus.8 These data indicate that
transition metal catalysis would undoubtedly benefit from
the availability of an increased range of P-stereogenic ligands
bearing an alkynyl group (Figure 1).

In light of literature precedents, which demonstrate that
various phosphorus-containing dienes, trienes, and dienynes
are suitable substrates for metathesis,9 we were particularly
interested in developing a diastereoselective enyne ring-
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closing metathesis (DSRCM) as a strategically valuable route
to P-stereogenic3c compounds featuring an exocyclic alkynyl
group (Scheme 1). We opted for a catalytic diastereoselective

desymmetrization process of ene-diynic P-templates bearing
two diastereotopic alkynyl substituents and a secondary
alkoxy group that will serve as stereoinductor. The substrates
selected for this investigation were designed to undergo 1,3-
stereocontrolled ring closure. The products resulting from
enyne metathesis are structurally novel P-stereogenic het-
erocycles bearing the desired exocyclic alkynyl group and a
dienic fragment amenable to rich functionalization. Herein
we report the first example of catalytic diastereoselective ene-
diyne metathesis leading to the formation of various chiral
P-stereogenic heterocycles. Diastereoselective enyne me-
tathesis reactions are scarce in the literature10 and have not
been investigated as a strategy to induce carbon or hetero-
atom stereogenicity. We also demonstrate with two repre-
sentative transformations that the primary product of me-
tathesis can be further manipulated.

To initiate our investigations, we synthesized a range of
P-containing ene-diynes 3a-f designed to yield a single
regioisomer upon RCM. On the basis of careful mechanistic
work by Lloyd-Jones and co-workers providing evidence for
an “ene-then-yne” pathway for the Ru-catalyzed ring-closing
metathesis of enynes,11 we anticipated that initiation would
occur on the monosubstituted alkene of 3a-f, followed by
cyclization onto one of the two diastereotopic alkynes to afford
the desired desymmetrized P-stereogenic heterocycles. The ene-
diynes 3a-f were prepared via monoaddition of various chiral
unsaturated alcohols to phosphorus oxychloride followed by
double addition of either propynyl magnesium bromide or
trimethylsilylethynyl lithium. This concise synthetic route
allowed for facile diversification of both the ene and diyne
fragments (Table 1). In all cases, the desired dichlorophosphi-

nate intermediates 2a-d were obtained in sufficient purity to
be engaged directly in the next step. Pleasingly, the addition of
the alkynyl groups led successfully to the desired ene-diynes
3a-f with overall chemical yields ranging from 42 to 83%.

We investigated next the feasibility of the suggested
diastereoselective metathesis approach to access alkynyl-
substituted P-stereogenic heterocycles. Our initial studies
began with ene-diyne 3a prepared from 1-methylbut-3-enol
and possessing two terminal ethynyl groups (Table 2). When
the reaction was performed using 2 mol % of the Grubbs
catalyst II in DCM at reflux, the desired product 4a was
formed, albeit in low conversion and very modest diaste-
reoselectivity (entry 1). An attempt to increase conversion
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Figure 1. P-Stereogenic ligand with alkynyl groups.

Scheme 1. Metathesis Approach to P-Stereogenic Compounds
with Alkynyl Groups: Diastereoselective Ene-Diyne Metathesis

Table 1. Synthesis of P-Containing Ene-Diynes 3a-f

entry R′ n R product yield (%)a product yield (%)b

1 Me 1 H 2a 72 3a 56
2 Et 1 H 2b 66 3b 47
3 Bn 1 H 2c 46 3c 42
4 Me 2 H 2d 46 3d 55
5 Me 2 Me 2d 46 3e 65
6 Me 1 Me 2a 72 3f 83
a Crude yield after workup. b Isolated yield after purification by silica

gel column chromatography.
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by conducting this reaction under an atmosphere of ethylene
(Mori’s conditions)12 led to no improvement of the conver-
sion or diastereomeric ratio. Further optimization work
focused on increasing the catalyst loading from 2 to 10 mol
%. With 10 mol % of II, almost full conversion to the desired
product was observed (entry 5). When using an intermediate
catalyst loading of 5 mol %, the reaction stalled at ∼75%
conversion (entries 3 and 4). In all cases, the level of
diastereocontrol remained unsatisfactory. Notably, using the
same Grubbs catalyst II in toluene at reflux instead of
dichloromethane, we were pleased to observe that the product
was formed with a dr of 10:1 (entry 7).13 The level of
diastereocontrol was further improved (dr ) 18:1) using 10
mol % of Hoveyda catalyst III in toluene (entry 8). The
observation that a change of solvent can impact on the
efficiency of a diastereocontrolled ring closure in the context
of the metathesis reaction has not been discussed. It is,
however, well-documented that the nature of the solvent can
modulate catalyst activity or lead to variations in enantiose-
lectivity for asymmetric metathesis reactions.14

Having established optimized reaction conditions for the
ring closure of 3a, we extended the scope of the reaction to
ene-diynes 3b-f (Table 3). A range of six- and seven-
membered P-stereogenic heterocycles was made accessible
upon ring-closing metathesis. For ethynyl-substituted sub-

strates, the desired products were obtained with conversion
superior to 98% with no trace of oligomer or homodimer
byproducts observed by 1H or 31P NMR. The isolated chemical
yields were consistently high and independent of the substituent
on the stereogenic carbon or the ring size of the product.
Decreasing the steric bulk on the stereogenic center from Bn
to Et or Me led to an increase in selectivity. The dr dropped
significantly for the ring closure of 3d leading to the seven-
membered ethynyl tetrahydro oxaphosphine oxide 4d. Substitu-
tion at the alkynyl motif had a detrimental effect on both
conversion and selectivity (entries 5 and 6). As expected, the
chemistry was easily transposed to the preparation of enan-
tiopure (R)-4a from the chiral nonracemic phosphinate (R)-3a,
which was directly accessible from (R)-4-penten-1-ol.

The relative cis relationship between the alkynyl substitu-
ent and the R′ group of the products was unambiguously
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Table 2. Optimization Studies for DSRCM of 3a into 4a

entry cat (mol %) atmosphere solvent conv (%)a drb

1 II (2) Ar DCM 34 3:1
2 II (2) ethylene DCM 40 2:1
3 II (5) Ar DCM 75 3:1
4 II (5) ethylene DCM 73 3:1
5 II (10) Ar DCM 90 4:1
6 I (10) Ar toluene 45 3:1
7 II (10) Ar toluene >98 10:1
8 III (10) Ar toluene >98 18:1

a Conversion to desired product measured by 400 MHz 1H NMR.
b Measured from the crude by 400 MHz 1H NMR. Mes ) 2,4,6-i-Pr-C6H3.

Table 3. Scope of Diastereoselective Enyne Ring-Closing
Metathesis

a Conversion measured by 400 MHz 1H NMR. b Combined isolated yield
of both diastereomers. c Diasteroselectivity determined by 400 MHz 1H NMR
of the unpurified product. d Not determined. e Only starting material recovered.
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confirmed by single-crystal X-ray analysis of 4a and 5b and
was assigned by analogy for the other ring-closed products
(see Supporting Information for details).

In order to gain more insight into the DSRCM reaction,
further experiments were performed to determine whether
the products obtained upon ring closure were the result
of a kinetically or thermodynamically controlled process.
After separation of the two diastereomers of product 4a
both the major cis and minor trans were subjected
separately to the reaction conditions. The results of these
experiments showed that no epimerization took place, sug-
gesting that the reactions are under kinetic control. A plausible
mechanistic rationale for the observed selectivity is presented
in Scheme 2. The donation of the endocyclic oxygen lone pair

into the σ* orbital of the exocyclic PdO bond15 stabilizes both
C and D with C being favored likely due to minimization of
syn-pentane interaction (Scheme 2).

With the DSRCM products in hand, we investigated next
the possibility to engage the diene or the alkyne in postmet-
athesis transformations (Scheme 3). The dienic motif would
be amenable to Diels-Alder chemistry, and the alkyne group
could possibly undergo a click-type 1,3-dipolar cycloaddition.
Both reactions will increase structural complexity, leading to a
new family of P-stereogenic ligands suitable for investigation
in the context of catalysis. For these experiments, the ring-closed
product was engaged as a single diastereomer. Compound 4a
was reacted with dimethylacetylene dicarboxylate (DMAD) as
the reacting dienophile. After 7 h in toluene at reflux, the desired
cycloadduct 5a was obtained in 60% yield as a 3:1 mixture of
diastereomers. Upon treatment with benzyl azide and 1 mol %

of CuSO4·5H2O and sodium ascorbate, the desired triazole 5b
was isolated in 73% yield. A single diastereomeric product was
formed, indicating that no epimerization occurred in this process.
The Diels-Alder cycloaddition of 5b with DMAD was also
successful delivering 5c in 68% yield. Compounds 5b and 5c
resemble conspicuously the ligands of the phospha-scorpionates
family.16

In conclusion, we have reported a novel route to P-
stereogenic heterocycles bearing an exocyclic alkynyl group,
based on a key diastereoselective ene-diyne ring-closing me-
tathesis reaction. This is the first report of diastereoselective
enyne metathesis to create stereogenicity at an atom other than
carbon. We have shown that the ring-closed products are
amenable to postmetathesis functionalization via either Diels-
Alder or click chemistry. This work undoubtedly paves the way
for the development of an enantioselective ene-diyne ring-
closing metathesis process from prochiral templates.
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Scheme 2. Rationale for the Observed Selectivity

Scheme 3. Two-Directional Functionalization
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