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Summary: Theâ-diketiminato complex [{HC(C(Me)2N-2,6-i-
Pr2C6H3)2}Ca{N(SiMe3)2}(THF)] effects intermolecular hydro-
phosphination of a range of alkenes and alkynes. In behaVior
reminiscent of lanthanocene(III) catalysis, a more electrophilic
alkene is polymerized to phosphine-terminated macromolecules.

Organophosphines, R3P, are an important class of compound
widely employed in transition metal catalysis and organic
synthesis. Hydrophosphination, the addition of the P-H bond
of a primary or secondary phosphine to an unsaturated C-C
bond, is a potentially powerful and, importantly, atom-efficient
route to such compounds.1 The transformation can be achieved
under radical conditions or, alternatively, may be promoted by
group 1,2 late transition metal,3 or lanthanide based catalysts.4

On the basis of a proposed analogy between catalytic
lanthanide and heavier group 2 metal centers, we have previ-
ously reported theâ-diketiminato-stabilized calcium amide1
as an effective catalyst for the intramolecular hydroamination
of aminoalkenes and aminoalkynes.5 The reaction was postulated
to occur by the generalized catalytic cycle outlined in
Scheme 1, via (i) initiation of the precatalyst by aσ-bond
metathesis (or protonolysis) of1 with a primary amine to form
a calcium primary amide, (ii) an intramolecular insertion of the
alkene into the Ca-N bond, and (iii) theσ-bond metathesis of
the resultant calcium alkyl with a further equivalent of amine
to liberate the product and regenerate the active catalyst. On
the basis of the numerous applications of lanthanide-based
catalysts to the heterofunctionalization of unsaturated carbon-
carbon bonds, we speculated that the observed reactivity was
not confined to the intramolecular hydroamination of alkenes

and alkynes. Indeed, Harder has very recently shown that
homoleptic benzyl alkaline earth complexes may act as pre-
catalysts for the hydrosilylation of alkenes.6

Lanthanocene catalysts of the form Cp*2LnX (X ) H, CH-
(SiMe3)2, Ln ) La, Sm, Y, Lu) have been applied to the
intramolecular hydrophosphination/cyclization of a variety of
phosphinoalkenes.7 In this case, the reaction mechanism has
been studied in depth and occurs via a pathway analogous to
that depicted in Scheme 1. Both experimental and theoretical
studies suggest that theσ-bond metathesis of the Ln-C bond
of the intermediate is the rate-determining step (cf. Scheme 1,
step iii). Furthermore, the intermolecular hydrophosphination
of alkenes with such catalysts has not been achieved; rather, a
lanthanocene phosphide mediated polymerization of ethylene
has been reported.8 Although divalent ytterbium catalysts have
been applied to the intermolecular variant of this reaction,4 the
reaction mechanism in these cases is potentially complicated
by reductive initiation.

We now present a preliminary account of the application of
1 to theintermolecularhydrophosphination of unsaturated C-C
bonds. In this regard it is noteworthy that limited evidence exists
for bothσ-bond metathesis and insertion steps requisite for the
proposed catalytic cycle. Thus, the homoleptic calcium phos-
phide complex [Ca{P(SiMe3)2}2(TMTA)2] (TMTA ) 1,3,5-
trimethylhexahydro-1,3,5-triazine) has been synthesized by the
addition of HP(SiMe3)2 to [Ca{N(SiMe3)2}(THF)2],9 and Wester-
hausen has isolated and characterized a novel homoleptic
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Scheme 1. Calcium-Mediated Heterofunctionalization of
Alkenes
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phosphacyclopentadienide calcium complex derived from the
insertion of 1,4-diphenylbutadiyne into a Ca-P bond.10

Encouraged by this literature precedent, an initial NMR-scale
reaction, in C6D6, was conducted between styrene and diphe-
nylphosphine in the presence of 10 mol % of1. After 20 h at
75 °C diphenylphosphine, observed at-40.6 ppm in the31P
NMR spectrum, was almost completely consumed with concur-
rent production of PhCH2CH2PPh2 (95% conversion). The
identity of the product was confirmed by a characteristic peak
at-15.9 ppm in the31P NMR and by GC-MS analysis following
aqueous workup. On the basis of this finding,1 was applied to
the intermolecular hydrophosphination of a series of moderately
activated alkenes, dienes, and alkynes with diphenylphosphine.
The reactions were conducted first on an NMR scale and
subsequently on a preparative scale, using 10 mol % of the
catalyst1.11

The results of this study are presented in Table 1. The
hydrophosphination of a series of unhindered activated substrates
with diphenylphosphine was achieved. The structures of the
isolated products are consistent with an anti-Markovnikov syn
addition of the P-H bond across the least hindered, unsaturated
C-C bond of the substrate. The reaction proved to be highly
dependent upon the steric demands of the alkene, and more
hindered substrates such asR-methylstyrene, 1,2-diphenylethene,
andtrans-stilbene did not readily undergo hydrophosphination
under these reaction conditions. Similar observations have been
made in the hydrosilylation of styrenes with calcium benzyl
complexes, withR-methylstyrene being less reactive toward
hydrosilylation than styrene itself.6 Following hydrophosphi-
nation, the products were purified by flash column chromatog-
raphy and isolated as the organophosphine oxides. The isolated
yields, 51-93%, reflected those observed on an NMR scale.

Although the reaction times are long (13-24 h) and in many
cases elevated temperatures (25-75 °C) are required to effect
hydrophosphination, the observed activities compare well with
those reported in the literature for the later transition metals.3

Only recently have [Ni{P(OEt)3}4] and [Pd(MeCN)2Cl2] been
applied as catalysts to the intermolecular hydrophosphination
of substituted styrenes with diphenylphosphine, with reaction

times ranging from 20 to 40 h at temperatures of 90-130°C.3b

The observation of regio- and stereoselectivity in the calcium-
mediated reaction is consistent with not only the mechanism
outlined in Scheme 1 but also precedent set by lanthanide(III)
intermolecular hydroamination catalyses. The preferential anti-
Markovnikov or 2,1-addition of diphenylphosphine to styrene
can be attributed to the organization of the transition state to
P-C bond formation. As with the organolanthanides, the
bonding in heavier group 2 organometallic compounds is largely
ionic and any transition state toward bond formation is also
likely to have a large ionic contribution. Factors that stabilize
the developing anionic charge upon the atom adjacent to the
metal center in the transition state to P-C bond formation will,
therefore, be expected to lower the activation energy of the
insertion step. In the case of the 2,1-insertion of styrene into
the Ca-P bond, the phenyl group may stabilize the adjacent
anionic center. In the case of a 1,2-insertion, no such stabiliza-
tion exists. Furthermore, the almost exclusive syn addition of
diphenylphosphine to diphenylacetylene can be attributed to a
concerted insertion of the alkyne into the Ca-P bond.

Attempts to catalyze the hydrophosphination of alkenes with
[Ca{N(SiMe3)2}2(THF)2] (2) met with limited success. Although
the hydrophosphination of styrene with diphenylphosphine
could be achieved in the presence of 10 mol % of2, the reaction
was slow and took 36 h at 75°C to near completion. The
reaction was accompanied by the precipitation of a small amount
of a yellow insoluble solid, assumed to be a homoleptic calcium
phosphide of the form [Ca(PPh2)2(S)x]y (S ) THF, HPPh2). We
have recently isolated and characterized [Ca(PPh2)2(THF)4],
from the reaction of [Ca{N(SiMe3)2}2(THF)2] with two equiva-
lents of HPPh2 in THF, and this compound demonstrates very
limited solubility in benzene.12 These results suggest that the
presence of theâ-diketiminate spectator ligand is necessary to
increase the solubility of the calcium phosphide intermediate
and, hence, maintain a high concentration of the catalyst in
solution. We have made similar observations when attempting
the intramolecular hydroamination of aminoalkenes with
[Ca{N(SiMe3)2}2(THF)2]. The homoleptic amide is inactive for
this latter reaction, due to the insolubility of the intermediate
calcium primary amide in noncoordinating hydrocarbon sol-
vents.5

A number of common features were apparent in each of the
NMR-scale reactions. After several hours at room temperature
the protonolysis of HN(SiMe3)2 from 1 was observed by
production of a singlet at 0.09 ppm in the proton NMR. Over
the same time period the NMR solutions gradually became
yellow-orange, characteristic of the formation of a group 2
phosphide complex.10,12 In order to investigate the reaction
further, the stoichiometric reaction between1 and diphenylphos-
phine was conducted on an NMR scale (Scheme 1, step i).
Monitoring of the1H NMR spectrum revealed the consumption
of diphenylphosphine with concurrent production of HN(SiMe3)2

and a single new product peak at-21.3 ppm, in the31P NMR.
In line with the expectation provided by the precedent in
organolanthanide catalysis,7 the stoichiometric reaction was very
slow.

Indeed, plotting the normalized associated-N(SiMe3)2 as a
function of time for the reaction of1 with 15 equiv of HPPh2
showed that the half-life of this reaction is approximately
200 min at room temperature (Figure 1). Furthermore, the
reaction appears to be highly dependent upon the concentration
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0.115 mmol) was added to a solution of the catalyst (0.01 mmol, 10 mol
%) in C6D6 and the alkene/alkyne (0.137 mmol) was added as either a solid
or a solution in the same solvent. The solution was then loaded into a Youngs
tap NMR tube and the reaction monitored by1H and31P NMR spectroscopy.

(12) Barrett, A. G. B.; Crimmin, M. R.; Hill, M. S.; Hitchcock, P. B.
Manuscript in preparation.

Table 1. Calcium-Mediated Intermolecular
Hydrophosphination of Alkenes

a Legend: A, styrene;B, isoprene;C, 1,3-cyclohexadiene;D, dipheny-
lacetylene.b Based on the consumption of phosphine from integration of
signals in the1H and31P NMR. c 20 mol % catalyst used.
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of the phosphine, as the stoichiometric reaction of1 with HPPh2
is much slower and requires several days to near completion.

To eliminate the possibility that the slowσ-bond metathesis
step was due to steric factors, the reaction of1 with the isosteric
diphenylamine was conducted. Monitoring by1H NMR spec-
troscopy revealed the reaction to be quantitative within the first
point of analysis (30 min at room temperature). The resulting
â-diketiminato-stabilized diphenylamide was isolated and char-
acterized and will be reported in a subsequent publication. The
contrasting rates of the reactions of1 with diphenylphosphine
and diphenylamine can be attributed to the fact that a coordina-
tion of the substrate to the metal is required for theσ-bond
metathesis step to occur and that the soft phosphine is a poorer
ligand than the amine for the hard calcium center. Consistent
with the hypothesis that the slow rate of this reaction is due to
a coordination effect, the reaction of1 with HPPh2 could be
inhibited by the addition of a large excess of HN(SiMe3)2.
Furthermore, a competition experiment between1 and a 1:1
mixture of HNPh2 and HPPh2 showed, after 30 min at room
temperature, exclusive formation of the calcium diphenylamide
in preference to3, despite the fact that the pKa of diphenylphos-
phine is calculated to be several orders of magnitude smaller
than that of diphenylamine.13

A preparative-scale experiment in hexane allowed the isola-
tion of the THF-solvated, heteroleptic calcium phosphide3 as
an orange crystalline solid (eq 1).14 Compound3 has been

characterized in both solution and the solid state. X-ray
diffraction analysis of a single crystal of3 revealed there to be
four unique conformers present within the unit cell, the gross
features of which were nearly identical. Presented in Figure 2
is a representation of a single conformer; important bond
distances and bond lengths are given in the figure caption, while
full details are given in the Supporting Information. The
compound is monomeric in the solid state. The calcium center
is four-coordinate with the coordination sphere being provided
by the chelatingâ-diketiminate ligand, theσ-bonded di-
phenylphosphine, and a single molecule of THF. Both the Ca-N
bond lengths of 2.313(8) and 2.319(8) Å and the N-C-N bite
angle of 81.9(3)° are consistent with our previously structurally
characterizedâ-diketiminate stabilized calcium amides, acetyl-
ides, and cyclopentadienyls.15 The Ca-P bond of 2.872(4) Å
is considerably shorter than those reported for [Ca{P(SiMe3)2}2-
(TMTA)2]9 and [Ca(PPh2)2(THF)4],12 2.992(2) and 2.9882(4)
Å, respectively, a fact that may be attributed to the lower
coordination number at calcium in3. A number of heteroleptic
calcium phosphides have been reported, including mixed
phosphide-amides of the form [Ca(PHSitBu3){N(SiMe3)2}],-
which, in contrast, are dimeric in solution.16

The calcium phosphide3 proved unstable in solution, and
heating samples of3 in benzene or toluene for extended periods
at 60 °C resulted in a Schlenk-like redistribution to the
previously reported homoleptic compound [{(Ar)NC(Me)CHC-
(Me)N(Ar)}2Ca], (Ar ) 2,6-diisopropylphenyl)17 and, presum-
ably, [Ca(PPh2)2(THF)2]. Likewise, hydrophosphination reac-
tions conducted with1 at elevated temperatures and our
previously reported intramolecular hydroamination of aminoalk-
enes and aminoalkynes were accompanied by this solution
redistribution of the catalyst.5
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Figure 1. Plot of the log of the normalized associated-N(SiMe3)2

as a function of time for the reaction of1 with 15 equiv of HPPh2,
on the basis of an initial [1] of 0.146 M, measured by1H NMR
against (Me3Si)4Si as an internal standard.

Figure 2. Ortep representation of3, with thermal ellipsoids at 20%
probability. Selected bond lengths (Å) and bond angles (deg): Ca-
(1)-O(1) ) 2.313(8), Ca(1)-N(1) ) 2.319(8), Ca(1)-N(2) )
2.332(8), Ca(1)-P(1) ) 2.872(4); N(1)-Ca(1)-N(2) ) 81.9(3),
O(1)-Ca(1)-N(1) ) 104.1(3), O(1)-Ca(1)-N(2) ) 103.1(3),
O(1)-Ca(1)-P(1) ) 123.8(2), N(1)-Ca(1)-P(1) ) 122.7(3),
N(2)-Ca(1)-P(1) ) 112.1(2).
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Support for the mechanism, outlined in Scheme 1, was
provided by the reactivity of3. The reaction of diphenylphos-
phine with styrene could be catalyzed by 10 mol % of3
(Table 1), demonstrating that the latter is kinetically active in
the proposed catalytic cycle. More importantly, the reaction of
3 with an excess of diphenylacetylene and 1 equiv of HN-
(SiMe3)2 in C6D6 at 75 °C for 45 min gave a 1:1 mixture of
(E)-PhC(H)dC(PPh2)Ph and1 in near-quantitative yield. This
latter experiment provided unambiguous evidence for the
proposed mechanism and can be explained by the concerted
insertion of the alkyne into the Ca-P bond of3 to generate an
unstable calcium alkyl intermediate, which then undergoes a
subsequentσ-bond metathesis with hexamethyldisilazane to
liberate the hydrophosphinated product and regenerate1
(Figure 3).

The attempted calcium-catalyzed hydrophosphination of a
more electrophilic alkene took a different course. The reaction
of 2-vinylpyridine with diphenylphosphine in C6D6, catalyzed
by 10 mol % of1, showed complete consumption of the alkene
within 1 h atroom temperature. Diphenylphosphine, however,
was not consumed at the same rate, only depleted. A number
of broad peaks were apparent in the proton NMR, characteristic

of poly(2-vinylpyridine), along with a number of31P resonances
consistent with an alkyldiphenylphosphine moiety. The calcium
phosphide3 was, therefore, applied to the polymerization of
2-vinylpyridine in benzene on a preparative scale, allowing the
isolation of a phosphine-terminated poly(2-vinylpyridine).18

Although at this stage an anionic polymerization mechanism
cannot be discounted, the stark difference in reactivity with3
between 2-vinylpyridine and styrene suggests that when more
activated alkenes are used as substrates, the rate of insertion of
the alkene into the Ca-C bond of the intermediate calcium
complex becomes competitive with the rate ofσ-bond metathesis
of the Ca-C bond with a further equivalent of diphenylphos-
phine (Scheme 1, step iii). Under these conditions the slow
σ-bond metathesis step means that a polymerization of the
alkene occurs rather than a hydrophosphination. This reactivity
is analogous to that observed for lanthanocene phosphides,
which readily polymerize ethylene at room temperature and
atmospheric pressure.8 We are continuing to study the mecha-
nism and scope of these apparently divergent reaction pathways.
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Figure 3. 31P NMR stack plot of (a) diphenylphosphine, (b) the
reaction mixture of diphenylphosphine with1 to give 3, and (c)
the reaction mixture of3 with an excess of diphenylacetylene and
1 equiv of HN(SiMe3)2 at 75°C for 45 min to give (E)-PhC(H)d
C(PPh2)Ph.
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