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Summary: The azametallacyclopropane complex Ca(η2-
Ph2CNPh)(hmpa)3 (2-Ca) can be conVeniently obtained in
crystalline purity Via a one-pot procedure (yield 48%). The
catalytic actiVities and selectiVities of 2-Ca and its Yb(II)
analogue2-YbhaVe been found to be comparable in aVariety
of reactions; therefore,2-Ca could be a cheap substitute for
the extensiVely studied Yb(II) catalyst.

Since the pioneering work of Beckmann and Schlenk,1 ketyl
complexes of alkali and alkaline-earth metals, i.e., complexes
obtained via the one-electron reduction of ketones, have been
among the earliest well-defined complexes in organometallic
chemistry. Also, the second reduction step, resulting in the
dianion, was known already at that early stage (eq 1).

Some of the synthetically useful ketyl complexes that play a
major role in organic redox chemistry have only recently been
structurally characterized.2 One of the few characterized metal
compounds that include a dianionic benzophenone ligand is the
YbII complex 1, which crystallizes as a dimer.3 Recently a

convenient synthetic route (eq 2; hmpa) hexamethylphos-
phoramide) was also developed for its isolobal imine analogue
2-Yb, a complex that has been fully characterized by crystal
structure analysis.4

This particular YbII complex 2-Yb has been applied as a
versatile and easily accessible catalyst for an impressive number
of catalytic conversions which recently have been reviewed:5

alkyne isomerization,6 dehydrogenative silylation of terminal
alkynes7 and amines,8 hydrosilylation of imines8 and olefins,9

dehydrogenative polymerization of PhSiH3,5 and intermolecular
hydrophosphination of alkynes.10

Our continuous interest in the similarities and differences in
the chemistry of organometallic complexes of Ca2+ and Yb2+ 11

motivated us to explore the synthesis and structure of2-Ca.
We are, however, especially interested in the catalytic activity
of 2-Ca. Successful catalytic application of the calcium analogue
2-Ca not only would add substantially to the current research
activity in the area of Ca-catalyzed reactions12 but would also
provide a much cheaper alternative to the well-explored YbII

catalysts.
The extremely air and moisture sensitive azametallacyclo-

propane complex2-Ca was prepared analogously to2-Yb.13

Addition of diphenylmethylene-N-phenylimine to a suspension
of commercially available calcium metal chunks (99% purity)
in a THF/hmpa mixture slowly gave a color change to red. This
color deepened over time, and2-Ca deposited from solution.
Slow crystallization from a hot THF/hmpa solution gave the
product in the form of large shiny black (intensely dark red)
needles in 48% yield. The crystals are extremely air-sensitive:
even under paraffin oil rapid decolorization is observed. For
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general use in catalysis, isolation of complex2-Ca could be
avoided by in situ preparation of the catalyst via a straightfor-
ward one-pot procedure (as has been done for2-Yb).

Complex2-Cacrystallizes isomorphously with2-Yb (Figure
1),13 and although the bond distances to the somewhat smaller
Ca2+ are slightly shorter,14 their structures show the same
characteristic features that would be expected for the dianionic
ligand Ph2C--(Ph)N-. As for 2-Yb, the sum of the C-C-C
and C-C-N valence angles around C1 is 359.9(1)°, which
indicates perfect sp2 hybridization. The planar framework of
the imine parent compound Ph2CdNPh has transformed into a
structure in which the Ph-N vector is nearly perpendicular to the plane spanned by N1, C1, C2, and C8: the C(Ph)-N1-

C1-C(2,8) torsion angles are 102.3(2) and-81.5(2)°. The
C1-N1 bond distance of 1.451(2) Å in2-Cacan be considered
as a single C-N bond.15 The Ca-N1 bond distance of 2.281-
(1) Å compares well to the terminal Ca-N bond distance of
2.275(7) Å in [((Me3Si)2N)2Ca]2.16 The Ca-C1 bond distance
of 2.611(1) Å is in the range observed for the Ca-C σ bonds
observed in dibenzylcalcium complexes (2.59-2.65 Å).17

In this preliminary investigation on the catalytic activity of
2-Ca we focused on the dehydrogenative silylation of amines
and acetylenes: i.e., two reactions that have no precedence in
Ca-mediated catalysis. We suggest catalytic cycles (Scheme 1)
similar to those proposed for the Yb-mediated reactions. These
routes would involve calcium acetylide and amide intermediates
that are converted to an intermediate heteroleptic calcium
hydride complex, for which we recently found experimental
evidence.18 For the catalyst2-Yb the substituent on nitrogen
plays an important role in its catalytic activity through electronic
and steric effects.5 It is therefore likely that the remaining
Ph2(H)C(Ph)N- ligand acts as a spectator ligand and does not
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Figure 1. Crystal structure of2-Ca (30% probability). For clarity
all hydrogen atoms have been omitted. Selected bond distances (Å)
and angles (deg) (the values for2-Yb4 are given in brackets):
Ca-C1, 2.611(2) [2.679(2)]; Ca-N1, 2.281(1) [2.318(2)];
Ca-O1, 2.245(1) [2.275(1)]; Ca-O2, 2.245(1) [2.320(1)];
Ca-O1, 2.271(1) [2.298(1)]; C1-N1, 1.451(2) [1.43(3)];
Ca-C1-N1, 60.59(7) [59.9(9)]; Ca-N1-C1, 85.75(8) [87.8(1)].

Scheme 1
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eliminate via protonation by acidic substrates orσ-bond
metathesis with PhSiH3.

Dehydrogenative silylation ofn-pentylamine with2-Ca is a
clean and smooth reaction that proceeds at room temperature
(Table 1, entry 1). This result is in line with the data for the Yb
analogue reported by Takaki et al. (entry 2).8 Also, the more
sterically hindered secondary amineN-methyl-n-butylamine
reacts well, and the results for the Ca-catalyzed and earlier
reported Yb-catalyzed reactions are similar (entries 4 and 5).
Primary amines with tertiary alkyl substituents react much more
slowly (entry 6), as has been found earlier for the Yb-catalyzed
reaction (entry 7). Also, both catalysts convert aniline more
slowly than alkylamines (entries 8 and 9). Therefore,2-Ca is
an effective catalyst for the dehydrogenative silylation of amines
and the same trends that have been reported for catalyst2-Yb
are observed.

In a second series of experiments we investigated the
dehydrogenative silylation of 1-hexyne. Although alkynylsilanes
can be obtained by stoichiometric reactions between metal
alkynides and chlorosilanes, a halogen-free and metal-poor route
is in some cases highly desired: e.g., in the syntheses of
polyalkynylsilanes.7,19

The reaction of 1-hexyne with Ph3SiH catalyzed by2-Ca
shows, even with a 50% reduction in catalyst load, conversion
very similar to that reported for2-Yb7 (Table 2, entries 1 and
2). Use of the secondary silane Ph(Me)SiH2 gave a mixture of
mono- and dialkynated silanes (entry 5). The ratio of products
observed in the Ca-mediated reaction is slightly different from
that reported for the2-Yb catalyst (entry 6). The percentage of
monoalkynated product can be increased by increasing the
silane/alkyne ratio (entries 7 and 8), whereas the dialkynated
product is favored at lower ratios (entries 9 and 10). Although
control over product distribution is slightly better for the Yb-

catalyzed reactions, essentially the same trends are observed
for the analogue Ca catalyst.

The complex2-Yb is reportedly a selective catalyst for the
remarkably clean isomerization of 1-alkynes to 2-alkynes
without formation of the usual allene or butadiene byproducts:
e.g., addition of 10 mol %2-Yb to neat 1-hexyne at 20°C gave
after 17 h 89% conversion to 2-hexyne.6 Under the same
conditions, we observed an equal isomerization process with
the catalyst2-Ca (10 mol %), which gave at 20°C after 17 h
full conversion to 2-hexyne (>98%). This process presumably
goes through a Ca-acetylide species that isomerizes via inter-
mediate allenyl- and propargyl-calcium species. As 2-hexyne
was not observed as a byproduct in the dehydrogenative
silylation of 1-hexyne, the intermediate calcium hydride is likely
the resting state in latter silylation.

In addition, we compared the catalytic properties of2-Ca
with those of the dibenzylcalcium catalyst3, which we recently
introduced for the catalytic hydrosilylation of alkenes.12e

Although 3 showed similar catalytic behavior in the dehydro-
genative silylation of pentylamine (Table 1, entry 3), we found
essentially no activity for aniline (entry 10). Also,3 is not
catalytically active in the dehydrogenative silylation of 1-hexyne
(Table 2, entry 3). As in these experiments no formation of
precipitates was observed, the differences in catalytic behavior
between2-Ca and 3 should be explained either by different
catalytically active intermediates or by the effect of hmpa.
Addition of 3 equiv of hmpa to3 indeed gave conversion in
the dehydrogenative silylation both of aniline (Table 1, entry
11) and of 1-hexyne (Table 2, entry 4). Thus, the polar solvent
hmpa plays an essential role in these catalytic systems.

In summary we can conclude the following. (i) The synthesis
and structure of2-Ca are essentially analogous to those for
2-Yb. (ii) The calcium complex2-Ca is an effective catalyst in
the dehydrogenative silylation of amines and alkynes, and its
activities as well as selectivities are similar to those reported
for 2-Yb. It is anticipated that2-Ca can substitute for2-Yb
also in more of its diverse catalytic applications. This not only
widens the scope of organocalcium complexes in homogeneous
catalysis but also indicates that2-Ca is an easily accessible and

Table 1. Summary of Results for the Dehydrogenative
Silylation of Amines with Ph3SiHa

entry (R1)(R2)NH cat.

amt
of cat.

(mol %) t (h)
conversn

(%)

(R1)(R2)NH + Ph3SiH f (R1)(R2)N-SiPh3 + H2

1 R1 ) pentyl, R2 ) H 2-Ca 3 0.5 >98
28 R1 ) pentyl, R2 ) H 2-Yb 3 2 93
3 R1 ) pentyl, R2 ) H 3 5 0.5 95
4 R1 ) Bu, R2 ) Me 2-Ca 10 3 95
58 R1 ) Bu, R2 ) Me 2-Yb 10 5 95
6 R1 ) Et(Me)2C, R2 ) H 2-Ca 10 24 55
78 R1 ) Et(Me)2C, R2 ) H 2-Yb 10 192 81
8 R1 ) Ph, R2 ) H 2-Ca 10 20 69
98 R1 ) Ph, R2 ) H 2-Yb 10 20 56
10 R1 ) Ph, R2 ) H 3 10 20 1
11 R1 ) Ph, R2 ) H 3 + 3 hmpa 10 20 48

a All reactions were carried out in THF at 20°C.

Table 2. Summary of Results for the Dehydrogenative Silylation of Amines with Ph3SiHa

entry substrate cat. amt of cat. (mol %) t (h) product(s) conversn (%)

BuCtCH + Ph3SiH f BuCtCSiPh3 + H2

1 BuCtCH/Ph3SiH 2-Ca 5 17 BuCtCSiPh3 81
27 BuCtCH/Ph3SiH 2-Yb 10 17 BuCtCSiPh3 82
3 BuCtCH/Ph3SiH 3 5 17 BuCtCSiPh3 1
4 BuCtCH/Ph3SiH 3 + 3 hmpa 5 17 BuCtCSiPh3 49

aBuCtCH + bPh(Me)SiH2 f cBuCtC-Si(H)PhMe+ d(BuCtC)2Si(Me)Ph+ H2

5 a/b ) 1/1 2-Ca 5 17 c/d ) 53/47 >98
67 a/b ) 1/1 2-Yb 10 17 c/d ) 64/36 >98
7 a/b ) 1/2 2-Ca 5 17 c/d ) 76/24 >98
87 a/b ) 1/2 2-Yb 10 17 c/d ) 87/13 >98
9 a/b ) 2/1 2-Ca 5 17 c/d ) 26/74 >98
107 a/b ) 2/1 2-Yb 10 17 c/d ) 10/90 >98

a All reactions were carried out in THF at 20°C.
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very cheap alternative for the well-studied catalyst2-Yb (1 mol
Ca, 10 euros; 1 mol of Yb, 2637 euros).20 (iii) Good agreement
in the catalytic behavior of2-Ca and2-Yb is indirect proof for
the YbII nature of the catalytically active species in2-Yb-
catalyzed reactions and rules out the possibility of YbIII in the
mechanism. (iv) In addition, it is shown that polar (co)solvents
play a major role in catalysis with highly polar calcium or
ytterbium(II) complexes. Future research will focus on such
solvent effects and the replacement of the toxic hmpa for
alternative cosolvents.
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