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ABSTRACT: The previously described reaction of the low
sterically hindered heteroscorpionate lithium acetamidinates
[Li(κ3-pbpamd)(THF)] and [Li(κ3-tbpamd)(THF)] with a
series of commercially available Grignard reagents RMgCl in
an equimolecular ratio yielded the magnesium monoalkyls
[Mg(R)(κ3-NNN)] (NNN = pbpamd, R = CH2SiMe3, Et (1),
Bn (2); NNN = tbpamd, R = CH2SiMe3, Et (3), Bn (4)).
However, subsequent reaction of these monoalkyls [Mg(R)-
(κ3-NNN)] with two additional equivalents of the same
RMgCl in tetrahydrofuran gave rise to dinuclear dialkyls of the
type [RMg(κ3-N,N,N;κ2-C,N)MgR(thf)] (κ3-N,N,N;κ2-C,N =
pbpamd−, R = CH2SiMe3 (5), Et (6); κ

3-N,N,N;κ2-C,N = tbpamd−, R = CH2SiMe3 (7), Et (8)). Furthermore, when the reaction
was carried out in a mixture of tetrahydrofuran/dioxane with the same stoichiometry, a new family of tetranuclear tetraalkyl
magnesium complexes [{RMg(κ3-N,N,N;κ2-C,N)MgR}2{μ-O,O-(C4H8)}] (κ

3-N,N,N;κ2-C,N = pbpamd−, R = CH2SiMe3 (9), Et
(10), Bn (11); κ3-N,N,N;κ2-C,N = tbpamd−, R = CH2SiMe3 (12), Et (13), Bn (14)) was obtained. In both families, an apical
methine C−H activation process on the heteroscorpionate takes place. The single-crystal X-ray structures of 4, 8, 9, and 12
confirm the nuclearity of each family, with 4-coordinative arrangements for all magnesium atoms. More importantly, the presence
in the di- and tetranuclear complexes of unprecedented apical carbanions with a direct σ-C(sp3)−Mg covalent bond, and as a
result, the existence of stereogenic magnesium centers, have been unambiguously confirmed. Interestingly, the dinuclear dialkyls
5 and 7, as well as the tetranuclear tetraalkyls 9, 10, and 12, can act as highly efficient single-component living initiators for the
ring-opening polymerization of ε-caprolactone and lactides. Lactide (LA) polymerizations afforded polylactide (PLA) materials
with medium molecular weights in only a few minutes even at 20 °C for L-LA and in a few hours at 50 °C for rac-LA
propagations. More importantly, microstructural analysis of the poly(rac-lactide) materials revealed that the tetranuclear tetra-
alkyl 12 exerts enhanced levels of heteroselectivity on the PLAs under mild conditions, with Ps values up to 0.78.

■ INTRODUCTION

Over the past few years, our research group has been interested
in the preparation of efficient catalysts1 for the well-controlled
ring-opening polymerization (ROP) of lactide2 to produce the
leading bioderived polymer polylactide (PLA). The biocompat-
ible nature and the lack of toxicity to living tissue of the
bioassimilable PLAs3,4 have attracted attention, and as a result,
biocompatible metals such as magnesium5 or zinc6 have been
incorporated into the catalytic system since the resulting PLAs
are widely used in food packaging and biomedical/pharma-
ceutical applications, e.g., in regenerative medicine,7 controlled
release of drugs,8 and also wound healing.9 These emerging
materials are also currently employed in ecological applications
as bulk commodity materials,10 including packaging and fiber
technology, with the added benefit of biodegradability.11

In this context, we have explored the reactivity of a
bis(pyrazol-1-yl)methane-derived amidinate-based12 scorpio-
nate/cyclopentadienyl hybrid13 and, very recently, chiral14

and enantiopure14 alkoxo-based15 scorpionate ligands for the
synthesis of well-defined alkyl magnesium16−18 and
alkyl17,19−21-amide22 zinc complexes of the type [M(R)(κ3-
NNX)] (M = Mg, Zn; R = alkyl, amide; X = N, Cp, O) as
efficient single-component living initiators for the ROP of
lactides. Moreover, whereas the more sterically hindered
heteroscorpionate magnesium alkyls have proven to be
extremely active and capable of reaching high levels of
heteroselectivity in rac-LA polymerization (420 equiv poly-
merized in 93% yield in 2 min at 20 °C, Ps = 0.79),18 the less
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sterically demanding alkyl analogues16 produced atactic
materials (Ps = 0.52) and showed very limited catalytic activity.
This behavior was probably due to the lack of steric influence of
the methyl groups, which are insufficient to prevent metal
complexes from undergoing the symmetrical (Schlenk)23

equilibrium to form sandwich species that disfavor catalytic
performance. The use of sterically demanding ligands attached
to an active metal center18 or, alternatively, the architecture of
complexes with higher order nuclearity arrangements would
provide a steric barrier to suppress this undesired side reaction.
We have addressed the problem outlined above by designing

a more effective family of initiators based on the low sterically
hindered bis(3,5-dimethylpyrazol-1-yl)methane amidinate-de-
rived12 heteroscorpionate ligand. This approach involved the
formation of higher order nuclearity species through C−H
activation (deprotonation) of the bridging methine in the
previously reported magnesium monoalkyls [Mg(R)(κ3-
NNN)].16 Only recently have reports appeared concerning
this methine C−H activation process, and these include group
3 (Sc, Y),24 lanthanide (Lu,24 Nd25), and 13 (Al)26-based
alternative heteroscorpinate complexes. The reactions de-
scribed give rise to the formation of interesting neutral25,26 or
zwitterionic24 active species in several polymerization processes.
For instance, the neutral dimeric enantiopure heteroscorpio-
nate neodymium amide [Nd{(S)-mbpamH}{N(SiHMe2)}]2

25

produced isotactic-enriched poly(rac-LA) (Pi = 0.61, conv
10%); the dinuclear acetamidate heteroscorpionate aluminum
alkyl [Al2Et4(μ-pbptam)]26 proved to be very active for the
synthesis of cyclic carbonates,27 and the zwitterionic dialkyls
[Ln(NNO)(CH2SiMe3)2(thf)]

24 presented significant hetero-
activity in the ROP of rac-LA [Ps = 0.81, Y; 0.87, Lu], albeit
with very broad polydispersity values (Mw/Mn = 1.7−1.8).
However, to the best of our knowledge, examples of these

observations for a magnesium metal center have not been
reported to date.
We describe here the preparation of more efficient alkyl

initiators based on low sterically hindered heteroscorpionates
and the biocompatible magnesium metal. These compounds
were obtained through cleavage of the apical methine C−H
bond by treatment with excess Grignard reagent, a process that
leads to the formation of unprecedented apical carbanions with
a direct σ-C(sp3)−Mg covalent bond in the isolated complexes.
An evaluation of the different synthetic routes, the study of the
unique structural arrangements observed in the resulting
complexes, and their use as efficient single-component living
initiators for the heteroselective ROP of rac-LA are also
discussed in detail.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of the Monoalkyl,
Dinuclear Dialkyl, and Tetranuclear Tetraalkyl Hetero-
scorpionate Magnesium Complexes. Following our
previously described procedure,16 the treatment in toluene of
the low sterically hindered lithium acetamidinates [Li(κ3-
pbpamd)(THF)]12 [pbpamd = N,N′-diisopropylbis(3,5-dime-
thylpyrazol-1-yl)acetamidinate] and [Li(κ3-tbpamd)(THF)]12

[tbpamd = N-ethyl-N′-tert-butylbis(3,5-dimethylpyrazol-1-yl)-
acetamidinate] with a series of commercially available Grignard
reagents RMgCl (R = CH2SiMe3, Et, and Bn) in an
equimolecular ratio yielded, after the appropriate work-up,
the magnesium monoalkyls [Mg(R)(κ3-NNN)] (NNN =
pbpamd, R = CH2SiMe3,

16 Et (1), Bn (2); NNN = tbpamd,
R = CH2SiMe3,

16 Et (3), Bn (4)) as pale yellow crystalline
solids in high yields (∼90%; see Scheme 1a). However,
subsequent reaction of these monoalkyls [Mg(R)(κ3-NNN)]
with two additional equivalents of the same RMgCl in
tetrahydrofuran gave rise to dinuclear dialkyl magnesium

Scheme 1. Sequence of Reactions for the Preparation of the Monoalkyl (1−4), Dinuclear Dialkyl (5−8), and Tetranuclear
Tetra-alkyl (9−14) Heteroscorpionate Magnesium Complexes
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complexes of the type [MgR(κ3-N,N,N;κ2-C,N)MgR(thf)] (κ3-
N,N,N;κ2-C,N = pbpamd−, R = CH2SiMe3 (5), Et (6); κ3-
N,N,N;κ2-C,N = tbpamd−, R = CH2SiMe3 (7), Et (8); see
Scheme 1b) as yellow crystalline solids in good yields (ca. 80%;
see Experimental Section). Additionally, when the reaction was
carried out in a mixture of tetrahydrofuran/dioxane (9:1) as a
solvent with the same stoichiometry, a new family of the
tetranuclear tetraalkyl magnesium complexes [{RMg(κ3-
N,N,N;κ2-C,N)MgR}2{μ-O,O-(C4H8)}] (κ3-N,N,N;κ2-C,N =
pbpamd−, R = CH2SiMe3 (9), Et (10), Bn (11); κ3-
N,N,N;κ2-C,N = tbpamd−, R = CH2SiMe3 (12), Et (13), Bn
(14); see Scheme 1c) were obtained as yellow crystalline solids
in high yields (ca. 80%). In both families of complexes, i.e. the
dinuclear dialkyls (5−8) and the tetranuclear tetraalkyls (9−
14), an apical C−H methine activation on the scorpionate
ligand takes place with the MgR2 resulting from the Schlenk
equilibrium23 of the two additional equivalents (2RMgX ⇌
MgR2 + MgX2). All compounds are extremely air- and
moisture-sensitive and decompose in dichloromethane.
The 1H and 13C-{1H} NMR spectra of 1−4 in benzene-d6 at

room temperature each show a simple set of resonances for the
pyrazole rings, indicating that both pyrazole rings are
equivalent. The amidinate moiety, when R1 = R2 =

iPr, gives
rise to two sets of resonances for these substituents (the same
pattern as for R1 = tBu; R2 = Et), indicating a monodentate
binding of the amidinate fragment to the magnesium atom (see
Scheme 1) in a similar way to the binding modes previously
observed for analogous complexes.16,18,19,22 A singlet corre-

sponding to the bridging CH group is also observed at low
field.
The 1H NMR spectra of 5−14 each show the disappearance

of the single signal corresponding to the CH group, which is
consistent with C−H bond activation, and the shifting of the
C−H signal in the 13C-{1H} NMR at a lower field (∼77 ppm).
However, the most significant characteristic in the spectra of
the two families, i.e. the dinuclear dialkyls 5−8 and the
tetranuclear tetraalkyls 9−14, is the appearance of a single set
of resonances for the two pyrazole rings, indicating that they
are equivalent, although there is no symmetry in the molecule.
This situation can be explained in terms of a possible rapid
dynamic behavior in which the tetrahydrofuran or the dioxane
and the alkyl ligand (R3b) exchange positions through rotation
around the σ-C(sp3)−Mg covalent bond (see Scheme 1), a
process that ultimately makes both rings equivalent. VT 1H
NMR studies in toluene-d8 were carried out in an effort to stop
this exchange process, which has a very low activation barrier.
For instance, derivative 12 exhibits a coalescence temperature
of 198.15 K and a free-energy value, ΔG‡, of 40.67 kJ/mol,
meaning that the signals of the two pyrazole rings are
inequivalent [Figure S1 in the Supporting Information (SI)].
Furthermore, the amidinate moieties in these complexes [R1 =
R2 =

iPr (5, 6, 9−11) and R1 =
tBu, R2 = Et (7, 8, 12−14)]

show two very closed sets of resonances in the 1H NMR
spectrum for each R group (i.e., a difference of less than 0.1
ppm for the two CH groups in the iPr substituents in 5, 6, 9−
11), in contrast to the monoalkyls (i.e., a difference of ∼0.8
ppm for the two CH groups in the iPr substituents in 1 and 2).

Table 1. Selected Bond Lengths (Å) and Angles (deg) for 4, 8, 9, and 12

4 8 9 12

distances (Å)
Mg(1)−N(1) 2.165(3) Mg(1)−N(1) 2.153(3) Mg(1)−N(1) 2.146(2) Mg(1)−N(1) 2.141(6)
Mg(1)−N(3) 2.152(4) Mg(1)−N(3) 2.101(3) Mg(1)−N(3) 2.100(2) Mg(1)−N(3) 2.092(6)
Mg(1)−N(5) 2.075(4) Mg(1)−N(5) 2.068(3) Mg(1)−N(5) 2.067(2) Mg(1)−N(5) 2.051(5)
Mg(1)−C(19) 2.163(5) Mg(1)−C(19) 2.117(5) Mg(1)−C(19) 2.118(3) Mg(1)−C(19) 2.118(6)
N(5)−C(12) 1.362(5) Mg(2)−N(6) 2.036(3) Mg(2)−N(6) 2.036(2) Mg(2)−N(6) 2.040(5)
N(6)−C(12) 1.300(5) Mg(2)−O(1) 1.95(1) Mg(2)−C(11) 2.237(3) Mg(2)−C(23) 2.131(6)

Mg(2)−C(21) 2.136(5) Mg(2)−C(23) 2.131(3) Mg(2)−O(1) 2.141(5)
Mg(2)−C(11) 2.269(4) Mg(2)−O(1) 2.151(2) Mg(2)−C(11) 2.272(6)
N(5)−C(12) 1.327(5) N(5)−C(12) 1.319(3) N(5)−C(12) 1.320(7)
N(6)−C(12) 1.340(4) N(6)−C(12) 1.346(3) N(6)−C(12) 1.351(7)

angles (deg)
N(5)−Mg(1)−N(3) 91.0(1) N(5)−Mg(1)−N(3) 88.32(12) N(3)−Mg(1)−N(1) 88.70(9) N(3)−Mg(1)−N(1) 88.6(2)
N(5)−Mg(1)−C(19) 133.9(2) N(5)−Mg(1)−C(19) 125.97(17) N(3)−Mg(1)−C(19) 116.0(1) N(3)−Mg(1)−C(19) 120.0(3)
N(5)−Mg(1)−N(1) 91.5(1) N(5)−Mg(1)−N(1) 92.32(13) N(5)−Mg(1)−N(1) 92.12(9) N(5)−Mg(1)−N(1) 91.1(2)
N(3)−Mg(1)−N(1) 85.6(1) N(3)−Mg(1)−N(1) 86.70(12) N(5)−Mg(1)−N(3) 87.66(9) N(5)−Mg(1)−N(3) 88.8(2)
C(19)−Mg(1)−N(1) 116.1(2) C(19)−Mg(1)−N(1) 126.68(19) N(5)−Mg(1)−C(19) 137.9(1) N(5)−Mg(1)−C(19) 133.9(3)
C(12)−N(5)−Mg(1) 118.2(3) O(1)−Mg(2)−N(6) 99.5(3) C(19)−Mg(1)−N(1) 120.9(1) C(19)−Mg(1)−N(1) 122.1(3)
C(12)−N(6)−C(13) 122.5(4) O(1)−Mg(2)−C(21) 97.6(3) N(6)−Mg(2)−C(23) 144.9(1) N(6)−Mg(2)−C(23) 134.7(3)
N(6)−C(12)−N(5) 125.5(4) N(6)−Mg(2)−C(21) 135.2(2) N(6)−Mg(2)−O(1) 96.32(8) N(6)−Mg(2)−O(1) 96.1(2)
N(6)−C(12)−C(11) 120.5(4) O(1)−Mg(2)−C(11) 109.7(3) C(23)−Mg(2)−O(1) 103.6(1) C(23)−Mg(2)−O(1) 104.0(2)
N(5)−C(12)−C(11) 114.0(4) N(6)−Mg(2)−C(11) 65.1(1) N(6)−Mg(2)−C(11) 66.11(9) N(6)−Mg(2)−C(11) 65.4(2)

C(21)−Mg(2)−C(11) 143.1(2) C(23)−Mg(2)−C(11) 137.6(1) C(23)−Mg(2)−C(11) 141.4(3)
O(1)−Mg(2)−C(11) 96.52(9) O(1)−Mg(2)−C(11) 105.4(2)
C(12)−N(5)−C(13) 123.6(2) C(12)−N(5)−C(13) 121.3(5)
C(12)−N(5)−Mg(1) 115.3(2) C(12)−N(5)−Mg(1) 111.7(4)
C(13)−N(5)−Mg(1) 121.1(2) C(13)−N(5)−Mg(1) 126.2(4)
C(12)−N(6)−C(16) 124.8(2) C(12)−N(6)−C(15) 128.0(5)
C(12)−N(6)−Mg(2) 97.6(2) C(12)−N(6)−Mg(2) 96.9(4)
C(16)−N(6)−Mg(2) 137.5(2) C(15)−N(6)−Mg(2) 134.9(4)
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This latter observation is indicative of a bidentate binding of the
amidinate moiety to two magnesium centers (see Scheme 1).
Additionally, there are two different signals for each Mg-R3

alkyl group in all complexes, indicating that the two magnesium
centers have different arrangements. Finally, one set of signals is
observed for a terminal tetrahydrofuran and a bridging dioxane
molecule in 5−8 and 9−14, respectively, integrating for one
molecule in each family of complexes.

1H NOESY-1D experiments were performed in order to
corroborate the structure and nuclearity proposed for each
family of complexes and to assign unambiguously the signals
corresponding to each group (Figure S2 in the SI). For
instance, in the case of the tetranuclear tetra-alkyls 9−14, the
response from the bridging dioxane protons in complex 12
(Figures S2b and S2c) on irradiating the protons from only one
alkyl (Mg−R3b; see Scheme 1) suggests that only one alkyl
group is close to the dioxane molecule. The rest of the
experiments (Figures S2d and S2e) corroborate the proposed
structure. In the case of dinuclear dialkyls 5−8, the same
responses on irradiating the tetrahydrofuran molecule are
observed. Finally, 1H−13C heteronuclear correlation (g-HSQC)
experiments allowed us to assign the resonances corresponding
to C4, Me3, and Me5 of the pyrazole rings as well as the carbon
signals from R1, R2, and R3a,b in all compounds.
Single crystals of complexes [Mg(CH2SiMe3)(κ

3-tbpamd)]
(the X-ray structure of this complex was established since it had
not previously been determined),16 4, 8, 9, and 12 suitable for
X-ray diffraction were easily grown from toluene or hexane
solutions at −26 °C. Selected bond lengths and angles are
collected in Table 1 and in Table S1 in the SI for the monoalkyl
[Mg(CH2SiMe3)(κ

3-tbpamd)].16 Crystallographic details for all
crystal structures are reported in Table S3 in the SI. The
molecular structures of 4, 8, 9, and 12 are depicted in Figures 1,
2, 3, and 4, respectively, and the structure of complex
[Mg(CH2SiMe3)(κ

3-tbpamd)] is shown in Figure S3 in the SI.

Compound 4 consists of a monomeric arrangement in the
solid state. The magnesium metal exhibits a distorted
tetrahedral geometry in which the pyrazolic nitrogens N(1)
and N(3) occupy two positions and the amidinate nitrogen
N(5) and the alkyl group occupy the other two positions. The
N(1)−Mg(1) and N(3)−Mg(1) bond lengths are well
balanced [2.165(3) Å and 2.152(4)Å, respectively] and are

comparable to those observed in the analogous magnesium
heteroscorpionate alkyl complexes [Mg(CH2SiMe3)(κ

3-
tbpamd)] [2.143(3) Å and 2.139(3) Å in the SI] and
[Mg(C3H5)(κ

3-tbpamd)]16 [2.126(3) Å and 2.122(3) Å].
The solid-state structure also confirms that the amidinate
moiety is coordinated in a monodentate fashion to the Mg
atom [N(5)−Mg = 2.075(4)Å], with partial delocalization in
the N(5)−C(12)−N(6) core [C(12)−N(5) = 1.362(5) Å,
C(12)−N(6) = 1.300(5)Å]behavior that is common in
related families of monomeric organoderivatives.16,18,19,22

The X-ray diffraction analysis of 8, 9, and 12 confirmed in all
cases a centrosymmetric unit cell with the magnesium center
Mg(2) being a stereogenic center. These studies also showed
that the presence in solution of the corresponding two
enantiomers for the dinuclear complex 8 (R + S) was
maintained in the solid state. However, in the tetranuclear

Figure 1. ORTEP view of [Mg(CH2Ph)(κ
3-tbpamd)] (4). Hydrogen

atoms have been omitted for clarity. Thermal ellipsoids are drawn at
the 30% probability level.

Figure 2. ORTEP view of the S enantiomer for [EtMg(tbpamd−)-
MgEt(thf)] (8). Hydrogen atoms have been omitted for clarity.
Thermal ellipsoids are drawn at the 30% probability level.

Figure 3. ORTEP view of the meso diastereoisomer for
[{(CH2SiMe3)Mg(pbpamd−)Mg(CH2SiMe3)}2 {μ-O,O-(C4H8)}]
(9). Hydrogen atoms have been omitted for clarity. Thermal ellipsoids
are drawn at the 30% probability level.
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complexes 9 and 12 only the equivalent meso diastereomer
(R,S) was present in the unit cell.
Interestingly, complex 8 presents a dinuclear arrangement

while, in contrast, complexes 9 and 12 are tetranuclear entities
formed by two twin dinuclear units connected through a
bridging dioxane molecule. In the three structures, each
dinuclear unit contains two different distorted tetrahedral
magnesium centers with only one heteroscorpionate ligand:
pbpamd− for 9 and tbpamd− for 8 and 12. The first metal
center contains the corresponding heteroscorpionate ligand in a
κ3-NNN coordination mode occupying three positions, with
the N(1)−Mg(1) and N(3)−Mg(1) bond lengths [2.153(3) Å
and 2.101(3) Å for 8, respectively; 2.146(2) Å and 2.100(2) Å
for 9, respectively; and 2.141(6) Å and 2.092(6) Å for 12,
respectively] unbalanced, and the N(5)−Mg(1) bond lengths
[2.068(3) Å (8), 2.067(2) Å (9), and 2.051(5) Å (12)]
significantly shorter in comparison with N(1) and N(3)−
Mg(1) ones. The fourth position is occupied by an alkyl group
[Mg(1)−C(19) = 2.117(5) Å (8), 2.118(3) Å (9), and
2.118(6) Å (12)]. These bond lengths are comparable to those
observed in the analogous magnesium heteroscorpionate
monoalkyls [Mg(R)(κ3-tbpamd)] (R = CH2SiMe3, CH2Ph 4)
and [Mg(C3H5)(κ

3-tbpamd)],16 although the N(5)−C(12)−
N(6) fragment for 8, 9, and 12 presents a symmetrical
delocalization with nearly equal bond distances [N(5)−C(12)
= 1.327(5) Å and N(6)−C(12) = 1.340(4) Å (8); 1.319(3)
and 1.346(3) Å (9); 1.320(7) Å and 1.351(7) Å (12)].
The second magnesium unit presents coordination from the

lone pair of electrons on nitrogen N(6) [N(6)−Mg(2) =
2.036(3) Å (8), 2.036(2) Å (9), 2.040(5) Å 12)], and given the
similarity with the N(5)−Mg(1) bond length, this reaffirms the
complete delocalization of the negative charge throughout the
N(5)−C(12)−N(6) core. Two additional positions are
occupied by the oxygen from the terminal tetrahydrofuran
molecule [Mg(2)−O(1) = 1.947(10) Å (8)] or the bridging
dioxane molecule [Mg(2)−O(1) = 2.1508(19) Å (9); 2.141(5)
Å (12), i.e. significantly longer] and an alkyl group [Mg(2)−
C(21) = 2.136(5) Å (8); Mg(2)−C(23) = 2.131(3) Å (9),
2.131(6) Å (12)]. However, the most notable feature in the X-

ray molecular structures of complexes 8, 9, and 12 is
undoubtedly the fourth coordinative vacancy of Mg(2), which
corresponds to the covalent bond formed between the sp3-
hybridized apical carbanion C(11) [angles around C(11), such
as N(2)−C(11)−N(4) = 107.3(3)°, N(2)−C(11)−C(12) =
105.7(3)°, and N(4)−C(11)−C(12) = 116.3(3)° (8);
107.28(19)°, 106.5(2)°, 115.20(19)° (9); 107.6(5)°,
106.6(5)°, 114.3(5)° (12)] and the magnesium center Mg(2)
[C(11)−Mg(2) = 2.269(4) Å (8); 2.237(3) Å (9); 2.272(6) Å
(12)]. In this sense, to the best of our knowledge, these are the
first unambiguously authenticated examples of heteroscorpio-
nates with apical C−H activation resulting in a methanide
carbon that retains the sp3 hybridization and presents a direct
covalent bond to the metal center, since the examples reported
to date, including almost all28 tris-29 and all bis(pyrazol-1-
yl)methane24−26-based scorpionates, leave the apical carbanion
“naked” to produce zwitterionic complexes24,29 or, alternatively,
the carbanion is delocalized throughout adjacent heteroa-
toms.25,26 Additionally, the C(11)−Mg(2) bond lengths (2.258
Å on average) in both the di- and the tetra-alkyls are close to
the C(19)−Mg(1) (2.115 Å on average) and C(23,21)−Mg(2)
(2.133 Å on average) bonds mentioned above, showing the
alkyl character of C(11) and the strong covalent σ bond
between the C(11) and Mg(2) atoms. Furthermore, the
C(11)−C(12) bond lengths [1.534(5) Å (8), 1.558(3) Å (9),
1.558(8) Å (12), i.e. longer than a C−C single bond (∼1.455
Å)] reveal no delocalization of the carbanion sp3 C(11)
throughout this bond with the close amidinate core. Finally, the
highly constrained four-membered metallacycle formed by the
Mg(2)−N(6)−C(12)−C(11) fragment presents highly ten-
sioned angles such as Mg(2)−N(6)−C(12) and Mg(2)−
C(11)−C(12) [96.0(2)° and 81.8(2)° (8); 97.59(16)° and
83.82(14)° (9); 96.9(4)° and 82.4(4)° (12)], which are far
from the values expected for an sp2 and sp3 hybridization,
respectively.

Polymerization Studies. Complexes 5, 7, 9−11, and 12
were assessed in the ring-opening polymerization of the polar
monomers ε-caprolactone (CL) and L-/rac-lactide in tetrahy-
drofuran under a nitrogen atmosphere in order to compare
their activity and stereoselectivity with those of their
heteroscorpionate alkyl magnesium starting materials,16 other
alkyls previously reported by our group,18,19 as well as
interesting magnesium initiators published to date (see for
example those reported by Chisholm et al.,30 Lin et al.,31 Ma
and Wang,32 Cui et al.,33 and Schaper et al.34).
All initiators investigated were found to be very active in the

polymerization of CL (see the results in Table S2 in the SI) and
proved much more active than the starting materials [Mg(R)-
(κ3-NNN)].16 Very high conversions were obtained in 1 min at
20 °C to produce medium-low molecular weight materials with
low polydispersity values and productivities of more than 13 ×
105 g PCL (mol Mg)−1·h−1 (see for example the case of 5).
When toluene was employed as a solvent, all initiators
drastically reduce the catalytic activity since the complexation
of magnesium ions by the coordinating tetrahydrofuran solvent
probably enhances in this case the nucleophilicity of the alkyl
initiating group and the alkoxide propagating chain. It was also
found that the nature of the substituent R1 and R2 (Scheme 1)
from the amidinate fragment of the heteroscorpionate ligand
affects the catalytic activity as follows: pbpamd− > tbpamd−.
More interestingly, initiators 5, 7, 9, and 12 were

systematically examined for the production of poly(lactides)
(PLAs; Table 2). Inspection of the experimental Mn values of

Figure 4. ORTEP view of the meso diastereoisomer of [{(CH2SiMe3)-
Mg(tbpamd−)Mg(CH2SiMe3)}2{μ-O,O-(C4H8)}] (12). Hydrogen
atoms have been omitted for clarity. Thermal ellipsoids are drawn at
the 30% probability level.
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the PLAs produced revealed, as a common trend, that the
molecular weights of the resulting polymer samples closely
approximate the expected theoretical calculated values for one
polymer chain per magnesium center [Mn(calcd)PLA200 = 28
800 g·mol−1] (Table 2). Size exclusion chromatography (SEC)
data for the resulting polyesters showed a monomodal weight
distribution, with polydispersities ranging from 1.03 to 1.13
(Figure S4 in the SI).
The magnesium alkyl derivatives 5, 7, 9, and 12 acted as very

active single-component initiators and polymerized 200 equiv
of L-LA in tetrahydrofuran at 20 °C in a few minutes. For
instance, the dinuclear trimethylsilylmethyl derivatives 5 and 7
transformed the 94 and 89% of the monomer after 7 min
(entries 5 and 7, respectively), while the tetranuclear analogues
9 and 12 gave 82 and 74% conversion, respectively, after 10
min (entries 8 and 9, respectively) under otherwise identical
conditions. This difference in activity is probably caused by the
presence of the dioxane molecule (in 9 and 12), which
competes for the magnesium centers more effectively than the
tetrahydrofuran molecule (in 5 and 7) for the lactide monomer,
thus decreasing the catalytic performance. It is also worth
noting the higher activity found for all these initiators in
comparison with their monoalkyl precursors (entry 10), where
much longer times and more energetic conditions are needed.
The polymerization occurred without epimerization reac-

tions and afforded highly crystalline, isotactic polymers (Tm =
170−177 °C)35 with medium-low molecular weight and very
narrow polydispersity indexes (i.e., Mn = 26 000, Mw/Mn =
1.08, entry 5). The low level of stereochemical imperfections
was also revealed in the poly(L-lactide) with Mn > 20 000, for
which the optical activity remained almost constant in all cases
([α]D

22 ≈ 144°).36 The high level of control afforded by these
initiators in the polymerization of L-lactide was further

exemplified by initiator 5 (entries 1−5), which gave rise to
narrow molecular weight distributions in conjunction with
linear correlations between Mn and percentage conversion (R2

= 0.994; Figure S5 in the SI). A double-feed experiment
demonstrated the living behavior of catalyst 5 (entries 5 and 6),
which resulted in a polymer chain extension37 with very similar
polymer features. These results are characteristic of well-
controlled living propagations and the existence of a single type
of reaction site.
Moreover, low molecular weight materials produced by these

initiators were studied by MALDI−ToF MS38 (Figure S6 in the
SI), and end-group analysis by 1H NMR of a poly(L-lactide)
oligomer was also investigated (see Figure S7 in the SI). These
two findings provide evidence that the ring-opening of L-LA
occurs by the initial addition of the alkyl fragment to the
monomer in the materials produced, with cleavage of the acyl-
oxygen bond39 followed by further monomer additions to the
(macro)alcohols.
Initiators 5, 7, 9, and 12 were also tested in the

polymerization of rac-lactide in tetrahydrofuran at 50 °C. In
this case, the polymerization reaction was slower. For instance,
the dinuclear magnesium dialkyls 5 and 7 afforded 55 and 51%
conversion, respectively, after 2 h and gave low molecular
weight materials with very low polydispersity indexes (Mn = 14
300, Mw/Mn = 1.09, entry 12). In contrast, the tetranuclear
magnesium tetra-alkyls 9 and 12 reached conversions ranging
from 46% to 38% after 5 h of reaction (entries 13 and 14), also
with low molecular weight PLA materials and narrow
polydispersity values (Mn = 10 200, Mw/Mn = 1.10, entry 14),
possibly due to the reasons outlined above for the L-LA
polymerization.
For the sake of comparison, the dinuclear dialkyls 5 and 7 as

well as the tetranuclear tetraalkyls 9 and 12 present higher

Table 2. Polymerization of L- and rac-Lactide Catalyzed by 5, 7, 9, and 12a

entry initiator monomer time (min) yield (g) conv (%)b Mn(theor) (Da)
c Mn (Da)

d Mw/Mn
d Ps

e

1 5 L-LA 1.5 0.54 21 6 000 5 200 1.03
2 5 L-LA 3 1.09 42 12 100 12 400 1.03
3 5 L-LA 4.5 1.60 62 17 900 16 900 1.05
4 5 L-LA 6 2.04 79 22 800 23 600 1.06
5 5 L-LA 7 2.45 94 27 100 26 000 1.08
6 5f L-LA 14 4.77 92 53 000 51 800 1.09
7 7 L-LA 7 2.32 89 25 600 25 100 1.11
8 9 L-LA 10 2.14 82 23 600 24 300 1.12
9 12 L-LA 10 1.91 74 21 300 21 600 1.09
10 [Mg(CH2SiMe3)(pbpamd)]

i
L-LA 96 h 1.20 93 13 400 12 600 1.19

11 5 rac-LA 2 h 1.43 55 15 800 16 200 1.11 0.68
12 7 rac-LA 2 h 1.32 51 14 700 14 300 1.09 0.71
13 9 rac-LA 5 h 1.19 46 13 200 12 800 1.13 0.75
14 12 rac-LA 5 h 0.98 38 10 900 10 200 1.10 0.78
15 12g rac-LA 10 h 0.28 11 3 100 3 400 1.12 0.77
16 12h rac-LA 5 h 0.40 15 4 400 4 200 1.13 0.76
17 [Mg(CH2SiMe3)(pbpamd)]

i rac-LA 72 h 0.54 42 12 100 11 700 1.09 atactic
aPolymerization conditions: 90 μmol of magnesium centers; [monomer]0/[Mg]0 = 200; 20 mL of tetrahydrofuran at 20 °C for L-lactide and at 50
°C for rac-lactide. bPercentage conversion of the monomer [(weight of polymer recovered/weight of monomer) × 100]. cTheoretical Mn =
(monomer/Mg) × (% conversion) × (Mw of lactide). dDetermined by size exclusion chromatography relative to polystyrene standards in
tetrahydrofuran. Experimental Mn was calculated considering Mark−Houwink’s corrections40 for Mn [Mn(obsd) = 0.56 × Mn(GPC)].

eThe
parameter Ps (s = syndiotactic) is the probability of forming a new s-dyad. Ps is the probability of syndiotactic (racemic) linkages between monomer
units and is determined from the relative intensity in the tretrads obtained in the decoupled 1H NMR experiment by Ps = 2I1/(I1 + I2), with I1 = δ
5.20−5.25 ppm (sis, sii/iis) and I2 = δ 5.13−5.20 ppm (iis/sii, iii, isi).41 fDouble-feed experiment of 200 equiv of L-LA each. gThe temperature of the
polymerization reaction was 20 °C. hEmployment of toluene as a solvent. iThese data have been included for comparison of ROP with the alkyl
magnesium precursors.16 Experimental conditions: [catalyst]0 = 90 μmol of [Mg(CH2SiMe3)(pbpamd)]; [monomer]0/[catalyst]0 = 100; 40 mL of
toluene at 70 °C for L-lactide and rac-lactide.
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activities than their starting materials [Mg(R)(κ3-NNN)]16 for
both lactide monomers assessed (Table 2, entries 10 and 15).
In addition, the activity values of these initiators for the L-LA
monomer compare well with that reported for alternative
benzyloxide31 and alkyl33 magnesium initiators, although they
are slower than that published for the rac-LA monomer.30,32,34

Poly(rac-Lactide) Microstructure Analysis. Microstruc-
tural analysis of the poly(rac-lactide) by 1H NMR spectroscopy
revealed that these initiators in tetrahydrofuran exert a
moderate heteroactivity on the resulting polymers through a
chain end control42 mechanism, a value which is most probably
a result of the average contribution of the two different
magnesium centers from each initiator. This situation in
contrast to the low sterically hindered magnesium monoalkyl
precursors,16 which offered a low level of stereocontrol and
produced amorphous atactic poly(rac-lactide) materials (Table
2, entry 17).
For instance, initiators 5 and 7 impart a moderate level of

heteroselectivity on the growing polymer microstructure,
reaching in the case of 7 a Ps

41 value of 0.71 (Table 2, entry
12). More interestingly, catalysts 9 and 12 show a notable
preference for a heterotactic dyad enchainment. Thus, initiator
9 gave a Ps of 0.75 (Table 2, entry 13), while in the case of 12
the value was increased to 0.78 (Figure S8 in the SI, Table 2,
entry 14). This higher heterotacticity observed for 9 and 12
could be attributed to the fact that the more sterically
demanding environment produced by the dimeric arrangement
of these initiators would be maintained during the polymer-
ization process, which in turn would exert a heteroinfluence on
the growing polymer chains. A decrease in the reaction
temperature (Table 2, entry 15) or the use of toluene as a
solvent (Table 2, entry 16) did not lead to an increase in the Ps
value, but a significant decrease in activity occurred. It is also
noteworthy that although the heteroactivity observed for
catalyst 12 is still lower than that of the very selective
magnesium initiators reported to date, such as [(nacnac)Mg-
(OtBu)(THF)]30a (Ps ≈ 0.90), it is significantly higher than
that for analogous magnesium silylamido systems supported by
a tridentate monoanionic aminophenolato ligand [(L)MgN-
(SiMe3)2]

32 (Ps = 0.65) and other diketiminate-based
magnesium alkoxides [(nacnacBn)Mg(OtBu)(THF)]34 (Ps =
0.52).

■ CONCLUSIONS
In conclusion, we report here the controlled preparation of
heteroscorpionate magnesium alkyls with different order
nuclearity through the initial reaction of the low sterically
hindered lithium acetamidinates [Li(κ3-pbpamd)(THF)] and
[Li(κ3-tbpamd)(THF)] with a series of Grignard reagents
RMgCl and subsequent reaction of the corresponding
magnesium monoalkyls generated, [Mg(R)(κ3-NNN)], with
two additional equivalents of the same RMgCl. The reaction in
tetrahydrofuran gave rise to the dinuclear heteroscorpionate
dialkyl magnesium complexes [RMg(κ3-N,N,N;κ2-C,N)MgR-
(thf)]. In contrast, in the presence of dioxane, new tetranuclear
tetraalkyls of the type [{RMg(κ3-N,N,N;κ2-C,N)MgR}2{μ-O,O-
(C4H8)}] were obtained through an apical methine C−H
activation process in both cases. X-ray diffraction analysis of 4,
8, 9, and 12 confirmed the arrangements proposed in all
families and, more importantly, that both the dinuclear dialkyl 8
and the tetranuclear tetra-alkyls 9 and 12 present unprece-
dented apical carbanions with a direct σ-C(sp3)−Mg covalent
bond, an arrangement that has been unambiguously confirmed.

Interestingly, the alkyl nucleophilicity of the di- and tetra-
alkyls means that they can act as highly efficient single-site
living initiators for the well-controlled polymerization of polar
monomers such as ε-caprolactone and lactides under mild
conditions. The polymerization of L-LA occurs in minutes and
offers very good control at room temperature, as evidenced by
the living behavior and the low polydispersity indexes measured
for the materials. End group analysis and the MALDI-ToF mass
spectra suggest that the polymerization process is initiated by
alkyl transfer to the monomer. More importantly, micro-
structural analysis of the poly(rac-lactide) showed that the
tetranuclear tetra-alkyl 12 promotes heteroselectivity under
mild conditions in the polymerization of rac-lactide, producing
PLAs with Ps up to 0.78, and evidence that supports that
stereoselectivity can be obtained by increasing the nuclearity of
the active species.

■ EXPERIMENTAL SECTION
General Procedures. All manipulations were carried out under a

nitrogen atmosphere using standard Schlenk techniques or a glovebox.
Solvents were predried over sodium wire and distilled under nitrogen
from sodium (toluene and n-hexane) or sodium-benzophenone (THF
and diethyl ether). Deuterated solvents were stored over activated 4 Å
molecular sieves and degassed by several freeze−thaw cycles. NMR
spectra were recorded on a Varian Inova FT-500 spectrometer and are
referenced to the residual deuterated solvent. 1H NMR homode-
coupled and NOESY-1D spectra were recorded on the same
instrument with the following acquisition parameters: irradiation
time, 2 and 256 scans, using standard VARIAN-FT software. 2D NMR
spectra were acquired using the same software and processed using an
IPC-Sun computer. Microanalyses were performed with a PerkinElmer
2400 CHN analyzer. Gel Permeation Chromatography (GPC)
measurements were performed on a Polymer Laboratories PLsize
exclusion chromatography-220 instrument equipped with a TSK-GEL
G3000H column and an ELSD-LTII light-scattering detector. The
GPC column was eluted with THF at 45 °C at 1 mL/min and was
calibrated using eight monodisperse polystyrene standards in the range
580−483 000 Da. MALDI-ToF MS data were acquired with a Bruker
Autoflex II ToF/ToF spectrometer, using a nitrogen laser source (337
nm, 3 ns) in linear mode with a positive acceleration voltage of 20 kV.
Samples were prepared as follows: PLA (20 mg) was dissolved in
HPLC quality THF with a matrix and NaI in a 100:5:5 ratio. Before
evaporation, 10 μL of the mixture solution was deposited on the
sample plate. External calibration was performed by using Peptide
Calibration Standard II (covered mass range: 700−3 200 Da) and
Protein Calibration Standard I (covered mass range: 5 000−17 500
Da). PLA melting temperatures were measured using a melting point
Block (SMP 10). The sample was heated up to 100 °C and then
heated at a rate of 1 °C/min up to 165 °C. The microstructures of
PLA samples were determined by examination of the methine region
in the homodecoupled 1H NMR spectrum of the polymers recorded at
room temperature in CDCl3 on a Varian Inova FT-500 spectrometer.
The Grignard reagents RMgCl (R = CH2SiMe3, Et, Bn) were used as
purchased (Aldrich). ε-Caprolactone was dried by stirring over fresh
CaH2 for 48 h, then distilled under reduced pressure and stored over
activated 4 Å molecular sieves. L-Lactide and rac-lactide were sublimed
twice, recrystallized from THF, and finally sublimed again prior to use.

Preparation of Compounds 1−14. Synthesis of [MgEt-
(pbpamd)] (1). In a 250 cm3 Schlenk tube, [Li(pbpamd)(THF)]
(1.00 g, 2.45 mmol) was dissolved in dry toluene (70 mL) and cooled
to −70 °C. A 2.8 M toluene solution of EtMgCl (0.87 mL, 2.45 mmol)
was added, and the mixture was allowed to warm up to room
temperature and stirred for 1 h. The suspension was filtered, and the
resulting yellow solution was concentrated to 20 mL. The solution was
cooled to −26 °C, and this gave compound 1 as a pale yellow
crystalline solid. Yield: 850 mg (2.22 mmol, 91%). Anal. Calcd for
C20H34MgN6: C, 62.75; H, 8.95; N, 21.95. Found: C, 62.84; H, 9.05;
N, 21.84. 1H NMR (C6D6, 297 K): δ 7.35 (s, 1 H, CH), 5.23 (s, 2 H,
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H4), 4.62 [m, 1 H, 3JH−H = 6.3 Hz, CH−(CH3)2], 3.84 [m, 1 H,
3JH−H

= 5.9 Hz, CH−(CH3)2], 2.05 (s, 6 H, Me5), 2.04 (t, 3 H, 3JH−H = 8.2
Hz, MgCH2CH3), 1.78 (s, 6 H, Me3), 1.50 [d, 6 H, 3JH−H = 6.3 Hz,
CH−(CH3)2], 1.34 [d, 6 H, 3JH−H = 5.9 Hz, CH−(CH3)2], 0.39 (q, 2
H, 3JH−H = 8.2 Hz, MgCH2CH3).

13C-{1H} NMR (C6D6, 297 K): δ
152.5 (NC−N), 149.7, 140.5 (C3or5), 106.2 (C4), 58.2 (CH), 50.0
[CH−(CH3)2], 44.6 [CH−(CH3)2], 27.8 [CH−(CH3)2], 25.1 [CH−
(CH3)2], 14.1 (MgCH2CH3), 12.8 (Me5), 10.5 (Me3), −2.3
(MgCH2CH3).
Synthesis of [MgBn(pbpamd)] (2). The synthesis of 2 was carried

out in an identical manner to 1. [Li(pbpamd)(THF)] (1.00 g, 2.45
mmol), BnMgCl (2.0 M in toluene; 1.22 mL, 2.45 mmol). Yield: 985
mg (2.21 mmol, 90%). Anal. Calcd for C25H36MgN6: C, 67.49; H,
8.16; N, 18.89. Found: C, 67.59; H, 8.31; N, 19.02. 1H NMR (C6D6,
297 K): δ 7.40 (m, 2 H, MgCH2C6H5), 7.30 (s, 1 H, CH), 7.25 (m, 2
H, MgCH2C6H5), 6.86 (m, 1 H, MgCH2C6H5), 5.14 (s, 2 H, H

4), 4.62
[m, 1 H, 3JH−H = 6.3 Hz, CH−(CH3)2], 3.79 [m, 1 H,

3JH−H = 5.9 Hz,
CH−(CH3)2], 2.27 (s, 2 H, MgCH2C6H5), 1.86 (s, 6 H, Me5), 1.71 (s,
6 H, Me3), 1.45 [d, 6 H, 3JH−H = 6.3 Hz, CH−(CH3)2], 1.31 [d, 6 H,
3JH−H = 5.9 Hz, CH−(CH3)2].

13C-{1H} NMR (C6D6, 297 K): δ 152.1
(NC−N), 150.3, 140.6 (C3or5), 155.6, 128.7, 125.0, 118.2
(MgCH2C6H5), 106.4 (C4), 58.1 (CH), 50.0 [CH−(CH3)2], 44.5
[CH−(CH3)2], 27.6 [CH−(CH3)2], 25.4 [CH−(CH3)2], 22.5
(MgCH2C6H5), 12.8 (Me5), 10.5 (Me3).
Synthesis of [MgEt(tbpamd)] (3). The synthesis of 3 was carried

out in an identical manner to 1. [Li(tbpamd)(THF)] (1.00 g, 2.45
mmol), EtMgCl (2.8 M in toluene; 0.87 mL, 2.45 mmol). Yield: 860
mg (2.25 mmol, 92%). Anal. Calcd for C20H34MgN6: C, 62.75; H,
8.95; N, 21.95. Found: C, 62.79; H, 9.02; N, 21.88. 1H NMR (C6D6,
297 K): δ 7.23 (s, 1 H, CH), 5.19 (s, 2 H, H4), 3.59 (q, 2 H, 3JH−H =
7.0 Hz, N-CH2CH3), 2.08 (s, 6 H, Me5), 2.04 (t, 3 H, 3JH−H = 8.2 Hz,
MgCH2CH3), 1.85 [s, 9 H, N−C(CH3)3], 1.67 (s, 6 H, Me3), 1.50 (t,
3 H, 3JH−H = 7.0 Hz, N−CH2CH3), 0.37 (q, 2 H, 3JH−H = 8.2 Hz,
MgCH2CH3).

13C-{1H} NMR (C6D6, 297 K): δ 153.9 (NC−N),
149.8, 140.4 (C3or5), 106.2 (C4), 59.4 (CH), 52.5 [N-C(CH3)3], 44.2
(N-CH2−CH3), 31.0 [N−C(CH3)3], 19.7 (N−CH2−CH3), 14.0
(MgCH2CH3), 12.9 (Me5), 10.4 (Me3), −0.9 (MgCH2CH3).
Synthesis of [MgBn(tbpamd)] (4). The synthesis of 4 was carried

out in an identical manner to 1. [Li(tbpamd)(THF)] (1.00 g, 2.45
mmol), BnMgCl (2.0 M in toluene; 1.22 mL, 2.45 mmol). Yield: 990
mg (2.22 mmol, 91%). The compound was obtained as suitable single
crystals for X-ray diffraction analysis. Anal. Calcd for C25H36MgN6: C,
67.49; H, 8.16; N, 18.89. Found: C, 67.52; H, 8.20; N, 18.92. 1H NMR
(C6D6, 297 K): δ 7.37 (m, 2 H, MgCH2C6H5), 7.26 (m, 2 H,
MgCH2C6H5), 7.18 (s, 1 H, CH), 6.88 (m, 1 H, MgCH2C6H5), 5.14
(s, 2 H, H4), 3.54 (q, 2 H, 3JH−H = 7.0 Hz, N-CH2CH3), 2.23 (s, 2 H,
MgCH2C6H5), 1.92 (s, 6 H, Me5), 1.77 [s, 9 H, N−C(CH3)3], 1.63 (s,
6 H, Me3), 1.47 (t, 3 H, 3JH−H = 7.0 Hz, N−CH2CH3).

13C-{1H}
NMR (C6D6, 297 K): δ 153.7 (NC−N), 150.2, 140.7 (C3or5), 155.6,
128.6, 125.1, 118.1 (MgCH2C6H5), 106.5 (C4), 59.2 (CH), 52.5 [N-
C(CH3)3], 44.2 (N-CH2−CH3), 31.2 [N−C(CH3)3], 24.0
(MgCH2C6H5), 19.6 (N−CH2−CH3), 12.9 (Me5), 10.4 (Me3).
Synthesis of [(CH2SiMe3)Mg(pbpamd−)Mg(CH2SiMe3)(thf)] (5). In

a 250 cm3 Schlenk tube, [Mg(CH2SiMe3)(pbpamd)] (0.75 g, 1.70
mmol) was dissolved in dry THF (70 mL) and cooled to −70 °C. A
1.3 M THF solution of Me3SiCH2MgCl (2.61 mL, 3.40 mmol) was
added, and the mixture was allowed to warm up to room temperature
and stirred overnight. The solvent was removed under a vacuum, and
the residue was extracted with hexane (2 × 40 mL). The fractions were
combined, and the resulting yellow solution was concentrated to 20
mL. The solution was cooled to −26 °C, and this gave compound 5 as
a pale yellow crystalline solid. Yield: 870 mg (1.39 mmol, 82%). Anal.
Calcd for C30H58Mg2N6OSi2: C, 57.78; H, 9.37; N, 13.48. Found: C,
57.87; H, 9.48; N, 13.37. 1H NMR (C6D6, 297 K): δ 5.35 (s, 2 H, H

4),
3.76 [m, 2 H, CH−(CH3)2], 3.41 (m, 4 H, C4H8O), 2.26 (s, 6 H,
Me5), 2.14 (s, 6 H, Me3), 1.33 [d, 6 H, 3JH−H = 5.9 Hz, CH−(CH3)2],
1.16 (m, 4 H, C4H8O), 1.03 [d, 6 H, 3JH−H = 6.3 Hz, CH−(CH3)2],
0.51 [s, 9 H, MgaCH2Si(CH3)3], 0.40 [s, 9 H, MgbCH2Si(CH3)3],
−0.80 [s, 2 H, MgaCH2Si(CH3)3], −1.12 [s, 2 H, MgbCH2Si(CH3)3].
13C-{1H} NMR (C6D6, 297 K): δ 169.6 (NC−N), 147.7, 143.8

(C3or5), 104.9 (C4), 77.0 (Ca), 69.2 (C4H8O), 47.4 [CH−(CH3)2],
46.3 [CH−(CH3)2], 26.7 [CH−(CH3)2], 26.1 [CH−(CH3)2], 25.0
(C4H8O), 13.7 (Me5), 13.7 (Me3), 5.2 [MgaCH2Si(CH3)3], 4.8
[MgbCH2Si(CH3)3], −5.2 (MgbCH2Si(CH3)3), −7.6 [MgaCH2Si-
(CH3)3].

Synthesis of [EtMg(pbpamd−)MgEt(thf)] (6). The synthesis of 6
was carried out in an identical manner to 5. [Mg(Et)(pbpamd)] (1;
0.75 g, 1.95 mmol), EtMgCl (2.8 M in toluene; 1.40 mL, 3.92 mmol).
Yield: 830 mg (1.63 mmol, 83%). Anal. Calcd for C26H46Mg2N6O: C,
61.56; H, 9.14; N, 16.57. Found: C, 61.64; H, 9.23; N, 16.48. 1H NMR
(C6D6, 297 K): δ 5.37 (s, 2 H, H4), 3.87 [m, 1 H, 3JH−H = 6.3 Hz,
CH−(CH3)2], 3.78 [m, 1 H,

3JH−H = 5.9 Hz, CH−(CH3)2], 3.36 (m, 4
H, C4H8O), 2.30 (s, 6 H, Me5), 2.12 (s, 6 H, Me3), 2.06 (t, 3 H, 3JH−H
= 8.2 Hz, MgaCH2CH3), 1.83 (t, 3 H, 3JH−H = 8.2 Hz, MgbCH2CH3),
1.31 [d, 6 H, 3JH−H = 6.3 Hz, CH−(CH3)2], 1.12 (m, 4 H, C4H8O),
1.04 [d, 6 H, 3JH−H = 5.9 Hz, CH−(CH3)2], 0.38 (q, 2 H, 3JH−H = 8.2
Hz, MgaCH2CH3), 0.06 (q, 2 H, 3JH−H = 8.2 Hz, MgaCH2CH3).

13C-
{1H} NMR (C6D6, 297 K): δ 168.7 (NC−N), 147.5, 143.7 (C3or5),
104.8 (C4), 76.7 (Ca), 69.0 (C4H8O), 46.7 [CH−(CH3)2], 46.0 [CH−
(CH3)2], 26.4 [CH−(CH3)2], 26.2 [CH−(CH3)2], 25.0 (C4H8O),
14.3 (MgaCH2CH3), 14.1 (MgbCH2CH3), 13.2 (Me5), 12.8 (Me3),
1.07 (MgbCH2CH3), −0.5 (MgaCH2CH3).

Synthesis of [(CH2SiMe3)Mg(tbpamd−)Mg(CH2SiMe3)(thf)] (7).
The synthesis of 7 was carried out in an identical manner to 5.
[Mg(CH2SiMe3)(tbpamd)] (0.75 g, 1.70 mmol), Me3SiCH2MgCl
(1.3 M in THF; 2.61 mL, 3.40 mmol). Yield: 880 mg (1.41 mmol,
83%). Anal. Calcd for C30H58Mg2N6OSi2: C, 57.78; H, 9.37; N, 13.48.
Found: C, 57.83; H, 9.43; N, 13.39. 1H NMR (C6D6, 297 K): δ 5.34
(s, 2 H, H4), 3.50 (m, 4 H, C4H8O), 3.45 (q, 2 H, 3JH−H = 7.0 Hz, N-
CH2CH3), 2.28 (s, 6 H, Me5), 2.11 (s, 6 H, Me3), 1.29 (m, 4 H,
C4H8O), 1.23 [s, 9 H, N−C(CH3)3], 1.20 (t, 3 H,

3JH−H = 7.0 Hz, N−
CH2CH3), 0.53 [s, 9 H, MgaCH2Si(CH3)3], 0.38 [s, 9 H,
MgbCH2Si(CH3)3], −0.77 [s, 2 H, MgaCH2Si(CH3)3], −1.13 [s, 2
H, MgbCH2Si(CH3)3].

13C-{1H} NMR (C6D6, 297 K): δ 173.4 (N
C−N), 147.5, 143.6 (C3or5), 104.7 (C4), 77.7 (Ca), 69.1 (C4H8O), 52.3
[N-C(CH3)3], 46.6 (N-CH2−CH3), 33.2 [N−C(CH3)3], 19.5 (N−
CH2−CH3), 13.6 (Me5), 13.4 (Me3), 4.9 [MgaCH2Si(CH3)3], 4.6
[MgbCH2Si(CH3)3], −5.4 (MgbCH2Si(CH3)3), −9.1 [MgaCH2Si-
(CH3)3].

Synthesis of [EtMg(tbpamd−)MgEt(thf)] (8). The synthesis of 8
was carried out in an identical manner to 5. [Mg(Et)(tbpamd)] (3;
0.75 g, 1.95 mmol), EtMgCl (2.8 M in toluene; 1.40 mL, 3.92 mmol).
Yield: 795 mg (1.57 mmol, 80%). The compound was obtained as
suitable single crystals for X-ray diffraction analysis. Anal. Calcd for
C26H46Mg2N6O: C, 61.56; H, 9.14; N, 16.57. Found: C, 61.60; H,
9.19; N, 16.54. 1H NMR (C6D6, 297 K): δ 5.37 (s, 2 H, H

4), 3.55 (m,
4 H, C4H8O), 3.39 (q, 2 H,

3JH−H = 7.0 Hz, N-CH2CH3), 2.34 (t, 3 H,
3JH−H = 8.2 Hz, MgaCH2CH3), 2.33 (s, 6 H, Me5), 2.12 (s, 6 H, Me3),
1.90 (t, 3 H, 3JH−H = 8.2 Hz, MgbCH2CH3), 1.32 (t, 3 H, 3JH−H = 7.0
Hz, N−CH2CH3), 1.22 [s, 9 H, N−C(CH3)3], 1.21 (m, 4 H, C4H8O),
0.37 (q, 2 H, 3JH−H = 8.2 Hz, MgaCH2CH3), 0.07 (q, 2 H,

3JH−H = 8.2
Hz, MgbCH2CH3).

13C-{1H} NMR (C6D6, 297 K): δ 172.9 (NC−
N), 147.2, 143.8 (C3or5), 104.6 (C4), 77.8 (Ca), 69.1 (C4H8O), 51.7
[N-C(CH3)3], 46.4 (N-CH2−CH3), 33.1 [N−C(CH3)3], 25.1
(C4H8O), 19.1 (N−CH2−CH3), 14.2 (MgaCH2CH3), 13.6
(MgbCH2CH3), 13.1 (Me5), 12.7 (Me3), 1.08(MgbCH2CH3), −0.5
(MgaCH2CH3).

Synthesis of [{(CH2SiMe3)Mg(pbpamd−)Mg(CH2SiMe3)}2{μ-O,O-
(C4H8)}] (9). In a 250 cm3 Schlenk tube, [Mg(CH2SiMe3)(pbpamd)]
(0.75 g, 1.70 mmol) was dissolved in 100 mL of a mixture of dry THF
and 1,4-dioxane in a ratio of 9:1, and it was cooled to −70 °C. A 1.3 M
solution in THF of Me3SiCH2MgCl (2.61 mL, 3.40 mmol) was added
to the mixture, which was allowed to warm up to room temperature
and stirred overnight. The solvent was removed under a vacuum, and
the residue was extracted with hexane (2 × 40 mL). The fractions were
combined, and the resulting yellow solution was concentrated to 20
mL. The solution was cooled to −26 °C, and this gave compound 9 as
pale yellow single crystals suitable for X-ray diffraction analysis. Yield:
830 mg (0.70 mmol, 82%). Anal. Calcd for C56H108Mg4N12O2Si4: C,
56.47; H, 9.14; N, 14.11. Found: C, 56.54; H, 9.22; N, 14.05. 1H NMR
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(C6D6, 297 K): δ 5.32 (s, 4 H, H4), 3.74 [m, 2 H, 3JH−H = 5.9 Hz,
CH−(CH3)2], 3.71 [m, 2 H, 3JH−H = 5.9 Hz, CH−(CH3)2], 3.30 (s, 8
H, C4H8O2), 2.13 (s, 12 H, Me5), 2.09 (s, 12 H, Me3), 1.27 [d, 12 H,
3JH−H = 5.9 Hz, CH−(CH3)2], 1.02 [d, 12 H, 3JH−H = 5.9 Hz, CH−
(CH3)2], 0.52 [s, 18 H, MgaCH2Si(CH3)3], 0.36 [s, 18 H,
MgbCH2Si(CH3)3], −0.81 [s, 4 H, MgaCH2Si(CH3)3], −1.20 [s, 4
H, MgbCH2Si(CH3)3].

13C-{1H} NMR (C6D6, 297 K): δ 169.3 (N
C−N), 147.9, 143.6 (C3or5), 105.2 (C4), 76.8 (Ca), 67.2 (C4H8O2),
47.4 [CH−(CH3)2], 46.4 [CH−(CH3)2], 26.6 [CH−(CH3)2], 26.2
[CH−(CH3)2], 13.7 (Me5), 13.7 (Me3), 5.1 [MgaCH2Si(CH3)3], 4.7
[MgbCH2Si(CH3)3], −5.6 (MgbCH2Si(CH3)3), −7.5 [MgaCH2Si-
(CH3)3].
Synthesis of [{EtMg(pbpamd−)MgEt}2{μ-O,O-(C4H8)}] (10). The

synthesis of 10 was carried out in an identical manner to 9.
[Mg(Et)(pbpamd)] (1) (0.75 g, 1.95 mmol), EtMgCl (2.8 M in
toluene; 1.40 mL, 3.92 mmol). Yield: 792 mg (0.83 mmol, 84%). Anal.
Calcd for C48H84Mg4N12O2: C, 60.15; H, 8.83; N, 17.54. Found: C,
60.26; H, 8.91; N, 17.49. 1H NMR (C6D6, 297 K): δ 5.33 (s, 4 H, H

4),
3.78 [m, 2 H, 3JH−H = 5.9 Hz, CH−(CH3)2], 3.72 [m, 2 H,

3JH−H = 5.9
Hz, CH−(CH3)2], 3.30 (s, 8 H, C4H8O2), 2.22 (s, 12 H, Me5), 2.10 (s,
12 H, Me3), 2.06 (t, 6 H, 3JH−H = 8.2 Hz, MgaCH2CH3), 1.75 (t, 6 H,
3JH−H = 8.2 Hz, MgbCH2CH3), 1.23 [d, 12 H, 3JH−H = 5.9 Hz, CH−
(CH3)2], 1.00 [d, 12 H, 3JH−H = 5.9 Hz, CH−(CH3)2], 0.37 (q, 4 H,
3JH−H = 8.2 Hz, MgaCH2CH3), −0.01 (q, 4 H, 3JH−H = 8.2 Hz,
MgaCH2CH3).

13C-{1H} NMR (C6D6, 297 K): δ 168.3 (NC−N),
147.8, 143.4 (C3or5), 105.0 (C4), 76.4 (Ca), 67.2 (C4H8O2), 46.7
[CH−(CH3)2], 46.1 [CH−(CH3)2], 26.3 [CH−(CH3)2], 26.3 [CH−
(CH3)2], 14.2 (MgaCH2CH3), 13.8 (MgbCH2CH3), 13.1 (Me5), 12.8
(Me3), −1.0 (MgbCH2CH3), −1.8 (MgaCH2CH3).
Synthesis of [{BnMg(pbpamd−)MgBn}2{μ-O,O-(C4H8)}] (11). The

synthesis of 11 was carried out in an identical manner to 9.
[Mg(Bn)(pbpamd)] (2) (0.80 g, 1.80 mmol), BnMgCl (2.0 M in
THF; 1.80 mL, 3.60 mmol). Yield: 850 mg (0.70 mmol, 78%). Anal.
Calcd for C68H92Mg4N12O2: C, 67.68; H, 7.68; N, 13.93. Found: C,
67.79; H, 7.75; N, 13.85. 1H NMR (C6D6, 297 K): δ 7.41 (m, 4 H,
MgaCH2C6H5), 7.30 (m, 4 H, MgaCH2C6H5), 7.17 (m, 4 H,
MgbCH2C6H5), 7.09 (m, 4 H, MgbCH2C6H5), 6.90 (m, 2 H,
MgaCH2C6H5), 6.80 (m, 2 H, MgbCH2C6H5), 5.25 (s, 4 H, H4),
3.63 [m, 4 H, 3JH−H = 5.9 Hz, CH−(CH3)2], 3.07 (s, 8 H, C4H8O2),
2.25 (s, 4 H, MgaCH2C6H5), 2.06 (s, 12 H, Me5), 1.93 (s, 12 H, Me3),
1.87 (s, 4 H, MgbCH2C6H5), 1.13 [d, 12 H, 3JH−H = 5.9 Hz, CH−
(CH3)2], 0.93 [d, 12 H,

3JH−H = 5.9 Hz, CH−(CH3)2].
13C-{1H} NMR

(C6D6, 297 K): δ 168.4 (NC−N), 148.3, 143.5 (C3or5), 155.5, 128.7,
124.9, 118.2 (MgaCH2C6H5), 154.9, 128.1, 124.6, 118.4
(MgbCH2C6H5), 105.3 (C4), 76.3 (Ca), 67.5 (C4H8O2), 47.2 [CH−
(CH3)2], 46.3 [CH−(CH3)2], 26.4 [CH−(CH3)2], 26.4 [CH−
(CH3)2], 23.7 (MgbCH2C6H5), 22.8 (MgaCH2C6H5), 13.1 (Me5),
13.0 (Me3).
Synthesis of [{(CH2SiMe3)Mg(tbpamd−)Mg(CH2SiMe3)}2{μ-O,O-

(C4H8)}] (12). The synthesis of 12 was carried out in an identical
manner to 9. [Mg(CH2SiMe3)(tbpamd)] (0.75 g, 1.70 mmol),
Me3SiCH2MgCl (1.3 M in THF; 2.61 mL, 3.40 mmol). The
compound was obtained as suitable single crystals for X-ray diffraction
analysis. Yield: 850 mg (0.71 mmol, 83%). Anal. Calcd for
C56H108Mg4N12O2Si4: C, 56.47; H, 9.14; N, 14.11. Found: C, 56.52;
H, 9.19; N, 14.07. 1H NMR (C6D6, 297 K): δ 5.32 (s, 4 H, H4), 3.35
(q, 4 H, 3JH−H = 7.0 Hz, N-CH2CH3), 3.26 (s, 8 H, C4H8O2), 2.24 (s,
12 H, Me5), 2.09 (s, 12 H, Me3), 1.20 [s, 18 H, N−C(CH3)3], 1.09 (t,
6 H, 3JH−H = 7.0 Hz, N−CH2CH3), 0.50 [s, 18 H, MgaCH2Si(CH3)3],
0.32 [s, 18 H, MgbCH2Si(CH3)3], −0.80 [s, 4 H, MgaCH2Si(CH3)3],
−1.22 [s, 4 H, MgbCH2Si(CH3)3].

13C-{1H} NMR (C6D6, 297 K): δ
173.3 (NC−N), 147.6, 143.5 (C3or5), 104.8 (C4), 77.8 (Ca), 67.2
(C4H8O2), 52.5 [N-C(CH3)3], 46.5 (N-CH2−CH3), 33.3 [N−
C(CH3)3], 19.5 (N−CH2−CH3), 13.7 (Me5), 13.4 (Me3), 4.9
[MgaCH2Si(CH3)3], 4.7 [MgbCH2Si(CH3)3], −5.5 (MgbCH2Si-
(CH3)3), −9.2 [MgaCH2Si(CH3)3].
Synthesis of [{EtMg(tbpamd−)MgEt}2{μ-O,O-(C4H8)}] (13). The

synthesis of 13 was carried out in an identical manner to 9.
[Mg(Et)(tbpamd)] (3) (0.75 g, 1.95 mmol), EtMgCl (2.8 M in
toluene; 1.40 mL, 3.92 mmol). Yield: 772 mg (0.80 mmol, 82%). Anal.

Calcd for C48H84Mg4N12O2: C, 60.15; H, 8.83; N, 17.54. Found: C,
60.22; H, 8.88; N, 17.46. 1H NMR (C6D6, 297 K): δ 5.36 (s, 4 H, H

4),
3.50 (q, 4 H, 3JH−H = 7.0 Hz, N-CH2CH3), 3.36 (s, 8 H, C4H8O2),
2.30 (s, 12 H, Me5), 2.11 (t, 6 H, 3JH−H = 8.2 Hz, MgaCH2CH3), 2.10
(s, 12 H, Me3), 1.76 (t, 6 H, 3JH−H = 8.2 Hz, MgbCH2CH3), 1.07 (t, 6
H, 3JH−H = 7.0 Hz, N−CH2CH3), 1.20 [s, 18 H, N−C(CH3)3], 0.07
(q, 4 H, 3JH−H = 8.2 Hz, MgaCH2CH3), −0.03 (q, 4 H, 3JH−H = 8.2 Hz,
MgbCH2CH3).

13C-{1H} NMR (C6D6, 297 K): δ 172.7 (NC−N),
147.4, 143.6 (C3or5), 104.7 (C4), 77.7 (Ca), 67.1 (C4H8O2), 51.9 [N-
C(CH3)3], 46.3 (N-CH2−CH3), 33.2 [N−C(CH3)3], 19.1 (N−CH2−
CH3), 14.3 (MgaCH2CH3), 13.6 (MgbCH2CH3), 13.1 (Me5), 12.7
(Me3), −0.6 (MgbCH2CH3), −1.6 (MgaCH2CH3).

Synthesis of [{BnMg(tbpamd−)MgBn}2{μ-O,O-(C4H8)}] (14). The
synthesis of 14 was carried out in an identical manner to 9.
[Mg(Bn)(tbpamd)] (4; 0.80 g, 1.80 mmol), BnMgCl (1.80 mL, 3.60
mmol). Yield: 870 mg (0.72 mmol, 80%). Anal. Calcd for
C68H92Mg4N12O2: C, 67.68; H, 7.68; N, 13.93. Found: C, 67.72; H,
7.74; N, 13.87. 1H NMR (C6D6, 297 K): δ 7.39 (m, 4 H,
MgaCH2C6H5), 7.27 (m, 4 H, MgaCH2C6H5), 7.18 (m, 4 H,
MgbCH2C6H5), 7.09 (m, 4 H, MgbCH2C6H5), 6.88 (m, 2 H,
MgaCH2C6H5), 6.83 (m, 2 H, MgbCH2C6H5), 5.25 (s, 4 H, H4),
3.19 (s, 8 H, C4H8O2), 3.18 (q, 4 H, 3JH−H = 7.0 Hz, N-CH2CH3),
2.23 (s, 4 H, MgaCH2C6H5), 2.09 (s, 12 H, Me5), 1.92 (s, 12 H, Me3),
1.85 (s, 4 H, MgbCH2C6H5), 1.13 [s, 18 H, N−C(CH3)3], 0.98 (t, 6 H,
3JH−H = 7.0 Hz, N−CH2CH3).

13C-{1H} NMR (C6D6, 297 K): δ 172.6
(NC−N), 147.9, 143.7 (C3or5), 155.6, 128.6, 124.6, 118.1
(MgaCH2C6H5), 155.5, 128.8, 127.9, 118.3 (MgbCH2C6H5), 104.9
(C4), 77.6 (Ca), 67.2 (C4H8O2), 52.2 [N-C(CH3)3], 46.0 (N-CH2−
CH3), 33.2 [N−C(CH3)3], 24.3 (MgaCH2C6H5), 21.5
(MgbCH2C6H5), 19.0 (N−CH2−CH3), 13.0 (Me5), 12.9 (Me3).

Typical Polymerization Procedures. Polymerizations of ε-
caprolactone (CL) were carried out on a Schlenk line in a flame-
dried round-bottomed flask equipped with a magnetic stirrer. In a
typical procedure, the initiator was dissolved in the appropriate
amount of solvent, and temperature equilibration was ensured by
stirring the solution for 15 min in a temperature-controlled bath. ε-CL
was injected, and polymerization times were measured from that point.
Polymerizations were terminated by injecting a solution of hydro-
chloric acid in methanol. Polymers were precipitated in methanol,
filtered off, redissolved and reprecipitated in methanol, and dried in
vacuo to a constant weight.

Polymerizations of L-lactide and rac-lactide (LA) were performed on
a Schlenk line in a flame-dried round-bottomed flask equipped with a
magnetic stirrer. The Schlenk tubes were charged in the glovebox with
the required amount of lactide and initiator, separately, and then
attached to the vacuum line. The initiator and monomer were
dissolved in the appropriate amount of solvent, and temperature
equilibration was ensured in both Schlenk flasks by stirring the
solutions for 15 min in a bath. The appropriate amount of initiator was
added by syringe, and polymerization times were measured from that
point. Polymerizations were stopped by injecting a solution of
hydrochloric acid in methanol. Polymers were precipitated in
methanol, filtered off, redissolved and reprecipitated in methanol,
and dried in vacuo to constant weight.

X-Ray Crystallographic Structure Determination for Complexes
[Mg(CH2SiMe3)(κ

3-tbpamd)], 4, 8, 9, and 12. Data were collected on
a Bruker X8 APEX II CCD-based diffractometer, equipped with a
graphite monochromated Mo Kα radiation source (λ = 0.71073 Å).
The crystal data, data collection, structural solution, and refinement
parameters are summarized in Table S3. Data were integrated using
SAINT,43 and an absorption correction was performed with the
program SADABS.44 The structure was solved by direct methods using
the SHELXTL package45 and refined by full-matrix least-squares
methods based on F2. Compound 8 shows disorder rotational and
positional for ethyl and THF groups, respectively. Instructions SAME
and SADI of SHELX have been used to restrain these groups. For 12,
different crystals had to be used because of decomposition of the
compound during the X-ray exposures. Nevertheless, this information
has allowed us to obtain an acceptable resolution. There are two
different dimers in the unit cell which only differ in the orientation of
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ethyl groups. All non-hydrogen atoms were refined with anisotropic
thermal parameters except those of the ethyl and THF disordered
groups and the hydrogen atoms, which were geometrically situated.
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io de Economiá y Competitividad (MINECO), Spain (Grant
No. CTQ2011-22578/BQU and Consolider-Ingenio 2010
ORFEO CSD2007-00006).

■ REFERENCES
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2009, 48, 5540−5554. (b) Otero, A.; Fernańdez-Baeza, J.; Antiñolo,
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Rodriguez, A. M. Dalton Trans. 2003, 1614−1619.
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Garceś, A.; Rodríguez, A. M. Organometallics 2013, 32, 3437−3440.
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