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ABSTRACT
The reaction of the low sterically hindered heteroscorpionate lithium acetamidinates [Li(k3-NNN)(thf)]
{NNN = pbpamd (1) [pbpamd = N,N´-diisopropylbis(3,5-dimethylpyrazol-1-yl)acetamidinate], tbpamd
(2) [tbpamd = N-ethyl-N´-tert-butylbis(3,5-dimethylpyrazol-1-yl)acetamidinate], ttbpamd (3) [ttbpamd =
N,N'-di-tert-butylbis(3,5-dimethylpyrazol-1-yl)acetamidinate], phbpamd (4) [phbpamd = N,N´-di-ptolylbis(3,5-dimethylpyrazol-1-yl)acetamidinate]} and the highly sterically demanding [Li(k3phbptamd)(thf)] (5) [phbptamd = N,N'-di-p-tolylbis(3,5-di-tert-butylpyrazol-1-yl)acetamidinate] with the
commercially available Grignard reagent tBuMgCl in an equimolecular ratio yielded the magnesium tertbutyl compounds [Mg(tBu)(k3-NNN)] [NNN = pbpamd (6), tbpamd (7), ttbpamd (8), and phbptamd (9)].
In addition, subsequent reaction of the monoalkyls 6–8 with two additional equivalents of tBuMgCl in a
mixture of tetrahydrofuran/dioxane gave rise to two different classes of chiral compounds, namely the
tetranuclear complexes [{(tBu)Mg(k3-N,N,N;k2-C,N)Mg(tBu)}2{µ-O,O-(C4H8)}] (k3-N,N,N;k2-C,N =
pbpamd- 10, tbpamd- 11a) and [(tBu)Mg(k2-N,N;k2-N,N)Mg(tBu){µ-O,O-(C4H8)}]2 (k2-N,N;k2-N,N =
tbpamd- 11b). This reaction for 8 was unsuccessful but an analog such as the dinuclear complex
[(thf)(tBu)Mg(k2-N,N;k2-N,N)Mg(tBu)(thf)] (k2-N,N;k2-N,N = phbpamd- 12) could be obtained from its
lithium salt. In all cases (10–12) an apical methane C–H activation on the heteroscorpionate takes place.
This process was not observed for complex 9 but, interestingly, the coordination of one additional
equivalent of MgtBu2 afforded the dinuclear complex [Mg(tBu)(k3-phbptamd){Mg(tBu)2}] (13).
Similarly, coordination of MgtBu2 to 10 produces the chiral trinuclear [{(tBu)Mg(pbpamd-)Mg(tBu)}{µO,O-(C4H8)}{Mg(tBu)2(thf)}] (14). The X-ray crystal structures of complexes 4, 6, 8, 9, 11b, 12, 13 and
14 confirm the nuclearity of each family and the existence of apical s-C(sp3)–Mg (14) and extended pC2N2(sp2)–Mg2 (11b and 12) covalent bonds have unambiguously been confirmed. Interestingly, the
mononuclear compounds 8 and 9, the tetranuclear compound 10, and the dinuclear compounds 12 and 13
can act as highly efficient single-component living initiators for the ROP of rac-lactide. The most
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sterically hindered initiators exhibit enhanced levels of heteroselectivity on the PLAs, with 9 reaching Ps
values up to 0.85.

Introduction
Biosourced polylactide (PLA)1 (including its copolymers) is a leading commercial biomaterial,
the production of which has increased annually (nearly doubling from 0.7 million tonnes in 2014 to well
over 1.2 million tonnes in 2019).2 The increasing interest in this area is evidenced by the number of
reviews3 and books4 that have recently been published in this field. Considering the
biomedical/pharmaceutical applications, e.g., in regenerative medicine,5 controlled release of drugs6 and
wound healing,7 which are due to the biocompatible nature and the non-toxicity to living tissue of
bioassimilable polylactides (PLAs), the use of biologically benign metal-based catalysts such as zinc8a,b
and magnesium8c,d is widespread. In addition, ecological applications as bulk commodity materials9 have
recently appeared for this emerging type of biodegradable material.
In recent years our research group has explored the synthesis of well-defined alkyl magnesium10
and alkyl11-amide12 zinc complexes supported by amidinate-based scorpionate ligands of the type
[M(R)(k3-NNN)] (M = Mg, Zn; R = alkyl, amide) as efficient single-component living initiators for the
ROP of lactides.13 During this time we demonstrated that the lack of steric influence of the substituents
on the heteroscorpionate ligands facilitates the metal complexes undergoing the symmetrical equilibrium
(Schlenk equilibrium:14 2 RMgX

MgR2 + MgX2) to form sandwich species that dramatically

disfavor catalytic performance.15 We have also shown that the architecture of complexes with more
sterically hindered environments16 or higher order nuclearity arrangements10 provides a steric barrier to
suppress this undesired side reaction. In particular, we recently studied10 this latter approach through C-H
activation (deprotonation) of the bridging methine in the previously reported magnesium monoalkyls
[Mg(R)(k3-NNN)],15 which gave PLA materials with a moderate increase in the level of heteroselectivity
(Pr = 0.79).10 In addition, several reports have recently been published concerning this methine C-H
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activation process and these include group 3 (Sc, Y),17 lanthanide (Lu,17 Nd)18 and group 13 (Al)19-based
alternative heteroscorpinate complexes. In these studies, very interesting results were obtained in the
production of enriched heterotactic17 (Ps = 0.81, Y; 0.87, Lu) and isotactic18 (Pi = 0.61, conv 10%)
poly(rac-LAs), as well as for the synthesis of cyclic carbonates.19,20
On the other hand, it is well established21 that the composition of a Grignard reagent (RMgX)
depends on the nature of the organic group, the halide and the solvent, as well as the temperature and the
concentration, although the effect of solvent seems to play a dominant role in deciding the position of the
Schlenk equilibrium14 (i.e., monomeric arrangements in tetrahydrofuran vs. association processes in
diethyl ether). In contrast, the alkyl group has very little effect on the position of the equilibrium, although
tert-butyl magnesium chloride shows quite different behavior in that and it has an equal ratio of the
participants in the equilibrium in tetrahydrofuran (equilibrium constant, K of 1.12 at 33ºC).22 The study
of the influence of the two factors described above on the position of the symmetrical equilibrium14 for
the alkyl magnesium complexes requires the use of both the new amidinate-based heteroscorpionate
ligands prepared and tBuMgCl, the Grignard reagent that shows different behavior, in the search for more
selective and effective magnesium-based initiators for the ROP of lactide. This encouraged us to focus
our initial studies on the architecture of species with higher order nuclearity through a C-H activation
process.10
We describe here progress in the study of the exceptional reactivity of the Grignard reagent tBuMgCl with
new low and high sterically hindered amidinate-based heteroscorpionates. In this case, cleavage of the
apical methine C-H bond led to the formation of both apical carbanions with direct s-C(sp3)–Mg and
extended p-C2N2(sp2)–Mg2 covalent bonds in the isolated species. The different reactivity levels and the
unique structural arrangements elucidated in the complexes are discussed along with their ability to act as
effective single-component living initiators for the production of heteroenriched PLAs from rac-LA.
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Results and Discussion
Synthesis and Characterization of the Heteroscorpionate Lithium Precursors and the tButyl
Polynuclear Magnesium Complexes.
In a similar manner to the previously described preparation of the analogous low15 and high16
sterically hindered amidinate-based heteroscorpionate lithium starting materials, a mixture of a cooled (–
70 ºC) solution of bis(3,5-dimethylpyrazol-1-yl)methane (bdmpzm)15 or bis(3,5-di-tert-butylpyrazol-1yl)methane (bdtbpzm)16 in THF and one equivalent of BunLi, under an atmosphere of dry nitrogen was
treated with the symmetric carbodiimides N,N'-di-tert-butylcarbodiimide and N,N'-1,3-di-ptolylcarbodiimide. These reactions give rise to the new low sterically hindered heteroscorpionate lithium
acetamidinates [Li(k3-ttbpamd)(thf)] (3) [ttbpamd = N,N'-di-tert-butylbis(3,5-dimethylpyrazol-1yl)acetamidinate] and [Li(k3-phbpamd)(thf)] (4) [phbpamd = N,N'-di-p-tolylbis(3,5-dimethylpyrazol-1yl)acetamidinate], or the high sterically hindered heteroscorpionate lithium acetamidinate [Li(k3phbptamd)(thf)] (5) [phbptamd = N,N'-di-p-tolylbis(3,5-di-tert-butylpyrazol-1-yl)acetamidinate] as white
or pale yellow solids in good yields (ca. 85%) after the appropriate work-up (Scheme 1a). Complexes 1
and 2 have been described previously.15.
In addition, treatment of the low sterically hindered lithium acetamidinates [Li(k3-pbpamd)(thf)]
(1), [Li(k3-tbpamd)(thf)] (2), [Li(k3-ttbpamd)(thf)] (3) and [Li(k3-phbpamd)(thf)] (4), and the high
sterically hindered lithium acetamidinate [Li(k3-phbptamd)(thf)] (5), with the Grignard reagent tBuMgCl
in a 1:1 ratio yielded the magnesium tert-butyl derivatives [Mg(tBu)(k3-NNN)] [NNN = pbpamd (6),
tbpamd (7), ttbpamd (8) and, phbptamd (9)] as pale yellow or white solids in high yields (~80%) (see
Scheme 1b). Complexes 6 and 7 have been described previously.15.
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Scheme 1. Sequence of reactions for the preparation of the heteroscorpionate lithium precursors
(1–5) and the monoalkyl magnesium complexes (6–9)

Furthermore, subsequent reaction of the low sterically hindered tert-butyl [Mg(tBu)(k3-pbpamd)]
(6) with two additional equivalents of the same tBuMgCl in tetrahydrofuran/dioxane (9:1) gave rise to
chiral tetranuclear tetraalkyl of the type [{(tBu)Mg(k3-N,N,N;k2-C,N)Mg(tBu)}2{µ-O,O-(C4H8)}] (k3N,N,N;k2-C,N = pbpamd- 10) (See Scheme 2).

Scheme 2. Preparation of the heteroscorpionate tetranuclear tetraalkyl magnesium complex
10

6

However, the same reaction in the case of 7 afforded a mixture of [{(tBu)Mg(k3-N,N,N;k2C,N)Mg(tBu)}2{µ-O,O-(C4H8)}] (k3-N,N,N;k2-C,N = tbpamd- 11a as the major component in the
mixture) and [(tBu)Mg(k2-N,N;k2-N,N)Mg(tBu){µ-O,O-(C4H8)}]2 (k2-N,N;k2-N,N = tbpamd- 11b as the
minor component in the mixture) (see Scheme 3).

Scheme 3. Preparation of the heteroscorpionate tetranuclear tetraalkyl magnesium
complexes 11a and 11b

In addition, efforts to react 8 under different experimental conditions proved fruitless since an
intractable mixture of products was obtained. However, the analogous dinuclear dialkyl magnesium
complex [(thf)(tBu)Mg(k2-N,N;k2-N,N)Mg(tBu)(thf)] (k2-N,N;k2-N,N = phbpamd- 12) could be prepared,
although in this case only by direct reaction of one equivalent of the lithium salt 4 with three equivalents
of the Grignard reagent (see Scheme 4).
7

Scheme 4. Preparation of the heteroscorpionate dinuclear dialkyl magnesium complex 12

In all cases, i.e., the tetranuclear tetraalkyls 10 and 11a–11b and the dinuclear dialkyl 12, an apical
C–H methine activation on the scorpionate ligand occurs and this is mediated by the MgtBu2 resulting
from the Schlenk equilibrium14 of the two additional equivalents of Grignard reagent (see Schemes 2–4).
It is also interesting to note how the proportion of species arranged as apical s-C(sp3)–Mg versus extended

p-C2N2(sp2)–Mg2 (10 and 11a vs. 11b and 12, see Schemes 2–4) varies depending on the substituents on
the amidinate fragment in the scorpionate ligands; e.g., pbpamd = 10:0; tbpamd = 8:2 and phbpamd =
0:10. This finding could result from the different Lewis acidities of the bridging methine proton, with the
more acidic the proton producing the more stable extended p-C2N2(sp2)–Mg2 covalent bond.
In contrast to the above, this C-H activation process was not observed for the high sterically
hindered tert-butyl alkyl 9 but, interestingly, coordination of one additional equivalent of MgtBu2 was
observed to afford the dinuclear trialkyl complex [Mg(tBu)(k3-phbptamd){Mg(tBu)2}] (13) (see Scheme
5), which is the precursor species immediately prior to the apical methine C-H activation. Similarly, the
additional coordination of one equivalent of MgtBu2 led to the formation of the chiral trinuclear tetraalkyl
species [{(tBu)Mg(pbpamd-)Mg(tBu)}{µ-O,O-(C4H8)}{Mg(tBu)2(thf)}] (14) (see Scheme 6) by cleavage
of the dimeric structure of 10. All compounds were found to be extremely air- and moisture-sensitive and
they decomposed when dissolved in dichloromethane.
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Scheme 5. Preparation of the heteroscorpionate dinuclear trialkyl magnesium complex 13

Scheme 6. Preparation of the heteroscorpionate trinuclear tetraalkyl magnesium complex
14

The 1H and 13C-{1H} NMR spectra of 1–9 in benzene-d6 at room temperature each show a simple
set of resonances for the pyrazole rings, thus indicating the equivalence of these two rings. The amidinate
moiety, when R1 = R2 = tBu for 3 and 4-MePh for 4 and 5, gives rise in all cases to two sets of resonances
for these substituents, a finding that indicates monodentate binding of the amidinate fragment to the
lithium or the magnesium atom (see Scheme 1), in a similar way to the binding modes previously observed
for the analogous lithium salt precursors and the corresponding magnesium complexes.15,16 In addition,
the bridging CH group is also observed as a singlet at low field.
Interestingly, the most significant characteristics in the NMR spectra of 10, 11a + 11b and 12 are the
disappearance of the original singlet for the CH group in the 1H NMR spectra and the shift to low field of
9

this signal in the
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C-{1H} NMR spectra (~77 ppm), both of which provide evidence for C–H bond

activation.
As observed previously in analogous alkyl derivatives,10 the appearance of a single set of
resonances in the 1H and 13C-{1H} NMR spectra for the two pyrazole rings in the chiral tetranuclear tetratert-butyls 10 and 11a provide evidence for the equivalence of these rings, despite the lack of symmetry
in the molecule due to a possible rapid dynamic exchange between the dioxane and the tBub alkyl ligands
by rotation around the s-C(sp3)–Mg covalent bond (see Schemes 2 and 3). The VT 1H NMR studies in
toluene-d8 for derivative 10 show a coalescence temperature, Tc, of 203.15 K and a free-energy value,
ΔG‡, of 41.74 kJ/mol [Figure S1 in the Supporting Information (SI)]. These values are consistent with
those reported previously for [{(CH2SiMe3)Mg(tbpamd−)Mg(CH2SiMe3)}2{μ-O,O-(C4H8)}] (Tc =
198.15, ΔG‡ = 40.67). However, the 1H NMR spectrum of the chiral tetranuclear tetra-tert-butyl 11b
displays two sets of resonances for each of the two pyrazole rings, which indicates that these rings are not
equivalent. In addition, the existence of two sets of resonances instead of four provides evidence that only
one diastereoisomer (two enantiomers) is present in the isolated bulk solid (see Scheme 3). For the chiral
dinuclear di-tert-butyl 12, the signals were reduced to half, thus indicating a symmetrical situation and
the presence of only one diastereomer (see Scheme 4). These hypotheses for 11b and 12 were confirmed
by X-ray diffraction analysis.
The amidinate moieties in all of these C–H bond activated complexes [R1 = R2 = iPr (10), R1 =
t

Bu, R2 = Et (11a + 11b) and R1 = R2 = 4-MePh (12)] show two very close sets of resonances in the 1H

NMR spectrum for each R group (i.e., overlapping for the two CH groups in the iPr substituents in 10), in
contrast to its corresponding tert-butyl precursor [i.e., a difference of ~0.9 ppm for the same signals in
[Mg(tBu)(k3-pbpamd)] (6)].15 These observations confirm a bidentate binding of the amidinate fragment
to two magnesium centers (see Schemes 2–4). Furthermore, in complexes 10 and 11a + 11b there are two
different signals for each Mg-tBu alkyl group (tBua and tBub, see Schemes 2 and 3), which indicates that
the two magnesium centers have different arrangements, whereas 12 presents only one set of signals for
the two Mg-tBua alkyl groups, which confirms the symmetry in the molecule (see Scheme 4). Finally, one
10

set of signals is observed for the bridging dioxane molecules in 10 and 11a + 11b, and for the two terminal
tetrahydrofuran ligands in 12.
Complex 13 shows two sets of signals for the tBu groups in the pyrazole rings (tBu3 and tBu5) and
two different groups of signals for the Mg-tBu alkyl groups (tBua and tBub) in a 1:2 ratio, respectively,
(see Scheme 5). This observation indicates the existence of a mirror plane in the molecule and this plane
includes the amidinate fragment and both magnesium metal centers. More interestingly, the asymmetry
in both 4-MePh substituents from the amidinate fragment is evidenced by the shifting of the Ho,a and Hm,a
signals to lower fields by 0.5–0.7 ppm in comparison with Ho,b and Hm,b. These changes in chemical shift
suggest an electron charge transfer from this phenyl group (Pha) to the adjacent magnesium center via a

h1-(π)-C6H5 interaction that also occupies the fourth position around the magnesium coordination sphere.
Complex 14 presents the same pattern and dynamic behavior as analog 10 and one additional set of signals
for the two tBuc groups and for a terminal tetrahydrofuran molecule (see Scheme 6).
In order to confirm the arrangement proposed for each family of complexes, 1H NOESY-1D
experiments were performed to assign unambiguously each signal in all complexes [see Figure S2 in the
SI for the assignment of the mixture of 11a (major) + 11b (minor)]. The signals for C4, Me3 and Me5 in
the pyrazole rings as well as R, R1, R2 and tBua,b,c in all compounds were assigned by 1H-13C heteronuclear
correlations (g-HSQC).
Single crystals of complexes 4, 6 (the X-ray structure of this complex was determined since it had
not previously been established),15 8, 9, 11b, 12, 13 and 14 suitable for X-ray diffraction were easily
grown from toluene or hexane solutions at –26 ºC. Selected bond lengths and angles are collected in Table
1 for 11b, 12, 13 and 14, and in Table S1 in the SI for 4, 6, 8 and 9. Crystallographic details for all crystal
structures are reported in Table S2 in the SI. The molecular structures of 11b, 12, 13 and 14 are depicted
in Figures 1–4, respectively, and the structures of the complexes 4, 6, 8 and 9 are shown in Figures S3-S6
in the SI.
Complexes 11b and 12 exhibit a centrosymmetric unit cell in which both magnesium centers
Mg(1) and Mg(2) are stereogenic, and only the equivalent meso diastereomers (R,S) were present in the
11

unit cell. Interestingly, complex 11b has a dimeric tetranuclear arrangement formed by two twin dinuclear
units connected through two bridging dioxane molecules. In contrast, complex 12 is a monomeric
dinuclear entity. In the tetranuclear species 11b, each dinuclear unit contains two different distorted
tetrahedral magnesium centers, whereas in the dinuclear complex 12 both analogous magnesium centers
are equivalent. In both cases, the magnesium centers are bridged by only one heteroscorpionate ligand;
tbpamd- for 11b and phbpamd- for 12, which are in a k2-N,N;k2-N,N coordination mode and occupy four
positions. The N(1)–Mg(1) and N(4)–Mg(2) bond lengths [2.073(6) Å and 2.139(5) Å, respectively, for
11b] and the N(1,1A)–Mg(1,1A) bond length [2.246(14) Å for 12] are well-balanced, and the N(6)–Mg(1)
and N(5)–Mg(2) bond lengths [2.021(5) Å and 2.039(5) Å, respectively, for 11b] and the N(5,5A)–
Mg(1,1A) bond length [2.013(4) Å for 12] are slightly shorter than the N(1)–Mg(1) and N(4,1A)–
Mg(2,1A) lengths. An additional position around each magnesium atom is occupied in both complexes
by a tert-butyl group with almost identical Mg–C bond distances [Mg(1)–C(19) = 2.145(7) Å and Mg(2)–
C(23) = 2.188(7) Å for 11b, and Mg(1,1A)–C(20,20A) = 2.119(7) Å for 12, respectively]. These bond
lengths are consistent with those previously observed in analogous heteroscorpionate magnesium alkyls.10
The fourth position is occupied by the oxygen from a bridging dioxane molecule in 11b [Mg(1)–O(2A) =
2.121(5) Å and Mg(2)–O(1) = 2.137(5) Å] or a terminal tetrahydrofuran molecule in 12 [Mg(1,1A)–
O(1,1A) = 2.039(4) Å, i.e. slightly shorter]. However, the most notable feature in the X-ray molecular
structures of complexes 11b and 12 is undoubtedly the delocalization of the carbanion formed as a
consequence of the C-H activation. This planar π-extended C2-N2 (sp2) system is stabilized throughout
the adjacent nitrogen atoms. The angles around the central C(12) [N(6)–C(12)–N(5) = 127.6(3)º, N(6)–
C(12)–C(11) = 119.0(3)º and N(5)–C(12)–C(11) = 113.4(2)º 11b; N(5)–C(12)–N(5A) = 123.6(5)º, N(5)–
C(12)–C(11) = 118.2(3)º and N(5A)–C(12)–C(11) = 118.2(3)º 12] are close to 120º and the values are
consistent with sp2 hybridization for C(12). In addition, the N(5)–C(12)–N(6,5A) fragment for 11b and
12 presents a symmetrical delocalization with nearly equal bond distances [N(5)–C(12) = 1.378(6) Å and
N(6)–C(12) = 1.368(7) Å 11b; 1.365(4) Å 12]. The C(11)-C(12) bond lengths [1.399(8) Å 11b; 1.392(8)
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Å 12] are between C–C single (~1.455 Å) and double (~1.339 Å) bonds and this provides evidence for
complete π-delocalization throughout the planar C2-N2 system. Similar arrangements have been observed
previously for Nd18 and Al19 complexes supported by enantiopure acetamide and racemic thioacetamidate
heteroscorpionates, respectively. However, to our knowledge these are the first unambiguously
authenticated examples in which these amidinate-heteroscorpionates15 show this arrangement in the
particular case of a magnesium center.
Complex 13 consists of a dinuclear structure formed by two non-symmetrical units. The first
magnesium center presents a tetrahedral arrangement that is essentially similar to the one in complex 9
(see Figure S6 in the SI). The heteroscorpionate ligand (phbptamd) is in a k3-NNN-coordination mode
and occupies three positions [Mg(1)–N(1,3,5) bond distances of 2.200(3), 2.209(3) and 2.110(3) Å,
respectively], with the vacant fourth coordination site covered by a tBu alkyl group [Mg(1)–C(47) =
2.175(3) Å]. The bond distances and angles are in agreement with those observed in the monomeric
complexes cited above. The second Mg(2) unit shows a pseudo tetrahedral arrangement, with initial
coordination from the lone pair of electrons on nitrogen N(6) [2.143(3) Å]. The similarity with the N(5)–
Mg(1) bond length provides evidence of the complete delocalization of the negative charge throughout
the N(5)–C(12)–N(6) core [N(5)–C(12) = 1.324(4) Å, N(6)–C(12) = 1.316(4) Å]. Two additional
positions are occupied by two tBu alkyl groups, with analogous Mg(2)–C(39,43) bond lengths [2.174(3)
Å and 2.161(4) Å, respectively]. Quite unexpectedly, the last coordinative position appears from the
interaction of an adjacent phenyl group from the amidinate fragment through a Mg–h1(π)-C6H5 bond
[Mg(2)–C(26) = 2.666(3) Å]. In our opinion, this example represents the immediate precursor species
prior to the apical methine C-H activation in the heteroscorpionate ligands – a process that was
unsuccessful in this case given the lower Lewis acidity of the bridging methine group in the bis(3,5-ditert-butylpyrazol-1-yl)methane.23 Interestingly, very few examples of the M–h1(π)-C6H5 interaction have
been reported for early (only for M = Sc, Y,24a La, Ti, Zr, Hf and V) and late (only for M = Fe, Ru, Os,
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Co, Rh, Ir, Ni,24b Pd, Pt, Cu, Ag, Au and Hg) transition metals. Thus, as far as we are aware, complex 13
is the first example found for the main group elements and, more specifically, for those of block s.
Finally, X-ray diffraction analysis of 14 also confirmed a centrosymmetric unit cell in which the
magnesium center Mg(2) is stereogenic. These studies also showed that the presence in solution of the
corresponding two enantiomers for this complex (R + S) was maintained in the solid state. Complex 14
consists of a trinuclear entity formed by two asymmetric units connected through a bridging dioxane
molecule. The first asymmetric dinuclear unit, in a similar way to previous heteroscorpionate methanides
described by our group,10 contains two different distorted tetrahedral magnesium centers and the
pbpamd- heteroscorpionate ligand. The first metal center contains the heteroscorpionate in a k3-NNN
coordination mode occupying three positions, with the N(1)–Mg(1) and N(3)–Mg(1) bond lengths
[2.170(2) Å and 2.104(2) Å, respectively] unbalanced and the N(5)–Mg(1) bond length [2.069(2) Å]
slightly shorter than N(1,3)–Mg(1). The fourth position is occupied by a tert-butyl alkyl group [Mg(1)–
C(19) = 2.169(3) Å]. In addition, the N(5)–C(12)–N(6) fragment presents a symmetrical delocalization
with nearly equal bond distances [N(5)–C(12) = 1.323(3) Å and N(6)–C(12) = 1.337(3) Å]. These bond
lengths are comparable to those observed in the analogous mono15-, di10- and tetraalkyl10 magnesium
heteroscorpionates. The second magnesium unit, as in the case of 13, is coordinated by the lone pair of
electrons on nitrogen N(6) [N(6)–Mg(2) = 2.029(2) Å] and the similarity with the N(5)–Mg(1) bond
length also confirms complete delocalization throughout the N(5)–C(12)–N(6) core. Two additional
positions are occupied by the oxygen from a bridging dioxane molecule [Mg(2)–O(1) = 2.145(2) Å] and
a tBu alkyl group [Mg(2)–C(23) = 2.172(3) Å]. Interestingly, the fourth coordinative vacancy of Mg(2)
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) = 107.5(2)º, N(2)–C(11)–C(12) = 107.4(2)º and N(4)–C(11)–
C(12) = 115.6(2)º] and the magnesium center Mg(2) [C(11)–Mg(2) = 2.247(3) Å]. In this sense, it is also
worth noting that similar unambiguously authenticated examples of C-H activations that result in a
methanide carbon with retention of the sp3 hybridization and direct Mg-C covalent s-bond, such as in the
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case of amidinate-based di- and tetranuclear heteroscorpionates,10 are very rare. Indeed, in almost all25
tris-26 and all bis(pyrazol-1-yl)methane18,19,27-based scorpionates the apical carbanion is ‘naked’ and these
give zwitterionic complexes26,27 or, as described above, the carbanion can be delocalized throughout the
adjacent heteroatoms.18,19 In fact, a few examples of tris(pyrazol-1-yl)methanides with alkaline-earth (Ae)
metals have recently been reported and, in these cases, an Ae-C(sp3) covalent interaction could not be
established, with the exception of calcium.28 Additionally, the similarity in the C(11)–Mg(2) bond length
[2.247(3) Å] with the C(19)–Mg(1) and C(23)–Mg(2) [2.169(3) Å and 2.172(3) Å, respectively] bonds
mentioned above shows the alkyl character of C(11) and the strong covalent s-bond between the C(11)
and Mg(2) atoms. Moreover, the C(11)–C(12) bond length [1.550(3) Å, i.e., longer than a C–C single
bond (~1.455 Å)] reveals the absence of delocalization in the carbanion sp3 C(11) between this bond and
the close amidinate core, as occurs in the cases of 11b and 12. Finally, a highly constrained fourmembered metallacycle is formed by the Mg(2)–N(6)–C(12)–C(11) fragment, with highly tensioned
angles such as Mg(2)–N(6)–C(12) and Mg(2)–C(11)–C(12) [98.1(1)º and 83.5(1)º, respectively]. These
values are far from those expected for sp2 and sp3 hybridization, respectively, but in agreement with those
previously observed in analogous alkyl heteroscorpionate methanides.10 The second asymmetric
mononuclear unit consists of a pseudotetrahedral magnesium center with two tBu alkyl groups
symmetrically coordinated [Mg(3)–C(31) = 2.20(1) Å, Mg(3)–C(35) = 2.167(4) Å] and a terminal
tetrahydrofuran molecule [Mg(3)–O(3) = 2.088(2) Å] along with a bridging dioxane molecule [Mg(3)–
O(2) = 2.097(2) Å].
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Figure 1. ORTEP view of the meso diastereoisomer for [(tBu)Mg(tbpamd-)Mg(tBu){µ-O,O-(C4H8)}]2
(11b). Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are drawn at the 30% probability
level.
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Figure 2. ORTEP view of the meso diastereoisomer of [(thf)(tBu)Mg(phbpamd-)Mg(tBu)(thf)] (12).
Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are drawn at the 30% probability level.
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Figure 3. ORTEP view of [Mg(tBu)(k3-phbptamd){Mg(tBu)2}] (13). Hydrogen atoms have been omitted
for clarity. Thermal ellipsoids are drawn at the 30% probability level.
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Figure

4.

ORTEP

view

of

the

R

enantiomer

of

[{(tBu)Mg(pbpamd-)Mg(tBu)}{µ-O,O-

(C4H8)}{Mg(tBu)2(thf)}] (14). Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are
drawn at the 30% probability level.
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Table 1. Bond lengths [Å] and angles [°] for 11b × 3(C7H8), 12, 13 and 14.
11b × 3(C7H8)

12

13

14

Bond Lengths
Mg(1)-N(1)

2.073(6)

Mg(2)-N(4)

2.139(5)

Mg(1)-N(1)

2.246(14)

Mg(1)-N(1)

2.200(3)

Mg(1)-N(1)

2.170(2)

Mg(1)-N(6)

2.021(5)

Mg(2)-N(5)

2.039(5)

Mg(1)-N(5)

2.013(4)

Mg(1)-N(5)

2.110(3)

Mg(1)-N(3)

2.104(2)

Mg(1)-O(2)a

2.121(5)

Mg(2)-O(1)

2.137(5)

Mg(1)-O(1)

2.039(4)

Mg(1)-N(3)

2.209(3)

Mg(1)-N(5)

2.069(2)

Mg(1)-C(19)

2.145(7)

Mg(2)-C(23)

2.188(7)

Mg(1)-C(20)

2.119(7)

Mg(1)-C(47)

2.175(3)

Mg(2)-N(6)

2.029(2)

N(5)-C(12)

1.378(6)

N(5)-C(12)

1.365(4)

Mg(2)-N(6)

2.143(3)

Mg(1)-C(19)

2.169(3)

N(5)-C(13)

1.489(8)

N(5)-C(13)

1.400(5)

Mg(2)-C(26)

2.666(3)

Mg(2)-C(11)

2.247(3)

N(6)-C(12)

1.368(7)

C(11)-C(12)

1.392(8)

N(5)-C(12)

1.324(4)

Mg(2)-O(1)

2.145(2)

N(6)-C(17)

1.474(8)

N(6)-C(12)

1.316(4)

Mg(2)-C(23)

2.172(3)

C(11)-C(12)

1.399(8)

C(11)-C(12)

1.552(4)

N(5)-C(12)

1.323(3)

Mg(2)-C(39)

2.174(3)

N(6)-C(12)

1.337(3)

Mg(2)-C(43)

2.161(4)

C(11)-C(12)

1.550(3)

Mg(3)-C(31)

2.20(1)

Mg(3)-C(35)

2.167(4)

Mg(3)-O(2)

2.097(2)

Mg(3)-O(3)

2.088(2)

Angles
N(6)-Mg(1)-N(1)

93.0(2)

N(5)-Mg(2)-N(4)

92.0(2)

N(1)-Mg(1)-N(5)

88.2(4)

N(5)-Mg(1)-C(47)

115.5(1)

N(5)-Mg(1)-N(3)

88.11(9)

N(1)-Mg(1)-C(19)

121.8(3)

O(1)-Mg(2)-N(4)

104.9(2)

N(1)-Mg(1)-O(1)

99.0(5)

N(5)-Mg(1)-N(1)

87.2(1)

N(5)-Mg(1)-N(1)

91.30(8)

a

N(1)-Mg(1)-O(2)

92.0(2)

N(4)-Mg(2)-C(23)

122.3(2)

N(5)-Mg(1)-O(1)

101.7(2)

C(47)-Mg(1)-N(1)

133.4(1)

N(3)-Mg(1)-N(1)

89.48(8)

N(6)-Mg(1)-O(2)a

106.7(2)

N(5)-Mg(2)-O(1)

102.4(2)

N(5)-Mg(1)-C(20)

128.0(2)

N(5)-Mg(1)-N(3)

89.3(1)

N(5)-Mg(1)-C(19)

135.8(1)

N(6)-Mg(1)-C(19)

126.0(3)

N(5)-Mg(2)-C(23)

129.4(3)

C(20)-Mg(1)-N(1)

122.0(6)

C(47)-Mg(1)-N(3)

133.0(1)

N(3)-Mg(1)-C(19)

120.7(1)

O(2)a-Mg(1)-C(19)

111.3(2)

O(1)-Mg(2)-C(23)

102.7(2)

O(1)-Mg(1)-C(20)

112.3(2)

N(1)-Mg(1)-N(3)

83.80(9)

N(1)-Mg(1)-C(19)

119.2(1)

C(12)-N(5)-C(13)

119.0(5)

C(12)-N(5)-C(13)

118.2(4)

N(5)-Mg(1)-C(12)

25.57(8)

N(6)-Mg(2)-O(1)

97.18(8)
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C(12)-N(5)-Mg(2)

114.6(4)

C(12)-N(5)-Mg(1)

120.1(3)

C(47)-Mg(1)-C(12)

138.0(1)

N(6)-Mg(2)-C(23)

135.4(1)

C(13)-N(5)-Mg(2)

123.1(3)

C(13)-N(5)-Mg(1)

121.8(3)

N(1)-Mg(1)-C(12)

77.60(9)

O(1)-Mg(2)-C(23)

104.67(9)

C(12)-N(6)-C(17)

116.4(5)

N(2)a-C(11)-N(2)

110(2)

N(3)-Mg(1)-C(12)

64.97(9)

N(6)-Mg(2)-C(11)

65.81(8)

N(3)-C(11)-N(2)

110.3(5)

N(2)a-C(11)-C(12)

125(1)

N(6)-Mg(2)-C(43)

114.3(1)

O(1)-Mg(2)-C(11)

95.67(8)

C(12)-C(11)-N(2)

125.8(5)

N(2)-C(11)-C(12)

125(1)

N(6)-Mg(2)-C(39)

114.1(1)

C(23)-Mg(2)-C(11)

146.4(1)

C(12)-C(11)-N(3)

121.8(5)

N(5)a-C(12)-N(5)

123.6(5)

N(6)-Mg(2)-C(26)

77.6(1)

N(6)-Mg(2)-C(12)

30.84(8)

N(5)-C(12)-C(11)

114.5(5)

N(5)a-C(12)-C(11)

118.2(3)

C(43)-Mg(2)-C(26)

97.1(1)

O(1)-Mg(2)-C(12)

89.91(7)

N(6)-C(12)-N(5)

125.9(5)

N(5)-C(12)-C(11)

118.2(3)

C(39)-Mg(2)-C(26)

120.7(1)

C(23)-Mg(2)-C(12)

162.8(1)

N(6)-C(12)-C(11)

119.4(5)

C(12)-N(5)-C(25)

118.9(2)

C(11)-Mg(2)-C(12)

36.61(8)

C(12)-N(5)-Mg(1)

111.0(2)

C(12)-N(5)-C(13)

122.4(2)

C(25)-N(5)-Mg(1)

119.2(2)

C(12)-N(5)-Mg(1)

115.7(2)

C(12)-N(6)-C(32)

120.5(2)

C(13)-N(5)-Mg(1)

121.5(2)

C(12)-N(6)-Mg(2)

130.6(2)

C(12)-N(6)-C(16)

125.8(2)

C(32)-N(6)-Mg(2)

108.8(2)

C(12)-N(6)-Mg(2)

98.1(1)

N(4)-C(11)-N(2)

109.9(2)

C(16)-N(6)-Mg(2)

136.0(2)

N(4)-C(11)-C(12)

112.0(2)

N(2)-C(11)-N(4)

107.5(2)

N(2)-C(11)-C(12)

110.8(2)

N(2)-C(11)-C(12)

107.4(2)

N(6)-C(12)-N(5)

126.2(3)

N(4)-C(11)-C(12)

115.6(2)

N(6)-C(12)-C(11)

120.2(2)

N(2)-C(11)-Mg(2)

128.3(2)

N(5)-C(12)-C(11)

113.3(2)

N(4)-C(11)-Mg(2)

112.6(1)

C(12)-C(11)-Mg(2)

83.5(1)

N(5)-C(12)-N(6)

133.6(2)

N(5)-C(12)-C(11)

119.0(2)

N(6)-C(12)-C(11)

107.4(2)

N(5)-C(12)-Mg(2)

164.0(2)

N(6)-C(12)-Mg(2)

51.0(1)

C(11)-C(12)-Mg(2)

59.8(1)

Symmetry transformations used to generate equivalent atoms: a -x+2,-y,-z+2;
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Polymerization Studies. Complexes 8, 9, 10, 12 and 13 were evaluated in the ring-opening
polymerization (ROP) of the polar monomer rac-lactide (rac-LA) in tetrahydrofuran as solvent under a
nitrogen atmosphere. The aim was to compare their activity and stereoselectivity with those of analogous
heteroscorpionate methanide magnesium alkyls,10,28 other monoalkyls previously reported by our group15,16
and some remarkable organo-magnesium initiators published to date, such as the most active magnesium
initiator, which consists of a bis(silyl)amido complex supported by a tetradentate monophenolate ligand,
communicated by Ma,29c the most heteroselective magnesium initiator containing n-butyl and
phosphinimino-amino ligands, reported by Cui30a, and other interesting catalysts described in the literature
by Chisholm,31 Lin32 and Schaper.33
Initiators 8, 9, 10, 12 and 13 were systematically assessed for the production of poly(rac-lactides)
(PLAs) (Table 2). The experimental medium-low Mn values of the PLAs produced were in close
agreement with the expected theoretical calculated values considering one polymer chain per magnesium
center [Mn(calcd)PLA100 = 14 400 g·mol–1] (Table 2). In addition, analysis of the resulting polyesters by
size exclusion chromatography (SEC) revealed a monomodal weight distribution, with polydispersities
ranging from 1.03 to 1.11 (Figure S7 in the SI).
The alkyl magnesium mononuclear compounds 8 and 9, tetranuclear compound 10 and the
dinuclear compounds 12 and 13 behaved as very active single-component initiators and polymerized 100
equivalents of rac-LA in tetrahydrofuran at 20 ºC in only a very few hours under otherwise identical
conditions.
In particular, mononuclear complex 8 transformed 55% of the monomer after one hour, while the
analogous high sterically hindered 9 gave 96% conversion (entries 1 and 6, respectively), probably due to
the steric influence of the tert-butyl substituents of the heteroscorpionate ligand, which avoids the
formation of sandwich species14 that disfavor catalytic performance.15 The steric effect of the tBu groups
in the amidinate fragment can also be appreciated in 8 by comparison with previously reported analogous
magnesium monoalkyls,15 which require more vigorous conditions and much longer reaction times to
obtain comparable conversion values (Table 2, entry 9).
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In contrast, the tetranuclear complex 10 gave 84% conversion after 5 hours (entry 11) and this
proved to be less active than the mononuclear compounds 8 and 9, probably due to the presence of the
dioxane molecule (in 10), which competes with the magnesium center for the lactide monomer and thus
decreases the catalytic activity. Finally, the dinuclear complexes 12 and 13 produced 89 and 74% of
polymer after three hours (entries 13 and 15, respectively) and they also gave higher conversions than the
tetranuclear compound 10. Nonetheless, this activity value for 10 was higher than that described
previously for analogous tetranuclear magnesium alkyl methanides,10 since those conversions, even at 50
ºC (Table 2, entry 12), are lower than that observed at 20 ºC for 10.
The influence of temperature and solvent was also investigated. As one would expect, when the
reaction temperature was 0 ºC, the catalytic conversion decreased in all cases (Table 2, entries 7 and 14).
Thus, catalyst 9 had a dramatically reduced catalytic activity in toluene (Table 2, entry 8), probably
because on using tetrahydrofuran the magnesium ions are complexed by this coordinating solvent, thus
leading to an increase in the nucleophilicity of the alkyl initiating group and the alkoxide propagating
chains.
The good level of control afforded by these initiators in the polymerization was further exemplified
by initiator 9 (entries 2–6), which gave rise to linear correlations between Mn and percentage conversion
(R2 = 0.991) (Figure S8 in the SI) in conjunction with narrow molecular weight distributions. This behavior
is characteristic of well-controlled living propagations and the existence of a single type of reaction site.
Furthermore, MALDI–ToF MS (Figure S9 in the SI) and end-group analysis by 1H NMR (Figure
S10 in the SI) of low molecular weight poly(rac-lactide) oligomers produced by 9 were also investigated.
These techniques provided evidence for the initial addition of the tert-butyl fragment to the monomer in
the materials produced, with subsequent cleavage of the acyl-oxygen bond34 and further monomer
additions to the (macro)alcohols.
For the sake of comparison, the most active species 9 (Table 2, entry 6) was much more active
than those recently reported by Lin32 for magnesium complexes supported by NNO-tridentate
pyrazolonates (78–94% conv, 6–96 hours, 30 ºC), by Cui35 for magnesium complexes bearing N,N23

bidentate phenanthrenes (52–96% conv, 20–6 hours, 25–70 ºC), by Kozak36 for magnesium aminobis(phenolato) complexes (16–100% conv, 100–180 min, 125–150 ºC), and by Wu37 for binuclear
magnesium and zinc alkoxides (93–97% conv, 40–0.33 hours, 25–130 ºC). In contrast, the activity was
lower than that of the analogous sterically hindered heteroscorpionate magnesium monoalkyls16 (Table 2,
entry 10) [but a significantly higher heteroselectivity was exerted, see below in Poly(rac-lactide)
Microstructure Analysis)], and still lower than that published by Ma,29 Cui,30 Chisholm,31 and Schaper.33
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Table 2. Polymerization of rac-Lactide Catalyzed by 8, 9, 10, 12 and 13.a
entry

initiator

1

yield

conv
b

Mn(theor)
c

Mn
d

(Da)

Pse

(g)

(%)

8

1

0.71

55

7 900

7 600

1.07

0.76

2

9

0.2

0.28

22

3 200

3 400

1.05

-

3

9

0.4

0.53

41

5 900

5 300

1.05

-

4

9

0.6

0.76

59

8 500

8 100

1.07

-

5

9

0.8

1.00

77

11 100

11 900

1.08

-

6

9

1

1.24

96

13 800

14 000

1.09

0.85

7

9f

1

0.68

88

9 800

9 600

1.03

0.85

8

9g

1

0.57

44

6 300

6 600

1.11

0.82

9

[Mg(CH2SiMe3)(pbpamd)]h

72

0.54

42

6 000

6 800

1.09

atactic

10

[Mg(CH2SiMe3)(tbptamd)]h

2.5 (min)

0.65

50

7 200

6 800

1.01

0.79

11

10

5

1.09

84

12 100

12 500

1.10

0.78

5

0.98

38

10 900

10 200

1.10

0.78

3

1.15

89

12 800

12 500

1.09

0.80

-

(Da)

Mw/Mnd

(h)

13

[{(CH2SiMe3)Mg(tbpamd )Mg(CH2SiMe3)}2
{µ-O,O-(C4H8)}]h
12

14

12f

3

0.69

53

7 600

7 700

1.04

0.82

15

13

3

0.96

74

10 700

10 600

1.08

0.81

12

a

time

Polymerization conditions: 90 µmol of magnesium centers; [rac-LA]0/[Mg]0 = 100; 20 mL of tetrahydrofuran at 20 ºC. b Percentage conversion of

the monomer [(weight of polymer recovered/weight of monomer) × 100]. c Theoretical Mn = (rac-LA/Mg) × (% conversion) × (Mw of rac-LA). d
Determined by size exclusion chromatography relative to polystyrene standards in tetrahydrofuran. Experimental Mn was calculated considering
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Mark–Houwink’s corrections38 for Mn [Mn(obsd) = 0.58 × Mn(GPC)].e The parameter Ps (s = syndiotactic) is the probability of forming a new sdyad. 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 = d 5.20–5.25 ppm (sis, sii/iis) and I2 = d 5.13–5.20 ppm (iis/sii, iii, isi).39
f

The temperature of the polymerization reaction was 0 ºC g Toluene as solvent. h These data have been included for comparison of ROP with the

alkyl magnesium precursors. Experimental conditions: a) [catalyst]0 = 90 µmol of [Mg(CH2SiMe3)(pbpamd)],15 [rac-LA]0/[catalyst]0 = 100, 40 mL
of toluene at 70 ºC; b) [catalyst]0 = 90 µmol of [Mg(CH2SiMe3)(tbptamd)],16 [rac-LA]0/[catalyst]0 = 100, 10 mL of tetrahydrofuran at 0 ºC; c)
[catalyst]0 = 90 µmol of magnesium centers in [{(CH2SiMe3)Mg(tbpamd-)Mg(CH2SiMe3)}2{µ-O,O-(C4H8)}],10 [rac-LA]0/[Mg]0 = 200, 20 mL of
tetrahydrofuran at 50 ºC.
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Poly(rac-lactide) Microstructure Analysis. Investigation of the microstructure in the poly(raclactide) by 1H NMR spectroscopy revealed that these initiators in tetrahydrofuran impart significant
heteroactivity on the resulting polymers, possibly through a chain end control40 mechanism. The
values reached in the tetranuclear and dinuclear species are probably a result of the average
contribution of the two different magnesium centers from each initiator (10, 12 and 13).
For instance, the tetranuclear initiator 10 exerts a moderate level of heteroselectivity on the growing
polymer microstructure, reaching a Ps39 value of 0.78 (Table 2, entry 11), whereas the dinuclear
compounds 12 and 13 offer a slight but important increase in the heterotactic dyad enchainment (Ps =
0.82, Table 2, entry 14) in comparison to that previously found with analogous heteroscorpionate
methanides (Ps = 0.78, Table 2, entry 12).10 These findings represent evidence that for the low
sterically demanded heteroscorpionate ligands described above, an extended p-C2N2(sp2)–Mg2
arrangement (12) exerts a slight increase in heteroactivity in comparison with an apical s-C(sp3)–Mg
disposition (10).
More interestingly, the mononuclear catalysts 8 and 9 have a significant hetero-influence on the
growing polymer chains. Thus, initiator 8 gave a Ps of 0.76 (Table 2, entry 1) while in the case of 9
the value was 0.85 (Figure S11 in the SI, Table 2, entry 6). This higher heterotacticity observed for 9
is attributed to the more sterically demanding environment produced by the heteroscorpionate
phbptamd. In addition, the behavior observed for 9 is in contrast to that of both heteroscorpionates
reported by our group, i.e., the low sterically hindered magnesium monoalkyl precursors, which
produced amorphous atactic poly(rac-lactide) materials (Table 2, entry 9),15 and the analogous
sterically demanding magnesium monoalkyls16 (Ps = 0.79, Table 2, entry 10). A decrease in the
reaction temperature (Table 2, entries 7 and 14) or the use of toluene as solvent (Table 2, entry 8) did
not lead to a noticeable increase in the Ps value.
It is also worth mentioning that although the heteroselectivity values observed for catalysts 8, 9, 10,
12 and 13 are lower than that for the highly heteroselective magnesium initiators reported to date, such
as the phosphinimino-amino magnesium alkyl prepared by Cui30a (Ps = 0.98) or the nacnac magnesium
alkoxide described by Chisholm31a (Ps ≈ 0.90), the values found for 9 compare well with those for 27

benzylalkoxide magnesium complexes supported by NNO-tridentate pyrazolonate ligands reported by
Lin32 (Ps = 0.88), and they are significantly higher than that for the N,N-bidentate phenanthrene
magnesium derivatives reported by Cui35 (Ps = 0.76), for magnesium silylamido systems supported by
a tridentate monoanionic aminophenolato ligand observed by Ma29c (Ps = 0.45), and another sterically
hindered diketiminate-based magnesium alkoxide prepared by Schaper33 (Ps = 0.45). More
importantly, the values achieved with initiator 9 represent an important step forward in our challenging
aim to reach the highest heteroactivity reported to date.

CONCLUSIONS
We report here the particular reactivity found between the low sterically hindered lithium
acetamidinates [Li(k3-pbpamd)(thf)], [Li(k3-tbpamd)(thf)], [Li(k3-ttbpamd)(thf)] and [Li(k3phbpamd)(thf)] and the high sterically demanding [Li(k3-phbptamd)(thf)] with the Grignard tBuMgCl
in different stoichiometries. The initial equimolecular reactions produced the expected magnesium
tert-butyls of the type [Mg(tBu)(k3-NNN)]. Interestingly, however, the presence of two additional
equivalents of Grignard reagent with several low sterically hindered tert-butyl magnesium derivatives
in tetrahydrofuran/dioxane gave rise in a controlled manner to different contents of two families of
chiral compounds through an apical methine C-H activation process on the heteroscorpionate; the
tetranuclear tetraalkyls methanide magnesium complexes [{(tBu)Mg(k3-N,N,N;k2-C,N)Mg(tBu)}2{µO,O-(C4H8)}] and the tetranuclear tetraalkyl or the dinuclear dialkyl magnesium complexes
[(tBu)Mg(tbpamd-)Mg(tBu){µ-O,O-(C4H8)}]2

or

[(thf)(tBu)Mg(phbpamd-)Mg(tBu)(thf)],

respectively. The compounds with the more highly Lewis acidic bridging methine proton had the more
stable extended p-C2N2(sp2)–Mg2 covalent bond. Unexpectedly, this C-H activation did not take place
in the one example of a high sterically hindered tert-butyl isolated, although the coordination of one
additional equivalent of MgtBu2 afforded the dinuclear trialkyl complex [Mg(tBu)(k3phbptamd){Mg(tBu)2}], the immediate precursor species prior to the apical methine C-H activation.
Similarly, additional coordination of one equivalent of MgtBu2 on a dimeric tetranuclear tetraalkyl
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mentioned above produced the chiral trinuclear tretraalkyl species [{(tBu)Mg(pbpamd-)Mg(tBu)}{µO,O-(C4H8)}{Mg(tBu)2(thf)}].
Interestingly, the mono-, tetra- and dinuclear alkyl species can act as highly effective singlesite living initiators for the well-behaved ROP of rac-LA, producing medium-low molecular weight
PLA materials in only a few hours even at 0 ºC. End group analysis and the MALDI-ToF mass spectra
suggest that the polymerization process is initiated by alkyl transfer to the monomer. More
importantly, microstructural analysis of the materials showed that an extended p-C2N2(sp2)–Mg2
arrangement exerts a slight increase in heteroactivity when compared to an apical s-C(sp3)–Mg
disposition in the apical C-H activated multinuclear species. In addition, the highly sterically
demanding mononuclear alkyl 9 strongly promotes the formation heterotactic poly(rac-lactide), with
a Ps value of 0.85.

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 freezethaw cycles. The starting materials bis(3,5-dimethylpyrazol-1-yl)methane (bdmpzm),15 bis(3,5-di-tertbutylpyrazol-1-yl)methane (bdtbpzm),16 the lithium salts [Li(k3-pbpamd)(thf)]15 (1), [Li(k3tbpamd)(thf)]15 (2) and the tert-butyl magnesium complexes [Mg(tBu)(k3-pbpamd)]15 (6) as well as
[Mg(tBu)(k3-pbpamd)]15 (7) were prepared according to the literature procedures. Butyllithium
solution, 1,3-di-p-tolylcarbodiimide and tBuMgCl were used as purchased (Aldrich). rac-Lactide was
sublimed twice, recrystallized from THF and finally sublimed again prior to use.
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Instruments and Measurements
NMR spectra were recorded on a Varian Inova FT-500 spectrometer and were referenced to the
residual deuterated solvent signal. 1H NMR homodecoupled and NOESY-1D spectra were recorded
on the same instrument with the following acquisition parameters: irradiation time 2 s 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 Perkin-Elmer 2400 CHN analyzer.
The molecular weights (Mn) and the molecular mass distributions (Mw/Mn) of polymer samples were
measured by Gel Permeation Chromatography (GPC) performed on a Shimadzu LC-20AD GPC
equipped with a TSK-GEL G3000Hxl column and an ELSD-LTII light-scattering detector. The GPC
column was eluted with THF at 40 ºC 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 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). All
values are the average of two independent measurements.
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 with concentrations in the range 1.0 to 2.0 mg/mL.

Preparation of Compounds

Synthesis of [Li(k3-ttbpamd)(thf)] (3). In a 250 mL Schlenk tube, a solution of BunLi (1.6 M in
hexane) (3.06 mL, 4.90 mmol) was added dropwise to a cooled (–70 ºC), stirred solution of bdmpzm 30

(1.00 g, 4.90 mmol) in THF (70 mL) and maintained at this temperature over a period of 1 h. N,N′-ditert-butylcarbodiimide (0.94 mL, 4.90 mmol) was added dropwise to the previous cooled suspension
and the reaction mixture was allowed to warm up to room temperature and the stirring was continued
for 1 h. The solvent was evaporated to dryness under reduced pressure and the resulting sticky white
product was washed with hexane (40 mL) to give compound 3 as a white solid. Yield: 1.84 g, 86%.
Anal. Calcd. For C24H41LiN6O: C, 66.03; H, 9.47; N, 19.25. Found: C, 66.10; H, 9.45; N, 19.32. 1H
NMR (C6D6, 297 K), d 7.02 (s, 1 H, CH), 5.61 (s, 2 H, H4), 3.61 (m, 4 H, THF), 2.06 (s, 6 H, Me5),
1.97 (s, 6 H, Me3), 1.86 (s, 9 H, NtBu), 1.60 (s, 9 H, NtBu), 1.31 (m, 4H, THF). 13C-{1H} NMR (C6D6,
297 K), d 150.9 (N=C–N), 147.2, 139.4 (C3 or 5), 106.0 (C4), 68.6 (THF), 68.3 (CH), 52.1 [C(CH3)3],
51.0 [C(CH3)3], 34.8 (N-tBu), 30.8 (N-tBu), 25.4 (THF), 13.8 (Me5), 11.6 (Me3).

Synthesis of [Li(k3-phbpamd)(thf)] (4). The synthesis of 4 was carried out in an identical manner to
3. BunLi (1.6 M in hexane) (3.06 mL, 4.90 mmol), bdmpzm (1.00 g, 4.90 mmol), 1,3-di-ptolylcarbodiimide (1.09 g, 4.90 mmol). 4 was obtained as a pale yellow solid. Yield: 2.10 g, 85%.
Anal. Calcd. For C30H37LiN6O: C, 71.41; H, 7.39; N, 16.65. Found: C, 71.52; H, 7.45; N, 16.58. 1H
NMR (C6D6, 297 K), d 7.34 (s, 1 H, CH), 7.02 (m, 8 H, NC6H4Me), 5.50 (s, 2 H, H4), 3.51 (m, 4 H,
THF), 2.21 (s, 6 H, Me5), 1.99 (s, 6 H, NC6H4Me), 1.81 (s, 6 H, Me3), 1.31 (m, 4 H, THF). 13C-{1H}
NMR (C6D6, 297 K), d 150.0 (N=C–N), 147.9, 140.8 (C3

or 5

), 140.1-124.0 (NC6H4Me), 105.6 (C4),

68.2 (THF), 67.5 (CH), 25.5 (THF), 21.0 (NC6H4Me), 13.6 (Me5), 10.7 (Me3).

Synthesis of [Li(k3-phbptamd)(thf)] (5). The synthesis of 5 was carried out in an identical manner to
3. BunLi (1.6 M in hexane) (1.68 mL, 2.68 mmol), bdtbpzm (1.00 g, 2.68 mmol), 1,3-di-ptolylcarbodiimide (0.60 g, 2.68 mmol). 3 was obtained as a pale yellow solid solid. Yield: 1.62 g, 90%.
Anal. Calcd. For C42H61LiN6O: C, 74.96; H, 9.14; N, 12.49. Found: C, 74.92; H, 9.18; N, 12.42. 1H
NMR (C6D6, 297 K), d 7.73 (s, 1 H, CH), 6.87 (m, 8 H, NC6H4Me), 6.04 (s, 2 H, H4), 3.40 (m, 4 H,
THF), 2.13 (s, 6 H, NC6H4Me), 1.41 (s, 18 H, tBu5), 1.27 (s, 18 H, tBu3), 1.16 (m, 4H, THF). 13C-{1H}
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NMR (C6D6, 297 K), d 160.3 (N=C–N), 159.3, 153.1 (C3

or 5

), 151.3–122.0 (NC6H4Me), 101.9 (C4),

68.5 (THF), 68.3 (CH), 32.2, 32.1 [C(CH3)3], 30.7 (tBu3), 30.6 (tBu5), 25.1 (THF), 21.0 (NC6H4Me).

Synthesis of [Mg(tBu)( k3-ttbpamd)] (8). In a 250 cm3 Schlenk tube, compound 3 (1.00 g, 2.29
mmol) was dissolved in dry toluene (70 mL) and cooled to –70 ºC. A 1.0 M THF solution of
t

BuMgCl (2.29 cm3, 2.29 mmol) was added and the mixture was allowed to warm up to room

temperature and stirred during 30 min. The suspension was filtered and the resulting yellow
solution was concentrated to 20 mL. The solution was cooled to –26 ºC and this gave compound
8 as a pale yellow crystalline solid. Yield: 0.83 g, 83%. Anal. Calcd. for C24H42MgN6: C, 65.67;
H, 9.64; N, 19.15. Found: C, 65.72; H, 9.68; N, 19.10. 1H NMR (C6D6, 297 K), d 6.84 (s, 1 H,
CH), 5.24 (s, 2 H, H4), 2.07 (s, 6 H, Me5), 1.82 [s, 9 H, N–C(CH3)3], 1.80 (s, 6 H, Me3), 1.64 [s, 9
H, Mg–C(CH3)3], 1.43 [s, 9 H, N–C(CH3)3].

13

C-{1H} NMR (C6D6, 297 K), d 149.0 (N=C–N),

150.3, 140.5 (C3 or 5), 107.1 (C4), 65.1 (CH), 52.4, 51.4 [N–C(CH3)3], 34.8 [Mg–C(CH3)3], 34.7
[Mg–C(CH3)3], 34.4, 30.9 [N–C(CH3)3], 13.8 (Me5), 11.5 (Me3).

Synthesis of [Mg(tBu)(k3-phbptamd)] (9). In a 250 cm3 Schlenk tube, compound 5 (1.00 g, 1.49
mmol) was dissolved in dry diethyl ether (70 mL) and cooled to –70 ºC. A 1.0 M THF solution of
t

BuMgCl (1.49 cm3, 1.49 mmol) was added and the mixture was allowed to warm up to room

temperature and stirred during 6 h. The suspension was filtered and the resulting yellow solution was
concentrated to dryness. The sticky yellow solid was dissolved in hexane (20 mL) and the solution
was cooled to –26 ºC and this gave compound 9 as a white solid. Yield: 0.79 g, 79%. Anal. Calcd. for
C42H62MgN6: C, 74.70; H, 9.25; N, 12.45. Found: C, 74.74; H, 9.20; N, 12.47. 1H NMR (C6D6, 297
K), d 7.80 (s, 1 H, CH), 6.87 (d, 2 H, 3JH-H=7.82 Hz, NC6H4Me), 6.74 (d, 2 H, 3JH-H=7.82 Hz,
NC6H4Me), 6.69 (d, 2 H, 3JH-H=8.22 Hz, NC6H4Me), 6.55 (d, 2 H, 3JH-H=8.22 Hz, NC6H4Me), 6.01 (s,
2 H, H4), 2.08 (s, 3 H, NC6H4Me), 2.02 (s, 3 H, NC6H4Me), 1.36 (s, 18 H, tBu5), 1.34 (s, 18 H, tBu3),
1.30 [s, 9 H, Mg–C(CH3)3]. 13C-{1H} NMR (C6D6, 297 K), d 164.0 (N=C–N), 155.9, 154.6 (C3 or 5),
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149.5.3-121.8 (NC6H4Me), 102.8 (C4), 77.1 (CH), 35.2 [Mg–C(CH3)3], 31.9 [Mg–C(CH3)3], 30.8
(tBu5), 30.6 (tBu3), 20.8, 20.9 (NC6H4Me).

Synthesis of [{tBuMg(pbpamd-)MgtBu}2{µ-O,O-(C4H8)}] (10). In a 250 cm3 Schlenk tube,
compound 6 (0.75 g, 1.82 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 ºC. A 1.0 M THF solution of tBuMgCl (3.65 cm3, 3.65 mmol)
was added to the mixture which was allowed to warm up to room temperature and stirred overnight.
The solvent was removed under 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 ºC and this gave compound 10 as a yellow solid. Yield: 815 mg (0.76 mmol, 84%.
Anal. Calcd. for C56H100Mg4N12O2: C, 62.82; H, 9.41; N, 15.70. Found: C, 62.86; H, 9.45; N, 15.65.
1

H NMR (C6D6, 297 K), d 5.32 (s, 4 H, H4), 3.75 [m, 4 H, 3JH-H = 6.3 Hz, CH–(CH3)2], 3.28 (s, 8 H,

C4H8O2), 2.16 (s, 12 H, Me5), 2.14 (s, 12 H, Me3), 1.73 [s, 18 H, Mg–aC(CH3)3], 1.44 [s, 18 H, Mg–
b

C(CH3)3], 1.27 [d, 12 H, 3JH-H = 6.3 Hz, CH–(CH3)2], 1.03 [d, 12 H, 3JH-H = 6.3 Hz, CH–(CH3)2]. 13C-

{1H} NMR (C6D6, 297 K), d 169.6 (N=C–N), 147.8, 143.3 (C3 or 5), 105.2 (C4), 76.5 (Ca), 67.2
(C4H8O2), 47.5 [CH–(CH3)2], 46.4 [CH–(CH3)2], 35.5 [Mg-aC(CH3)3], 35.4 [Mg-bC(CH3)3], 34.9 [Mga

C(CH3)3], 34.3 [Mg-bC(CH3)3], 26.5 [CH–(CH3)2], 26.3 [CH–(CH3)2], 13.8 (Me5), 13.0 (Me3).

Synthesis of [{tBuMg(tbpamd-)MgtBu}2{µ-O,O-(C4H8)}] (11a) + [(tBu)Mg(tbpamd-)Mg(tBu){µO,O-(C4H8)}]2 (11b). A mixture of complexes 11a and 11b in a molar ratio 8:2 were obtained by
following the same procedure described for 10 and employing compound 7 (3.0 g, 7.30 mmol) and
t

BuMgCl (14.60 cm3, 14.60 mmol). By dissolving the solid mixture of 11a and 11b in toluene (15 mL)

and cooling the solution to –26 ºC, a yellow crystalline solid suitable for X-ray diffraction analysis
was obtained, corresponding to 11b × 3(C7H8). Yield for 11b × 3(C7H8): 912 mg (0.63 mmol, 87%).
Anal. Calcd. for C81H132Mg4N12O4: C, 67.79; H, 9.27; N, 11.71. Found: C, 67.81; H, 9.25; N, 11.69.
1

H NMR for 11a (C6D6, 297 K), d 5.32 (s, 4 H, H4), 3.36 [q, 4 H, 3JH-H = 6.3 Hz, CH2–CH3], 3.28 (s,

8 H, C4H8O2), 2.18 (s, 12 H, Me5), 2.10 (s, 12 H, Me3), 1.71 [s, 18 H, Mg–cC(CH3)3], 1.38 [s, 18 H, 33

Mg–bC(CH3)3], 1.29 [s, 18 H, Mg–aC(CH3)3], 1.07 [t, 12 H, 3JH-H = 6.3 Hz, CH2–CH3]. 13C-{1H} NMR
for 11a (C6D6, 297 K), d 172.8 (N=C–N), 147.6, 143.3 (C3 or 5), 105.0 (C4), 76.4 (Ca), 67.2 (C4H8O2),
52.1 [CH2–CH3], 46.1 [Mg-aC(CH3)3], 46.0 [Mg-bC(CH3)3], 35.4 [Mg-aC(CH3)3], 35.3 [Mgb

C(CH3)3], 33.0 [Mg-cC(CH3)3], 29.3 [Mg-cC(CH3)3], 19.1 [CH2–CH3], 13.6 (Me5), 12.9 (Me3). 1H

NMR for 11b (C6D6, 297 K), d 5.40 (s, 4 H, H4), 3.28 (s, 8 H, C4H8O2), 3.21 [q, 4 H, 3JH-H = 6.3 Hz,
CH2–(CH3)], 2.18 (s, 6 H, Me3), 2.13 (s, 6 H, Me3’), 2.10 (s, 6 H, Me5’), 2.03 (s, 6 H, Me5), 1.68 [s, 18
H, Mg–cC(CH3)3], 1.37 [s, 18 H, Mg–bC(CH3)3], 1.35 [s, 18 H, Mg–aC(CH3)3], 0.95 [t, 12 H, 3JH-H =
6.3 Hz, CH2–(CH3)]. 13C-{1H} NMR for 11b (C6D6, 297 K), d 174.6 (N=C–N), 148.3, 147.6, 143.3,
143.1 (C3,3’ or 5,5’), 105.5 (C4), 76.6 (Ca), 67.2 (C4H8O2), 54.3 [CH2–CH3], 44.3 [Mg-aC(CH3)3], 44.1
[Mg-bC(CH3)3], 35.3 [Mg-aC(CH3)3], 35.2 [Mg-bC(CH3)3], 32.8 [Mg-cC(CH3)3], 29.1 [Mg-cC(CH3)3],
18.9 [CH2–CH3], 15.1 (Me3), 14.8 (Me3’), 13.6 (Me5’), 12.9 (Me5).

Synthesis of [(thf)Mg(tBu)(phbpamd-)Mg(tBu)(thf)] (12). In a 250 cm3 Schlenk tube, compound 4
(1.00 g, 1.97 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 ºC. A 1.0 M THF solution of tBuMgCl (5.93 cm3, 5.93 mmol) was added
to the mixture which was allowed to warm up to room temperature and stirred overnight. The solvent
was removed under vacuum and the residue was extracted with toluene (2 × 20 mL). The fractions
were combined and the resulting yellow solution was concentrated to 20 mL. The solution was cooled
to –26 ºC and this gave compound 12 as a pale yellow crystalline solid. Yield: 1.326 g (1.81 mmol,
92%). Anal. Calcd. for C42H62Mg2N6O2: C, 68.95; H, 8.54; N, 11.49. Found: C, 68.99; H, 8.57; N,
11.45. 1H NMR (C6D6, 297 K), d 6.85 (m, 8 H, NC6H4Me), 5.49 (s, 2 H, H4), 3.15 [m, 4 H, THF], 2.02
(s, 6 H, Me5), 2.01 (s, 6 H, Me3), 1.88 (s, 6 H, NC6H4Me), 1.82 [s, 18 H, Mg–aC(CH3)3], 0.81 [m, 4 H,
THF]. 13C-{1H} NMR (C6D6, 297 K), d 169.8 (N=C–N), 148.8, 1441 (C3 or 5), 142.3-125.8 (NC6H4Me),
103.2 (C4), 77.5 (Ca), 70.3 (THF), 36.5 [Mg-aC(CH3)3], 32.7 [Mg-aC(CH3)3], 26.4 (THF), 22.3
(NC6H4Me), 14.5 (Me5), 12.4 (Me3).
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Synthesis of [Mg(tBu)(k3-phbptamd)(MgtBu2)] (13). In a 250 cm3 Schlenk tube, compound 9 (1.0
g, 1.48 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 ºC. A 1.0 M THF solution of tBuMgCl (2.96 cm3, 2.96 mmol) was added to the
mixture which was allowed to warm up to room temperature and stirred overnight. The solvent was
removed under vacuum and the residue was extracted with toluene (2 × 20 mL). The fractions were
combined and the resulting yellow solution was concentrated to 20 mL. The solution was cooled to –
26 ºC and this gave compound 13 as a pale yellow crystalline solid. Yield: 1.120 g (1.37 mmol, 93%).
Anal. Calcd. for C50H80Mg2N6: C, 73.79; H, 9.91; N, 10.33. Found: C, 73.84; H, 9.98; N, 10.29. 1H
NMR (C6D6, 297 K), d 7.28 (dd, 4 Ho,m, 3JH-H = 7.65 Hz, bNC6H4Me), 7.18 (s, 1 H, CH), 6.80 (d, 2 Ho,
3

JH-H = 8.21 Hz, aNC6H4Me), 6.62 (d, 2 Hm, 3JH-H = 8.21 Hz, aNC6H4Me), 5.93 (s, 2 H, H4), 2.15 (s, 3

H, NC6H4Me), 1.97 (s, 3 H, NC6H4Me), 1.23 (s, 18 H, tBu5), 1.21 (s, 18 H, tBu3), 1.10 [s, 9 H, Mg–
a

C(CH3)3], 0.84 [s, 18 H, Mg–b(C(CH3)3)2]. 13C-{1H} NMR (C6D6, 297 K), d 166.2 (N=C–N), 157.5,

153.4 (C3 or 5), 150.1–118.3 (a,bNC6H4Me), 101.3 (C4), 77.6 (CH), 35.2 [Mg–aC(CH3)3], 33.1 [Mg–
b

C(CH3)3], 32.0 [Mg–aC(CH3)3], 31.5 [Mg–bC(CH3)3], 30.4 (tBu5), 30.1 (tBu3), 21.5, 19.2 (NC6H4Me).

Synthesis of [{tBuMg(pbpamd-)MgtBu}{µ-O,O-(C4H8)}{MgtBu2(thf)}] (14). In a 250 cm3 Schlenk
tube, complex 10c (1.0 g, 0.93 mmol) was dissolved in 100 mL of a mixture of dry THF and 1,4dioxane in a ratio of 9:1 and it was cooled to –70 ºC. A 1.0 M THF solution of tBuMgCl (3.73 cm3,
3.73 mmol) was added to the mixture which was allowed to warm up to room temperature and stirred
overnight. The solvent was removed under 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 ºC and this gave compound 14 as a yellow crystalline solid. Yield: 1.298
g (1.64 mmol, 88%). Anal. Calcd. for C42H80Mg3N6O3: C, 63.85; H, 10.21; N, 10.64. Found: C, 63.89;
H, 10.26; N, 10.59. 1H NMR (C6D6, 297 K), d 5.31 (s, 2 H, H4), 3.73 [m, 2 H, 3JH-H = 6.3 Hz, CH–
(CH3)2], 3.28 (s, 8 H, C4H8O2), 3.15 [m, 4 H, THF], 2.15 (s, 6 H, Me5), 2.13 (s, 6 H, Me3), 1.72 [s, 9
H, Mg–aC(CH3)3], 1.42 [s, 9 H, Mg–bC(CH3)3], 1.25 [d, 6 H, 3JH-H = 6.3 Hz, CH–(CH3)2], 1.04 [d, 6
H, 3JH-H = 6.3 Hz, CH–(CH3)2], 0.83 [m, 4 H, THF], 0.75 [s, 18 H, Mg–c(C(CH3)3)2]. 13C-{1H} NMR 35

(C6D6, 297 K), d 170.7 (N=C–N), 148.9, 142.1 (C3 or 5), 104.7 (C4), 76.9 (Ca), 70.3 (THF), 67.2
(C4H8O2), 46.3 [CH–(CH3)2], 44.2 [CH–(CH3)2], 35.5 [Mg-aC(CH3)3], 34.4 [Mg-bC(CH3)3], 34.2 [Mga

C(CH3)3], 33.9 [Mg-bC(CH3)3], 26.4 (THF), 25.8 [CH–(CH3)2], 25.3 [CH–(CH3)2], 13.4 (Me5), 12.9

(Me3).

Typical Polymerization Procedures.
Polymerizations of rac-lactide (LA) were performed on a Schlenk line in a flame-dried roundbottomed flask equipped with a magnetic stirrer. The Schlenk tubes were charged in the glovebox with
the required amount of LA and initiator, separately, and then attached to the vacuum line. The initiator
and LA 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 4, 6, 8, 9, 11b, 12, 13 and 14.
The single crystals of 4 × 0.5(C4H8O), 6, 8, 9 × 0.5(C6H14), 11b × 3(C7H8), 12, 13 and 14 were
mounted on a glass fiber and transferred to a Bruker X8 APEX II CCD-based diffractometer equipped
with a graphite monochromated MoKa radiation source (l = 0.71073 Å). The highly redundant
datasets were integrated using SAINT41 and corrected for Lorentz and polarization effects. Multiscan
absorption correction was applied to all intensity data using the program SADABS.42 The software
package SHELXTL version 6.1043 was used for space group determination. The structures were solved
by a combination of direct methods with subsequent difference Fourier syntheses and refined by full
matrix least-squares on F2 using the SHELX-2013/4 suite.44 All non-hydrogen atoms were refined
with anisotropic thermal displacements and, using a riding model, all hydrogen atoms were placed,
and their positions were constrained relative to their parent atom using the appropriate HFIX command 36

in SHELXL. Complexes 4, 11b, 12, 13 and 14 showed disorder for some pyrazole, tBu groups and
some solvent molecules. In each case, the occupancies of the disordered contributors were determined
by free variable refinement and then rounded and fixed. The geometric restraints of shelxl were
employed to ensure sensible chemical geometries. Complexes 4 and 13 contain additional disordered
molecules of solvent (THF and n-hexane, respectively) and they could not be satisfactorily modeled.
The final refinement was performed with the modification of the structure factors for the electron
densities of the remaining disordered solvent regions45 (total potential solvent accessible void volume
of 720 Å3 for 4 (10.9% of unit cell volume) and 673 Å3 for 13 (12.3% of unit cell volume); 242
electrons for 4 and 152 electrons for 13). Diffraction data for complexes 11b and 12 were collected
over the full sphere but the obtained crystals were always of poor quality and showed decomposition
during the diffraction experiment. Finally, the experiments presented for both complexes were
considered as sufficient to resolve the structure from experimental data.
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Studies on Multinuclear Magnesium tert-Butyl Heteroscorpionates:
Synthesis, Coordination Ability and Heteroselective ROP of racLactide
Andrés Garcés,† Luis F. Sánchez-Barba,*,† Juan Fernández-Baeza,‡ Antonio Otero,*,‡ Manuel
Honrado,‡ Agustín Lara-Sánchez,‡ and Ana M. Rodríguez‡

The equimolecular reaction between tBuMgCl and new low and high sterically hindered
heteroscorpionates [Li(k3-NNN)(thf)] yielded the tert-butyls [Mg(tBu)(k3-NNN)]. Subsequent
reaction of the low sterically hindered tert-butyls with two additional equivalents of tBuMgCl afforded
two families of chiral multinuclear compounds in different proportions, in which an apical methine
C-H activation process on the heteroscorpionate occurs; the tetranuclear tetraalkyls [{(tBu)Mg(k3N,N,N;k2-C,N)Mg(tBu)}2{µ-O,O-(C4H8)}], and the tetranuclear tetraalkyl or the dinuclear dialkyl
complexes

[(tBu)Mg(k2-N,N;k2-N,N)Mg(tBu){µ-O,O-(C4H8)}]2

or

[(thf)(tBu)Mg(k2-N,N;k2-

N,N)Mg(tBu)(thf)], respectively, depending on the Lewis acidity of the bridging methine proton. The
presence of apical s-C(sp3)–Mg and extended p-C2N2(sp2)–Mg2 covalent bonds have been
unambiguously confirmed by X-ray analysis. These species can act as highly efficient singlecomponent living initiators for the ROP of rac-lactide to produce enhanced levels of heteroselectivity
(Ps = 0.85).
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