7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Mono- and dinuclear p-oxo-6-diiminate (BODDI)
based catalysts for the ring-opening
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Polyesters such as polylactic acid belong to the most useful biodegradable polymers being able to substi-
tute polyolefins in many applications. In search for potent catalysts based on bio-compatible and non-
critical raw materials bimetallic cooperativity has emerged as a powerful approach, but one that is still in
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its infancy. Here, we report a comparative study on the catalytic activity of overall 13 mono- and dinuclear
p-oxo-d-diiminate (BODDI) complexes in the ring-opening polymerization (ROP) of L-lactide. Variation of
the number of metal atoms, the metal, i.e., Li, Mg, Ca, and Zn, as well as of the secondary ligand crucially
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Introduction

Polylactic acid (PLA) derived from natural renewable resources
has emerged as one of the leading commercially available sus-
tainable polymers' because it is biodegradable under indus-
trial composting conditions® and used in a variety of ways,
such as in (bio)medical and packaging applications.® The
industrial production of PLA is mostly based on the ring-
opening polymerization (ROP) of i-lactide (.-LA) catalysed by
tin(u) 2-ethyl-hexanoate. However, as harmful catalyst residues
in the polymeric material are problematic when it comes to
(bio)medical applications, the search for less-toxic and envir-
onmentally benign alternatives remains a central research
theme.* In the last decade, cooperative catalysis® has been
identified as a promising approach also for the ROP of cyclic
esters as the interplay of two active sites often yields higher
activities and improved selectivities compared to classical
single-site catalysts.® However, the landscape of dinuclear cata-
lysts is broad, ranging from intermolecular aggregates to teth-
ered systems in which an intramolecular metal-metal inter-
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impacts on the activity of the catalysts and properties of the formed polymers.

action is enabled by a suitable ligand framework.” Combining
two metals within a single molecule overcomes unfavourable
monomer/dimer equilibria and steric information of the
ligand are possibly transferred to the related product. Hence,
homo- and heterobimetallic complexes of ditopic ligands’
have become attractive research targets in both ROP and ring-
opening copolymerization.®** Although the number of homo-
bimetallic catalysts exceeds the number of heterobimetallic
examples, comparative studies in which the metal and the
number of metals as well as conceivable co-ligands are system-
atically altered are very rare. The p-oxo-d-diamine ligand
(BODDI) ligand, Fig. 1,° provides a suitable scaffold for related
studies: the two binding sites are parallel oriented and allow
for the installation of two metal centres in close proximity,
while the oxygen bridge enables electronic communication of
the two metals. However, while macrocyclic BODDI-derived
complexes have been intensely used to mimic active sites of
enzymes,’” the non-fused BODDI relatives have only been uti-
lized in a few cases.’® Most remarkable is the work by Tonks
and co-workers, in which the catalytic activity of monometallic
nickel complexes is compared with the respective Ni-alkali
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Fig. 1 The parent B-oxo-5-diamine (BODDI) ligand and mono- (A and
B) as well as heterobimetallic (C, M = Li, Na, K) BODDI complexes pre-
viously used in ethylene polymerization; Dipp = 2,6-diisopropylphenyl.
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metal heterobimetallic complexes, Fig. 1. Depending on the
co-ligand, they observed two tautomeric forms that show dis-
tinctly different activity in ethylene polymerization. In detail,
the enamine tautomer Fig. 1A yields low molecular weight
polymers while the imine form Fig. 1B as well as the heterobi-
metallic complexes Fig. 1C give rise to polymers with signifi-
cantly higher molecular weights. Based on these intriguing
findings we set out to synthesize mono- and dinuclear BODDI
complexes incorporating calcium, lithium, magnesium, and
zinc to explore their catalytic behaviour in ROP of r-lactide. In
this work, we describe the synthesis of both, mono- and homo-
bimetallic p-oxo-8-diiminate (BODDI) complexes. We show that
their catalytic activity in the ring-opening polymerization of
t-lactide, as well as the properties of the resulting polymers,
depend on the metal, the number of metal atoms, and the
nature of the second ligand.

Results and discussion

Synthesis and structural characterization of mono- and
dinuclear BODDI complexes

Based on the previous work of Coates and co-workers on
dinuclear ethyl zinc p-oxo-5-diiminate complexes,'
used the protio-ligand (BODDI)H, in various metalation reac-
tions aiming to access the related lithium, magnesium,
calcium, and zinc complexes. The results are discussed below.

The reaction of (BODDI)H, with n-butyllithium in a 1:1
ratio gives rise to a mixture of products presumably of both
the mono- and dinuclear complex. Despite repeated attempts
and altering the reaction conditions (order and speed of the
addition, temperature) we could not reproducibly isolate the
mononuclear complex. However, when the reaction is per-
formed in a 1:2 stoichiometry of (BODDI)H, and n-butyl-
lithium, the dinuclear lithium complex (BODDI)Li, is obtained
as a red powder in 70% yield, Scheme 1. Several techniques
(temperature, diffusion, solvent mixtures) were tested to obtain
single crystals suitable for an X-ray diffraction analysis but
remained unsuccessful. Nevertheless, the chemical integrity
was established by "H and "*C NMR as well as IR spectroscopy,
Fig. S1-S3. The 'H NMR resonance pattern of the ligand back-
bone, i.e., one methyl and one methine singlet and of the 2,6-
diisopropyl-phenyl (Dipp) groups (two methyl doublets and
one multiplet accounting for the methine protons) is indica-
tive for a symmetric or averaged structure in solution (CgDg).
In line with a dinuclear complex, the absence of NH groups is
evidenced by 'H NMR and IR spectroscopy. To elucidate the

we have
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Scheme 1 Deprotonation of (BODDI)H, affords the dinuclear lithium
complex (BODDI)Li,.
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molecular structure of (BODDI)Li, in solution, diffusion-
ordered (DOSY) "H NMR measurements have been performed
(Fig. S4). Only a single major compound could be detected in
solution, and its apparent molecular weight (1719 g mol™")
corresponds more closely to a tetramer (calc. mol weight
1890 g mol™") than a dimer (calc. mol weight 945 g mol™") or a
monomer (cale. mol weight 473 g mol™"). Aggregation of
lithium complexes is well known'' and in lithium
p-diketiminates for example, secondary interactions with aro-
matic carbons of neighbouring molecules can be involved."?
Given the steric strain imposed by the BODDI ligand, we
assume that related secondary interactions are also involved in
the tetramerization of (BODDI)Li,.

We next became interested in the related magnesium com-
plexes and treated the protio-ligand (BODDI)H, with Mg
(HMDS),-(thf), (HMDS: N(SiMe;),), Mg(HMDS),, and
MgEt,-dioxane, respectively, Scheme 2. The mononuclear
complex (BODDI)H(MgHMDS) is obtained from a 1:1 mixture
of (BODDI)H, and Mg(HMDS),:(thf), in either benzene or THF
within three hours in 54% yield. A 1: 2 stoichiometry does not
give rise to a second deprotonation even when heated to 60 °C
for several days in C¢De. Using unsolvated Mg(HMDS), instead
allows for the isolation of three different products depending
on the reaction conditions and the stoichiometry. A
1:1 mixture of (BODDI)H, and Mg(HMDS), in THF also
affords the mononuclear complex (BODDI)H(MgHMDS) in
28% yield most likely due to the initial formation of Mg
(HMDS),:(thf),. In toluene, however, two different dinuclear
complexes are formed depending on the stoichiometry and the
reaction conditions: using a 1: 2.2 stoichiometry and perform-
ing the reaction at low temperature, i.e., going from —196 °C to
room temperature, affords the dinuclear heteroleptic complex
(BODDI)(MgHMDS),, in 41% crystalline yield. In contrast,
using a 1: 1 stoichiometry at 90 °C affords the dinuclear homo-
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Scheme 2 Synthesis of mono- and dinuclear magnesium complexes
starting from (BODDI)H,.
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leptic complex (BODDI),Mg, in 74% crystalline yield. These
findings illustrate well the crucial role of the reaction con-
ditions when ditopic ligands are applied. Notably, the selective
formation of a mononuclear complex in which a second
coordination side remains available is of high value for the
subsequent synthesis of heterobimetallic complexes.

A mononuclear complex might also be formed in the reac-
tion of (BODDI)H, and MgEt,-dioxane as indicated by the
respective NH and y-CH resonances in the crude 'H NMR spec-
trum, but repeated attempts to obtain the respective mono-
nuclear complex remained unsuccessful. However, the dinuc-
lear complex (BODDI)(MgEt), was isolated in 51% yield from
the reaction of the protio-ligand with two equivalents of
MgEt,-dioxane.

(BODDI)H(MgHMDS), (BODDI)(MgHMDS),, (BODDI),Mg,
as well as (BODDI)(MgEt), were obtained as single-crystals,
which were investigated by X-ray diffraction analysis. In case of
(BODDI)(MgEt),, the data were of poor quality and do not
allow for a detailed discussion of structural parameters.
However, the connectivity of the atoms was unambiguously
established, Fig. S5, and agrees with the IR and NMR spectro-
scopic data, Fig. S6-S8.

(BODDI)H(MgHMDS) crystallizes as a monomeric complex
in which the magnesium is coordinated by an HMDS-ligand, a
molecule of THF and one of the two N,O binding pockets of
the BODDI ligand in an overall distorted tetrahedral environ-
ment (Fig. 2a). The Mg-N and Mg-O bond lengths of 2.0689
(17) and 1.9197(17) A, respectively, within the MgNC;0-metal-
lacycle resemble values of homoleptic ketiminate complexes.'®
The NH proton could be located and refined isotropically. It
forms a hydrogen bond to O1 inducing an overall almost
planar arrangement of the BODDI framework as previously
reported for related mononuclear nickel complexes.'*

The two distorted-trigonal coordinated magnesium centres
in (BODDI)(MgHMDS), reside 0.65 A (Mg1) and 0.70 A (Mg2)
above and below the almost planar BODDI backbone (Fig. 2b),
a feature reminiscent of related dinuclear ethyl zinc complex-
es.'° The exocyclic Mg-N lengths resemble values of tricoordi-
nated magnesium centres in previously reported mono- and

View Article Online

Dalton Transactions

dinuclear  bis(trimethylsilyl)Jamide ~ complexes."* ~ Within
(BODDI),Mg,, two BODDI ligands are winded around two tet-
racoordinated magnesium centres forming a screw-shaped
homoleptic structure with helical chirality (Fig. 2c). However,
as (BODDI),Mg, crystallizes in the centrosymmetric C2/c space
group, both enantiomers are present in the crystal lattice.
Compared to (BODDI)(MgHMDS),, the endocyclic Mg-O
(1.967(0) to 1.9727(16) A versus 1.9533(15) to 1.9541(14) A) and
Mg-N (2.082(3) to 2.091(2) A versus 2.0089(19) to 2.0099(16) A)
bond lengths are slightly longer and the BODDI backbone
deviates significantly from planarity because of the overall
steric constraints. Furthermore, the Mg---Mg distance is sub-
stantially smaller for (BODDI),Mg, (3.1169(15) A) compared to
(BODDI)(MgHMDS), (3.4882(9) A).

Compared to their magnesium congeners, the more polar
organocalcium compounds usually possess a higher reactivity
towards organic substrates but Schlenk-type ligand exchange
processes also become more pronounced for heavier alkaline-
earth metal complexes.'*”** Hence, the synthesis of stable het-
eroleptic complexes might be a challenge, which is even pro-
nounced in case of ditopic ligands.**? We investigated the reac-
tivity of (BODDI)H, with Ca(HMDS),-(thf),"® and dibenzyl
calcium,'” respectively, Scheme 3. Like the findings reported
above for magnesium, Ca(HMDS),(thf), gives rise to the
mononuclear heteroleptic complex (BODDI)H(CaHMDS),
which contains two molecules of THF according to the 'H
NMR spectrum, Fig. S9, in 53% crystalline yield. Again, the
reaction conditions are crucial, and the reaction must be per-
formed at low temperature, ie., from 0 °C to room tempera-
ture, to avoid subsequent reactions towards the dinuclear
homoleptic complex (BODDI),Ca,, which in contrast to its
magnesium relative contains two molecules of THF. The latter
is obtained in 74% crystalline yield when a benzene solution
of (BODDI)H(CaHMDS) is heated to 80 °C for two hours. The
reaction of (BODDI)H, with dibenzyl calcium affords the het-
eroleptic dinuclear complex (BODDI)(CaBn),. Its 'H NMR spec-
trum, Fig. 10, features a simple set of '"H NMR resonances,
i.e.,, one doublet and one septet for the Dipp methyl and
methine protons, indicating a symmetric or averaged structure

Fig. 2 Solid-state molecular structures (hydrogen atoms except the NH in (BODDI)H(MgHMDS) are omitted for the sake of clarity) with selected
bond lengths [A] and angles [°]. (a) (BODDI)H(MgHMDS): Mg1-N1 2.0689(17), Mg1-N3 1.992(2), Mg1-01 1.9197(17), O1.--H1 2.05(2), N1-Mg1-01
93.19(7), N1-Mg1-N3 130.92(8), N3-Mg1-01 118.40(7). (b) (BODDI)(MgHMDS),: Mgl.--Mg2 3.4882(9), Mgl-N1 2.0099(16), Mg1-N3 1.9471(17),
Mg2-N2 2.0089(19), Mg2—-N4 1.945(2), Mgl-01 1.9533(15), Mg2—-01 1.9541(14), N1-Mg1-01 97.61(7), N1-Mg1-N3 134.10(8), N3-Mg1-01 124.80
(7), N2-Mg2-01 97.11(7), N2-Mg2-N4 137.55(8), N4-Mg2-01 123.66(8). (c) (BODDI);Mg,: Mgl.--Mgl’ 3.1169(15), Mg1-N1 2.091(2), Mg1-N2' 2.082
(3), Mg1-01 1.9727(16), Mg1-01' 1.9670(16), N1-Mg1-0O1 87.44(8), N2'-~Mg1-01' 88.32(8); symmetry transformations used to generate equivalents

atoms (marked with '): 1 — x, +y, 3/2 — z.
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Scheme 3 Synthesis of mono- and dinuclear calcium complexes start-
ing from (BODDI)H,.

in solution. Furthermore, the coordination of one molecule of
THF is evidenced by two characteristic multiplet resonances.
We were able to grow single crystals for all three com-
pounds, which allowed us to establish their molecular solid-
state structures by means of X-ray diffraction analysis, Fig. 3.
Like (BODDI)H(MgHMDS), (BODDI)H(CaHMDS) (Fig. 3a) crys-
tallizes as a monomeric complex. However, due to the
increased ionic radius of calcium compared to magnesium,
the coordination of two molecules of THF gives rise to the
higher coordination number six, commonly observed for
calcium. The endocyclic Ca-N and Ca-O bond lengths of 2.472
(4) and 2.225(3) A resemble values of homoleptic calcium keti-
minate complexes'® and the exocyclic Ca-N(HMDS) and Ca-O
(thf) bonds are comparable with those of a THF-solvated
calcium HMDS p-diketiminate complex.”® Like (BODDI),Mg,
but impacted by the coordination of two additional THF mole-
cules, ie., one per calcium atom, (BODDI),Ca, (Fig. 3b) fea-
tures helical chirality but crystallizes also in a centrosymmetric
space group (P1). The Ca-N bonds are slightly shorter than
those in (BODDI)H(CaHMDS), while the endocyclic Ca-O
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bonds are comparable. In case of (BODDI)(CaBn),, depending
on the solvent used for crystallization two kinds of crystals
could be obtained and analyzed, these are denoted (BODDI)
(CaBn),_a (Fig. 3c) and (BODDI)(CaBn),_b (Fig. 3d). Both com-
plexes feature two calcium(u) centres in different coordination
environments but vary in the number of coordinated THF
molecules, ie., one or two. Coordination of THF originates
from Cal, which features — besides being chelated by one of
the two N,0-binding pockets - two calcium-carbon ¢ bonds.
In contrast, Ca2 features only two ¢ bonds towards the nitro-
gen and oxygen atoms of the BODDI framework and addition-
ally calcium-carbon n bonds with the two benzyl rests. The
latter is expressed by n° coordination to one of the benzylic
phenyl ring as well as binding of the second benzyl substituent
in a 1 fashion through C39, C44, and C45, Fig. 3c and d.
While the connectivity is the same for both (BODDI)(CaBn),_a
and (BODDI)(CaBn),_b, bonding of an additional molecule of
THF in case of the latter impacts on some of the Ca-C and
also the C-N bonds. The higher coordination number of
calcium in (BODDI)(CaBn), b causes longer Ca-N bonds.
While the effect is significantly more pronounced at Ca1l it is
still measurable for the Ca2-N2 bond. A similar situation is
present for the Ca-C bonds: the two Cal-C ¢ bonds are sub-
stantially longer for (BODDI)(CaBn),_b (Ca1-C38 2.666(2) A,
Ca1-C45 2.833(2) A) as compared to (BODDI)(CaBn),_a (Cal-
€38 2.561(3) A, Ca1-C45 2.658(3) A), while in case of the Ca2-
C39 and Ca2-C44 = bonds an elongation is measurable but
much smaller. Finally, the distances between Ca2 and the C,-
perimeter are comparable with values of 2.4552(14) A and
2.4594(11) A for (BODDI)(CaBn),_a and (BODDI)(CaBn),_b,
respectively.

Finally, we investigated the synthesis of dinuclear zinc
p-oxo-3-diiminate complexes. While the dinuclear complex
(BODDI)(ZnEt), has previously been reported by Coates and
co-workers,'® we wondered if the related mononuclear
complex (BODDI)H(ZnEt) as well as the mono- and dinuclear
bis(trimethylsilylJamide zinc complexes are accessible as well.

Fig. 3 Solid-state molecular structures (hydrogen atoms except the NH in (BODDI)H(CaHMDS) and non-coordinated solvent molecules are
omitted for the sake of clarity) with selected bond lengths [A] and angles [°]. (a) (BODDI)H(CaHMDS): Cal-N1 2.472(4), Cal-N3 2.345(3), Cal-O1
2.225(3), O1---H1 2.00(7), N1-Cal-0O1 77.40(13), N1-Cal-N3 148.85(14), N3-Cal-0O1 133.70(12). (b) (BODDI),Ca,: Cal.--Ca2 3.6011(12), Cal-N1
2.437(3), Cal-N3 2.418(3), Ca2—-N2 2.416(3), Ca2—N4 2.412(3), Cal-01 2.270(3), Cal-02 2.262(3), Cal-03 2.387(3), Ca2-01 2.245(3), Ca2-02
2.298(3), Ca2-04 2.388(3), N1-Cal-01 76.69(10), N2—Ca2-0O1 80.79(10), N3-Cal-02 80.16(10), N4-Ca2-02 77.02(10); (c) (BODDI)(CaBn),_a:
Cal---Ca2 3.3815(7), Cal-N1 2.347(2), Ca2—-N2 2.324(2), Cal-O1 2.2641(17), Cal-02 2.388(2), Ca2-01 2.2591(19), Cal-C38 2.561(3), Cal-C45
2.658(3), Ca2-C39 2.741(3), Ca2-C44 2.751(3), Ca2-C45 2.641(3), N1-Cal-01 79.19(7), N1-Cal-0O2 105.86(2), N2—Ca2-01 79.77(7); (d) (BODDI)
(CaBn),_b: Cal---Ca2 3.4504(6), Cal-N1 2.4340(16), Ca2—-N2 2.3605(16), Cal-O1 2.2639(13), Cal-02 2.3987(15), Cal-O3 2.3891(15), Ca2-0O1
2.2412(13), Cal-C38 2.666(2), Cal-C45 2.833(2), Ca2—-C39 2.755(2), Ca2-C44 2.791(2), Ca2-C45 2.620(2), N1-Cal-0O1 79.35(5), N1-Cal-0O2
102.96(5), N2—-Ca2-01 82.84(5).
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Hence, the protio-ligand (BODDI)H, was treated with diethyl
zinc and Zn(HMDS),, respectively, Scheme 4. The reaction with
zinc(u) bis[bis(trimethylsilylamide)] occurs smoothly and
affords, depending on the stoichiometry and the reaction con-
ditions, both the mononuclear complex (BODDI)H(ZnHMDS)
and the dinuclear complex (BODDI)(ZnHMDS), in good crys-
talline yield, ie., 54% and 74%, respectively. A low field reso-
nance (10.75 ppm) in the 'H NMR spectrum of (BODDI)H
(znHMDS), Fig. S11, evidences the presence of an NH function
as observed in case of the related magnesium (9.82 ppm) and
calcium (10.22 ppm) complexes discussed above. In addition,
two y-CH resonances as well as two doublets of doublets and
two multiplets accounting for the respective methyl and
methine protons of the Dipp groups indicate a different
environment of the two binding sites of the BODDI framework.
In contrast and as expected for a homodinuclear complex, the
'H and "*C NMR spectra of (BODDI)(ZnHMDS), (Fig. 512 and
S13) are reminiscent of a molecule with higher symmetry or
molecular averaging on the NMR time scale.

Following the procedure of Coates and co-workers,'*
(BODDI)(ZnEt), is readily available in 78% yield upon heating a
1: 2.2 mixture of (BODDI)H, and diethyl zinc. Using the same
stoichiometry but performing the reaction at room tempera-
ture allowed for the isolation of the mononuclear complex
(BODDI)H(ZnEt) in 61% yield. Again, a downfield-shifted
singlet resonance (10.94 ppm) assigned to the amine proton
along with two resonances accounting for two different y-CH
protons support the presence of a mononuclear complex with
an empty enamine pocket, Fig. S14.

Single crystals could be obtained for (BODDI)H(ZnHMDS)
and (BODDI)(ZnHMDS), as well as (BODDI)(ZnEt),. The mole-
cular solid-state structures of the two bis(trimethylsilyl)amide
zinc complexes have been investigated using X-ray diffraction

thiy N(TMS), Et
. & . Dipp.,. Zn, .Dipp
Dlpp\N Zn,o HN.Dlpp N 'O HN

PO A

(BODDI)H(ZnHMDS) (BODDI)H(ZnEt)
54% 61%

1 eq. Zn(HMDS), 2.2 eq. ZnEt,
toluene, 0°C to rt toluene, rt
Dlpp~N o N,Dlpp
A
3eq.znHmDs), ,  (BOPDIH: 2.2 eq. ZnEt,
toluene, 75°C toluene
75°C
(TMS);N  N(TMS), ||st IIEt
1 1
DIPP~N Zn.o.anN-DIPP DIPP\N Zn,o_Zn,N,D|pp

A

(BODDI)(ZnHMDS),
74%

A

(BODDI)(ZnEt),
78%

Scheme 4 Synthesis of mono- and dinuclear zinc complexes starting
from (BODDI)H,.
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Fig. 4 Solid-state molecular structures (hydrogen atoms except the NH
in (BODDI)H(ZnHMDS) and non-coordinated solvent molecules are
omitted for the sake of clarity) with selected bond lengths [A] and
angles [°]. (a) (BODDI)H(ZnHMDS): Zn1-N1 1.991(4), Zn1-N3 1.898(5),
Zn1-01 1.985(4), Zn1-02 2.166(6), O1.--H1 2.05(7), N1-Zn1-0O1 96.97
(16), N1-Zn1-N3 129.4(2), N3-Zn1-01 119.2(2). (b) (BODDI)(ZNHMDS),:
Znl---Zn1" 3.5581(9), Zn1-N1 1.9303(19), Zn1-N2 1.8714(18), Zn1-O1
1.9926(10), Zn1'-N1" 1.9303(19), Zn1'-N2' 1.8714(18), Zn1'-0O1 1.9926
(10), N1-Zn1-0O1 95.62(6), N1-Zn1-N2 143.52(7), N2-Zn1-0O1 120.33
(2), N1'-Zn1'-01 95.62(6), N1'-Zn1'-N2' 143.52(7), N2'-Zn1'-01 120.33
(2); symmetry transformations used to generate equivalents atoms
(marked with '): 1 — x, +y, 1/2 — z.

analysis, Fig. 4, while the structure of (BODDI)(ZnEt), has
been reported before.'®® The structures of (BODDI)H
(ZnHMDS) and (BODDI)(ZnHMDS), are reminiscent of their
magnesium relatives (BODDI)H(MgHMDS) and (BODDI)
(MgHMDS), discussed above. Both mononuclear complexes
features NH---O hydrogen bonds of comparable length. When
comparing the mono- and dinuclear zinc complexes, similar
Zn-O but different Zn-N bond lengths are recognized. Due to
the decrease of the coordination number of zinc from four to
three, the endocyclic Zn-N bonds get significantly shorter
(1.991(4) vs. 1.9303(19) A) and resemble values reported for
(BODDI)(ZnEt), '°® and dinuclear bis(trimethylsilyl)Jamide zinc
complexes based on bis(p-diketiminate)s.”®

Ring-opening polymerization of r-lactide

The capability of the complexes discussed above and the pre-
viously reported magnesium hydride complex (BODDI)
(MgH), > to initiate the ring-opening polymerization (ROP)
was tested using i-lactide (LLA) without the use of an
additional activator, Table 1. The results have been analyzed
with respect to the activity but also the structure of the thus
formed polylactide. For comparison, the very potent initiator
NacNacMgHMDS**  and  the  previously  reported
AcNacMgHMDS,*® Fig. 5, were synthesized as well and were
subsequently used as a reference for the other experiments. A
catalyst-monomer ratio of 1:200 for the dinuclear complexes
was applied while in case of the mononuclear complexes ratios
of 1:100 as well as 1:200 were tested. In a typical experiment,
a LLA solution (0.4 mol L") in THF was treated with the
related complex at 30 °C + 1.9 °C and the reaction progress
was monitored using in situ IR spectroscopy. At 60% conver-
sion, a part of the reaction mixture was quenched by adding a
1 M solution of hydrochloric acid in methanol and the formed
polymer was precipitated using methanol. The obtained
material was characterized with respect to its dispersity (D)
and the number average molecular weight M,, by size-exclusion

This journal is © The Royal Society of Chemistry 2025
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Table 1 Catalytic data for the ROP of L-lactide. Conversions were deduced from in situ IR spectroscopy. Reaction conditions: room temperature,
THF, monomer concentration 0.4 mol L™, SEC data was obtained by calibration with PMMA standards in CHCls/i-PrOH/NEt; 94:2: 4

Cat: mon tooo” D SEC M, SEC total” D SEC M, SEC

Entry Cat ratio [min] (M/My) (g mol™) [min] (My/My,) (g mol™)
1 NacNacMgHMDS 1:100 0.14 1.62 3.51 x10* 2 (86%) 1.67 3.39 x10*
2 NacNacMgHMDS 1:200 — — — 13 (56%) 1.61 3.87 x 10*
3 AcNacMgHMDS 1:200 18.09 — — — — —

4 (BODDI)H, 1:200 — — — — — —

5 (BODDI)H(MgHMDS) 1:100 0.51 1.41 1.48 x 10° 2.25 (99%) 1.61 1.52x 10°
6 (BODDI)H(MgHMDS) 1:200 0.68 1.29 1.92 x 10° 3.9 (99%) 1.64 2.13x10°
7 (BODDI)H(CaHMDS) 1:100 4.01 1.54 2.28 x 10* 30 (66%) 1.63 2.16 x 10*
8 (BODDI)H(CaHMDS) 1:200 — — — 32 (45%) 1.67 2.74 x 10*
9 (BODDI)H(ZnHMDS) 1:100 10.18 1.42 1.24 x 10° 45 (99%) 1.49 1.57 x 10°
10 (BODDI)H(ZnHMDS) 1:200 18.01 1.51 1.28 x 10° 60 (95%) 1.61 1.41 x 10°
11 (BODDI)H(ZnEt) 1:200 — — — — — —

“The reaction progress was monitored using in situ IR spectroscopy. tgoo, refers to the reaction time required to reach 60% conversion. ” Time at
which the reaction was quenched, i.e., when no further progress was observed.

N(TMS), N(TMS),

. Mg I ’. “  Nen:
Dipp., M9 pipp  DiPR~y sy Dipp” "~y 0 g~ ~Dipp
N N U ~ I9 \
PN AN (TSN N(TMS),
NacNacMgHMDS AcNacMgHMDS (AcNacMgHMDS),

Fig. 5 Structural formulas of the reference complexes used in this
study.

chromatography (SEC). In addition, the remaining reaction
mixture was quenched at the end of the reaction (f) and
analyzed as well. As expected, the protio-ligand (BODDI)H, is
catalytically inactive under the experimental conditions (ratio
1:200). Among the mononuclear catalysts (BODDI)H
(MHMDS) with M = Mg, Ca, Zn, the magnesium complex is
most active giving 60% conversion in 31 s (1:100) and 41 s
(1:200). Hence, with the higher catalyst to monomer ratio,
(BODDI)H(MgHMDS) outperforms NacNacMgHMDS, which
gave only 56% conversion after 13 minutes. However, in case
of a 1:100 ratio, NacNacMgHMDS is the faster initiator giving
60% conversion within only 8 seconds. In comparison,
AcNacMgHMDS ** (1:200) is much slower and requires about
18 minutes to convert 60% of the monomer; a similar value
was observed for (BODDI)H(ZnHMDS). The reactivity trends
observed for NacNacMgHMDS and AcNacMgHMDS can be
explained by the different donor properties and aggregation
behaviour of the supporting ligands. The NacNac (N,N) ligand
framework provides strong c-donation, leading to an electron-
rich but coordinatively labile magnesium centre. This results
in a higher propensity for substrate activation compared to the
AcNac (N,0) analogue. In the latter, the oxygen donor with-
draws more electron density, rendering magnesium more elec-
tron-deficient, but at the same time stabilizes dimeric struc-
tures, as has been reported in the literature.”® The predomi-
nance of such aggregated compounds effectively reduces the
number of accessible active sites. In comparison, (BODDI)H
(MgHMDS) exhibits the highest catalytic activity. The p-oxo-

This journal is © The Royal Society of Chemistry 2025

§-diimine ligand enforces a less electron-rich magnesium
centre, enhancing its Lewis acidity, while remaining mono-
meric under the reaction conditions. The coexistence of a
more electrophilic, yet accessible active site explains the
superior performance of the BODDI complex relative to both
NacNac and AcNac derivatives. In the case of (BODDI)H
(CaHMDS) a conversion of only 45% was found after
32 minutes. Besides the catalytic activity, the properties of the
polymers are also different. Again, (BODDI)H(MgHMDS) gives
the best result: the sample obtained at 60% conversion for the
1:200 catalyst : monomer ratio features a narrow D of 1.29 and
an M, of 1.92 x 10° g mol™". Allowing the reaction to run to
full conversion gives a material with a higher P of 1.64 along
with a slightly higher M, of 2.13 x 10> ¢ mol™". Notably, the
values for the material obtained with a 1: 100 ratio at 60% con-
version are to some extent poorer, ie., higher p of 1.41 and
lower M, of 1.48 x 10° g mol™" but still outperform those
found for NacNacMgHMDS under the same experimental con-
ditions. The same trend discussed for the catalytic activity is
also observed for the polymer properties and the number
average molecular weight decreases in going from Mg to Zn
and finally Ca, while at the same time the dispersity increases
in that order. Notably, (BODDI)H(ZnEt) is inactive under the
experimental conditions.

The dinuclear complexes were all probed at a catalyst:
monomer ratio of 1:200 and illustrate well the impact of both
the metal and the second ligand on the catalytic performance.
(BODDI)Li, and the heteroleptic magnesium complexes
(BODDI)(MgHMDS), and (BODDI)(MgEt), cause a fast
initiation leading to 60% conversion within a minute or less.
Among this triple, (BODDI)(MgEt), is the fastest and needs
only 6 seconds followed by the dinuclear lithium complex and
finally the dinuclear magnesium HMDS complex. The dispersi-
ties of the thus formed polymers follow the same trend.
(BODDI)Li, and (BODDI)(MgEt), give polymers of comparable
relative number average molecular weights by size exclusion
chromatography M, of 2.79 x 10* and 2.74 x 10* g mol™,
while the obtained by (BODDI)

respectively, polymer
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(MgHMDS), is about twice as large (M,, of 50 x 10* g mol™").
The heteroleptic magnesium hydride complex (BODDI),(MgH), **
as well as the homoleptic complex (BODDI),Mg, require sig-
nificantly more time. In the first case, a maximum of 42% con-
version is reached after 60 minutes, while in the latter case
60% of the monomer are converted after about 9 minutes and
90% after 88 minutes. In both cases a material of comparable
dispersity (1.39 vs. 1.47) but different molecular weight (M,
3.08 x 10" vs. 5.30 x 10* g mol™') is obtained at the end of the
reactions. Although (BODDI)(CaBn), does initiate the polymer-
ization of r-lactide and gives 60% conversion after about
90 minutes, no product could be precipitated from the reac-
tion mixture, which impedes further characterization. The
homoleptic calcium complex (BODDI),Ca, affords 58% conver-
sion after 80 minutes giving a polymer with a reasonable dis-
persity of 1.43 but with the lowest M, (2.67 x 10* g mol™")
among the dinuclear complexes investigated in here. The het-
eroleptic zinc complex (BODDI)(ZnHMDS), is about 133-times
slower than its magnesium counterpart (BODDI)(MgHMDS),
but affords the material with the highest number average
molecular weight of 6.14 x 10* g mol™" in the series of dinuc-
lear complexes at the end of the reaction. Finally, we found
(BODDI)(ZnEt), to be inactive under the experimental con-
ditions. We compared the mononuclear and dinuclear com-
plexes (BODDI)H(MgHMDS) vs. (BODDI)(MgHMDS),, (BODDI)
H(CaHMDS) vs. (BODDI)(CaBn),, and (BODDI)H(ZnHMDS) vs.
(BODDI)(ZnHMDS),. For a fair comparison, the concentrations
were adjusted to maintain a constant number of metal centres,
i.e. 1:100 for the mononuclear complexes and 1:200 for the
dinuclear complexes, respectively. Under these conditions, the
mononuclear complexes consistently exhibited faster kinetics
than their dinuclear analogues, although both systems gener-
ally reached high final conversions (89-99%). For the calcium
complexes, the same kinetic trend was observed; however, the
mononuclear complex reached only a maximum conversion of
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66%, while the dinuclear analogue required 133.37 min to
achieve 60% conversion (no higher value was determined).
This behaviour is likely due to the improved accessibility of
the active site in the mononuclear complexes, whereas in the
dinuclear complex the proximity of the two metal centres and
the more congested ligand environment may reduce the
effective rate of monomer activation and insertion.

Mechanistic aspects by end-group analysis

To propose a conceivable mechanism, polymerization reac-
tions with the selected catalysts ((BODDI)(MgHMDS), and
(BODDI),Mg, were conducted. To find out whether the
monomer quality plays a significant role in the ROP, it was
used as delivered (Table 3, entries 21 & 24) and after additional
purification (recrystallized and sublimed twice, Table 3,
entries 22 and 25). In the latter case, an additional experiment
using 1-hexanol as a co-initiator (I) was conducted (Table 3,
entries 23 & 26). Furthermore, with r-lactide used as delivered,
benzyl alcohol was also tested as initiator (Table 3, entry 27).
In this case, the reaction proceeded very rapidly, reaching 60%
conversion within 30 seconds. When 1-hexanol was used
instead, the polymerization was somewhat slower, which
allowed sampling at lower conversions and thus enabled a
more detailed end-group analysis. Matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-TOF
MS) was used to investigate the end groups of the polymer
chains and to provide insights into the mechanism of the
ROP. Selected sections of the respective mass spectra for both
catalysts are shown in Fig. 6, while the full MALDI-TOF MS
spectra are provided in the SI (Fig. S15). The enlarged spectra
show degrees of polymerization (DP) of 35 and 36. In all
spectra, the signals (sodium adduct) of the main series are
separated by 144 m/z units, which accounts for the molecular
weight of a LA repeating unit. Both cyclic and linear polylac-
tides are formed, regardless of whether raw or purified
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Fig. 6 Selected sections of the respective MALDI-TOF mass spectra of the poly(L-lactide)s obtained by polymerization of purchased and purified
L-lactide in THF with (BODDI)(MgHDMS), (entries 21-23) and (BODDI),Mg, (entries 24—26) as catalysts at room temperature (mon:cat = 200:1).
Conditions: entries 21 and 24: purchased L-lactide, no initiator; entries 22 and 25: purified L-lactide, no initiator; entries 23 and 26: purified L-lactide,
1-hexanol as initiator. All samples were taken and quenched with HCl in methanol after a conversion of 20-40%.
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t-lactide is used. The formation of cyclic oligomers indicates
that intramolecular transesterification occurred. The presence
of HMDS as end groups in the polymer chains, in the case of
(BODDI)(MgHMDS),, can be ruled out based on the results of
the MALDI-TOF mass spectra. When using 1-hexanol as a co-
initiator (Table 3, entries 23 & 26), formation of cyclic polylac-
tide is suppressed and this effect is more pronounced for
(BODDI),Mg, compared to (BODDI)(MgHMDS),. The use of
1-hexanol as initiator predominantly afforded linear polylac-
tide, enabling effective control over the polymerization, "H
NMR spectroscopy was also used to determine end-groups and
absolute number-average molar mass M, nmr Of the polymer.
Details on the calculation of the number average degree of
polymerization DP, nug, its comparison with theoretical
DP,, .1 values, and the resulting initiator efficiency (f) are pro-
vided in the SI (Tables S2 and S3). Fig. 7 shows the stacked 'H
NMR spectra of entries 21 and 23 (Table 3). The methine (CH)
protons of the linear and cyclic polymer feature different
chemical shifts (5.14-5.18 ppm) compared to the monomer
i-lactide (5.02-5.05 ppm).>* The signal at 4.35 ppm can be
assigned to the methine end-group (CH, z1) and its integral
fits well with the integral of the respective hydroxy group (d,
2.63 ppm) (Fig. S16). Due to coupling of the methine proton
with both the methyl and hydroxy moiety, the methine reso-
nance of this end-group (CH, z1) appears as a quintet. The
coupling is experimentally supported by the addition of D,O
(Fig. S17), which caused H/D exchange and a change of the
multiplicity of the methine group from a quintet to a quartet.

a) Entry 21
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Furthermore, the disappearance of the hydroxy resonance
(doublet) at 2.63 ppm was observed as well. However, the inte-
gral of the methine proton of the end-group is very low (<1%),
which is why it can be assumed that the cyclic polylactide is
formed as the main product in which such a group is absent.>®
It is therefore not possible to reliably differentiate between
linear and cyclic structures based on the 'H-NMR spectrum.
With respect to the second end group of the linear polymer,
the resonance at 3.76 ppm was attributed to a methoxy end-
group,”® and the signal at 11.97 ppm refers to a carboxyl group
(Fig. S16); both originate from quenching the reaction with
HCI in methanol. The "H NMR spectra of the polymers pre-
pared with the purified i-lactide (entries 22 and 25) resemble
those obtained with t-lactide that was used as delivered
(Fig. S18). When 1-hexanol was used as an initiator (entries 23
and 26), new resonances in the "H NMR spectrum can be
recognized in account for the hexanolate moiety (Fig. 7b).
These include for example an additional multiplet (-O-CH,) at
4.12 ppm (see also Fig. S19). The integrals of the hexanolate
and hydroxyl end groups do not suggest a 1:1 ratio, which
could be explained by partial cleavage of the hexanolate end
group and its replacement by methoxy and carboxyl groups
during the quenching step with HCl in methanol.
Additionally, in the "H NMR spectra, no resonances indicative
of meso- or D,D-units were observed, suggesting that epimeri-
zation is negligible under the experimental conditions used in
here. We note, however, that epimerization has been reported
under more forcing conditions, such as elevated temperatures
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Fig. 7 Stacked sections of the 'H NMR spectra (CDCls) of (a) entry 21 after 20-30% conversion and (b) entry 23 after 30-40% conversion of
L-lactide to cyclic L-PLA and linear L-polylactide obtained with (BODDI)(MgHMDS), in THF at room temperature (mon : cat = 200 : 1). Cyclic polylac-
tides have no terminal groups. It is therefore not possible to reliably differentiate between linear and cyclic structures based on the *H-NMR spec-
trum. The CH, group of the hexanolate, resulting from the used initiator 1-hexanol, is highlighted in green.
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or in the presence of strong organic bases such as, 5,7-triazabi-
cyclo[4.4.0]dec-5-ene (TBD).>” The MALDI-TOF spectra as well
as the "H NMR spectra of the end-group analysis confirm the
presence of both hexanolate and hydroxyl as end groups and
in small quantities also methoxy and carboxyl groups.
Dinuclear magnesium ketodiiminate complexes are known
to show an excellent reactivity and selectivity for the synthesis
of cyclic polylactide.”® In contrast, the dinuclear magnesium
complexes (BODDI)(MgHMDS), and (BODDI),Mg, reported in
here display lower specificity, as both cyclic and linear polylac-
tides are formed under the applied reaction conditions.
Nevertheless, (BODDI)(MgHMDS), also achieves high conver-
sions of 89% within only 1.94 minutes (entry 13). Based on the
results of the end-group analysis and the MALDI-TOF spectra,
it is proposed that the polymerization with both catalysts and
with or without initiator proceeds via a coordination insertion
mechanism (see SI, Schemes S1 and S2). In particular, the
detection of alcohol end groups in both NMR and MALDI-TOF
spectra suggests the presence of chain ends that are character-
istic for a coordination-insertion pathway, whereas anionic
polymerizations typically yield acyllactide end groups.*®

Conclusions

In summary, we have reported the synthesis of mono- and
dinuclear p-oxo-8-diiminate (BODDI) complexes incorporating
lithium, magnesium, calcium, and zinc, respectively, as well as
their use for the ring-opening polymerization of r-lactide.
Three mononuclear complexes (BODDI)H(MHMDS) with M
being Mg, Ca or Zn could be isolated and structurally charac-
terized. In case of the nine bimetallic complexes, the for-
mation of hetero- or homoleptic complexes is strongly depen-
dent on the metal and the metal source. While in case of zinc
the respective heteroleptic complexes are readily available, for-
mation of their magnesium and calcium analogs depends on
the reaction conditions. Here, both hetero- and homoleptic
complexes could be obtained. The catalytic activity of the com-
plexes as well as the characteristics of the thereby formed poly-
mers is strongly dependent on the metal, the number of metal
atoms as well as the nature of the second ligand. The mono-
nuclear complex (BODDI)H(MgHMDS) and the dinuclear com-
plexes (BODDI)Li,, (BODDI)(MgHMDS), as well as (BODDI)
(MgEt), are fast initiators that give 60% conversion within a
minute or less. As such, their catalytic performance competes
or even outperforms NacNacMgHMDS. Furthermore, using
(BODDI)H(MgHMDS) gives polylactide with a higher number
average molecular weight M,, and a lower dispersity compared
to NacNacMgHMDS. End-group analysis with MALDI-TOF
mass spectrometry and '"H NMR spectroscopy showed the for-
mation of dominating cyclic t-polylactides via intramolecular
transesterification reactions, especially in the absence of
1-hexanol as a co-initiator. In the presence of 1-hexanol,
mostly linear chains are formed. The polymerization with the
studied catalysts proceeds likely via a coordination-insertion
mechanism.
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Experimental section
General considerations

All preparations were performed under an inert atmosphere of
dinitrogen by means of standard Schlenk-line techniques,
while the samples for analytics were handled in a glovebox
(MBraun). Yields have not been optimized and refer to isolated
crystalline material. All solvents (toluene, n-pentane, n-hexane,
tetrahydrofuran) were distilled from Na/benzophenone prior to
use while 1-hexanol, benzyl alcohol, C¢Ds, THF-dg and toluene-
dg were dried using molecular sieves (4 A). NacNacMgHMDS,>*
AcNacMgHMDS, > (BODDI)H,,"* (BODDI),(MgH),,*"
Mg(HMDS),,* Mg(HMDS),(thf),,*" Mg(Et),(dioxane),**
Ca(HMDS),(thf),,"® Ca(Bn),(thf),,'” and Zn(HMDS), ** were syn-
thesized according to published procedures.

(BODDI)Li,. A Schlenk-flask equipped with a stirring bar
was charged with (BODDI)H, (0.500 g, 1.09 mmol, 1 equiv.)
and 4 mL toluene under inert conditions. A solution of "BuLi
2.5 M in n-hexane (0.9 mL, 2.28 mmol, 2.1 equiv.) was added
dropwise at —80 °C. The solution was warmed up to room
temperature and the solvent was removed under reduced
pressure. The product was obtained as a red powder (0.360 g,
70%). "H NMR (300 MHz, C¢Dg): 8 = 1.05 [br d, J = 6.80 Hz,
12 H, CH(CHj3),], 1.21 [d, J = 6.80 Hz, 12 H, CH(CH3;),], 1.62 [s,
6 H, -CH3], 2.86-3.02 [m, 4 H, CH(CHj;),], 4.78 [s, 2 H,
CH;CNCH], 7.03-7.13 [m, 6 H, Ar]. "*C NMR (75 MHz, C¢Dy):
5 = 24.55, 25.11, 29.08, 91.90, 128.89, 129.67, 138.22, 141.50,
168.59, 178.22; IR(ATR): 3056 (W), 2960 (m), 2868 (m), 1467 (s),
1426 (s), 1398 (s), 1370 (vs), 1355 (vs), 1303 (vs), 1243 (s), 1215
(s), 1156 (vs), 1096 (s), 1049 (m), 1040 (m), 992 (s), 967 (s), 952
(m), 934 (s), 919 (s), 833 (m), 788 (s), 762 (s), 729 (s), 693 (m);
elemental analysis calculated (found) C3;;H,,Li,N,O: C 78.79
(77.89), H 8.96 (8.90), N 5.93 (5.24).

(BODDI)H(MgHMDS)

Method (a). A Schlenk-flask equipped with a stirring bar was
charged with Mg(HMDS), (1.498 g, 4.34 mmol, 1 equiv.) and
20 mL THF under inert conditions. The solution was stirred at
60 °C for 1 h and cooled to 0 °C. A solution of (BODDI)H, (2 g,
4.34 mmol, 1 equiv.) in 10 mL THF was cooled to 0 °C and
added to the reaction mixture. The solution was slowly
warmed up to room temperature while stirring overnight. The
solvent was removed under reduced pressure and the residue
was washed with n-hexane followed by THF. Pale yellow, fine
crystals were obtained (0.880 g, 28%). Crystals suitable for
X-ray analysis were obtained by cooling a saturated solution in
toluene to —30 °C.

Method (b). A Schlenk-flask equipped with a stirring bar was
charged with Mg(HMDS),(thf), (1.14 g, 2.33 mmol, 1.1 equiv.),
(BODDI)H, (1.06 g, 2.30 mmol, 1 equiv.) and 10 mL of
benzene. The mixture was stirred at 70 °C for three hours
before the solvents were removed under reduced pressure. The
remaining residue was washed with n-hexane (3 times with
10 mL each). Pale yellow crystals were obtained (0.883 g, 54%)
by recrystallization from benzene.

'H NMR (400 MHz, C¢Dg) & = 0.15 [s, 18H, Si(CHs);], 1.16
[d, br, J = 6.14 Hz, 12H, -CH-(CH3),], 1.21 [d, J = 6.14 Hz, 6H,
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-CH-(CH5;),] 1.47-1.43 [m, 6H, ~THF], 1.49 [s, 3H, —~CH;], 1.67
[s, 3H-CH3], 3.32 [s, br, 2H, ~CH-(CH3;),], 3.45-3.38 [m, 2H~-
CH-(CH3),], 3.86-3.83 [m, 4H, ~THF), 4.95 [s, 1H, -H], 5.07 [s,
1H, -H], 7.19-7.09 [m, 6H, -ArH] 9.82 [s, 1H, -NH]. >*C NMR
(151 MHz, C¢Dg) 6 = 6.40 [-Si(CHj);], 20.90 [-CH;], 24.22 [-CH
(CH3),), 24.65 [-CH3], 25.16 [-CH(CH3),], 25.57 [-THF], 28.75
[-CH(CH,),], 70.06 [-THF], 97.40 [-CH], 97.63 [-CH], 124.18
[-mM-CHgrom], 124.52 [-m-CHgyrom), 126.07 [-p-CHoyrom], 135.41
[-i-Carom], 142.62 [-0-Carom], 146.05 [<i-Curom), 147.93 [-0-Carom),
155.00 [-CN], 172.33 [-CN], 182.09 [-CO]. *°Si NMR (80 MHz,
C¢Dg) 6 = —8.71; IR(ATR): & = 3060, 2958, 2870, 1616, 1498,
1461, 1435, 1392, 1362, 1318, 1269, 1249, 1236, 1210, 1165,
1098, 1055, 1027, 1005, 954, 934, 919, 876, 824, 794, 777, 760,
751, 734, 684, 662 cm™'; elemental analysis calculated (found)
C41HgsMgN;0Si,: C 68.83 (68.19), H 9.58 (9.55), N 5.87 (5.60).
(BODDI)(MgHMDS),. A Schlenk-flask equipped with a stir-
ring bar was charged with (BODDI)H, (4 g, 8.68 mmol,
1 equiv.) and Mg(HMDS), (6.591 g, 19.10 mmol, 2.2 equiv.)
under inert conditions at rt. The flask was cooled to —196 °C
and 80 mL toluene was added, which partly froze upon
addition. The flask was warmed up to 0 °C und stirred for
18 h, followed by stirring at room temperature for 8 h. The
solvent was removed under reduced pressure and the residue
was refluxed with 80 mL n-hexane. The solution was filtered
hot and the product crystallized from the solution at room
temperature, resulting in crystals suitable for X-ray analysis.
Crystallization further proceeded by cooling to —30 °C. Yellow,
fluorescent, rhombic crystals were obtained (2.95 g, 41%). 'H
NMR (400 MHz, CgDg): & = 0.19 [s, 36H, -Si(CHj);], 1.17 [d, J =
6.72 Hz, 12H, -CH-(CH,),], 1.41 [d, J = 6.72 Hz, 12H, -CH-
(CH3),), 1.55 [s, 6H, -CH3], 3.22 [spt, J = 6.87 Hz, 4H, -CH-
(CH3),), 4.82 [s, 2H, -H], 7.14 [s, 6H, Ar]. >*C NMR (100 MHz,
CeDg): 6 = 4.90 [-Si(CH3)3], 23.93 [<CH(CHS3),], 23.99 [-CH;],
24.61 [-CH(CH3),], 28.55 [-CH(CHj),], 94.66 [-CH], 123.93 [-m-
CH rom], 125.98 [-p-CHorom), 142.15 [0-Corom), 143.35 [<i-Caroml,
171.03 [-CN], 171.47 [-CO]; *°Si NMR (80 MHz, CeD¢): & =
—8.04; IR(ATR): & = 3064, 2950, 2870, 1536, 1461, 1433, 1366,
1355, 1336, 1312, 1273, 1254, 1241, 1219, 1172, 1111, 1098,
1023, 988, 936, 923, 878, 857, 848, 839, 807, 796, 760, 751, 716,
703, 665 cm'; elemental analysis calculated (found)
C43H7sMg,N,0Si4: C 62.37 (61.54), H 9.49 (9.22), N 6.77 (6.37).
(BODDI)(MgEt),. Following a recently reported procedure,”*
a Schlenk-flask equipped with a stirring bar was charged with
(BODDI)H, (1 g, 2.17 mmol, 1 equiv.) and 20 mL toluene
under inert conditions. A suspension of Mg(Et),(dioxane),
(1.235 g, 4.78 mmol, 2.2 equiv.) in 20 mL toluene was added
dropwise at 0 °C. The solution was stirred at room temperature
overnight. The product crystallizes from the reaction mixture
at room temperature as fine needles (860 mg, 51%). Crystals
suitable for X-ray analysis were obtained by recrystallization
from hot 1,4-dioxane. "H NMR (400 MHz, C¢Dq): § = —0.17 [q,
4H, J = 8.26 Hz, -Mg-CH,~CHj3], 1.25-1.23 [m, 6H, -Mg-CH,~
CH;], 1.29 [d, J = 6.72 Hz, 12H, ~-CH-~(CH3),], 1.38 [d, J =
7.02 Hz, 12H, -CH-(CH3),], 1.63 [s, 6H, -CH;], 3.29 [spt, J =
6.72 Hz, 4H, -CH-(CH3),], 3.62 [s, 16H, -dioxane], 4.82 [s, 2H,
-H], 7.20 [s, 6H, Ar]. >C NMR (100 MHz, C¢D;) 6§ = —2.75
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Mg-CH,-CHj3], 13.73 [-Mg-CH,~CH;), 24.35 [-CH;], 24.74
CH-(CH5;),], 25.16 [-CH~(CHj3),], 28.67 [-CH~(CH3;),], 67.94
[-dioxane], 94.48 [-CH], 124.25 [-m-CH gom), 125.86 [-0-CHgrom),
142.8 [-0-Cyrom), 145.65 [-i-Carom), 168.63 [-CN], 174.37 [-COJ;
IR(ATR): 7 = 3055, 2961, 2926, 2864, 2825, 1530, 1456, 1435,
1381, 1366, 1310, 1297, 1256, 1217, 1167, 1120, 1100, 1064,
995, 965, 936, 919, 891, 872, 850, 831, 816, 796, 775, 762, 738,
697, 677 cm™%; elemental analysis calculated (found)
C43HesMg,N,O5: C 69.64 (68.17), H 9.24 (9.31), N 3.78 (3.60).
(BODDI),Mg,. A Schlenk-flask equipped with a stirring bar
was charged with (BODDI)H, (1 g, 2.17 mmol, 1 equiv.), Mg
(HMDS), (0.749 g, 2.17 mmol, 1 equiv.) and 5 mL toluene
under inert conditions. The solution was stirred at 90 °C for
8 h. A yellow precipitate formed during the reaction which was
filtered of and washed with n-hexane. The product was
obtained as yellow needles (0.667 g, 74% yield). Crystals suit-
able for X-ray analysis were obtained by cooling a saturated
solution in toluene from 90 °C to rt. "H NMR (250 MHz, C¢D):
§=0.14 [d, ] = 6.7 Hz, 6H, -CH(CH3),], 1.15 [d, J = 6.8 Hz, 6H,
~CH(CH5;),], 1.33 [d, J = 6.7 Hz, 6H, -CH(CH3),], 1.48 [d, J =
7.0 Hz, 6H, -CH(CH,),], 1.60 [s, 6H, -CHj], 2.76 [quin, J =
6.8 Hz, 2H, ~CH(CH3;),], 3.49 [quin, J = 6.7 Hz, 2H-CH(CHj,),],
4.97 [s, 2H, -CH], 7.03-6.94 [m, 7H, ArH]. "*C NMR (101 MHz,
CeDg): 6 = 23.39 [-CH(CH3),], 24.65 [-CH(CH3),], 24.87 [-CH
(CHs;),), 24.97 [-CH;), 26.42 [-CH(CHs),), 28.64 [-CH(CHx),],
29.62 [-CH(CH3),], 95.10 [-CH], 123.78 [~CHarom], 125.16
[~CHarom], 125.70 [-CHarom], 141.74 [-Carom], 144.33 [-Caroml,
146.69 [~Carom], 171.96 [-CN], 174.99 [-CO]; IR(ATR): & = 2960,
2924, 2869, 1655, 1604, 1582, 1524, 1506, 1433, 1381, 1360,
1319, 1269, 1252, 1240, 1210, 1165, 1100, 1051, 965, 924, 850,
796, 760, 702, 680 cm™'; elemental analysis calculated (found)
Ce2HgsN4Mg,0,: C 77.09 (76.42), H 8.77 (8.77), N 5.80 (5.63).
(BODDI)H(CaHMDS). A Schlenk-flask equipped with a stir-
ring bar was charged with (BODDI)H, (0.700 g, 1.52 mmol,
1 equiv.) and 3 mL THF under inert conditions. A solution of
Ca(HMDS),-(thf), (0.845 g, 1.67 mmol, 1.1 equiv.) in 4 mL THF
was added at 0 °C. The solution was slowly warmed up to
room temperature while stirring for 14 h. The product precipi-
tated from the reaction mixture (0.53 g, 53%). 'H NMR
(400 MHz, Cg¢Dg): 6 = —0.02-0.05 [m, 18 H, Si-CH;], 1.18-1.27
[m, 24 H, CH(CHj3),], 1.47 [m, THF], 1.52 [s, 3 H, -CH;], 1.69 [s,
3 H, -CH3), 3.12-3.23 [m, 2 H, CH-(CH3;),], 3.40-3.51 [m, 2 H,
CH-(CH3),], 3.86 [m, THF], 4.99 [s, 1 H, CH;CNCH], 5.01 [s,
1 H, CH;CNCH], 7.06-7.17 [m, 6H, Ar], 10.22 [s, 1 H, NH]. *C
NMR (75 MHz, C¢Dg): 6 = 5.76, 20.72, 24.00, 25.04, 25.12,
25.89, 28.25, 28.89, 70.10, 97.72, 98.44, 123.96, 124.50, 125.04,
125.16, 136.15, 141.56, 147.82, 148.14, 153.21, 169.22, 180.52;
IR(ATR): 2960, 2868, 1610, 1498, 1461, 1433, 1392, 1333, 1312,
1245, 1236, 1215, 1161, 1100, 1064, 1036, 1006, 993, 954, 913,
876, 828, 820, 809, 792, 764, 755, 744, 714, 697, 682, 658 cm ™ ;
elemental analysis calculated (found) C,;5H;,CaN30;Si,:
C 67.19 (66.91); H 9.65 (9.24); N 5.22 (5.26).
(BODDI),Ca,*THF,. A solution of (BODDI)H(CaHMDS) in
benzene (0.03 M, 0.55 mL) was heated to 80 °C for 2 h and
then all volatiles were removed in vacuum. (7 mg, 74%). 'H
NMR (300 MHz, THF-dg): 6 [ppm] = 0.48 (d, J = 6.71 Hz, 6 H,
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CH(CH3),), 0.78 (d, J = 6.71 Hz, 6 H, CH(CHS),), 0.98 (br d, J =
6.80 Hz, 12 H, CH(CH};),), 1.04-1.11 (THF), 1.26 (d, / = 6.80 Hz,
6 H, CH(CH;),), 1.39 (s, 6 H, a-CHj3), 1.47 (br d, J = 6.71 Hz,
6 H, CH(CH3),), 1.56 (s, 6 H, a-CHj3), 2.06-2.20 (m, 2 H,
CHMe,), 2.83-2.95 (m, 2 H, CHMe,), 3.04-3.21 (m, 4 H,
CHMe,), 4.70 (s, 2 H, p-CH), 4.74 (s, 2 H, p-CH), 6.88-7.15 (m,
12 H, ArH). "*C NMR (100 MHz, C¢D): & [ppm] = 23.65, 23.71,
23.92, 24.40, 25.06, 25.08, 25.15, 25.43, 27.87, 27.99, 29.96,
31.98, 95.85, 96.32, 123.50, 123.64, 123.77, 123.90, 124.06,
141.49, 142.09, 142.63, 143.13, 149.73, 150.57, 116.01, 166.04,
175.97. IR(ATR): 2961, 2937, 2870, 1612, 1498, 1461, 1433,
1394, 1314, 1245, 1236, 1215, 1161, 1100, 1066, 1036, 1008,
992, 954, 934, 913, 876, 828, 820, 807, 792, 764, 755, 744, 731,
716, 697, 684, 658 cm™"; elemental analysis calculated (found)
C0H100Ca,N,04: C 73.64 (70.15), H 8.83 (8.91), N 4.91 (5.06).
Synthesis of (BODDI)(CaBn),. A Schlenk-flask equipped with
a stirring bar was charged with (BODDI)H, (1.0 g, 2.17 mmol,
1 equiv.) and 40 mL toluene under inert conditions. A solution
of Ca(Bn),(thf), (2.439 g, 4.78 mmol, 2.2 equiv.) in 8 mL THF
was added at —90 °C. The solution was slowly warmed up to
room temperature while stirring for 16 h. The volume of the
reaction mixture was reduced under vacuum and cooling to
7 °C yielded the product as a crystalline material, which was
isolated by filtration (0.55 g, 29%). Crystals suitable for X-ray
analysis were obtained by cooling a saturated solution in
n-hexane ((BODDI)(CaBn),_a) or toluene ((BODDI)(CaBn), b)
from room temperature to 7 °C. "H NMR (300 MHz, C¢Dg) 6 =
1.07 [t, J = 6.4 Hz, 4H, THF], 1.18 [d, J = 6.9 Hz, 24H, ~-CH-
(CH3),], 1.73 [s, 6H, ~CH3], 2.13 [s, br, 4H, ~-Ca-CH,~Ph], 2.99
[t, J = 6.1 Hz, 4H, THF], 3.27 [quin, J = 6.8 Hz, 4H, ~-CH-
(CH3),), 5.17 [s, 2H, -H], 5.91 [t, J = 6.8 Hz, 2H, —p-CHgrom,
Capn)y 6.66-6.54 [m, 8H, —0,m-CHurom. capnl, 7-12-7.00 [m, 6H,
Ar-H]; C NMR (75 MHz, C¢Dg) 6 = 24.61 [-CH-(CHj),],
25.08 [-CH3], 25.15 [-CH—(CH3),], 25.42 [THF], 28.61 [-CH-
(CH,),], 45.84 [-Ca-CH,-Ph], 69.05 [THF], 95.97 [-CH], 110.45
[_CI_Izzromy CaBn]y 120.41 [_CHarom, CaBn]; 124.05 [_m'CHarom];
124.21, [-p-CHgrom) 131.01 [-CHgrom, capnls 142.68 [<i-Carom, casnls
148.51 [<0-Carom], 157.43 [-i-Carom), 165.11 [-CN], 176.96 [-CO];
IR(ATR]: 2958, 1577, 1519, 1472, 1457, 1429, 1377, 1327, 1310,
1295, 1271, 1252, 1236, 1213, 1185, 1161, 1096, 1068, 1053,
1023, 988, 932, 911, 891, 874, 852, 837, 792, 764, 755, 738, 727,
703, 688, 671 cm™'; elemental analysis calculated (found)
Cs3H-0Ca,N,0;: C 73.74 (71.00); H 8.17 (7.95); N 3.24 (3.31).
(BODDI)H(ZnHMDS). A Schlenk-flask equipped with a stir-
ring bar was charged with (BODDI)H, (0.335 g, 0.727 mmol,
1 equiv.) and 4.5 mL toluene under inert conditions.
Zn(HMDS), (0.30 mL, 0.74 mmol, 1 equiv.) was added drop-
wise at 0 °C. The solution was warmed up to room tempera-
ture, while stirring overnight. The solvent was removed under
reduced pressure and the residue was dissolved in n-hexane.
The product was obtained by crystallization at —80 °C
(0.273 g, 54%). '"H NMR (300 MHz, C¢Dg): § = 0.10-0.15 [s,
18 H, Si-CH;], 1.10 [dd, J = 10.71, 6.89 Hz, 12 H, CH-(CHj3),],
1.28 [dd, J = 11.22, 6.85 Hz, 12 H, ~-CH—(CH3;),], 1.46 [s, 3 H, -
CH;], 1.59 [s, 3 H, -CH3], 3.14-3.27 [m, 2 H, CH-(CHa),],
3.27-3.39 [CH-(CHj,),], 4.99 [s, 1 H, —~CH], 5.10 [s, 1 H, ~CH],
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7.02-7.14 [m, 6 H, 4r], 10.75 [s, 1 H, NH]. "*C NMR (75 MHz,
CeD): 6 = 5.78, 20.38, 23.15, 24.30, 24.70, 28.77, 29.09, 96.71,
97.22, 124.15, 124.64, 128.24, 128.56, 134.90, 143.02, 144.19,
147.51, 158.87, 171.44, 185.09; IR(ATR): 2961, 2870, 1616,
1506, 1467, 1437, 1388, 1320, 1275, 1254, 1245, 1213, 1170,
1100, 1053, 982, 962, 928, 880, 863, 831, 818, 798, 762, 755,
747, 710, 690, 669 cm™'; elemental analysis calculated
(found) C,41HgoN30,Si,Zn: C 65.00 (64.93), H 9.18 (8.82),
N 5.55 (6.02).

(BODDI)H(ZnEt). A Schlenk-flask equipped with a stirring
bar was charged with (BODDI)H, (2 g, 4.34 mmol, 1 equiv.)
and 40 mL toluene under inert conditions. A solution of ZnEt,
1 M in n-hexanes (9 mL, 9.55 mmol, 2.2 equiv.) was added and
the solution was stirred at room temperature overnight. All
volatiles were removed under reduced pressure and the residue
was dissolved in 21 mL hot n-hexane. The solution was filtered
and the product crystallized from the solution at rt.
Crystallization proceeded further by cooling to —30 °C. Yellow
crystals were obtained (1.46 g, 61%). '"H NMR (400 MHz,
CeDg): 6 = 0.61 [q, ] = 8.2 Hz, 2H, ~Zn-CH,~CH3;], 1.17-1.00 [m,
24H, -CH-(CH3),], 1.35 [t, J = 8.2 Hz, 3H, ~Zn-CH,~CH;], 1.48
[s, 3H, —-CH3], 1.56 [s, 3H, ~CH;], 3.06 [quin, J = 6.9 Hz, 2H,
~CH~-(CH3),], 3.34 [quin, J = 6.9 Hz, 2H, -CH-(CH3),], 5.12 [s,
1H, -CH), 5.24 [s, 1H, -CH], 7.14-7.03 [m, 6H, -Ar-H], 10.94 [s,
1H, -NH]; C NMR (100 MHz, C¢D¢): § = —1.57 [-Zn-CH,-
CH3], 12.93 [-Zn-CH,~CH;], 20.35 [-CH;), 22.77 [-CH~(CH3),],
23.56 [<CH-(CH3),], 23.69 [-CH;], 24.75 [-CH-(CHj),], 25.39
[-CH-(CH,),], 28.64 [-CH-(CH,),], 29.18 [-CH~(CH,),], 97.03
[-CH], 97.30 [-CH], 124.11 [-m-Cqrom], 124.16 [-1-Cyrom), 126.48
[-2-Carom)s 135.49 [i-Cprom], 142.68 [-0-Corom), 144.72 [-i-Cyrom),
147.82 [-0-Curom], 157.80 [-CN], 169.85 [-CN], 184.57 [-COJ;
IR(ATR): 7 = 2960, 2922, 2896, 2866, 2855, 1616, 1601, 1528,
1504, 1463, 1439, 1387, 1368, 1316, 1265, 1254, 1224, 1210,
1170, 1144, 1098, 1049, 1008, 965, 934, 921, 898, 882, 861, 833,
798, 762, 753, 736, 721, 708, 686 cm™'; elemental analysis cal-
culated (found) C33H,gN,0Zn: C 71.53 (71.69), H 8.73 (8.79), N
5.06 (5.06).

(BODDI)(ZnHMDS),. A Schlenk-flask equipped with a stir-
ring bar was charged with (BODDI)H, (2.7 g, 5.86 mmol,
1 equiv.) and 50 mL toluene under inert conditions. Zn
(HMDS), (7.1 mL, 17.58 mmol, 3 equiv.) was added and the
solution was stirred at 75 °C for 13 days. The solvent was
removed under reduced pressure and the residue was recrystal-
lized from hot n-hexane. The product was obtained as yellow
crystals (3.97 g 74%). Crystals suitable for X-ray analysis were
obtained by crystallization from toluene at —30 °C. "H NMR
(400 MHz, C¢Dg): 6 = 0.20 [s, br, 36H, ~Si(CH;);], 1.18 [d, J =
6.7 Hz, 12H, -CH-(CH3),], 1.41 [d, J = 6.8 Hz, 12H, -CH-
(CH,),], 1.53 [s, 6H, -CH3), 3.33 [s, br, 4H ~-CH~(CH,),], 4.77 [s,
2H, -H], 7.14 [s, 6H]. ">C NMR (100 MHz, C¢Dg): 6 = 6.03 [-Si
(CH3);], 24.38 [<CH—(CH3),], 24.64 [-CH;], 29.05 [-CH~(CH,),],
96.43 [-CH], 124.71 [-m-CH yopy], 127.20 [-p-CHgrom), 143.46 [-0-
Cuarom), 144.15 [i-Cyrom], 170.61 [-CN], 178.30 [-CO]; *°Si NMR
(80 MHz, C¢Dg): 5 = —2.32; IR(ATR): 7 = 3060, 2960, 2870, 1536,
1461, 1433, 1375, 1359, 1336, 1316, 1278, 1269, 1243, 1217,
1176, 1111, 1098, 990, 932, 876, 861, 842, 826, 816, 798, 772,
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764, 755, 695, 669 cm™'; elemental analysis calculated (found)
C43H75N,08i,Zn,: C 56.74 (57.74), H 8.64 (8.72), N 6.16 (6.17).

(BODDI)(ZnEt),. Following a literature procedure, a Schlenk-
flask equipped with a stirring bar was charged with (BODDI)
H, (2 g, 4.34 mmol, 1 equiv.) and 40 mL toluene under inert
conditions. A solution of ZnEt, 1 M in n-hexanes (9.6 mL,
9.55 mmol, 2.2 equiv.) was added and the solution was stirred
at 75 °C for 22 h. The solvent was removed under reduced
pressure. The residue was dissolved in hot n-hexane and the
product crystallized at room temperature. The product was
obtained as yellow needles (2.19 g, 78% yield). 'H NMR
(400 MHz, Ce¢Dg): 6 = 0.68 [q, J = 8.18 Hz, 4H, -Zn-CH,-CHj;],
1.11 [d, J = 6.72 Hz, 12H, ~-CH-(CH3),], 1.14 [d, J = 6.72 Hz,
12H, ~-CH~(CH3),], 1.19 [t, ] = 8.18 Hz, 6H, ~Zn-CH,~CH], 1.56
[s, 6H, ~CH;], 3.18 [spt, J = 6.87 Hz, 4H, -CH-(CH,),], 5.05 [s,
2H, -CH], 7.12-7.04 [m, 6H, Ar-H]. >C NMR (100 MHz, C¢Ds):
8 = 0.72 [-Zn-CH,-CHj3], 12.64 [-Zn-CH,-CHs], 23.73 [-CHj],
24.80 [-CH-(CH3),], 28.70 [-CH-(CH3),], 96.13 [-CH], 124.24
[-m-CHyarom), 126.65 [-p-CHgrom), 143.19 [-0-Curom], 144.40
[~i-Carom)y 167.56 [-CN], 177.83 [-COJ; IR(ATR): & = 3055, 2958,
2863, 1534, 1456, 1435, 1375, 1362, 1316, 1275, 1252, 1215,
1174, 1146, 1100, 1055, 1042, 993, 986, 960, 945, 932, 895, 885,
861, 796, 781, 760, 742, 721, 699, 671 cm™*; elemental analysis
calculated (found) C;35Hs,N,OZn,: C 64.92 (65.70), H 8.09
(8.18), N 4.33 (4.32).

Polymerization of 1-lactide

A 0.4 mol L' solution of i-lactide (used as received without
further purification or drying or recrystallized and sublimed
twice) in dry THF was treated with the related complex at 30 °C
+ 1.9 °C at the catalyst: monomer ratios stated in Tables 1 and
2. The reaction progress was monitored using in situ IR spec-
troscopy. Please note that due to the fast reactions and the
time increments of the spectrometer not enough data points
could be obtained for a detailed investigation of reactions
rates and orders. Thus, the time until 60% conversion was
measured and a part of the reaction mixture was quenched by
adding a 1 M solution of hydrochloric acid in methanol and
the formed polymer was precipitated using methanol. In
addition, the remaining reaction mixture was quenched at the
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end of the reaction (¢1) and analyzed as well. The obtained
material was characterized with respect to its dispersity & and
the number average molecular weight M,, by size-exclusion
chromatography (SEC), the values are uncorrected.

X-ray crystallography

The intensity data for the compound (BODDI)H(MgHMDS)
were collected on a Siemens SMART three axis diffractometer
with APEX II area detector while all other single crystal X-ray
diffraction data were recorded Nonius KappaCCD diffract-
ometer using monochromated Mo-K, radiation. Data were cor-
rected for Lorentz and polarization effects; absorption was
taken into account on a semi-empirical basis using multiple-
scans.®* The structures were solved by direct methods
(SHELXT)*® and refined by full-matrix least squares techniques
against F,” (SHELXL-2018).*® The hydrogen atoms bonded to
the amine group N, of the compounds (BODDI)H(MgHMDS),
(BODDI)H(CaHMDS), and (BODDDH(ZnHMDS) as well as
those bound to C38 and C45 of (BODDI)(CaBn)2_a and
(BODDI)(CaBn)2_b were located by difference Fourier syn-
thesis and refined isotropically. All other hydrogen atoms were
included at calculated positions with fixed thermal para-
meters. All non-hydrogen atoms were refined anisotropically.*®
The crystal of (BODDI)H(CaHMDS) was a non-merohedral
twin. The twin law was determined by PLATON®’ to (1.000
0.034 0.066) (0.000-1.000 0.000) (0.000 0.000-1.000). The con-
tribution of the main component were refined to 0.783(2).
Additionally, the crystals of (BODDI)H(CaHMDS) and
(BODDI),Mg, contain large voids, filled with disordered
solvent molecules. The size of the voids are 967, and 968 A®
per unit cell, respectively. Their contribution to the structure
factors was secured by back-Fourier transformation using the
SQUEEZE routine of the program PLATON®’ resulting in 354,
and 242 electrons per unit cell, respectively. Furthermore, the
crystals of (BODDI)(MgEt), were extremely thin and of low
quality, resulting in a substandard data set; however, the data
are sufficient to show connectivity and geometry despite the
high final R value. We hence only present the conformation of
the molecule and the crystallographic data but will not deposit
the data in the Cambridge Crystallographic Data Centre.

Table 2 Catalytic data for the ROP of L-lactide. Conversions were deduced from in situ IR spectroscopy. Reaction conditions: room temperature,
THF, monomer concentration 0.4 mol L™, SEC data was obtained by calibration with PMMA standards in CHCls/i-PrOH/NEt; 94:2: 4

Cat: mon toon P SEC M, SEC trotal’ D SEC M, SEC

Entry Cat ratio [min] (My/M,,) (g mol™) [min] (My/M,,) (g mol™)
12 (BODDI)Li, 1:200 0.78 1.50 2.79 x 10° 10 (96%) 1.59 3.74 x 10
13 (BODDI)(MgHMDS), 1:200 1.02 1.60 5.50 x 10* 1.94 (89%) 1.57 5.55 x 10*
14 (BODDI)(MgEL), 1:200 0.10 1.47 2.74 x 10 2.89 (94%) 1.44 3.00 x 10°
15 (BODDI)(MgH), 1:200 — — — 60 (42%) 1.39 3.08 x 10
16 (BODDI),Mg, 1:200 9.17 1.40 3.99 x 10° 88 (90%) 1.47 5.30 x 107
17 (BODDI)(CaBn), 1:200 89.44 — — — — —

18 (BODDI),Ca, 1:200 — — — 80 (58%) 1.43 2.67 x 10°
19 (BODDI)(ZnHMDS), 1:200 133.37 1.82 3.83 x 10* 600 (99%) 1.43 6.14 x 10*
20 (BODDI)(ZnEt), 1:200 — — — — — —

“The reaction progress was monitored using in situ IR spectroscopy. tsoo, refers to the reaction time required to reach 60% conversion. ” Time at
which the reaction was quenched, i.e., when no further progress was observed.

This journal is © The Royal Society of Chemistry 2025

Dalton Trans., 2025, 54,15780-15794 | 15791


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt01934f

Open Access Article. Published on 09 October 2025. Downloaded on 4/7/2026 7:46:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Dalton Transactions

Table 3 Catalytic data for the ROP of L-lactide for mechanistic studies. Conversions were deduced from in situ IR spectroscopy. Reaction con-
ditions: room temperature, THF, monomer concentration 0.4 mol L™, SEC data was obtained by calibration with PMMA standards in CHCls/i-PrOH/

NEtz 94 : 2: 4. The data also show the reproducibility of the results

Cat:mon I:mon fego° BD’SEC M,"SEC twwm’ DSEC M, SEC

Entry Cat ratio ratio [min] (M,/M,) (gmol™) [min] (My/My) (g mol™) Quality of r-lactide

21 1:200 — 1:50  2.15 51x10* 4:30(89%) 2.15 5.9x10* Used as delivered

22 (BODDI)(MgHMDS), 1:200 — 1:35 — — 4:10 (92%) — — Purified (recrystallized and
sublimed twice)

23 1:200 1:200 1:00 1.72 3.1x10* 7:50 (79%) 1.95 3.6 x 10*

24 1:200 — 10:09 1.64 6.5x10" 32:00 (90%) 1.69 1.9 x 10*  Used as delivered

25  (BODDI),Mg, 1:200 — 4:00 1.63 3.5x10* 11:20 (97%) 1.78 7.7 x10*  Purified (recrystallized and
sublimed twice)

26 1:200 1:200 3:10 1.40 1.9x10* 9:50 (82%) 1.71 4.0 x10*

“The reaction progress was monitored using in situ IR spectroscopy.

teoo, refers to the reaction time required to reach 60% conversion.

b Conversion: entry 21: 20-30%; entry 22: 30-40%; entry 23: 30-40%; entry 24: 25%; entry 25: 25%; entry 26: 20%. ° Time at which the reaction

was quenched, i.e., when no further progress was observed.

Crystallographic data as well as structure solution and refine-
ment details are summarized in Table S1 of the SI. Olex2 was
used for structure representations.>®

Crystallographic data (excluding structure factors) has been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication CCDC 2247495 for (BODDI)H
(MgHMDS], 2247496 for (BODDI)(MgHMDS)Z, 2247497 for
(BODDI),Mg,, 2247498 for (BODDI)H(CaHMDS), 2247499 for
(BODDI),Ca,, 2247500 for (BODDI)(CaBn), a, 2251441 for
(BODDI)(CaBn), b, 2247501 for (BODDIH(ZnHMDS), and
2247502 for (BODDI)(ZnHMDS),.

Mechanistic studies

A 0.4 mol L™ solution of r-lactide (used as purchased and with
further purification or recrystallized and sublimed twice) in
dry THF was treated with the selected catalysts ((BODDI)
(MgHMDS),, and (BODDI),Mg,) at the catalyst: monomer and
initiator : monomer ratios stated in Table 3. The reaction pro-
gress was monitored using in situ IR spectroscopy. The time
until 20-40% conversion was measured, and a part of the reac-
tion mixture was quenched by adding a 1 M solution of hydro-
chloric acid in methanol and the formed polymer was precipi-
tated using methanol. In addition, the remaining reaction
mixture was quenched at the end of the reaction (f) and
analyzed as well. The obtained material was characterized with
respect to its polydispersity ® and the number average mole-
cular weight M, by size-exclusion chromatography (SEC) and
MALDI-TOF and end-group analysis via "H NMR-spectroscopy,
the values are uncorrected.

End-group analysis via '"H NMR-spectroscopy

The proton NMR spectra were recorded at 500 MHz on a
Bruker NEO spectrometer. Chemical shifts (6 in ppm) were
referenced to the residual solvent signal, CHCl; in CDCl; at § =
7.26. All NMR spectra were processed uniformly using TopSpin
4.4.1 (Bruker). Phase correction and baseline correction were
performed within the software. The integrals of the methine
group of the end group, the hydroxy group, and the repeating

15792 | Dalton Trans., 2025, 54,15780-15794

unit were determined. These integrals were directly pro-
portional to the molar concentration of the respective mole-
cule. Thus, the average number of repeating units within the
polymer chains (number average degree of polymerization,
DP,) were determined.

MALDI-TOF mass spectrometry

The matrix-assisted laser desorption/ionization spectra were
acquired with a BRUKER autoflex MALDI-TOF instrument in
the positive ion and linear modes. The laser of this instrument
is a smartbeam-II with a wavelength of 355 nm. The software
for measurement and evaluation of the spectra is flexControl
3.4 and flexAnalysis 3.4 and Polymerix. The spectra were cali-
brated externally using poly(methyl methacrylate) (PMMA) as a
standard.

The samples were prepared on a standard sample plate
(Bruker “MTP 384 target plate polished steel BC”). Sample spot
preparation was as follows 10 pL of 20 mg mL™" trans2-[3-(4-
tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile
(DCTB) matrix chloroform solution, 0.5 pL sodium trifluoroa-
cetate (NaTFA, 0.1 M in THF) solution, and 1.5 pL polymer
sample (2 mg mL™" in chloroform) were mixed. Then 1 pL of
this matrix/salt/polymer solution was spotted onto a MALDI
sample plate and air dried before analysis.
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CCDC 2247495 (BODDI)H(MgHMDS), 2247496 (BODDI)
(MgHMDS),, 2247497 (BODDI),Mg,, 2247498 (BODDI)H
(CaHMDS), 2247499 (BODDI),Ca,, 2247500 (BODDI)
(CaBn),_a, 2247501 (BODDI)H(ZnHMDS), 2247502 (BODDI)
(znHMDS), and 2251441 (BODDI)(CaBn), b contain the sup-
plementary crystallographic data for this paper.>**~
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