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Undiscovered Potential: Ge Catalysts for Lactide Polymerization

Ruth D. Rittinghaus, Jakub Tremmel,™ Ales RGzi¢ka,™ Christian Conrads,”
Pascal Albrecht,”” Alexander Hoffmann,” Agnieszka N. Ksiazkiewicz,'” Andrij Pich,’ ¢ ®

Roman Jambor,*® and Sonja Herres-Pawlis*®

(Abstract: Polylactide (PLA) is a high potential bioplastic that
can replace oil-based plastics in a number of applications. To
date, in spite of its known toxicity, a tin catalyst is used on
industrial scale which should be replaced by a benign cata-
lyst in the long run. Germanium is known to be unharmful
while having similar properties as tin. Only few germylene
catalysts are known so far and none has shown the potential
for industrial application. We herein present Ge complexes

o

in combination with zinc and copper, which show amazingly
high polymerization activities for lactide in bulk at 150°C. By
systematical variation of the complex structure, proven by
single-crystal XRD and DFT calculations, structure-property
relationships are found regarding the polymerization activity.
Even in the presence of zinc and copper, germanium acts as
the active site for polymerizing probably through the coordi-
nation-insertion mechanism to high molar mass polymers.

Introduction

Milestone innovations in the production and application of
plastic as a manifold material in the last decades led to a
steadily rising demand. However, it came along with massive
environmental problems."” One way out is the use of biode-
gradable plastics.” A prominent example for a biocompatible
polymer, which has potential to replace conventional polymers
in many applications, is polylactide (PLA).*’ The monomer, lac-
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tide, is obtained from biomass and the polymer itself is biode-
gradable.” Next to medical applications for example, as self-
dissolving threads, PLA is used as 3D printing material and for
single-use items like cups or lids.”’ With a production capacity
of PLA in 2016 of 220 Mt, PLA is the most widely used biode-
gradable bioplastic and is predicted to triple its production ca-
pacity until 2020.°' PLA is most efficiently produced by a ring-
opening polymerization (ROP) of lactide with a catalyst and, if
necessary, a coinitiator. Different mechanisms are known for
the ROP of lactide; however, the best control is reached when
following the coordination-insertion mechanism.” With the
predicted production capacity growth rate of PLA it is peculiar,
that the industrially used catalyst for the polymerization con-
tains tin, which has toxic effects when introduced to the bio-
logical cycle A variety of effective catalysts are already
known for the polymerization of lactide.”” However, in spite of
intensive research efforts only few catalysts could stand the
high criteria necessary to be fulfilled for industrial applica-
tion." An alternative catalyst should be able to polymerize
under solvent-free conditions with small catalyst loadings and
must be robust towards air, moisture and small amounts of im-
purities (e.g. water, lactic acid) in technical grade lactide.”™
Iron and zinc are prominent metal candidates for an alterna-
tive, biocompatible industrial catalyst and great improvements
have been achieved with robust catalysts recently."®<'J A
metal, which has potential due to its similar properties to tin,
but no harmful effects, is germanium."® Surprisingly, only very
few examples of Ge catalysts for the ROP of lactide have been
reported. Germanium was first tested for the polymerization of
lactones in 2002 by Kricheldorf et al., with the finding that the
alkoxides are less active than the analogous tin compounds.™
An enhanced version of the catalysts was tested in solution
and bulk by Albertsson et al. who showed that the complexes
polymerize in a controlled manner following pseudo-first-order
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kinetics producing polymers with low polydispers- {Bu {Bu
ity" The first single-site germanium catalyst was (SiMeS)2N\G o P N e =il Ph—<’N‘Ge/M
published by Davidson et al. and showed as the first (SiMeg),N ¢ 4 N ‘N NBu
catalyst ever a highly heterotactic polymerization be- tBu tBu
havior for racemic lactide in bulk. With 70% conver- M= Cu, Au M= Cu M= Cu, Ag
sion after 24 h at 130°C and a monomer to initiator | Il n
(M/1) ratio of 600:1, the catalyst came closer to indus- '? SiMes  sive,
trial relevance.'® Very different reaction conditions N M MeQSi/\E: M
were applied for catalysts published by Thomas \fN,Ge\ Mezsli\ /Ge\
et al.: The germanium alkoxide complexes polymer- ) R P PEts
ized 400 equivalents of sublimed lactide at 1 molL™' R Sihieg SiMeg
in THF at 20°C in 10 min which is in the same activi- R = nPr, Bu E = Ge, Si R = Me, CCPh, C(SiMe)N,
ty range with other catalysts for polymerization in KSICDy A WS A M= Cu, Ag, Au
solution.®®'” Similar conditions were used by Sarazin v \ Vi
et al. to compare the polymerization activity of ger- Ph MesSi e Dip
mylene, stannylene, and plumbylene complexes to SiMes_/ N{ /M ,L ,L -
find that the first have the lowest activity."® Taking =3 [ N o el
the unacceptable toxicity of the latter two com- =N a N =N Ny
pounds into account, this finding appears less rele- \ VY l\llles I|3ip
vant. The latest update on germanium catalysts was

. . . M = Cu, Au M = Cu M = ZnCl
published in 2018 by Kricheldorf et al. who use ger-
mylene compounds for ring-expansion polymeri- i viil IX
zation of lactide with rather low activities and small
molar masses.'” These examples show, that the po- + _‘

. . tBu NtBu?
tential of germylene compounds as less toxic alterna- N,Bu
tives to tin catalysts were recognized by the scientific ph_< Ge_,M__Ge >Ph GeH__Ag‘_FQQ
community, but to date no complex was found to N NtBu
hold the expectations. ' tB” Y 20Tf

In addition to Ge-only complexes, it was already e M)
shown that germylenes may act as ancillary ligands fue'™: ?
in Group 11 metal complexes (Figure 11-VII).2” The X XI
efficient Ge—M (M =Cu, Ag) donation allows synthe-
Figure 1. Types of germylenes used as ligands in Group 11 and 12 metal complexes.

sis of germylene-metal cations (Figure 1X-XI),?"
which indicates the possible tuning of the Ge" elec-
trophilic character within the complexes. Interestingly, analo-
gous complexes with ZnCl, are quite rare (Figure 1, 1X)*? al-
though Zn complexes are useful catalysts for the ROP of cyclic
esters.®»@ 1% 23 Therefore, we set out to combine the germy-
lenes as ancillary ligands for ZnCl, to prepare a new type of
catalysts for the ROP of lactide.

Recently, we have shown that the organogermanium(ll)
chloride L(CI)Ge acts as ancillary ligand for M(CO)s frag-
ments.” The ligand L (L=2-Et,NCH,-4,6-tBu,-C¢H,) provided
the stabilization of the Ge" atom by N—Ge coordination and
an efficient steric protection due to the presence of a tBu
group and the complexes {(LGeX)M(CO)s} (M=Cr, W, X=Cl, H)
with different polarity of the GeX fragment were prepared. In
the present study, we focus on the complexation of ZnCl, and
CuX halides (X=Cl and ) by L(Cl)Ge. The resulting complexes
with different electrophilic character of the Ge" atom have
been tested as new type catalysts in the ROP of lactide and
found to excel all Ge systems reported so far.

Chem. Eur. J. 2020, 26, 212221 www.chemeurj.org

Results and Discussion

Complex synthesis and characterization

The starting compound L(Cl)Ge (1) was prepared according to
the literature procedure.”* > Subsequent treatment of 1 with
1 equiv. of the halide salts ZnCl,, CuCl, and (Cul),-(SMe,); pro-
vided the dimeric complexes {[L(C)GelZnCl(u-Cl)}, (2),
{[L(CNGe]lCu(p-Ch}, (3), and {[L(Cl)GelCu(p-}, (4) (Scheme 1),
which were characterized by NMR spectroscopy as well as X-
ray diffraction (2 and 3). The molecular structures of com-
plexes 2 and 3 are shown in Figure 2 while selected bond
lengths and angles are given in Table 1 (the crystallographic
parameters are given in Table S1 in the Supporting Informa-
tion). The 'H NMR spectra of 2-4 (CDCl;) are consistent with
the molecular structures found for 2 and 3. The CH,N protons
of the ligand resonate as AB spin systems ranging from 6=
419 (4) to 4.26 (2) ppm. The aromatic CH protons of the
ligand resonate as two signals in the range of 6=7.00 to
7.43 ppm.

The presence of M(u-X) bridges in dimeric complexes sug-
gest that analogous monomeric complexes can be obtained
with a higher ratio of ligand and, therefore, the reaction of 2-4

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Synthesis of Complexes 2-8.

Figure 2. Molecular structures of compounds 2 and 3. Hydrogen atoms and
solvate molecules are omitted for clarity.

with another equivalent of 1 was tested. These reactions pro-
vided the monomeric complexes [L(C)Gel,ZnCl, (5),
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Table 1. Selected bond lengths [A] and angles [°] in 2, 3 and 7 deter-
mined by XRD and DFT calculations.
2 3 7
M=2Zn, X=CI(2) M=Cu, X=Cl(2) M=Cu, X=1(1)
XRD DFT®  XRD DFT®  XRD DFT®
M(1)—X 2.3454(9) 2407 2.2710(8) 2.389 2.5051(13) 2.625
Ge(1)-M(1) 2.4615(5) 2.559 2.2700(5) 2441 2.3429(8) 2514
Ge(1)—ClI(1) 2.2050(8) 2.215 2.2410(6) 2.241 2.2562(17) 2.260
Ge(1)-N(1) 2.047(2) 2.079 2.085(2) 2110 2.101(4) 2.105
Cl(2a)-M(1)-X 95.17(3) 93.70 103.89(3) 104.39 - -
Ge(1)-M(1)-X 115.76(2) 113.89 136.08(2) 13334 116.41(3) 119.19
M(1)-Ge(1)-C(1)  130.33(6) 127.51 135.75(6) 131.45 131.54(18) 131.83
M(1)-Ge(1)-CI(1) 113.67(3) 119.66 119.29(2) 122.95 118.11(6) 121.80
[a] M06-2X/def2-TZVP.

[L(CGe],CuCl (6), and [L(CNGe],Cul (7) (Scheme 1), which were
characterized by NMR spectroscopy and X-ray diffraction analy-
sis (7). Complexes 5-7 may also be prepared by direct reaction
of two equivalents of 1 with the halide salts ZnCl,, CuCl, and
(Cul),(SMe,); (see the Experimental Section). The molecular
structure of complex 7 is shown in Figure 3, while selected

Figure 3. Molecular structure of 7. Hydrogen atoms and solvate molecules
are omitted for clarity.

bond lengths and angles are given in Table 1 (the crystallo-
graphic parameters are given in Table S1 in the Supporting In-
formation). The 'H NMR spectra of 5-7 (CDCl;) are consistent
with the molecular structures found for 7. The CH,N protons of
the ligand resonate as an AX spin systems with J, ranging
from 4.05 (7) to 4.11 (5) ppm and Jy ranging from 4.38 (5) to
4.41 (7) ppm. The aromatic CH protons of the ligand resonate
as two signals in the range of 0 =7.05 to 7.37 ppm. To further
vary the complexes, the electrophilic character of the Ge atom
was altered. The reaction of 2 with two equivalents of K[BEt;H]
yielded {[L(H)Ge]ZnCl(u-Cl)}, (8). Complex 8 has been character-
ized by NMR and IR spectroscopy. The 'H NMR spectra of 8
([Dg]THF) showed a new signal at 6 =6.40 ppm due to the
presence of GeH. This signal is shifted upfield compared with
its closest analogue, the monomeric complex Cu(iPr-nacnac)-
{GeH(iPr-nacnac)}.?® The CH,N protons of the ligand resonate
as an AB spin system at 0 =4.28 ppm, similarly to the starting
complex 2. The aromatic CH protons of the ligand resonate as
two signals at 0 =7.20 and 7.38 ppm. The IR spectra of 8 was
measured in the solid state and the GeH stretching band was

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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observed at 1964 cm™'. This frequency is slightly lower than
the one reported for N—Ge coordinated Ge" hydride® and is
very close to a carbene-capped digermene complex.”” The
molecular structures of 2 (M=Zn) and 3 (M=Cu) are found to
be dimeric in the molecular structures with four-membered
M,Cl, rings.

In 2, the central Zn atom is four-coordinate by three chloride
ions Cl(2), Cl(2a), Cl(3), and the Ge(1) atom. The coordination
polyhedron can be best described as a deformed tetrahedron
with the bond angles Ge(1)-Zn(1)-CI(3) (120.14(3)°) and Cl(2)-
Zn(1)-Cl(2a) (95.14(1)°) with the biggest deviations from ideal
shape. The Zn(1)—ClI(2) bond length (2.3454(9) A) involved in
the four-membered Zn,Cl, ring is prolonged in comparison
with the terminal Zn(1)—CI(3) bond (2.2069(8) A) (compare with
SoZn, C=217R). The Ge(1)-Zn(1) bond length
(2.4615(5) A) is comparable with the value (2.425(3) A) found in
the related complex depicted in Figure 11X®? and it is longer
than the Ge-Zn covalent bond (Z.,,Ge,Zn=2.39 A).%*2% |n
complex 3 the central Cu atom is three-coordinate by two
chloride ions Cl(2) and Cl(2a), and the Ge(1) atom. The coordi-
nation polyhedron can be best described as a deformed trian-
gle with bond angles Ge(1)-Cu(1)-CI(2) (136.08(2)°) and Cl(2)-
Cu(1)-Cl(2a) (103.89(3)°) as representative of the biggest devia-
tions from ideal shape. The Cu(1)-Cl(2) (2.2710(8) A) and Cu(1)—
Cl(2a) (2.3371(8) A) bond lengths involved in Cu,Cl, are slightly
longer than a Cu-Cl covalent bond (2, Cu,Cl=2.11 A).%® The
Ge(1)—Cu(1) bond length (2.2700(5) A) is comparable with the
values found in the analogous Ge—Cu complexes (2.2765(8)-
2.3788(16) A)®™ and represent a strong Ge—Cu coordination;
the bond length is even shorter than the Ge—Cu covalent
bond (Z.,,Ge,Cu=2.33 A).?® The four-coordinate germanium
atoms in 2 and 3 form distorted tetrahedral geometries. In
both cases, the germanium atoms Ge(1) are connected to the
carbon C(1) and nitrogen N(1) atom of the ligand, to the transi-
tion metal M (M=2Zn(2), Cu(3)) and to one chlorine atom. The
Ge(1)-N(1) bond lengths (2.047(2) A (2), 2.085(2) A (3)) indicate
the presence of N—Ge interactions.

The molecular structure of 7 provides evidence for its mono-
meric nature.

The central Cu(1) atom is three-coordinate by one iodide ion
I(1) and two germanium atoms. The coordination polyhedron
is a deformed triangle with bond angles Ge(1)-Cu(1)-Ge(1a)
(127.18(5)°) and I(1)-Cu(1)-Ge(1) (116.41(3)°) close to the ideal
values. The Cu(1)—I(1) bond length (2.5051(18) A) is close to
that of a covalent bond (Z,,Cu, |=2.47 A).”¥ The Ge(1)—Cu(1)
bond length (2.3429(18) A) is comparable with the values
found in the analogous Ge—Cu complexes (2.2765(8)-
2.3788(16) A).” The value represents a strong Ge—Cu coordi-
nation (compare with =.,Ge,Cu=2.33 A) but is longer than
the corresponding appropriate value found for the dimeric
complex 3 (2.2700(5) A). The germanium atom Ge(1) is four-co-
ordinate by carbon C(1) and nitrogen N(1) of the ligand as well
as by one chlorine and Cu(1) atom. The Ge(1)-N(1) bond
length (2.101(4) A) indicates the presence of N—Ge interac-
tions, similar to 2 and 3.

The molecular structures of complex 1-8 were geometrically
optimized with DFT (M06-2X/def2-TZVP). The bond lengths

Chem. Eur. J. 2020, 26, 212221 www.chemeurj.org
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and angles for complexes 2, 3, and 7 displayed in Table 1 are
in line with the values found in the crystal structures and show
the reliability of the calculated results of the eight complexes.
In addition to the optimized geometry, the NBO charges,
Wiberg indices, and charge-transfer energies (CTE) were calcu-
lated (see the Supporting Information Tables S2 and S3).

The data allow the assessment of the bonding situation
around the metal centers of the complexes. Herein, we see
that the Ge—C and Ge—Cl bonds have a covalent character
with Wiberg indices between 0.69-0.77 and very low or no
charge-transfer energies. In contrast, the Ge-N and Ge-M inter-
actions have a coordinative character. For the N—Ge coordina-
tion, the Wiberg indices lie between 0.28-0.37 and charge-
transfer energies of up to 106 kcalmol™' for 8 are reached. The
coordination of Ge to Zn or Cu is characterized with Wiberg in-
dices between 0.45-0.57 and charge-transfer energies up to
87 kcalmol™, again with 8 having the highest value. Since 8
distinguishes itself from the other complexes by being the
only complex having a hydrogen atom bound to the Ge in-
stead of a chloride, it can be concluded that this difference has
a high impact on the electronical relations in the complex.
Figure 4 gives the details of the bond situation of the Ge in

N -0.51 : N -049
035]98 : 037|106
-0.50 +1.48 | 043 +1.47
10.83 74 10.52 87
CorGe—>Zn | C—o5Ge—Zn
. 0.54 I : 0.57
0'77|T16 ' 091
NBO charge
Cloas Wiberg bond index H 018

Charge-transfer energy [kcal/mol]

Figure 4. NBO charges, Wiberg bond indices and charge-transfer energies
for the Ge coordination site in 2 (left) and 8 (right).

complex 2 and 8, which only differ in CI/H ligand. It fulfils the
expectation, that the NBO charge of Ge in 8 is less positive
than in 2 since the hydrogen atom has a weaker electronega-
tivity and has hence a less electron-withdrawing character
compared to Cl. With a Wiberg index of 0.91 and a NBO
charge of —0.18, the hydrogen atom has a slightly hydridic
character being covalently bound. This results in a stronger co-
ordination of Ge to Zn in 8 as reflected by the higher charge-
transfer energy. However, it is bizarre, that the C is left with a
less negative charge, even though more electrons are available
at the Ge atom. Furthermore, N coordinates with a higher
charge-transfer energy, which should reflect a higher Lewis
acidity of Ge and would be expected to correlate with the
NBO charge of Ge. The exchange of the chloride ligand against
the hydrogen atom comes along with the transformation of a
covalent bond with strong ionic character (reflected by the
Wiberg index and the charge-transfer energy) to a purely cova-
lent bond. The big difference in the NBO charge of Ge proba-
bly is an artefact of the change of the kind of interaction and
can, therefore, not be directly compared. Taking additionally
the missing forth neighboring atom in 1 into account, the

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Lewis acidity, which is known to be an important factor for the
polymerization activity, is hence better comparable for all com-
plexes by the strength of the N—Ge coordination, which is
listed for 1-8 in Table S3 of the Supporting Information. The
charge transfer-energies indicate the lowest Lewis acidity for 1,
the highest for 8 and the ones for complexes 2-7 in between.

For all complexes, a purely coordinative interaction is found
between Ge and Zn or Cu. The difference of the chloride or
the hydrogen atom bound to Ge is not reflected in the NBO
charge of the Zn (+1.47 for 8, 4+1.48 for 2), even though Ge
donates with different strengths. The charge of the Zn further-
more remains the same, if only one Zn is present (+1.46 for
5). The NBO charges of Cu also stay in the same range. With
iodine the Cu is slightly less positive (+0.65 and +0.64 for 4
and 7 versus +0.72 and +0.68 for 3 and 6). According to
charge-transfer energies (see Table S3, Supporting Information),
the Ge—Zn donation in 2 is stronger in comparison with the
dimeric Cu complexes 3 and 4. This comparison must be re-
garded with some caution since 2 has terminal chorido donors
and four iodido donors as bridging atoms, respectively. Overall,
the Ge—M interactions are stronger in dimeric compounds in
comparison with the related monomers.

The structures of complexes 1-8 allow a systematic investi-
gation of the polymerization properties. By variation of the
number of metal centers, the kind of metal as well as the
halide ligands, these unique, advanced complexes will allow in-
sights into the polymerization behavior of multimetal com-
plexes.

Polymerizations

To investigate the relevance of the complexes for industrial ap-
plication, the polymerization experiments were conducted sol-
vent free in bulk at 150°C. The monomer, L-lactide, was once
recrystallized to avoid data fluctuations due to variation of im-
purities in technical grade lactide. The reactions were run in a
stirred reactor at 260 rpm and monitored with in situ Raman
spectroscopy. In accordance with other Zn catalysts,"™ at first
a M/I ratio of 500:1 was applied. After 1 min reaction time, a
saturation due to high conversion was observable and after
4 min full conversion and molar masses above 50,000 gmol™
were reached for complex 8 without addition of a co-initiator.
These results were surprising, since organometallic compounds
are often too sensitive to polymerize in bulk. Furthermore, the
complexes showed robustness towards water, which is con-
tained as an impurity in the recrystallized lactide. Similar results
were obtained for the other complexes except for 1 which
showed slower polymerization properties. To be able to quanti-
fy the polymerization activity and to differentiate their poly-
merization ability, the M/I ratio was increased until at 5000:1
the progress of the polymerization could be followed properly.
In Figure 5 the semilogarithmic plot of the conversion against
time for complexes 1-8 is shown.

The non-coordinating germylene moiety 1 shows a lower ac-
tivity in the polymerization of lactide compared to 2-8. The
polymerization rate at a M// ratio of 1000:1 is close to those of
the other complexes at 5000:1. However, it has to be taken

Chem. Eur. J. 2020, 26, 212221 www.chemeurj.org
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Figure 5. Semilogarithmic plot of complexes 1-8 with recrystallized L-lactide
at 150°C, 260 rpm, 5000:1 (except for 1).

into account that the other complexes consist of multiple
metal centers while 1 only has one Ge atom as an active site.
In comparison with other Ge-complexes known from the litera-
ture, 1 shows an amazingly high polymerization activity."*'®
So far Ge complexes have only been tested in bulk polymeri-
zation at a minimal M/ ratio of 600:1 and needed 24 h to
reach a conversion of 70%. With a M// ratio of 1000:1, 1 has al-
ready reached a conversion of 25% after one hour. The com-
plex, therefore, provides a huge step in the category of Ge-
only catalysts for the ring-opening polymerization of lactide.

The complexes 2-8 contain two different metals, either Ge
and Zn (2, 5, 8) or Ge and Cu (3, 4, 6, 7). Since the germylene
moiety 1 itself is able to polymerize under the given condi-
tions, the active site of the polymetal complexes has to be
identified. By the systematic variation of the complexes, indica-
tions for the influence of certain changes on the active site can
be found. Four aspects are investigated: The kind of non-Ge
metal center (Zn or Cu, 2 vs. 3, 5 vs. 6), influence of a second
non-Ge metal center (2 vs. 5, 3 vs. 6, 4 vs. 7), the influence of
the halide ligand (iodine or chlorine, 3 vs. 4, 6 vs. 7), and the
influence of ligand on the Ge, chlorine or hydride (2 vs. 8).

The k., values of complexes 2-8 are shown in Table 2.
When comparing the copper complexes with the zinc com-
plexes, the polymerization activity does not differ taking the
measurement inaccuracy into account. Usually it is found, that
complexes with Cu are less active than the analogous zinc
complexes.®” This would be an indication that the non-Ge
metal centers rather have a supporting role for Ge as active

Table 2. Observed reaction rate constants for complexes 2-8.

2 3 4
Kops 107%/57" 1.47 1.40 0.93
5 6 7 8
Kops 107%/57" 1.33 1.25 0.83 413

[a] Recrystallized L-lactide, 150 °C, 260 rpm, 5000:1.

216 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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polymerization sites. This is further supported by the negligible
influence of a second non-Ge metal center: the reaction rate
constant for 2, 3, and 4 is only approximately 10% higher
compared to 5, 6, and 7, respectively. It would be expected to
be significantly higher, if Cu and Zn would be the active poly-
merization site. A cooperative effect as reported by Thevenon
et al. is not observed.™" Theoretically, the bimetallic complexes
could divide into two active sites with one ligand each having
a fourfold coordination of the zinc or copper ion, a common
coordination number for these metals. However, the little in-
crease of the polymerization activity and no decrease of molar
masses induced by a greater number of active sites (see
Table S5 in Supporting Information) make the division of the
complexes very unlikely. The addition of a second metal center
is in total not very effective, which would be expected if Zn or
Cu would be active in the polymerization. Unlike the first two
factors, the influence of the different halide bound to the Cu
atoms is well visible. If iodine acts as ligand to copper, the
polymerization activity of the complex is decreased by 30%.
This could have electronic reasons or stereochemical ones, for
example, that the size of iodine hinders the approach of lac-
tide to the active site. The greatest influence, however, is
found in the exchange of the chloride ligand for a hydrogen at
the Ge atoms. The observed reaction rate constant is raised by
two magnitudes from 2 to 8. The change of the electronic en-
vironment of the Ge leads to a massive increase of the poly-
merization activity. The polymerization property, therefore, cor-
relates with the trend of the Lewis acidity found by DFT calcu-
lation. Compound 1 shows the lowest Lewis acidity and poly-
merizes the slowest, the activity of the complexes 2-7 are in a
middle range and 8 excels all other complexes. The correlation
of the theoretically determined parameters around the Ge
atom with the polymerization activity of the complexes while
the electronical situations of Zn and Cu remain constant,
makes it very likely that Ge is the active site of the polymeri-
zation, which is further supported by MALDI-ToF-MS results
(vide supra).

To compare the polymerization activity properly with other
relevant catalysts, the k, of complex 8 was determined (see
Figure 6). The data points of the plot are fitted well by a

0.03
0.02
Tm
\3 y = 3.806 x - 0.003
~° R?=0.9936
0.01
"
0.00 ’ . . T
0.002 0.004 0.006 0.008
c(l) /mol L'

Figure 6. Determination of k, of complex 8. With M/I ratios between 1000:1
and 5000:1 at 150 °C, 260 rpm. k,(8) =(3.806+0.315) Lmol's™".
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straight line, which supports that the polymerization follows
pseudo-first-order kinetics. A comparable value of k, for the in-
dustrially used Sn(Oct), was published recently with
ky[Sn(Oct),] =(0.084+0.02) Lmol 's . In comparison with
Sn(Oct),, 8 shows a polymerization activity of two magnitudes
higher, which is a great result compared to other Ge catalysts
known for lactide polymerization, especially due to the indus-
trial relevant conditions applied in this case."’"'® Additionally,
in comparison with other Zn catalysts, the reaction rate is im-
pressive, since such high activities are mostly only found when
polymerizing in solution at lower temperatures.”* The molar
masses of the polymers produced by 8 (see the Supporting In-
formation, Table S4, entries 8-15) are with more than
100000 gmol™" well suited for industrial processing. Due to
the high activity of the complexes, it was not possible to stop
the polymerization at different reaction times to monitor the
growth of the polymer chains with the conversion. When com-
paring the resulting polymers of M/I ratio of 500:1 with 1000:1,
the molar masses are approximately doubled as expected and
lie in both cases close to the theoretical molar masses. With
higher M/I ratios the molar masses are always found to be
smaller than the theoretical values and do not exceed
120000 gmol~". The growth of the polymer chain is hindered
beyond this point due to the high viscosity and diffusion limi-
tation in the bulk. Additionally, it is possible, that as a side
effect of the high polymerization activity, complex 8 is also
active in depolymerization. Especially for long reaction times
(Table S4, entries 14 and 15, Supporting Information) shorter
chains are obtained due to depolymerization besides higher
M/I ratios. Side reactions like inter- and intramolecular transes-
terifications, which broaden the molar mass distribution, are
more likely to occur when the chains are closer to each other;
therefore, higher polydispersities (PDs) are found at higher
conversion. Complexes 1-7 produce high molar mass polymers
in a similar manner to 8. Complex 1 needs to be stressed, be-
cause with an in comparison small M/l ratio of 1000:1 it produ-
ces polymers with molar masses in the same range as the
other catalysts with an M/ ratio of 5000:1.

To investigate on the initiation mechanism, end group analy-
ses were conducted using MALDI-ToF-MS. Samples with very
short polymer chains were prepared with and without coiniti-
ators of 2, 5, and 8. The results are summarized in Table S5,
Supporting Information. Interestingly, a wide range of end
groups can be found: For all catalysts residual water in the re-
crystallized lactide acts as initiator and is found as a hydroxyl
end group. If an extra coinitiator like benzyl alcohol is added
to the polymerization mixture, it also initiates chain growth.
The in total larger number of initiated polymer chains leads to
a reduced average molar mass compared to the polymeri-
zation without coinitiator. The catalyst itself is found in differ-
ent variations at the chain ends. Especially the L-Ge end group
is interesting, since it shows, that the polymer chain grows on
the Ge atom, independently of the Zn atom. Since it is unlikely
that the Ge acts as nucleophile in the ring-opening step, it
supports the argument of Ge being the active site of the poly-
merization at which the chain starts growing. The end groups
of the different catalysts do not differ significantly, which un-
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derlines the redundancy of the second Zn atom in 2. The pres-
ence of water in the end group analysis refers to the need of a
nucleophile for the polymerization, which is the case for the
coordination—insertion mechanism. This mechanism is de-
scribed by pseudo-first-order kinetics since the number of
active sites is constant during the polymerization. The equa-
tions fit the data for k,,, and k, determination very well and
when plotting the logarithmic k,, values of the k, determina-
tion for 8 against the logarithmic initiator concentration, the
slope, which corresponds to the reaction order, is found to be
close to 1 (see the Supporting Information Figure S3). There-
fore, it can be concluded, that the complexes polymerize with
first-order kinetics after the coordination-insertion mechanism.

For all complexes it was observed, that with time a deactiva-
tion takes place even though full conversion is not yet reached
(see Figure 5 for 8 and Figure S2 in the Supporting Information
for 1-7). All complexes were, therefore, investigated with ther-
mogravimetric analysis (see the Supporting Information Fig-
ure S4) to find, that the complexes are not stable for a long
time at 150°C. The deactivation observed in the polymeri-
zation is, therefore, an effect of the high temperature used for
bulk polymerization of lactide. However, when taking a closer
look at the polymerization results, it becomes clear, that the
relevant data are collected during the first minutes, in which
the complexes are still active as catalysts. Since the presented
data are very well-fitted by the equations of a first-order kinet-
ics, the complexes must be stable throughout the time of in-
vestigation and the validity of the assumptions made concern-
ing the polymerization properties is maintained.

Conclusions

On the route towards a tin-free production of polylactide,
eight germanium complexes were synthesized, characterized,
and tested in the bulk polymerization of lactide. The structural
variation of the complexes, concerning the non-Ge metals, the
counter ions, and the number of metal atoms, allowed a sys-
tematic investigation of the structure—property relationships.
The conducted kinetics in combination with end-group analy-
sis lead to the conclusion that despite the presence of Zn or
Cu in the complexes, Ge is the active site for polymerization
following the coordination-insertion mechanism. With one
complex showing a rate constant two magnitudes higher than
Sn(Oct), in the bulk polymerization under industrial relevant
conditions, the potential of Ge catalyst as a substitute for the
tin component is proven.

Experimental Section

General methods

Starting compound 1 was prepared according to the literature.?”

All reactions were carried out under argon, using standard Schlenk
techniques. Complex (Cul),+(SMe,);, ZnCl,, CuCl, and a 1M THF so-
lution of K[BEt;H] were purchased from Sigma Aldrich. Solvents
were dried by standard methods and distilled prior to use. The 'H
and "C{'"H} NMR spectra were recorded at ambient temperature
with a Bruker Avance 500 spectrometer. The chemical shifts o are
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given in ppm and referenced to external SiMe, ('H, *C). IR spectra
were recorded on a Nicolet 6700 FTIR spectrometer by using
single-bounce diamond ATR crystal (resolution 2 cm™); the spec-
trometer and sample compartment was purged with dry air during
all experiments. The TG experiments were performed with a ther-
mogravimetric analyzer (Pyris 1 TGA HT, PerkinElmer) by heating
samples from 310 to 473 K at a ramp rate of 10°Cmin~" under a ni-

trogen flow at 20 mLmin ™"

Synthesis of {[L(Cl)Ge]ZnCl(u-Ch)}, (2)

Compound 1 (1.78 g, 4.65 mmol) and ZnCl, (0.63 g, 4.65 mmol)
were dissolved in 20 mL of THF and stirred at room temperature
for 1h. The organic solvents were evaporated and 15mL of
hexane was added. The resulting suspension was filtered and the
white solid dried in vacuum. Yield: 2.39 g (99%), m.p. 222-224°C
(decomp); 'HNMR (500.13 MHz, CDCl;, 300K): 6=1.23 (br, 3H
CH,CH,,), 1.31 (s, 9H, C(CH,);), 1.44 (br, 3H, CH,CH,), 1.49 (s, 9H,
C(CH,)3), 3.17 (m, 1H, CH,CH5), 3.39 (m, 1H, CH,CH;), 3.54 (m, 1H,
CH,CHs), 3.61 (br, 1H, CH,CH), 420 (br, 1H, CH,N), 4.33 (m, 1H,
CH,N), 7.09 (s, 1H, ArH), 7.43ppm (s, 1H, ArH), “C{'"H} NMR
(125.77 MHz, CDCl;, 300K): 6=9.6, 11.1, 31.4, 33.6, 35.1, 37.4, 47.1,
50.1, 60.7 (CH,N), 119.1, 123.5, 139.2, 141.5, 154.0, 156.8 ppm.

Synthesis of {[L(Cl)Ge]Cu(u-Cl)}, (3)-C¢Hs

Compound 1 (2.04g, 533 mmol) and CuCl (0.53 g, 5.33 mmol)
were dissolved in 15 mL of benzene and stirred at room tempera-
ture for 48 h. The suspension was filtrated and white solid dried in
vacuum. Yield: 2.55g (92%); m.p. 186-189°C (decomp); 'H NMR
(500.13 MHz, CDCl;, 300K): 6=1.18 (m, 3H, CH,CH;), 1.30 (s, 9H,
C(CHs)s), 1.37 (m, 3H, CH,CH;), 1.55 (s, 9H, C(CH,)3), 3.05 (m, 2H,
CH,CH;), 3.53 (m, 2H, CH,CH;), 419 (m, 2H, CH,N), 7.03 (s, TH,
ArH), 7.37 (s, TH, ArH), 7.37 ppm (s, 6H, benzene); C{'"H} NMR
(125.77 MHz, CDCl;, 300K): 6=8.5, 11.6, 31.4, 33.7, 35.0, 37.6, 44.7,
48.5, 60.6 (CH,N), 118.8, 122.3, 142.0, 143.2, 152.7, 156.6, 128.5 ppm
(benzene).

Synthesis of {[L(Cl)Ge]Cu(u-1)}, (4)-C¢H,

Compound 1 (1.16 g, 3.03 mmol) and (Cul),;(SMe,); (0.72 g,
0.76 mmol) were dissolved in 15 mL of benzene and stirred at
room temperature for 48hrs. The suspension was filtrated and
white solid dried in vacuum. Yield: 3.45 g (93%); m.p. 174-177°C
(decomp); '"H NMR (500.13 MHz, CDCl,, 300K): 6=1.10 (t, 3H, ZJ(1H,
1H)=7.0 Hz, CH,CH5), 1.26 (s, 9H, C(CH,)3), 1.42 (t, 3H, 2J(1H, 1H)=
7.0 Hz, CH,CH,), 1.52 (s, 9H, C(CH,)3), 2.95 (m, TH, CH,CH,), 3.14 (m,
1H, CH,CH,), 3.60 (m, 2H, CH,CH,), 3.99 (AX spin system, 1H, CH,N,
2J(1H, TH) = 14.1 Hz), 4.35 (AX spin system, 1H, CH,N, 2(1H, 1H)
= 14.1 Hz), 7.00 (s, 1H, ArH), 7.30 (s, benzene), 7.31 ppm (s, TH,
ArH); *C{'H}NMR (125.77 MHz, CDCl,, 300K): 6=82, 124, 31.5,
34.0, 35.0, 37.5, 45.4, 48.3, 60.8 (CH,N), 118.9, 122.4, 142.2, 144.1,
152.7, 156.5, 128.5 ppm (benzene).

Synthesis of [L(Cl)Ge],ZnCl, (5)

Compound 1 (1.70g, 4.44 mmol) and ZnCl, (0.30g, 2.22 mmol)
were dissolved in 20 mL of THF and stirred at room temperature
for 1h. The organic solvents were evaporated and 15mL of
hexane was added. The resulting suspension was filtered and the
white solid dried in vacuum. Alternatively, compound 1 (1.22 g,
3.19 mmol) and complex 2 (1.65 g, 1.16 mmol) were dissolved in
THF and stirred at room temperature for 1 h. The organic solvents
were evaporated and 15 mL of hexane was added. The resulting
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suspension was filtrated and the resulting white solid dried under
vacuum. Yield: 1.98 g (99%); m.p. 208-210°C (decomp); 'H NMR
(500.13 MHz, CDCl;, 300K): 6=1.20 (br, 3H, CH,CH), 1.29 (s, 9H,
C(CH5)3), 1.32 (br, 3H, CH,CH;), 1.49 (s, 9H, C(CH,);), 3.01 (m, TH,
CH,CHs), 3.29 (m, 2H, CH,CH,), 3.58 (m, TH, CH,CH,), 4.11 (br, 1H,
CH,N), 4.38 (br, 1H, CH,N), 7.07 (s, 1H, ArH), 7.36 ppm (s, TH, ArH),
BC{'H}NMR (125.77 MHz, CDCl;, 300K): 6=9.1, 10.8, 31.4, 33.6,
35.0, 374, 45.2, 48.6, 61.3 (CH,N), 118.8, 122.5, 142.5, 144.8, 152.7,
156.5 ppm.

Synthesis of [L(Cl)Ge],CuCl (6)-C¢H¢

Compound 1 (2.36 g, 6.17 mmol) and CuCl (0.305 g, 3.08 mmol)
were dissolved in 15 mL of benzene and stirred at room tempera-
ture for 48 h. The suspension was filtrated and white solid dried in
vacuum. Alternatively, compound 1 (0.82 g, 2.14 mmol) and com-
plex 3 (1.12 g, 1.07 mmol) were dissolved in CH,Cl, and 0.1 mL
benzene and stirred at room temperature for 1 h. The organic sol-
vents were evaporated. Yield: 2.70g (93%); m.p. 158-160°C
(decomp); 'HNMR (500.13 MHz, CDCl;, 300K): 6=1.14 (t, 3H,
2J(1H, 1H)=6.9 Hz, CH,CH,), 1.31 (s, 9H, C(CH,)s), 1.50 (t, 3H, J(1H,
TH)=6.9 Hz, CH,CH,), 1.59 (s, 9H, C(CH,)), 2.95 (m, TH, CH,CH,),
3.14 (m, TH, CH,CHs), 3.63 (m, TH, CH,CHs), 3.77 (m, TH, CH,CH5),
4.05 (AX spin system, 1H, CH,N, 2J(1H, 1H) = 14.0 Hz), 439 (AX
spin system, 1H, CH,N, 2J(1H, TH) = 14.0 Hz), 7.05 (s, TH, ArH),
736 (s, 1H, benzene), 7.37ppm (s, 1H, ArH); "C{'H} NMR
(125.77 MHz, CDCl;, 300K): 6=7.8, 12.3, 31.4, 33.9, 35.0, 37.5, 44.2,
48.2, 60.6 (CH,N), 118.9, 122.2, 142.1, 144.0, 152.6, 156.4, 128.4 ppm
(benzene).

Synthesis of [L(Cl)Ge],Cul (7)-C¢H¢

Compound 1 (1.28 g, 3.35mmol) and (Cul),»(SMe,); (0.40g,
0.42 mmol) were dissolved in 15mL of benzene and stirred at
room temperature for 48 h. The suspension was filtrated and white
solid dried in vacuum. Alternatively, compound1 (0.63g,
1.65 mmol) and complex 4 (1.01 g, 0.82 mmol) were dissolved in
CH,Cl, and 0.1 mL benzene and stirred at room temperature for
1 h. The organic solvents were evaporated. Yield: 1.64 g (95%);
m.p. 175-178°C (decomp); 'H NMR (500.13 MHz, CDCl,, 300K): 6 =
1.14 (t, 3H, 2J(1H, 1TH)=7.2 Hz, CH,CH;), 1.31 (s, 9H, C(CH,),), 1.49
(t, 3H, Y(1H, TH)=7.2 Hz, CH,CHs), 1.57 (s, 9H, C(CH,);), 2.99 (m,
1H, CH,CHs), 3.14 (m, TH, CH,CH,), 3.64 (m, TH, CH,CHs), 3.77 (m,
1H, CH,CH,), 4.05 (AX spin system, TH, CH,N, 2J(1H, 1H)=14.2Hz),
4.41 (AX spin system, 1H, CH,N, 2J(1H, 1H)=14.2Hz), 7.05 (s, TH,
ArH), 7.36 (s, TH, ArH), 7.36 ppm (s,2H, benzene); C{'"H} NMR
(125.77 MHz, CDCl,, 300 K): 6=8.1, 12.4, 31.5, 34.0, 35.0, 37.5, 45.3,
48.2, 60.8 (CH,N), 118.9, 122.4, 142.2, 144.3, 152.7, 156.5, 128.5 ppm
(benzene).

Synthesis of {[L(H)Ge]lZnCl(u-Cl)}, (8)

Compound 2 (1.63 g, 1.57 mmol) was dissolved in 20 mL of THF
and cooled to —30°C. Then 1m THF solution of K[Bet;H] (3.14 mL,
3.14 mmol) was added and the reaction mixture was stirred for 1 h
at —30°C. The organic solvents were evaporated, 10 mL of hexane
was added and resulting suspension was filtered. Solid material
was dissolved in 15 mL of benzene, filtered, and the filtrate was
evaporated to dryness. The resulting white crystalline substance
was characterized. Yield: 1.11 g (73%); m.p. 147-150°C (decomp);
"H NMR (500.13 MHz, [Dg]THF, 300K): 6 =1.16 (br, 3H, CH,CH), 1.26
(br, 3H, CH,CH,), 1.30 (s, 9H, C(CHs)s), 133 (s, 9H, C(CHs)s), 3.10 (m,
TH, CH,CH5), 3.24 (m, TH, CH,CH5), 3.32 (m, TH, CH,CH), 3.71 (m,
1H, CH,CH,), 4.24 (AB spin system, 1H, CH,N, 2J(1H, 1H) = 13.8Hz),
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4.33 (AB spin system, 1H, CH,N, 2J(1H, TH) = 13.8Hz), 6.40 (s, 1H,
GeH), 7.20 (s, 1H, ArH), 738 ppm (s, TH, ArH); “C{'H} NMR
(125.77 MHz, [Dg]THF, 300K): 6=8.9, 11.9, 31.5, 32.0, 35.1, 37.2, 50.4,
62.3 (CH,N), 119.7, 122.9, 137.2, 1419, 151.8, 155.9 ppm, IR v=
1964 (GeH) cm™.

Polymerization procedure in bulk

In a nitrogen filled glove box, recrystallized L-lactide (8.0 g,
55.5 mmol) and the catalyst were weighted in and mixed in a
mortar. The reaction mixture was filled in a glass vial and removed
from the glovebox. The reactor was heated at 150°C under
vacuum and flashed three times with argon. The reaction was con-
ducted under argon atmosphere and sample collection started
after the reaction mixture insertion as soon as the reactor was
closed. The spectra were measured with a RXN1 spectrometer of
Kaiser Optical Systems. The laser was used at a wavelength 785 nm
and 450 mW through a probe head with sapphire lenses (d=
0.1 mm). The reaction time was adjusted to the [M]/[/]-ratio. The re-
action mixture was removed from the reactor and a 'H NMR spec-
trum was collected to determine the conversion. The reaction mix-
ture was dissolved in an appropriate amount of DCM, the polymer
was precipitated in ethanol at room temperature, dried under
vacuum, and characterized via GPC. Kinetic data were obtained by
integration of the Raman spectrum with Peaxact 4, boundaries
were 627-713 cm™!' for lactide.

Computational details

The geometry optimizations were started from the geometry of
the solid-state structures by using the M06-2x functional®'® and
with the Ahlrichs type basis set def2-TZVP5"® basis set as imple-
mented in Gaussian 16.°2 NBO calculations were accomplished
using the program suite NBO 6.0 delivering the charge-transfer en-
ergies by second order perturbation theory.**

Crystallography

The X-ray data for single crystals of 2, 3:C¢Hs and 7-C¢Hg were ob-
tained at 150 K using Oxford Cryostream low-temperature device
on a Nonius KappaCCD diffractometer with Moy, radiation (1=
0.71073 A), a graphite monochromator, and the ¢ and y scan
mode. Crystals of 2, 3-C;Hs, and 7-CsHg were obtained from satu-
rated benzene solutions of the parent complexes at room temper-
ature. Data reductions were performed with DENZO-SMN.2Y The
absorption was corrected by integration methods.*® Structures
were solved by direct methods (Sir92)®* and refined by full matrix
least-square based on F? (SHELXL97).°® Hydrogen atoms were
mostly localized on a difference Fourier map, however to ensure
uniformity of treatment of crystal, all hydrogen were recalculated
into idealized positions (riding model) and assigned temperature
factors Hi,(H) =1.2 U, (pivot atom) or of 1.5 U,, (methyl). H atoms
in methyl, methylene, methine moieties and hydrogen atoms in ar-
omatic rings were placed with C—H distances of 0.96, 0.97, 0.98,
and 0.93.

CCDC 1948324, 1948325, and 1948326 (2, 3:C¢Hs, 7-CoHg, respec-
tively) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by The Cambridge
Crystallographic Data Centre.
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