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ABSTRACT: One of the most urgent social demands on polymer
chemistry is the design of an inexpensive, efficient, robust, and nontoxic
catalyst for the preparation of biodegradable polymers with good control of
its properties. The nonsymmetric ditopic doubly deprotonable biguanide
proligand (substituted 4,6-dimethoxypyrimidin-2-yl-guanidine − 1) with
dynamic behavior forms monometallic as well as bimetallic complexes
when reacted with one or two equivalents of Et2Zn or Zn[N(SiMe3)2]2. In
monometallic complexes 2 and 4, zinc atoms primarily occupy a position
within the six-membered ring. In the bimetallic complexes 3 and 5, the
adjacent ethylzinc and zinc amide moieties are coordinated in a bidentate
fashion by the guanidinate-like part of the ligand. The ethylzinc complexes
2 and 3 are inactive in the ring-opening polymerization (ROP) of rac-lactide, whereas the performance of the zinc amides 4 and 5
activated by iPrOH is among the highest observed. In complex 5, the positions of the two zinc ions can be interchanged, which could
explain the ability of this “nonsymmetrical” bimetallic complex to promote the ROP of lactide (LA) at both Zn sites to form
polylactide (PLA) chains with a unimodal molecular-weight distribution. One-pot preparation of various di- or oligoblock
copolymers is possible by the sequential living copolymerization of β-butyrolactone and L-, D- or rac-lactides, leading to the precise
control of its microstructure.
KEYWORDS: biguanide, zinc, ROP, copolymer, immortal polymerization

■ INTRODUCTION
After a hundred years of continuous development, polymeric
materials based on repeating units of main-group elements
have found widespread practical application in both everyday
life and industry. Conventional (i.e., petroleum-based non-
biodegradable) plastics have transformed our society and are
used in all aspects of our daily lives. However, their impact on
the environment is considerable and is no longer tolerable.
Polylactide (PLA) is the most promising biobased and
biodegradable alternative to petrochemical plastics.1 It is now
being successfully employed in various fields such as 3D
printing, medical applications, food packaging, disposable
tableware, textiles, agriculture and automotive.2 A downside
to this development is that the industrial production of PLA is
mainly attached to the ring-opening polymerization (ROP) of
lactide in the presence of tin octoate, whose impact on the
environment remains questionable. Great efforts have been
devoted to the development of tin-free catalysts. As metal
complexes and organometallic species often suffer from the
presence of toxic heavy or expensive noble metals and high
specificity for a desired reaction or process, one possibility is
the application of post-transition metals, specifically zinc and
its complexes, which have already shown their potential in
many organic transformations or as cheap, environmentally

benign, and sustainable alternatives to conventional transition-
metal catalysts. Zinc catalysts provide some of the best
performance in the ROP of lactides, notably, in terms of
activity. The pioneering works of Coates have shown that β-
diketiminate (BDI) ligands associated with Zn(II) lead to
highly efficient systems (Figure 1).3 More recently, Robinson
has described exceptional activity at room temperature for the
ROP of LA (TOFmax = 13,950 h−1) using Zn complexes
supported by a nonsymmetrical version of these BDI ligands
(N-Aryl/N-alkyl).4

Remarkably, the highest TOF (60,000 h−1), reported by
Williams,5 has been reached by a dizinc catalyst also
coordinated by a “BDI-like” ligand, which can be classified as
ditopic as well. Coles6 and Pellecchia7 have demonstrated that
highly π-electrons conjugated guanidinate ligands associated
with zinc are also pertinent to the lactide ROP reaction.
Recently, epoxide-promoted polymerization of lactides medi-
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ated by the low loading of the zinc-guanidine complex has
been tested under industrial conditions.8 In addition, during
the completion of this work, Robinson reported on stereoblock
polyesters via irreversible chain-transfer ring-opening polymer-
ization using a combination of the previously reported highly
active lactide polymerization process promoted by zinc BDI
species4 and the yttrium phenoxide co-initiated polymerization
of β-butyro- or β-valerolactone, yielding stereoblock atactic-
syndiotactic polyhydroxyalkanoates with good control of the
composition, molecular weight and mechanical properties.9 As
summarized in the excellent review on strategies for
preparation of stereoblock copolymers by Mehrkhodavandi,10

the most efficient catalytic systems are based on versatile
indium11−14 and magnesium15,16 complexes or tin octoate.17 It
is worth noting that zinc-based initiators also allowed excellent
access to various oligo-block polyesters and carbonates.
Pellecchia18 and Phomphrai19,20 made their lactide homo-
and copolymeric materials thanks to pyridylamido or
phenoxyamido zinc initiators.
During the last 15 years, reports on block polyhydrox-

ybutyrate-containing copolymers, which exhibit interesting
material properties, were rather scarce. Rieger21 used zinc β-
diketiminate complexes as initiators of terpolymerization of β-
butyrolactone, oxiranes and CO2. Aluminum-based salen,22

phenoxyimine23,24 and phenolate25 catalysts were also able to
promote β-butyrolactone and lactide copolymerization with
narrow polydispersities of the formed chains. Indium
complexes from the family of multitalented indium salan
chlorides or alcoholates11−14 were later shown to be active
with low catalyst loadings13 or under air atmosphere,14 albeit
with reaction times of 16 h. Other groups used yttrium,22,26

hafnium27 and copper28 metals bearing mostly N- and O-donor
ligands. For the first time, a triblock PLA-b-PHB-b-PLA was
obtained in 201311 through sequential addition of the
monomers.
Based on these literature facts, we hypothesized that the

biguanide derivative 1 (Figures 1 and 2), mimicking both BDI

and guanidinate moieties, with highly conjugated π-electron
density and structural versatility, could be a suitable ligand to
chelate one or two Zn atoms in a variable bonding fashion and
(co)-initiate the ROP of lactides efficiently.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Zinc Complexes.

The biguanide proligand 1 was prepared according to our
previous paper from extremely cheap chemicals by one-pot
high-yield synthesis (see SI).29 Thanks to the connection of a
pyrimidine-2-amine moiety and a guanidine fragment, the
structure of 1 resembles a part of such macrocyclic ligands as
porphyrines, phthalocyanines and other biologically important
species (guanine derivatives), but, more interestingly, also a
substituted biguanide, which demonstrated biological activity
and medicinal applications as well.30−33 The structural
versatility of highly π-electron conjugated 1 arises from the
presence of three types of nitrogen atoms − two pyrimidine
nitrogens, two secondary amines and one secondary imine −
interconnected via two central carbon atoms (abbreviated as
ArqGua and ArqPrm) of the planar N5C2 skeleton. In 1, this
arrangement leads to the coexistence of different isomers and
tautomers in equilibrium (Figure 3). This equilibrium in

solution is solvent- and temperature-dependent and can be
easily monitored by NMR spectroscopy. In both nonpolar
(C6D6) and polar (THF-d8) solvents, two sets of signals (the
ratios of 90:10 in THF-d8 and 95:5 in C6D6 at room
temperature) were detected, indicating the presence of two
different species. DFT calculations uncovered four possible
forms. While two tautomers are energetically close to each
other (1A and 1B; less than 1 kcal/mol), another two possible
forms with ΔG values of 4.3 and 7.8 kcal/mol are higher than
that of the tautomer 1A, indicating less than 1% population in
the equilibrium (details in SI, page S10). For further
investigation of these tautomeric equilibria, the experimental
13C chemical shifts were correlated to the calculated chemical
shielding constants. The correlations (Figure S7 in SI)
indicated that the major form in THF was the enamine
tautomer 1A, while the minor form was identified as the imine
tautomer 1B. The tautomer 1A was also found in solid state by
scXRD techniques (Figure S9 in SI).
Generally, such a nonsymmetrical biguanide structure can be

seen as a potentially doubly deprotonable proligand with the
possibility of “aza-β-diketiminate” or guanidinate-chelate-ring
formation. Surprisingly enough, structurally close but sym-
metric bis-guanidinate zinc hydride and ditopic conjugated bis-
guanidine aluminum and lithium complexes able to chelate two
metal atoms have very recently been used for the catalytic
reduction of heteroallenes or carbonyl groups.34−37

To confirm or disprove our hypothesis, we prepared mono/
homobimetallic zinc biguanide complexes 2−5 in excellent
isolated yields of over 80% (Scheme 1). Particularly, the
reaction of an equimolar amount of diethylzinc or zinc

Figure 1. Most active BDI (ring highlighted in gold), BDI-like, and
guanidinate (in blue) zinc complexes in lactide ROP.

Figure 2. Possible monometallic A and bimetallic B complexes
(among others) obtained from biguanide proligand 1.

Figure 3. Possible tautomers/isomers of proligand 1.
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bis(hexamethyldisilazide) with proligand 1 has afforded
isostructural complexes 2 and 4.

Only one resonance for a hydrogen atom belonging to the
NH group at 5.50 and 5.62 ppm in C6D6 has been detected in
the 1H NMR spectra of 2 and 4, respectively (Figures S63 and
S79 in SI). These hydrogen atoms are undoubtedly connected
to the nitrogen atoms of the Dipp groups as corroborated by
2D NMR techniques (1H,13C-HMBC, Figures S66−S67 and
S82−S83 in SI). The chemical-shift values are up to 4 ppm
upfield-shifted when compared to the same parameter found
for starting 1. An obvious explanation arose from the fact that
the NH group is not connected by a hydrogen bridge to
another part of the molecule. This arrangement is only possible
when the zinc atom is coordinated to the six-membered ring.
Unlike in 1, there is no hydrogen atom on the central nitrogen
(or N3 according to the crystallographic numbering − Figure
4) in 2 and 4, with this deprotonated nitrogen being part of a
highly conjugated π-electron system. The observed phenom-
enon is also reflected in the remarkable downfield shift (Δδ =
15 ppm) of the ArqGua carbon atom in the 13C NMR spectra of
both 2 and 4 complexes measured in C6D6. On the other hand,
all ArqPrm carbon atoms resonate at a similar value (∼162 ppm)
(Scheme 1).
The solid-state behavior of the isostructural mononuclear

complexes 2 and 4 shows that the zinc atoms are chelated by
the N1 and N5 atoms of both pyrimidine and guanidine
domains (Figure 4), thus forming six-membered triazazinca-
cycles, which are reminiscent of the zinc β-diketiminate
complexes,38−41 phthalocyanines,42 or guanidinates and
biguanides.37,43 In both complexes, the interatomic distances
are almost the same. Both N2 atoms, bearing acidic hydrogens,

Scheme 1. Synthesis of the Mono-/Homobimetallic Zinc
Biguanide Complexes 2−5a

ai) Et2Zn, hexane, −80 °C to RT, 24 h; ii) 2 Et2Zn, Et2O, −80 °C to
RT, 7 h; iii) Zn[N(SiMe3)2]2, Et2O, −80 °C to RT, 24 h; iv) 2
Zn[N(SiMe3)2]2, Et2O, − 80 °C to RT, 7 days. Significant 13C NMR
chemical shifts (δ of ArqPrm and ArqGua) are highlighted in red and
marked with red dots − for 5, the values recorded at 373 K are
presented.

Figure 4. Molecular structures of 2, 3, 4 and 5. Isopropyl, phenyl, ethyl and methyl groups are shown as wireframes for clarity. Selected bond
lengths (Å) and angles (°) (in red, without standard deviations) for 2: C2−N3−C1 126.93(16), N1−C1−N2 118.97(16); for 3: C2−N3−C1
126.91(10), N1−C1−N2 118.56(9); for 4: C2−N3−C1 127.7(3), N1−C1−N2 117.5(3); for 5: C2−N3−C1 132.0(8), N1−C1−N2 131.0(9).
The full list of data is given in the SI (Figure S25).
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are a part of a highly π-electrons conjugated planar system, as
documented by shortening of C1−N2, compared to a standard
C−N distance (Figure 4). The only significant difference in the
molecular structures of 2 and 4 is caused by the more sterically
demanding disilazide ligand in 4, which displaces the zinc atom
from the plane of the ligand by 0.588 Å.
The same synthetic approach (in Et2O, −80 °C), in the

molar ratio of 1:2, has also been used for the preparation of the
homobimetallic zinc biguanides 3 and 5. In the case of the
synthesis of 3, the reaction procedure is complex, and after the
addition of diethylzinc, the reaction time must be limited to 7
h only. When the product is kept in solution for a longer time,
the subsequent decomposition of 3 to 2 (and some
unidentified ethylzinc moieties) is observed. In order to
maximize the yield, different reaction times and stoichiometries
have been investigated (for more details, see SI, Figures S14−
S26).
The structure of both complexes 3 and 5 was determined by

NMR spectroscopy, where the spectral pattern of 3 was similar
to that shown in 2 and 4. However, complex 5 behaved
differently, as indicated by the significant NMR-signal
broadening. In order to investigate the fluxional behavior of
5, variable-temperature NMR measurements were performed.
Although distinct sets of the signals of peripheral methyl and
methine groups (203 K in Tol-d8; for VT NMR measurements,
see SI, Figures S23−S24) were recorded, the spectra exhibit

only one set of signals for the biguanide carbon atoms of the
core of the compound. In particular, for ArqGua/ArqPrm, the
resonances were found at 164.9/159.3 ppm (compare with
165.5/160.6 ppm, recorded at 373 K, and with 152.6/162.4
ppm for 3; see Scheme 1). This indicates that in 5, the
guanidinato group is more involved in the coordination of the
second zinc atom than the pyrimidine group. In the 1H NMR
spectra, the hydrogen atom located on the top of the
pyrimidine part of complex 5 (5.1 ppm at 295 K in C6D6) is
similarly downfield-shifted to monometallic 2, 4 and bimetallic
3, but different by Δδ 0.4 ppm from the value found for the
proligand 1.
The solid-state structure of 3 shows the Zn1 atom chelated

in the six-membered ring with a planar arrangement and Zn1−
N5 distances that are only about 0.05 Å longer than in 2
(Figure 4). The Zn2 atom is bound anisobidentately to the
guanidinate group (Zn2−N3 = 1.9699(17) and Zn2−N4 =
2.3864(18) Å) with the N3−Zn2−N4 angle of 60.69(6)°. The
adjacent contact of Zn2 to the neighboring phenyl ring via η3-
fashion (2.740 Å) brings the zinc out of the planar
environment of the ligand by 0.269 Å. It seems, that this
contact has a bit repulsive character as the C1−N2−C20 and
C1−N3−Zn2 angles are slightly wider than 120°. The second
compound, dinuclear complex 5, bearing one disilazide group
on each zinc atom, has the ligand core and both zinc atoms
nearly in plane. The second change is the inversion at the N2

Figure 5. Simplified isomerization pathway of 5 leading to chemically identical species. Only lower energy TS is shown. A more detailed view is
given in the SI (Scheme S2).

Table 1. ROP of rac-Lactide Mediated by the Biguanide−Zn Complexes 4 and 5 − Selected Experimentsa,b

Entry Cat. [rac-LA]:[cat]0:[iPrOH] time [min] conv.c [%] Mn, theo
d [g mol−1] Mn, exp

f [g mol−1] Đf Pr
g TOF [h−1]

1 4 100:1:0 2 h 61 8,800e 188,000 1.11 n.d. 30
2 5 100:1:0 2 h 32 2,300e 54,100 1.66 n.d. 8
3 4 100:1:1 1 98 14,100 13,400 1.07 0.63 5,880
4 5 100:0.5:1 1 96 13,800 18,700 1.13 n.d. 5,760
5 5 100:1:1 1 80 11,500 15,800 1.24 n.d. 2,400
6 5 500:0.5:1 15 86 62,000 69,500 1.38 0.72 1,720
7 4 500:1:1 5 98 70,600 57,400 1.21 0.64 5,880
8 4 1,000:1:1 5 94 135,000 116,200 1.08 n.d. 11,280
9 4 1,000:1:1 3 83 119,600 110,700 1.08 0.65 16,600
10 5 1,000:0.5:1 3 43 62,000 60,000 1.40 n.d. 8,600
11 4 5,000:1:10 30 88 63,400 55,900 1.04 n.d. 8,800
12 5 5,000:0.5:10 20 90 64,900 67,100 1.04 n.d. 13,500

aAll reactions have been at least duplicated. All the data can be found in SI − Table S2; polymerization conditions: [rac-LA]0 = 1.5 M, CH2Cl2, 25
°C. bReactions performed with a batch of recrystallized and sublimed LA. cMonomer conversion. dCalculated using Mn, theo = [rac-LA]0/[iPrOH]0
× MLA × conversion. eCalculated using Mn, theo = [rac-LA]0/[Zn]0 × MLA × conversion. fMeasured by GPC in THF on the crude reaction mixture
without precipitation of the polymer (45 °C) using PS standards and corrected by applying the appropriate correction factor (0.58). gDetermined
from the methine region of the HD 1H NMR spectrum.
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atom, which enabled the isobidentate coordination of the Zn2
atom to the guanidinate moiety by N2 and N3 atoms
(1.974(8) and 2.018(8) Å, angle 66.6(5)) (see SI − Figure
S25).
To explain the dynamic behavior of 5 in solution, a

pendulum-like exchange of the positions of the Zn1 and Zn2
atoms was proposed (Figure 5). This “pendulum” mechanism
assumes an inversion at the imino nitrogen N3 as well as the
decoordination/recoordination of Zn1 from N5 to N3 and of
Zn2 from N3 to N4. The inversion on both methoxy groups
should be taken into the account as well. As shown by the
solid-state structure of the complex 5, the unique placement of
the two Dipp groups at the base of the ligand unlocks the
system and enables this movement. For this sequence of
structural changes, we have found a transition state (Figure 5,
mol and gif files in SI) whose energy exceeds that of the
optimized structure of 5 by 22.83 kcal/mol.

ROP Catalysis. All the monometallic and bimetallic zinc
complexes prepared were investigated as catalysts for the ROP
of rac-LA (reduced in Table 1 and full data in Table S2). The
complexes 2 and 3 showed no activity after 2 h at 25 °C in
CH2Cl2, even in the presence of one equivalent of iPrOH as a
co-initiator. The bis(trimethylsilylamido) complexes 4 and 5
exhibited modest activities, reaching monomer conversion of
61% and 32% in 2 h at 25 °C without iPrOH (Table 1, entries
1 and 2). Remarkably, the GPC analysis of the PLA chains thus
formed showed much higher average molecular weights than
the theoretical Mn values calculated on the basis of LA
conversion and LA:Cat. ratio. These results suggest a slower

initiation than propagation. Unlike in the complexes 2 and 3,
the use of iPrOH as a co-initiator in the complexes 4 and 5
greatly improved their performance. In the presence of one eq.
of alcohol per Zn metal center, both complexes initiated the
ROP of 100 eq. of rac-LA with almost complete conversion in
1 min and led to slightly heterotactic PLA with narrow
dispersity and good agreement between theoretical and
experimental Mn values, albeit with slightly higher molar
mass than expected in the case of 5 (Table 1, entries 3 and 4).
It is noteworthy that an increase in the 5:iPrOH ratio to 1:1
(0.5 eq. of alcohol per Zn) decreased monomer conversion,
highlighting the poor ability of the residual amido group on Zn
to initiate the polymerization (entry 5).
At lower catalyst loading (0.2 mol % eq. of Zn), the

bimetallic complex 5 lags behind the complex 4, giving 86%
conversion in 15 min, whereas the complex 4 has achieved full
conversion in 5 min (Table 1, entries 6 and 7). At 0.1-mol %
catalytic loading, the complex 4 has enabled complete
monomer conversion in 5 min and 83% conversion in 3
min, ranking it as the most active monometallic Zn catalyst for
LA ROP (TOF = 16,600 h−1) (Table 1, entries 8 and 9). Here,
narrowly dispersed PLA chains with the molar masses of
116,200 and 110,700 g·mol−1 have been obtained. Although
high, these values are slightly lower than the theoretical ones,
probably due to the presence of residual water in CH2Cl2 or
lactide. A further comparison between 4 and 5 reveals that the
mononuclear complex provides superior control of the PLA
microstructure, particularly at lower catalyst loadings. To
rationalize this outcome, we hypothesized that the initiation

Figure 6. a) A first-order semilogarithmic plot for the polymerization of rac-LA at 25 °C in CH2Cl2 using 4 at different concentrations with iPrOH
as a co-initiator. b) A plot of kapp vs [4]0. c) A second-order plot for the polymerization of rac-LA at 25 °C in CH2Cl2 using 5 at different
concentrations with iPrOH as a co-initiator. d) A plot of kapp vs [5]0.
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step for complex 5 does not proceed well at both metal centers
simultaneously under increasingly dilute conditions and in the
absence of a large excess of alcohol. The complexes 4 and 5
were subsequently tested under chain-transfer conditions, in
the presence of 10 equivalents of alcohol and at the catalytic
loading of 0.02 mol % (equivalents of Zn) (Table 1, entries
11−12). Under these conditions, the best performance was
exhibited by the bimetallic complex 5, yielding a narrow-
disperse PLA with predictable Mn and 90% monomer
conversion in 20 min (TOF = 13,500 h−1), 10 min less than
its monometallic counterpart. With the aim of obtaining more
information on the ROP mechanism with the complexes 4 and
5, PLA chain-end group analysis, alcoholysis experiments on
the complexes, and kinetic studies were carried out. The
MALDI-TOF MS spectrometric analysis of PLA samples
produced either from 4 or 5 with iPrOH in a 1:1 ratio and 25
mol equivalents of LA (100% conversion, 1 min) showed in
both cases isopropoxy-terminated chains with a peak spacing of
144 Da and some minor intercalated peaks due to trans-
esterification reactions (see SI, Figures S47−S49). A kinetic
study carried out with complexes 4 and 5 in CH2Cl2 at room
temperature tends to confirm this hypothesis. The semi-
logarithmic plot of rac-LA with time shows a linear relationship
at different concentrations of complex 4, indicating a first-order
kinetic in monomer concentration (Figure 6a). The evolution
of the Mn and Đ values with conversion confirmed the well-
controlled character of the polymerization. The slopes of the
fitted lines of log kapp vs log[4] and kapp vs [4] indicate a first
order in catalyst concentration and the rate constant kp of 386
M−1.min−1, which is higher than those reported for the best
monometallic Zn complexes described to date (Figure 6b and
Figure S46a, S46c).4 Polymerization with the bimetallic
complex 5 proceeds with first-order dependence in monomer
when using one equivalent of iPrOH (0.5 mol. eq. per Zn) and
with second-order dependence in monomer when using one
equivalent of co-initiator per Zn metal center (Figure 6c−d
and Figure S46b). In the latter case, the dependence of ln kapp
vs ln [5] was analyzed; it indicates a first order in the bimetallic
complex 5, giving a global kinetic law of the form: −d[LA]/dt
= kp[5]1[LA]2. The first-order dependence on 5 and the
second-order dependence on lactide strongly imply that the
integrity of the bimetallic biguanide−Zn complex is preserved
under catalytic conditions.44

We have attempted to prepare, isolate, and structurally
characterize alkoxy-zinc biguanides, presumed to be the species
responsible for the performance of the process. To generalize
the results, the alcoholysis of all the complexes yields mixed
oligomers of {[(Me3Si)2N]Zn-μ2-OiPr}2 or [EtZn-μ3-OiPr]4
along with 1 and 6 (the homoleptic zinc complex − for details,
see SI, S32−S38). As homoleptic complex 6 is suspected to
form under catalytic conditions, we performed the ROP of rac-
LA in the presence of 6. The results showed that it was active,
but much less than 4 and 5, producing PLA with only 10%
conversion after 1 min at room temperature and with one
molar % catalyst loading (Table S2, entry 16). It should be
highlighted that the combination of Zn[N(SiMe3)2]2 and
alcohol has been previously described as an effective catalyst
for the ROP of cyclic esters.45 Therefore, we performed ROP
tests using Zn[N(SiMe3)2]2/iPrOH (1:1), biguanide/iPrOH
(1:1) or a mixture of biguanide, Zn[N(SiMe3)2]2 and iPrOH in
a 1:1:1 ratio (Table S2, entries 17−19). All these combinations
failed to match the performance of complexes 4 and 5, in terms
of both activity and polymerization control, indicating that the

biguanide−Zn and Zn−biguanide−Zn entities are preserved
under catalytic conditions and responsible for the catalytic
activity.
In order to gain further insight into the mechanism of ROP

with biguanide Zn complexes, we performed stochiometric
reactions with complexes 2, 4 and 5 with 2 or 5 equivalents of
L-LA in CD2Cl2 and the subsequent addition of one equivalent
of iPrOH (per metal). The NMR spectra of the complexes
mixed with L-LA revealed negligible changes in chemical shifts
of both components, indicating that interaction between the
complexes and the monomer is weak. The NMR spectrum of
mixture of complex 4 and L-LA, recorded 10 min after the
addition of iPrOH, exhibited 90% conversion of L-LA to its
oligomeric forms. The signals from the biguanide ligand get
sharper than in 5 and free HN(SiMe3)2 was identified in
solution (see SI, Figure S34). Similarly, 5 with 2 eq. of L-LA
showed no interaction, and after the addition of iPrOH only
signals attributed to opened oligomeric form of lactide and free
amine were observed (see SI, Figure S35). The NMR spectrum
of complex 2 mixed with L-LA and iPrOH also showed the
complete alcoholysis of the complex but no conversion of LA
(see SI, Figure S33). In light of these results and the blank
ROP tests carried out with Zn[N(SiMe3)2]2 and iPrOH, which
show that the actual catalysts are not the oligomers of ′Zn,
OiPr and (Me3Si)2N′ but rather biguanide-Zn species, it is
suggested that the rate of decomposition of complexes 4 and 5
in the presence of iPrOH and a large excess of LA monomer is
slow relative to the initiation of LA polymerization. PLA chains
are terminated by an isopropoxyester end group, as determined
by MALDI-TOF analysis. However, Zn−OiPr formation is not
observed to occur immediately when one equivalent of iPrOH
is added to complex 4 or 5. This suggests that the initiation
steps of the polymerization reaction should not occur via the
alcoholysis of the bis(trimethylsilyamido) ligand and subse-
quent insertion of the lactide monomer into the Zn−OiPr
bond. In the presence of complex 4 (or 5), iPrOH, and LA, it is
rather hypothesized that iPrOH would be activated by the N
atom(s) of the bis(trimethylsilyamido) ligand(s), weakening
the interaction between N and Zn and increasing the Lewis
acidity of Zn. This would also activate LA by coordination
toward the addition of iPrOH. After the initiation step, the
bis(trimethylsilyl)amine would be released, and an ordinary
coordination insertion mechanism could take place (see SI,
Figure S36).
In order to get closer to industrial conditions, we

preliminarily tested the thermal robustness of 5 in boiling
toluene, in molten lactide at 130 °C as well as in the solid state
at 160 °C, which showed significantly longer time of
decomposition than that of polymerization. The polymer-
ization of recrystallized technical grade rac-lactide was feasible
with dodecanol as an initiator, exhibiting promising results,
which will be the subject of our further studies.
The complexes 4 and 5 were also tested for the ROP of the

more reluctant rac-β-butyrolactone (BL) monomer (see Table
2). Under optimized conditions, the complexes 4 and 5
exhibited moderate activity toward the ROP of BL, affording
narrow-disperse PHB with 94% and 63% conversion,
respectively, after 3 h at 45 °C in CH2Cl2 at 1 mol % catalyst
loading.
Copolymers are considered appealing targets due to their

potential to exhibit enhanced mechanical and/or thermal
properties in comparison to the respective homopoly-
mers.10−28 To the best of our knowledge, di- or triblock
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copolymers from L-lactide, D-lactide and rac-lactide prepared
by a sequential addition of monomers to the solution of
primary polymer with homoleptic zinc complex bearing
chelating amino-phenoxy ligand were reported only very
recently.19 Lactide copolymerization with β-butyrolactone
feasible via an irreversible process driven sequentially by
discrete combination of Zn and Y complexes was published by
Robinson9 during the completing of this work. Our successful
result of β-butyrolactone and lactide polymerization led us to
the idea to investigate one-pot synthesis of diblock copolymers
(PHB-b-PLLA) with complex 4 by sequential addition of the
two monomers. The addition of butyrolactone first, followed
by L-lactide, proved to be more efficient than the reverse,
leading to the diblock copolymer with BL and LA conversions
of 90% after a sequence at 45 °C for 3 h for the ROP of BL and
1 min at 20 °C for LA. The GPC analysis of the copolymer
chains thus formed showed a unimodal distribution, a narrow
Đ and the average molecular-weight number consistent with
that calculated on the basis of the ratio of monomers and
conversions (Figures S39−S45). DOSY (diffusion ordered
spectroscopy) NMR analysis revealed a unique diffusion
coefficient of 1.22 × 10−10 m2.s−1 (CDCl3, 298 K), also
consistent with the formation of copolymer chains rather than
a mixture of homopolymers (Figure 7, Figures S38a−S38g in
SI).
The average molecular weight, close to that found by GPC

analysis, could be determined on the basis of DOSY calibration
experiments (Mn, DOSY = 10,300 g·mol−1) (see SI, Table S4 and
Figure S37). No trace resonances attributed to the PLA−PHB
linking units were detected in 1H NMR, that would attest the
formation of only a diblock (PHB-b-PLA) without secondary
transesterification reactions (Figure S32 in SI). The living
nature of the polymerization was further confirmed by the
addition of a third batch of 50 equivalents of D-LA, resulting in
a PHB-b-PLLA-b-PDLA triblock at-sb-st-sb-st copolymer
(Table 2, entry 6). The triblock copolymer was insoluble in
THF, precluding GPC measurements in this solvent. Never-
theless, DOSY NMR analysis confirmed the formation of a
unique triblock copolymer with a diffusion coefficient equal to
1.01 × 10−10 m2.s−1 (CDCl3, 298 K) and the estimated Mn
value of 14,000 g·mol−1 based on PLA-curve calibration
(Figure 7 − lower panel). The 1H NMR spectrum of the
triblock copolymer shows a single quartet attributed to the
methine (CH) signal of the two PLA stereoblocks, indicating
that transesterification or L/D LA monomer scrambling events
are minimal (Figure 8). In addition, we were able to prepare a
triblock copolymer with PHB as the middle block. The
incorporation of an atactic PLA chain instead of isotactic PLLA
as the initial block did not impede the ROP of BL to the same
extent as that observed in the synthesis of PLLA-b-PHB
diblocks (Table 2, entries 7 and 4). GPC data show a unimodal
profile with the Mn value being slightly lower than predicted
and narrow dispersity (Đ = 1.26). At last, the dinuclear
complex 5 was also shown to be able to promote the formation
of the PLA-b-PHB-b-PLA triblock, although longer reaction
times were required to build the last two PHB and PLA blocks.
All of these results showed the ability of both complexes 4 and
5 to promote the synthesis of diblock and/or triblock
copolymers in a controlled and living manner.

■ CONCLUSIONS
Mono- and dizinc complexes with the cheap, easily accessible,
and structurally versatile ditopic biguanide proligand 1 wereT
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synthesized by a one-step protocol. While the ethylzinc
complexes 2 and 3 are inactive in the ROP of rac-lactide,
the performance of the zinc amides 4 and 5 is striking after
their activation by iPrOH: i) the highest TOF number 16,600

h−1 for 4 and 13,500 h−1 for 5; ii) very high Mn under mild
polymerization conditions (the highest value of 116,200 g·
mol−1 for 4 and 67,100 g·mol−1 for 5; iii) narrow polydispersity
values. Based on the most independent, comparable and

Figure 7. DOSY NMR spectra of PHB (upper panel), PLLA-b-PHB (middle panel, Table 2, entry 5) and PDLA-b-PLLA-b-PHB (lower panel −
Table 2, entry 6) in CDCl3.

Figure 8. 1H (A), 1D-1H selective decoupled (B) and 13C NMR spectra (C) with details of the carbonyl (D) and methine regions (E) of a crude
mixture of PHB-b-PLLA-b-PDLA (Table 2, entry 6) in CDCl3. Unreacted monomers ($) and CH2Cl2 (#) are marked.
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valuable criterion, the rate constant kp, their catalytic
performance, (kp(25 °C) of 386 M−1.min−1 for 4 and 237
M−2.min−1 for 5), exceeds the highest value reported by
Robinson4 (∼300 M−1.min−1, Figure S46c, SI). These
observations assign 4 and 5 the role of some of the most
efficient catalysts when the lactide ROP is activated by iPrOH.
Because of the structurally versatile behavior of the biguanide
ligand, complex 5 undergoes a possible mutual interchange of
the positions of zinc atoms, which is in contrast to
monometallic 4 or bimetallic 3 with the Zn atom position
locked to the “BDI” side. This could explain the ability of this
“nonsymmetrical” bimetallic complex to promote the ROP of
LA at both Zn sites, either at the same time or consecutively, to
form PLA chains with a unimodal molecular-weight distribu-
tion. Complex 5 seems also suitable for industrial conditions as
evidenced by preliminary tests in boiling toluene and molten
rac-lactide.
Successful consecutive living copolymerization of β-butyr-

olactone with either L-, D- or rac-lactide giving di- and triblock
copolymers with narrow dispersity opens the door to the
preparation of various di- or oligoblock heterocopolymers.
Most surprisingly, these processes are performed with only one
portion of the zinc complex and alcohol; after the completion
of each step, it is only necessary to change the monomers and
eventually the temperature. In comparison with the recent
literature,9 in order to achieve a similar copolymer (but only
diblock), it was necessary to add two different catalysts with
different metals and ligands plus monomers in a batch process
at elevated temperature.

■ MATERIALS AND METHODS
All solvents and chemical reagents were purchased from
commercial sources and used without further purification.
Some synthetic procedures were performed using the standard
Schlenk techniques under an inert argon atmosphere
(99.999%) (inert gas was passed through the oxygen/moisture
trap Supelco before entering the vacuum/inert line), and
solvents were dried with the help of solvent purification system
PureSolv MD 7 supplied by Innovative Technology, Inc.,
degassed, and then stored under argon atmosphere over a
potassium or sodium mirror, if needed. Synthetic protocols and
characterization of 1−6 are given in detail in SI file p. S51 −
S56. Single crystals suitable for X-ray analyses were obtained
from the corresponding saturated solutions of products in
organic solvent(s) cooled to 7 or −30 °C or by slow
evaporation at room temperature. Deuterated solvents for
NMR spectroscopy were distilled, degassed, and stored over a
K or Na mirror under an argon atmosphere. Elemental analyses
(C, H, and N) were performed on an automatic microanalyzer
Flash 2000 Organic elemental analyzer. Mass spectra of PLA
samples were acquired on a time-of-flight mass spectrometer
(MALDI-ToF-Microflex LRF, Bruker Daltonics). An external
quadratic multipoint calibration was carried out before each
measurement using polyethylene glycol (PEG) mixed in THF
with dithranol (DIT). Analysis was performed with DIT as the
matrix (10 mg/mL) and sodium trifluoroacetate (10 mg/mL)
as an additive. The polymer (10 mg/mL), the matrix, and the
additive were mixed in a volumetric ratio of 1/1/0.5 in THF.
All the analyses were performed in positive reflectron mode.

NMR Spectroscopy. NMR spectra were recorded from
solutions of appropriate compounds in deuterated solvent(s)
on a Bruker Avance 500 spectrometer (equipped with a Z-
gradient 5 mm Prodigy cryoprobe) at frequencies for 1H

(500.13 MHz) or 13C{1H} (125.76 MHz) or a Bruker
UltraShield 400 spectrometer at frequencies for 1H (400.13
MHz), 13C{1H} (100.62 MHz) at 295 K or in some cases at
various temperatures. Low-temperature NMR experiments of
Zn complex 5 were performed on a Bruker Avance II
spectrometer with a triple resonance broad-band probe (5
mm TBO BB-1H/19F/D Z-GRD) operating at 499.9 MHz for
1H and 125.7 MHz for 13C. Solutions were obtained by
dissolving approximately 40 mg of each compound in
approximately 0.6 mL of deuterated solvents. Values of 1H
chemical shifts were referenced to residual signals of benzene
(δ(1H) = 7.16), tetrahydrofuran (δ(1H) = 1.73) or toluene
(δ(1H) = 2.09). Values of 13C chemical shifts were calibrated
to signals of benzene (δ(13C) = 128.4), tetrahydrofuran
(δ(13C) = 67.6), or toluene (δ(13C) = 20.4). All 13C NMR
spectra were measured using a standard proton-decoupled
experiment, and CH/CH3 vs Cq/CH2 were sometimes
differentiated with the APT method’s help.46 NMR signal
assignment was supported by 1H, 1H−COSY, 1H, 1H-NOESY,
1H, 13C-HSQC or 1H, 13C-HMBC 2D spectra. The DOSY
spectra were recorded on a Bruker Avance III HD 600
spectrometer equipped with an ATMA BBOF 5 mm
Cryoprobe with a z-axis gradient coil operating at 600.13
MHz (1H). The maximum gradient strength was 65.8 G/cm.
The DOSY spectra were acquired in 5 mm NMR tubes, and all
the experiments were performed at 25 °C and without sample
spinning to avoid convection. All DOSY experiments were
performed using standard Bruker pulse sequence - dstebpgp3s -
a double stimulated echo sequence with bipolar gradient pulses
and three spoil gradients with convection compensation. The
diffusion time was 0.1 s (D). The duration of the magnetic
field pulse gradients was adjusted for each polymer in a range
of 500−2000 ms (d/2). The delay for gradient recovery was
0.2 ms, and the eddy current delay 5 ms. For each DOSY-
NMR experiment, a series of 16 spectra on 32 K data points
were collected. The pulse gradients were incremented from 2%
to 98% of the maximum gradient strength in a linear ramp with
a total experiment time of 23 min. The temperature was set
and controlled at 295 K with an air flow of 400 L/h in order to
avoid any temperature fluctuations due to sample heating
during the magnetic field pulse gradients. After Fourier
transformation and baseline correction, the diffusion dimen-
sion was processed with Topspin 3.6.1 software and Dynamic
Center 2.4.4. Stokes−Einstein equation: D = b′M−v (b′, v =
constant) is used to determined molecular molar mass of
polymers via the diffusion coefficient.47

Crystallography. The X-ray data for colorless crystals of all
complexes were obtained at 150 K using Oxford Cryostream
low-temperature device with a Bruker D8-Venture diffrac-
tometer equipped with Mo (Mo/Kα radiation; λ = 0.71073 Å)
microfocus X-ray (IμS) source, Photon CMOS detector, and
Oxford Cryosystems cooling device was used for data
collection. Obtained data were treated by XT-version 2014/5
and SHELXL-2017/1 software implemented in APEX3
v2016.9−0 (Bruker AXS) system.48 Rint = Σ|F0

2 − Fo,mean
2|/

ΣF0
2, S = [Σ(w(F0

2 − Fc
2)2)/(Ndiffrs − Nparams)]1/2 for all data,

R(F) = Σ||F0| − |Fc||/Σ|F0|for observed data, wR(F2) =
[Σ(w(F0

2 − Fc
2)2)/(Σw(F0

2)2)]1/2 for all data. Crystallographic
data for all structural analysis have been deposited with the
Cambridge Crystallographic Data Centre, CCDC nos.
2120578, 2377227−2377231. Copies of this information may
be obtained free of charge from The Director, CCDC, 12
Union Road, Cambridge CB2 1EY, UK (fax: + 44−1223−
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336033; e-mail: deposit@ccdc.cam.ac.uk or www: http://
www.ccdc.cam.ac.uk). The frames for all complexes were
integrated with the Bruker SAINT software package using a
narrow-frame algorithm. Data were corrected for absorption
effects using the multiscan method (SADABS). The structures
were solved and refined by using the Bruker SHELXTL
Software Package.
Hydrogen atoms were mostly localized on a difference

Fourier map; however, to ensure uniformity of treatment of
crystal, most of the hydrogen atoms were recalculated into
idealized positions (riding model) and assigned temperature
factors Hiso(H) = 1.2 Ueq (pivot atom) or of 1.5Ueq (methyl).
H atoms in methyl, methylene, methine moieties and C−H in
aromatic rings were placed with C−H distances of 0.96, 0.97,
0.98 and 0.93Å. Hydrogen atoms in NH groups were added
freely according to the maxima on the difference Fourier map.
In 6, four disordered n-hexane molecules were masked by the
SQUEEZE49 program.

DFT Calculations. All the calculations were performed
with the Gaussian 16 program.50 The geometries of all
compounds and their selected isomers as well as by products
and starting materials were fully optimized at B3LYP/6−
311+G(d,p), level of theory51,52 without any structure
simplifications. The structures of complexes obtained by X-
ray diffraction were mostly used as the input structures. The
conductor-like polarizable continuum model (CPCM)53 was
employed for the solvation effects (THF, benzene). The
empirical dispersion correction D3 was applied for all
structures.54 All of the structures are minima on the potential
energy surface, as confirmed by the frequency calculations at
the same level of theory and transition states by only one
imaginary frequency. The topological analysis of the theoretical
function ρ(r) was performed using the AIMAll program
package.55 Within the framework of Atoms in Molecules
theory, the atomic charges in all compounds together with
bond, ring and cluster critical points were calculated, the
interaction energies within the critical points were calculated
according to Espinosa’s equation.56 The total enthalpies and
Gibbs free energies were calculated at T = 298.15 K. The NMR
parameters were calculated by GIAO method.57 Appropriate
Cartesian coordinates for all computed structures are given in
separate files. The visualization of the transition state in a
“pendulum”-like equilibrium is attached as gif file.

Typical PLA Synthesis Procedure in Solution. Under
argon atmosphere, to a solution of rac-lactide (288.3 mg; 100
eq.; 2.00 mmol) in the chosen solvent (1.3 mL; [LA]0 = 1.50
M), 1 eq. of catalyst and 1 eq. of co-initiator iPrOH (1.53 μL;
0.02 mmol) were added. The vial was crimped and allowed to
stir at the desired temperature. The reaction vial was opened to
the air in order to quench the reaction. The conversion was
determined by 1H NMR spectroscopy and the molar mass and
dispersity by Gel Permeation Chromatography (GPC). The
provided PLA was washed with methanol in order to remove
the residual monomer and catalyst.

Typical PHB Synthesis Procedure in Solution. Under
argon atmosphere, to a solution of rac-β-butyrolactone (0.1
mL; 100 eq.; 1.23 mmol) in the chosen solvent (0.8 mL; [BL]0
= 1.50 M), 1 eq. of catalyst and 1 eq. of co-initiator - iPrOH
(0.94 μL; 0.01 mmol) were added. The vial was crimped and
allowed to remain under stirring at the desired temperature.
The reaction vial was opened to air in order to quench the
reaction. The conversion was determined by 1H NMR

spectroscopy, and the molar mass and dispersity were
determined by GPC.

Typical PHB-b-PLLA Synthesis Procedure in Solution.
Under argon atmosphere, to a solution of rac-β-butyrolactone
(0.1 mL; 50 eq.; 1.23 mmol) in DCM (0.8 mL; [BL]0 = 1.50
M), 1 eq. of catalyst and 1 eq. of co-initiator iPrOH (1.88 μL;
0.02 mmol) were added. The vial was crimped and allowed
under stirring at 45 °C for 3 h. After, a solution of L-lactide
(177.3 mg; 50 eq.; 1.23 mmol) in DCM (0.8 mL; [LA]0 = 0.75
M) was added to the reaction. The vial was closed and left
under stirring at 25 °C for 1 min. The reaction vial was opened
to air in order to quench the reaction. The conversion was
determined by 1H NMR spectroscopy and the molar mass and
dispersity by GPC and DOSY NMR analysis.

Typical PLLA-b-PHB Synthesis Procedure in Solution.
Under argon atmosphere, to a solution of L-lactide (177.3 mg;
50 eq.; 1.23 mmol) in DCM (0.8 mL; [LA]0 = 1.50 M), 1 eq.
of catalyst and 1 eq. of co-initiator iPrOH (1.88 μL; 0.02
mmol) were added. The vial was closed and left under stirring
at 25 °C for 1 min. After, a solution of rac-β-butyrolactone (0.1
mL; 50 eq.; 1.23 mmol) in DCM (0.8 mL; [BL]0 = 0.75 M)
was added to the reaction. The vial was crimped and allowed
to stir at 45 °C for the desired time. The reaction vial was
opened to air in order to quench the reaction. The conversion
was determined by 1H NMR spectroscopy and the molar mass
and dispersity by GPC and DOSY NMR analysis.

Typical PHB-b-PLLA-b-PDLA Synthesis Procedure in
Solution. Under argon atmosphere, to a solution of rac-β-
butyrolactone (81.5 μL; 50 eq.; 1.00 mmol) in DCM (1.0 mL;
[BL]0 = 1.00 M), 1 eq. of catalyst and 1 eq. of co-initiator
iPrOH (0.76 μL; 0.01 mmol) were added. The vial was
crimped and allowed to stir under stirring at 45 °C for 3.5 h.
After, a solution of L-lactide (144.1 mg; 50 eq.; 1.00 mmol) in
DCM (1.0 mL; [LA]0 = 0.50 M) was added to the reaction.
The vial was closed and left under stirring at 25 °C for 15 min.
Afterward, a solution of D-lactide (144.1 mg; 50 eq.; 1.00
mmol) in DCM (1.0 mL; [LA]0 = 0.33 M) was added to the
reaction. The vial was closed and left under stirring at 25 °C
for 25 min. The reaction vial was opened to air in order to
quench the reaction. The conversion was determined by 1H
NMR spectroscopy and the molar mass by DOSY NMR
analysis.

Typical PLA-b-PHB-b-PLA Synthesis Procedure in
Solution. Under argon atmosphere, to a solution of rac-
lactide (144.1 mg; 50 eq.; 1.00 mmol) in DCM (1.0 mL; [LA]0
= 1.00 M), 1 or 0.5 eq. of catalyst and 1 eq. of co-initiator
iPrOH (0.76 μL; 0.01 mmol) were added. The vial was
crimped and allowed to stir at 25 °C for 2 min. After, a
solution of rac-β-butyrolactone (81.5 μL; 50 eq.; 1.00 mmol)
in DCM (1.0 mL; [BL]0 = 0.50 M) was added to the reaction.
The vial was crimped and let under stirring at 45 °C for the
desired time. After, a solution of rac-lactide (144.1 mg; 50 eq.;
1.00 mmol) in DCM (1.0 mL; [LA]0 = 0.33 M) was added to
the reaction. The vial was closed and allowed to stir at 25 °C
for the desired time. The reaction vial was opened to air in
order to quench the reaction. The conversion was determined
by 1H NMR spectroscopy and the molar mass and dispersity
by GPC and DOSY NMR analysis.
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Lithium and Dilithium Guanidinates, a Starter Kit for Metal
Complexes Containing Various Mono- and Dianionic Ligands.
Inorg. Chem. 2020, 59, 10854−10865.
(30) Bailey, C. J. Metformin: historical overview. Diabetologia. 2017,

60, 1566−1576.
(31) Viollet, B.; Guigas, B.; Garcia, N. S.; Leclerc, J.; Foretz, M.;
Andreelli, F. Cellular and molecular mechanisms of metformin: an
overview. Clin. Sci. 2012, 122, 253−270.
(32) Foretz, M.; Guigas, B.; Bertrand, L.; Pollak, M.; Viollet, B.
Metformin: From Mechanisms of Action to Therapies. Cell Metab.
2014, 20, 953−966.
(33) Kathuria, D.; Raul, A. D.; Wanjari, P.; Bharatam, P. V.
Biguanides: Species with versatile therapeutic applications. Eur. J.
Med. Chem. 2021, 219, 113378−113416.
(34) Peddarao, T.; Sarkar, N.; Nembenna, S. Mono- and Bimetallic
Aluminum Alkyl, Alkoxide, Halide and Hydride Complexes of a Bulky
Conjugated Bis-Guanidinate(CBG) Ligand and Aluminum Alkyls as
Precatalysts for Carbonyl Hydroboration. Inorg. Chem. 2020, 59,
4693−4702.
(35) Sahoo, R. K.; Sarkar, N.; Nembenna, S. Zinc Hydride Catalyzed
Chemoselective Hydroboration of Isocyanates: Amide Bond For-
mation and C = O Bond Cleavage. Angew. Chem., Int. Ed. 2021, 60,
11991−12000.
(36) Peddarao, T.; Baishya, A.; Sarkar, N.; Acharya, R.; Nembenna,
S. Conjugated Bis-Guanidines (CBGs) as β-Diketimine Analogues:
Synthesis, Characterization of CBGs/Their Lithium Salts and CBG Li
Catalyzed Addition of B-H and TMSCN to Carbonyls. Eur. J. Inorg.
Chem. 2021, 2021, 2034−2046.

(37) Sahoo, R. K.; Mahato, M.; Jana, A.; Nembenna, S. Zinc
Hydride Catalyzed Hydrofuntionalization of Ketones. J. Org. Chem.
2020, 85, 11200−11210.
(38) Glöckler, E.; Ghosh, S.; Schulz, S. β-Diketiminate and β-
Ketoiminate Metal Catalysts for Ring-Opening Polymerization of
Cyclic Esters. Polym. Rev. 2023, 63, 478−514.
(39) Webster, R. L. β-Diketiminate complexes of the first row
transition metals: applications in catalysis. Dalton Trans. 2017, 46,
4483−4498.
(40) Sarish, S. P.; Nembenna, S.; Nagendran, S.; Roesky, H. W.
Chemistry of Soluble β-Diketiminatoalkaline-Earth Metal Complexes
with M-X Bonds (M = Mg, Ca, Sr; X = OH, Halides, H). Acc. Chem.
Res. 2011, 44, 157−170.
(41) Bourget-Merle, L.; Lappert, M. F.; Severn, J. R. The Chemistry
of β-Diketiminatometal Complexes. Chem. Rev. 2002, 102, 3031−
3066.
(42) Thakur, M. S.; Singh, N.; Sharma, A.; Rana, R.; Abdul Syukor,
A.R.; Naushad, M.; Kumar, S.; Kumar, M.; Singh, L. Metal
coordinated macrocyclic complexes in different chemical trans-
formations. Coord. Chem. Rev. 2022, 471, 214739.
(43) Tian, D.; Xie, Q.; Yan, L.; Tong, H.; Zhou, M. Zinc and
aluminum complexes derived from 2,4-N, N′-disubstituted 1,3,5-
triazapentadienyl ligands: Synthesis, characterization and catalysis of
the ring-opening polymerization of rac-lactide. Inorg. Chem. Commun.
2015, 58, 35−38.
(44) Wu, J.-C.; Huang, B.-H.; Hsueh, M.-L.; Lai, S.-L.; Lin, C.-C.
Ring-opening polymerization of lactide initiated by magnesium and
zinc alkoxides. Polymer 2005, 46, 9784−9792.
(45) Yuan, Y.; Jing, X.; Xiao, H.; Chen, X.; Huang, Y. Zinc-based
catalyst for the ring-opening polymerization of cyclic esters. J. Appl.
Polym. Sci. 2011, 121, 2378−2385.
(46) Patt, S.; Shoolery, J. N. Attached proton test for carbon-13
NMR. J. Magn. Reson. 1982, 46, 535−539.
(47) Voorter, P.; McKay, A.; Dai, J.; Paravagna, O.; Cameron, N. R.;
Junkers, T. Solvent-Independent Molecular Weight Determination of
Polymers Based on a Truly Universal Calibration. Angew. Chem., Int.
Ed. 2022, 61, No. e202114536.
(48) Sheldrick, G. M. SHELXT - Integrated space-group and crystal-
structure determination. Acta Crystallogr. 2015, A71, 3−8.
(49) Spek, A. L. PLATON SQUEEZE: a tool for the calculation of
the disordered solvent contribution to the calculated structure factors.
Acta Crystallogr. 2015, C71, 9−18.
(50) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson,
T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.;
Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Throssell, K.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.;
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.;
Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.
Gaussian 16, Revision A.03; Gaussian, Inc.: Wallingford, CT, 2016.
(51) Becke, A. D. Density-functional thermochemistry. III. The role
of exact Exchange. J. Chem. Phys. 1993, 98, 5648−5652.
(52) Dunning, T. H., Jr Gaussian basis sets for use in correlated
molecular calculations. I. The atoms boron through neon and
hydrogen. J. Chem. Phys. 1989, 90, 1007−1023.
(53) Tomasi, J.; Mennucci, B.; Cammi, R. Quantum mechanical
continuum solvation models. Chem. Rev. 2005, 105, 2999−3093.
(54) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A. Consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132, 154104−154119.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.5c01335
ACS Catal. 2025, 15, 9117−9129

9128

https://doi.org/10.1021/acs.inorgchem.1c02382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c02382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic048363d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic048363d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic048363d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic048363d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b01777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b01777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b01777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6NJ00298F
https://doi.org/10.1039/C6NJ00298F
https://doi.org/10.1039/C6NJ00298F
https://doi.org/10.1021/acs.organomet.7b00843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.7b00843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.7b00843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.eurpolymj.2020.109527
https://doi.org/10.1016/j.eurpolymj.2020.109527
https://doi.org/10.1016/j.eurpolymj.2020.109527
https://doi.org/10.1039/C7RA03831C
https://doi.org/10.1039/C7RA03831C
https://doi.org/10.1039/C7RA03831C
https://doi.org/10.1021/acs.macromol.0c01214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c01214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c01214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1cc15265c
https://doi.org/10.1039/c1cc15265c
https://doi.org/10.1039/c1cc15265c
https://doi.org/10.1139/cjc-2013-0392
https://doi.org/10.1139/cjc-2013-0392
https://doi.org/10.1139/cjc-2013-0392
https://doi.org/10.1021/acs.inorgchem.0c01362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00125-017-4318-z
https://doi.org/10.1042/CS20110386
https://doi.org/10.1042/CS20110386
https://doi.org/10.1016/j.cmet.2014.09.018
https://doi.org/10.1016/j.ejmech.2021.113378
https://doi.org/10.1021/acs.inorgchem.9b03778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b03778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b03778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b03778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202100375
https://doi.org/10.1002/anie.202100375
https://doi.org/10.1002/anie.202100375
https://doi.org/10.1002/ejic.202100141
https://doi.org/10.1002/ejic.202100141
https://doi.org/10.1002/ejic.202100141
https://doi.org/10.1021/acs.joc.0c01285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/15583724.2022.2121837
https://doi.org/10.1080/15583724.2022.2121837
https://doi.org/10.1080/15583724.2022.2121837
https://doi.org/10.1039/C7DT00319F
https://doi.org/10.1039/C7DT00319F
https://doi.org/10.1021/ar100103h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar100103h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr010424r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr010424r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2022.214739
https://doi.org/10.1016/j.ccr.2022.214739
https://doi.org/10.1016/j.ccr.2022.214739
https://doi.org/10.1016/j.inoche.2015.05.021
https://doi.org/10.1016/j.inoche.2015.05.021
https://doi.org/10.1016/j.inoche.2015.05.021
https://doi.org/10.1016/j.inoche.2015.05.021
https://doi.org/10.1016/j.polymer.2005.08.009
https://doi.org/10.1016/j.polymer.2005.08.009
https://doi.org/10.1002/app.33956
https://doi.org/10.1002/app.33956
https://doi.org/10.1016/0022-2364(82)90105-6
https://doi.org/10.1016/0022-2364(82)90105-6
https://doi.org/10.1002/anie.202114536
https://doi.org/10.1002/anie.202114536
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024929
https://doi.org/10.1107/S2053229614024929
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1021/cr9904009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9904009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c01335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(55) AIMAll, Version 19.10.12; Developed by Todd A. Keith; TK
Gristmill Software: Overland Park, KS, 2019.
(56) Espinosa, E.; Molins, E.; Lecomte, C. Hydrogen bond strengths
revealed by topological analyses of experimentally observed electron
densities. Chem. Phys. Lett. 1998, 285, 170−173.
(57) Wolinski, K.; Hinton, J. F.; Pulay, P. Efficient Implementation
of the Gauge-Independent Atomic Orbital Method for NMR
Chemical Shift Calculations. J. Am. Chem. Soc. 1990, 112, 8251−8260.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.5c01335
ACS Catal. 2025, 15, 9117−9129

9129

https://doi.org/10.1016/S0009-2614(98)00036-0
https://doi.org/10.1016/S0009-2614(98)00036-0
https://doi.org/10.1016/S0009-2614(98)00036-0
https://doi.org/10.1021/ja00179a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00179a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00179a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c01335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

