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ABSTRACT: One of the most urgent social demands on polymer chemistry is the design of an inexpensive, efficient, robust and 

non-toxic catalyst for the preparation of biodegradable polymers with good control of its properties. The dissymmetric ditopic doubly-

deprotonable biguanide proligand (substituted 4,6-dimethoxypyrimidin-2-yl-guanidine – 1) with dynamic behavior forms monome-

tallic as well as bimetallic complexes when reacted with one or two equivalents of Et2Zn or Zn[N(SiMe3)2]2. In the 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 “dissymmetric” 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 consecutive living copolymerization of β-butyrolactone and L-, D- or rac-lactides, leading 

to the precise control of its microstructure. 

Introduction 

After a hundred years of continuous development, polymeric ma-

terials 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 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 table-

ware, textiles, agriculture and automotive.2 A downside to this de-

velopment is that the industrial production of PLA is mainly at-

tached 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 spe-

cies often suffer from the presence of toxic heavy or expensive no-

ble 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 be-

nign 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 as-

sociated with Zn(II) lead to highly efficient systems (Fig. 1).3 More 

recently, Robinson has described exceptional activity at room tem-

perature for the ROP of LA (TOFmax = 13’950 h−1) using Zn 

complexes supported by a dissymmetric version of these BDI lig-

ands (N-Aryl/N-alkyl).4 

 

Figure 1. The most active BDI (ring highlighted in gold), BDI-

like and guanidinate (in blue) zinc complexes in lactide ROP. 

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 

Pellechia7 have demonstrated that highly π-electron-conjugated 

guanidinate ligands associated with zinc are also pertinent to the 

lactide ROP reaction. Recently, epoxide-promoted polymerization 

of lactides mediated by the low loading of the zinc-guanidine com-

plex has been tested under industrial conditions.8 In addition, dur-

ing the completion of this work, Robinson reported on stereoblock 

polyesters via irreversible chain-transfer ring-opening 



 

polymerization 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-syndio-

tactic polyhydroxyalkanoates with good control of the composi-

tion, molecular weight and mechanical properties.9 As summarized 

in the excellent review on strategies for preparation of stereoblock 

copolymers by Mehrkhodavandi10, the most efficient catalytic sys-

tems are based on versatile indium11-14 and magnesium15 com-

plexes or tin octoate16. It is worth noting that also zinc-based initi-

ators allowed an excellent access to various oligo-block polyesters 

and carbonates. Kol17, Pellecchia18 and Phomphrai19, 20 made their 

lactide homo- and copolymeric materials thanks to pyridylamido or 

phenoxyamido zinc initiators. 

During the last 15 years, reports of block polyhydroxybutyrate-con-

taining 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 salen22, phenoxyimine23, 24 and phenolate25 

catalysts were also able to promote β-butyrolactone and lactide co-

polymerization with narrow polydispersities of the formed chains. 

Indium complex from the family of multi-talented [(NNO)In] chlo-

rides or alcoholates11-14, later shown to be active with low catalyst 

loadings13, or under air atmosphere14, albeit with reaction times of 

16 hours. For the first time, a tri-block PLA-PHB-PLA was ob-

tained in 201311 through sequential addition of the monomers. 

Other groups used yttrium22, 26 hafnium27 and copper28 metals bear-

ing mostly N- and O-donor ligands. 

Based on these literature facts, we hypothesized that the biguanide 

derivative 1 (Figs. 1 & 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. 

 

Figure 2. Possible monometallic A and bimetallic B complexes 

(among others) obtained from the biguanide proligand 1. 

 

Results and Discussion 

The biguanide proligand 1 was prepared according to our previous 

paper from extremely cheap chemicals by one-pot high-yield syn-

thesis (see SI)29. Thanks to the connection of a pyrimidin-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 demon-

strated biological activity and medicinal applications as well.23-26 

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 – inter-

connected via two central carbon atoms (abbreviated as Arq
Gua and 

Arq
Prm) of the planar N5C2 skeleton. In 1, this arrangement leads to 

the coexistence of different isomers and tautomers in equilibrium 

(Fig. 3). This equilibrium in solution is solvent- and temperature-

dependent and can be easily monitored by NMR spectroscopy. In 

both non-polar (benzene) and polar (THF) solvents, two sets of sig-

nals (the ratios of 90:10 in THF and 95:5 in benzene at room tem-

perature) 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 the ΔG of 4.3 

and 7.8 kcal/mol are higher than the tautomer 1A, indicating less 

than 1% population in the equilibrium (details in SI, page S9). For 

further investigation of these tautomeric equilibria, the experi-

mental 13C chemical shifts were correlated with the calculated 

chemical shielding constants. The correlations (Fig. S7 in SI) indi-

cated 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 

(Fig. S9 in SI). 

 

 

Figure 3. Possible tautomers/isomers of the proligand 1. 

 

Generally, such a dissymmetric biguanide structure can be seen as 

a potentially doubly-deprotonable proligand with the possibility of 

“aza-β-diketiminate” or guanidinate-chelate-ring formation. Sur-

prisingly enough, structurally close but symmetric bis-guanidinate 

zinc hydride and ditopic conjugated bis-guanidine aluminum and 

lithium complexes able to chelate two metal atoms have very re-

cently been used for the catalytic reduction of heteroallenes or car-

bonyl groups.34-37 

To confirm or disprove our hypothesis, we prepared mono-/homo-

bimetalic zinc biguanide complexes 2–5 in excellent isolated yields 

over 80% (Scheme 1). Particularly, the reaction of an equimolar 

amount of diethylzinc or zinc bis(hexamethyldisilazide) with the 

proligand 1 has afforded the isostructural complexes 2 and 4.  

 

Scheme 1. The synthesis of the mono-/homobimetalic zinc bigua-

nide complexes 2–5: i) Et2Zn, hexane, −80 °C to RT, 24 hours; ii) 

2 Et2Zn, Et2O, −80 °C to RT, 7 hours; iii) Zn[N(SiMe3)2]2, Et2O, 

−80 °C to RT, 24 hours; iv) 2 Zn[N(SiMe3)2]2, Et2O, −80 °C to RT, 

7 days. Significant 13C NMR chemical shifts (δ of Arq
Prm and 

Arq
Gua) are highlighted in red and marked with red dots – for 5, the 

values recorded at 373 K are presented. 

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 (Fig. S54 and S70 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, Fig. S57–S58 and S73–S74 in SI). The chemical-



 

shift values are up to 4 ppm upfield-shifted when compared to the 

same parameter found for the starting 1. An obvious explanation 

arose from the fact 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 – Fig. 4) in 2 

and 4, with this deprotonated nitrogen being a part of a highly con-

jugated π-electron system. The observed phenomenon is also re-

flected in the remarkable downfield shift (the Δδ of 15 ppm) of the 

Arq
Gua carbon atom in the 13C NMR spectra of both 2 and 4 com-

plexes measured in C6D6. On the other hand, all Arq
Prm carbon at-

oms resonate at a similar value (~162 ppm) (Scheme 1). 

The solid-state behavior of the isostructural mononuclear com-

plexes 2 and 4 shows that the zinc atoms are chelated by the N1 and 

N5 atoms of both pyrimidine and guanidine domains (Fig. 4), thus 

forming six-membered triazazincacycles, which are reminiscent of 

the zinc β-diketiminate complexes38-41, phthalocyanines42, or guan-

idinates and biguanides37, 43. In both complexes, the interatomic 

distances are almost the same. The N2 atom, bearing an acidic hy-

drogen, is excluded from the highly π-electron-conjugated planar 

system, as documented by C1–N2 distances (Fig. 4), which are the 

longest in the series, but still longer than in 1 (Fig. S9 in SI, 

1.283(2) Å). The only 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. There is a head-to-tail (MeOCC(H)COMe with NCN) π-

π stacking interaction of the neighboring pyrimidine rings (~ 3Å) 

in 2 and a head-to-head interaction of MeOCC(H)COMe groups (~ 

3.5Å) in 4. 

The same synthetic approach (in Et2O, −80 °C), in the molar ratio 

of 1:2, has also been used for the preparation of the homobimetalic 

zinc biguanides 3 and 5. In the case of the synthesis of 3, the reac-

tion procedure is complex, and after the addition of diethylzinc, the 

reaction time must be limited to 7 hours only. When the product is 

kept in solution for a longer time, the subsequent decomposition of 

3 to 2 (and some unidentified ethylzinc moiety) is observed. In or-

der to maximize the yield, different reaction times and stoichiome-

try have been investigated (for more details, see SI, pp. S13–S29).  

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, the complex 5 behaved differently, as 

indicated by the significant NMR-signal broadening. In order to in-

vestigate fluxional behavior of 5, variable-temperature NMR meas-

urements 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, Fig. S23–S24) were recorded, the 

spectra exhibit only one set of signals for the biguanide carbon at-

oms of the core of the compound. In particular, for Arq
Gua/Arq

Prm, 

the resonances were found at 164.9/159.3 ppm (compare with 

165.5/160.6ppm, 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 lo-

cated 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 che-

lated in the six-membered ring with a planar arrangement and Zn1–

N5 distances only about 0.05 Å longer than in 2 (Fig. 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 the Zn2 to the  

Figure 4. Molecular structures of 2, 3, 4 and 5. Isopropyl, phenyl, 

ethyl and some of the 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 

131.4(12), N1–C1–N2 130.7(12). The full list of data is given in 

the SI (Fig. S25). 

 

neighboring phenyl ring via η3-fashion (2.602 Å) brings the zinc 

out of the planar environment of the ligand by 0.269 Å. The second 

compound, the dinuclear complex 5, bearing one disilazide group 

on each zinc atom, has the ligand core and both zinc atoms nearly 

in plane, which is enabled by the elongation of the N1–N5 distance 

by ~0.1Å and the widening of the N2–C1–N3 angle by ~6°. The 

second change, together with the inversion of the position of the 

phenyl ring on the N2 atom, despite the high steric repulsion of 

both Dipp groups (the distance of ~3.5Å), has unblocked the pos-

sibility of coordinating the Zn2 atom to another guanidinate moiety 

in a nearly isobidentate fashion by N2 and N3 atoms (1.973(12) and 

2.022(11)Å, angle 66.6(5)). This arrangement has caused non-neg-

ligible changes within the bonding of the ligand system, where the 

N2–C1, N3–C2 and C5–O2 bonds are significantly shortened and 

the N4–C3 one elongated by ~0.03–0.1Å when compared to the 

rest of the compounds (see SI – Fig. S25). 

 
Figure 5. Simplified isomerization pathway of 5 leading to chemi-

cally identical species. Only lower energy TS is shown. A more 

detailed view is given in SI (Scheme S2). 

 

2 4 

3 5 



 

Table 1. The 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. 

[%] 
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 8800e 188,000 1.11 n.d. 30 

2 5 100:1:0 2 h 32 2300e 54,100 1.66 n.d. 8 

3 4 100:1:1 1 98 14,100 13,400 1.07 0.63 5880 

4 5 100:0.5:1 1 96 13,800 18,700 1.13 n.d. 5760 

5 5 100:1:1 1 80 11,500 15,800 1.24 n.d. 2400 

6 4 1000:1:1 5 94 135,000 116,200 1.08 n.d. 11,280 

7 4 1000:1:1 3 83 119,600 110,700 1.08 0.65 16,600 

8 4 5000:1:10 30 88 63,400 55,900 1.04 n.d. 8800 

9 5 5000:0.5:10 20 90 64,900 67,100 1.04 n.d. 13,500 

a All data can be found in SI – Table S2; polymerization conditions: [rac-LA]0 = 1.5 M, CH2Cl2, 25°C. b Reactions performed with a batch 

of recrystallized and sublimed LA. c Monomer conversion. d Calculated using Mn, theo = [rac-LA]0/[iPrOH]0 × MLA × conversion. e Calculated 

using Mn, theo = [rac-LA]0/[Zn]0 × MLA × conversion. f Measured by GPC in THF (45 °C) using PS standards and corrected by applying the 

appropriate correction factor (0.58). g Determined from the methine region of the HD 1H NMR spectrum. 

 

Table 2. The ROP of β-butyrolactone and coROP with lactide mediated by the biguanide–Zn complexes 4 and 5a. 

En-

try 
Cat. 

[M1]:[M2]:[M3]: 

[cat]0:[iPrOH] 
M1 M2 M3 

T1 

[°C] 

T2 

[°C] 

T3 

[°C] 

t1 

[min] 

t2 

 

t3 

[min] 

M1 

conv. 

[%]b 

M2 

conv. 

[%]b 

M3 

conv. 

[%]b 

Mn, theo
c 

[g.mol-1] 

Mn, exp
d 

[g.mol-1] 
Đd 

1 4 100:0:0:1:1 BL - - 45 -  180 - - 94 - - 8800 6200 1.04 

2 5 100:0:0:0.5:1 BL - - 45 -  180 - - 63 - - 5400 5000 1.26 

3 4 50:50:0:1:1 L-LA BL - 20 45  1 3 h - 100 38 - 8800 7000 1.45 

4 4 50:50:0:1:1 L-LA BL - 20 45  1 24 h - 100 84 - 10,800 8300 1.64 

5 4 50:50:0:1:1 BL L-LA - 45 20  180 1 min - 90 90 - 10,400 11,000 1.06 

6 4 50:50:50:1:1 BL L-LA D-LA 45 20 20 210 15 min 25 93 99 91 17,700 14,000e - 

7 4 50:50:50:1:1 rac-LA BL rac-LA 20 45 20 2 5 hf 30 99 95 85 17,300 13,200 1.26 

8 5 50:50:50:0.5:1 rac-LA BL rac-LA 20 45 20 2 40 h 360 99 93 95 18,000 16,000 1.29 

a Polymerization conditions: [M]0 = 1.5 M, [4]0 = 0.015 mM, CH2Cl2. b Monomer conversion. c Calculated using Mn, theo = [rac-LA]0/[iPrOH]0 

× MLA × Conv.LA + [rac-BL]0/[iPrOH]0 × MBL × Conv.BL. d Measured by GPC in THF (45°C) using PS standards and corrected by applying 

weighted correction factors (0.58 for PLA and 0.54 for PHB). e Determined by DOSY NMR. f Then left for 5 days. 

 

To explain the dynamic behavior of 5 in solution, a pendulum-like 

exchange of the positions of Zn1 and Zn2 atoms was proposed (Fig. 

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 two different transition states (Fig. 5, mol and gif 

files in SI) whose energy exceeds that of the optimized structure of 

5 by 40.36 and 22.83 kcal/mol, respectively. 

 

 

ROP Catalysis 

All the monometallic and bimetallic zinc complexes prepared were 

investigated as catalysts for the ROP of rac-LA (reduced Table 1 

and full Table S2). The complexes 2 and 3 showed no activity after 

2 hours at 25 °C in CH2Cl2, even in the presence of one eq. 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 hours 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 theoreti-

cal Mn values calculated on the bases 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. alcohol per Zn metal center, both com-

plexes, initiated the ROP of 100 equiv. rac-LA with almost com-

plete conversion in 1 min and led to slightly heterotactic PLA with 

narrow dispersity and good agreement between theoretical and ex-

perimental 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% equiv. of Zn), the bimetallic 

complex 5 lags behind the complex 4, giving 86% conversion in 15 

minutes, whereas the complex 4 has achieved full conversion in 5 

minutes (Table S2, entries 9–10). 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 mono-

metallic Zn catalyst for LA ROP (TOF = 16,600 h−1) (Table 1, entry 

7). 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 the CH2Cl2 or lactide. The 

complexes 4 and 5 were subsequently tested under chain-transfer 

conditions, in the presence of 10 equiv. of alcohol and at the cata-

lytic loading of 0.02 mol% (equiv. of Zn) (Table 1, entries 8–9). 

Under these conditions, the best performance was exhibited by the 

bimetallic complex 5, yielding a narrow-disperse PLA with predict-

able Mn and 90% monomer conversion in 20 minutes (TOF = 

13,500 h−1), 10 minutes less than its monometallic counterpart. 

With the aim of obtaining more information on the ROP mecha-

nism 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 molar equiv. 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 transesterification reac-

tions (see SI, Fig. S38–S40). A kinetic study carried out with the 

complexes 4 and 5 in CH2Cl2 at room temperature tends to confirm 

this hypothesis. The semilogarithmic plot of rac-LA with time 

shows linear relationship at different concentrations of the complex 

4, indicating a first-order kinetic in monomer concentration (Fig. 

6a). The evolution of the Mn and Ð values with conversion con-

firmed 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 mono-

metallic Zn complexes described to date (Fig. 6b and Fig. S37a, 

S37c). Polymerization with the bimetallic complex 5 proceeds with 

first-order dependence in monomer when using one equivalent of 
iPrOH (0.5 mol. equiv. per Zn) and with second-order dependence 

in monomer when using one equiv. of co-initiator per Zn metal cen-

ter (Fig. 6c–d and Fig. S37b). In the latter case, the dependence of 

ln kapp vs ln [5] was analyzed; it indicates a first order in the bime-

tallic 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-or-

der dependence on lactide strongly imply that the integrity of the 

bimetallic biguanide–Zn complex is preserved under catalytic con-

ditions.44 

We have attempted to prepare, isolate and structurally charac-

terize alkoxy-zinc biguanides, presumed to be the species respon-

sible 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, pp. S32–S36). 

As the 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 minute at room 

temperature and with 1-mol% catalyst loading (Table S2, entry 15). 

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. 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 16–18). All these combinations failed to match 

the performance of complexes 4 and 5, both in terms of 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. 

 

Figure 6. a) A first-order semi-logarithmic plot for the polymeri-

zation of rac-LA at 25°C in CH2Cl2 using 4 at different concentra-

tions 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-ini-

tiator. d) A plot of kapp vs [5]0. 

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 mod-

erate activity toward the ROP of BL, affording narrow-disperse 

PHB with 94% and 63% conversion, respectively, after 3 hours at 

45°C in CH2Cl2 at 1 mol% catalyst loading.  

To the best of our knowledge, a di- or triblock 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 irreversible process driven sequen-

tially by discrete combination of Zn and Y complexes was pub-

lished by Robinson9 during the completing of this work. Our suc-

cessful result of β-butyrolactone and lactide polymerization led us 

to the idea to investigate one-pot synthesis of diblock copolymers 

(PHB-co-PLLA) with the complex 4 by sequential addition of the 

two monomers. The addition of butyrolactone first, followed by L-

lactide, proved more efficient than the reverse, leading to the di-

block copolymer with BL and LA conversions of 90% after a se-

quence at 45 °C for 3 hours 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 mo-

lecular-weight number consistent with that calculated on the basis 

of the ratio of monomers and conversions (Fig. S36). DOSY (dif-

fusion ordered spectroscopy) NMR analysis revealed a unique dif-

fusion coefficient of 1.22 x10−10 m2.s−1 (CDCl3, 298 K), also con-

sistent with the formation of copolymer chains rather than a mix-

ture of homopolymers (Fig. 7).  

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) (see SI, Table S4 and Fig. S33). 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-

co-PLA) without secondary transesterification reactions (Fig. S32 

in SI). The living nature of the polymerization was further con-

firmed by the addition of a third batch of 50 equiv. of D-LA, result-

ing in a PHB-co-PLLA-co-PDLA triblock at-sb-st-sb-st copolymer  

 

Figure 7. The DOSY NMR spectra of PHB (upper panel), PLLA-

co-PHB (middle panel, Table 2, entry 5) and PDLA-co-PLLA-co-

PHB (lower panel – Table 2, entry 7) 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-co-PLLA-co-PDLA, Table 2, entry 7) 

in CDCl3. Unreacted monomers ($) and CH2Cl2 (#) are marked. 

(Table 2, entry 6). The triblock copolymer was insoluble in THF, 

precluding GPC measurements in this solvent. Nevertheless, 

DOSY NMR analysis confirmed the formation of a unique triblock 

copolymer with a diffusion coefficient equal to 1.01 x 10−10 m2.s−1 

(CDCl3, 298 K) and the estimated Mn value of 14 000 based on 

PLA-curve calibration (Fig. 7 – lower panel). The 1H NMR spec-

trum 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 (Fig. 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 observed in the 

synthesis of PLLA-co-PHB diblocks (Table 2, entries 7 and 4). 

GPC data show a unimodal profile with the Mn value slightly lower 

than predicted and narrow dispersity (Đ = 1.26). At last, the dinu-

clear complex 5 was also shown to be able to promote the formation 

of the PLA-co-PHB-co-PLA triblock, although longer reaction 

times were required to build the last two PHB and PLA blocks. All 

these results showed the ability of both complexes 4 and 5 to pro-

mote the synthesis of diblock and/or triblock copolymers in a con-

trolled and living manner. 

Conclusions 

Mono- and dizinc complexes with the cheap, easily accessible and 

structurally versatile ditopic biguanide proligand 1 were synthe-

sized by 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 poly-

dispersity values. Based on the most independent, comparable and 

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), ex-

ceeding the highest value reported by Robinson4 (~300 M−1.min−1, 

Fig. S37c, 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 bigua-

nide ligand, the complex 5 undergoes a possible mutual interchange 

of the positions of zinc atoms, which is in contrast to the monome-

tallic 4 or the bimetallic 3 with the Zn atom position locked to the 

“BDI” side. This could explain the ability of this “dissymmetric” 

bimetallic complex to promote the ROP of LA at both Zn sites, ei-

ther at the same time or consecutively, to form PLA chains with a 

unimodal molecular-weight distribution. In order to get closer in-

dustrial conditions, we preliminary tested thermal robustness of 5 

in boiling toluene as well as in the solid state at 160°C and the cat-

alytic performance of it in polymerization of recrystallized tech-

nical grade rac-lactide exhibiting promising results, which This 

will be a subject of our further studies. 

Successful consecutive living copolymerization of β-butyrolactone 

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 pro-

cesses are performed with only one portion of the zinc complex and 

alcohol; after the completion of each step, it is only necessary to 

change monomers and temperature. In comparison with the recent 

literature,9 in order to achieve a similar copolymer (but only di-

block), it is necessary to add two different catalysts with different 

metals and ligands plus monomers in a batch process at elevated 

temperature. 
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