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ABSTRACT  
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The preparation of new chiral bis(pyrazol-1-yl)methane-based N,N,O-donor scorpionate ligands in 

the form of the alcohol compounds bpzampeH (1) {2,2-bis(3,5-dimethylpyrazol-1-yl)-1-[4-

(dimethylamino)phenyl]ethanol}, bpzaepeH (2) {2,2-bis(3,5-dimethylpyrazol-1-yl)-1-[4-

(diethylamino)phenyl]ethanol}, bpzimeH (3) {2,2-bis(3,5-dimethylpyrazol-1-yl)-1-[1-methyl-1H-

imidazol-2-yl]ethanol} has been carried out by 1,2-addition reactions of a series of aldehydes. These 

new chiral heteroscorpionate ligands reacted with [ZnR2] (R = Me, Et, CH2SiMe3) in a 1:1 molar ratio 

in toluene to give the mononuclear monoalkyl zinc complexes [Zn(R)(k3-NNO)] (4–12). When these 

reactions were carried out in a 1:2 molar ratio the binuclear trisalkyls [Zn(R)(k2-NNµ-O)Zn(R)2] (13–

18) were obtained. The structures of these complexes were elucidated by 1H and 13C{1H} NMR 

spectroscopy and the X-ray crystal structures of 4 and 5 were also established.  

Interestingly, alkyl-containing zinc complexes 4–13, 15 and 17 act as efficient single-component 

initiators for the ring-opening polymerization of rac-lactide at 20 ºC to afford PLA materials with 

low molecular weights in a few hours. The dinuclear trisalkyls showed higher activity in comparison 

with the mononuclear zinc counterparts, suggesting a cooperative effect of the two remote metals. 

The narrow dispersity ranges (Mw/Mn = 1.05) of the isolated polymers in conjunction with the linear 

nature of the number average molecular weight versus conversion plot provided evidence for living 

behavior. Inspection of the kinetic parameters showed that the propagations have the usual pseudo-

first-order dependence on rac-lactide and catalyst concentration. End-group analysis and MALDI-

TOF mass spectrometry confirmed that the initiation occurs through nucleophilic attack of the alkyl 

on the lactide monomer. Microstructural analysis of poly(rac-lactide)s revealed that the most 

sterically hindered ligand on the alkoxide fragment exerts a moderate influence on the degree of 

stereoselectivity, with heteroenriched-PLAs (Ps = 0.68) produced at room temperature.  

INTRODUCTION  

During this decade, compounds derived from renewable resources have been applied in high priority 

industrial processes.1 In particular, the production of the bio-based poly(lactide)s (PLAs) has been 
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extensively investigated in recent years2,3 given that its renewability, biodegradability and 

biocompatibility make it a very attractive material with widespread biomedical/pharmaceutical 

applications4,5,6 and these polymers have been used in packaging and agriculture as a commodity 

plastic.7 In fact, bio-based polymers are expected to grow at a current annual rate of 3–4% until 20218a 

and the estimated rate for the PLA market is even greater in the coming years, i.e., close to 10%,8a 

with an approximate production close to 0.5 million tons by 2021.8b The synthesis of PLA polymers 

is performed by the ring-opening polymerization (ROP) of the inexpensive bioderived monomer 

lactide with the assistance of an organo-metallic complex as catalyst, which allows high-control over 

the process and leads to materials with the desired structure, stereochemistry, and molecular weight 

distribution. In addition, the search for biologically benign metal-based catalytic systems such as 

zinc,9 magnesium10 and calcium11 compounds is desirable given the biocompatible nature of the 

bioassimilable PLAs.  

In this context, a large number of highly effective organozinc initiators12 supported by a rich variety 

of ancillary ligands has been described for the ROP of lactides, but very few examples of zinc 

catalysts that bear chiral auxiliaries have been reported to give both heterotactic13 and isotactic14 

enriched materials in the polymerization of rac-lactide. Our research group has made significant 

contributions15 in the preparation of efficient scorpionate-based catalysts for the well-controlled ROP 

of rac-LA, and we have reported highly effective single-component alkyl16-18-amide19 and 

enantiopure mixed alkyl/alkoxo and thioalkoxo20 zinc initiators to produce heterotactic16-19 (up to Ps 

= 0.79)19 and isotactic17,20 (up to Pi = 0.77)17-enriched PLA materials in a living fashion under mild 

conditions. Very recently, we reported the random copolymerization of ε-CL and L-LA mediated by 

an enantiopure mixed alkyl/alkoxo bimetallic zinc catalyst21a and the production of aliphatic 

polycarbonates 21b through the copolymerization of cyclohexene oxide and carbon dioxide assisted 

by acetate and trifluoroacetate bimetallic zinc complexes. With the challenging aim of identifying 

more efficient zinc-based catalysts for the synthesis of poly(rac-lactide)s with controlled 

architectures, we have now introduced additional groups into the chiral fragment of the scorpionate 
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to increase the steric hindrance of these ligands and have also designed alternative chiral N,N,O 

scorpionate mono- and binuclear zinc alkyls. 

Herein, we describe the synthesis and structural characterization of a new family of more sterically 

demanding chiral N,N,O-scorpionate ligands, their transfer to zinc metal for the preparation of 

mononuclear alkyls and binuclear trisalkyls of the type [Zn(R)(k3-NNO)] and [Zn(R)(k2-NNµ-

O)Zn(R)2], respectively, and their application as single-component living initiators to produce 

heterotactic-enriched polylactides. 

 

 

RESULTS AND DISCUSSION 

Synthesis of the Ligands  

In an effort to increase the steric hindrance around the zinc metal center of the initiators, three new 

heteroscorpionate ligand precursors bearing more sterically encumbered substituents were designed 

and synthesized according to our previously reported synthetic route for the preparation of alcohol-

containing heteroscorpionate ligands.22 The bulkiness was incorporated in the alkoxide moiety. Thus, 

the one-pot reaction of bis(3,5-dimethylpyrazol-1-yl)methane (bdmpzm) with BunLi, followed by the 

1,2-addition of a series of aldehydes [4-(dimethylamino)benzaldehyde, 4-

(diethylamino)benzaldehyde and 1-methyl-2-imidazolecarboxaldehyde] followed by treatment with 

saturated aqueous ammonium chloride solution afforded the chiral alcohol compounds bpzampeH (1) 

{2,2-bis(3,5-dimethylpyrazol-1-yl)-1-[4-(dimethylamino)phenyl]ethanol}, bpzaepeH (2) {2,2-

bis(3,5-dimethylpyrazol-1-yl)-1-[4-(diethylamino)phenyl]ethanol}, bpzimeH (3) {2,2-bis(3,5-

dimethylpyrazol-1-yl)-1-[1-methyl-1H-imidazol-2-yl]ethanol}, which were isolated as racemic 

mixtures in good yields (ca. 80%) after the appropriate workup (Scheme 1). 

Scheme 1. Synthesis of the N,N,O-chiral heteroscorpionate ligands (1–3). 
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The 1H and 13C{1H} NMR spectra of 1–3 exhibit two distinct sets of pyrazole resonances, indicating 

the existence of two types of pyrazole ring. Furthermore, the 1H NMR spectra show signals due to 

the moiety bound at the methylene bridge and the OH group. The phase-sensitive 1H NOESY-1D 

spectra were also obtained in order to confirm the assignments of the signals for the Me3, Me5 and H4 

groups of each pyrazole ring. In compounds 1–3 the carbon atom (Ca) is a stereogenic center and the 

presence in solution of the corresponding two enantiomers was confirmed by adding a chiral shift 

reagent, namely (R)-(–)-(9-anthryl)-2,2,2-trifluoroethanol. This process gave rise to two signals for 

each proton in the 1H NMR spectra, resulting from the two diastereoisomers of the corresponding 

two enantiomers.  

 

Zinc Complexes 

Having prepared these new chiral heteroscorpionate ligands in the form of the alcohol compounds, 

we explored their potential utility as tridentate ligands in the preparation of chiral zinc metal 

complexes. The alcohols 1–3 (as racemic mixture) were reacted at room temperature with [ZnR2] (R 

= Me, Et, CH2SiMe3) in a 1:1 molar ratio in toluene to give, after the appropriate work-up, the 
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mononuclear monoalkyl zinc complexes [Zn(R)(k3-NNO)] (4–12) (k3-NNO = bpzampe, R = Me 4, 

Et 5, CH2SiMe3 6; bpzaepe, R = Me, 7, Et 8, CH2SiMe3 9; bpzime, R = Me, 10, Et 11, CH2SiMe3 12), 

which were isolated as white solids in good yield (ca. 90%) (Scheme 2).  

In addition, we were interested in exploring the effect that two remote zinc metals would have in the 

design of more efficient zinc initiators for the ROP of rac-LA. In this context, several interesting 

studies have recently demonstrated23 the cooperative effect of two remote metal atoms, including 

aluminum,23a,d zinc23b or titanium,23c in a homo-binuclear species for the ROP of cyclic esters such as 

e-caprolactone and lactides. 

For this reason, we carried out the initial reaction described above in a 1:2 molar ratio and this gave 

the corresponding bimetallic trisalkyls [Zn(R)(k2-NNµ-O)Zn(R)2] (13–18) [k2-NNµ-O = bpzampe, R 

= Me 13, Et 14; bpzaepe, R = Me 15, Et 16; bpzime, R = Me 17, Et 18] in good yield (ca. 80–90%) 

(Scheme 2). 

Scheme 2. Synthesis of complexes [Zn(R)(k3-NNO)] (4–12) and [Zn(R)(k2-NNµ-O)Zn(R)2] (13–18). 
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The 1H and 13C{1H} NMR spectra of the monoalkyl zinc complexes 4–18 contain two singlets for 

each of the H4, Me3 and Me5 pyrazole protons, one broad singlet for each of the methine groups (CH 

bridge of the pyrazole rings and CHa) and the signals corresponding to the (R') moieties of the 

scorpionate ligands and the alkyl substituents. It is worth noting that at room temperature the 1H and 

13C{1H} NMR spectra of the binuclear trisalkyl zinc complexes 13–18 present two distinct broad sets 

of alkyl ligand resonances, with a 1:2 integral ratio, in the 1H NMR spectra. This behavior indicates 

that two alkyl ligands exchange their positions rapidly at room temperature on one zinc atom and the 

third alkyl ligand is coordinated to the other zinc atom. 1H NOESY-1D experiments permitted the 

unequivocal assignment of all 1H resonances and the assignment of the 13C{1H} NMR signals was 

made on the basis of 1H-13C heteronuclear correlation (g-HSQC) experiments. In addition, the 

presence in solution of a racemic mixture was confirmed by the addition of a chiral shift reagent.  
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These results are consistent with a tetrahedral structure resulting from k3-NNO (in 4–12) or k2-NNµ-

O (in 13–18) coordination of the scorpionate ligand to the metal center, in which the two pyrazole 

rings are located in cis and trans positions with respect to the R' group (Scheme 2). The existence of 

this geometry was also confirmed in the solid state by X-ray structural analysis of complexes 4 and 

5. The molecular views are shown in Figures 1 and 2, respectively. These studies confirmed that the 

presence in solution of the corresponding two enantiomers for these compounds (R + S) is maintained 

in the solid state. The most representative bond lengths and angles are presented in Table 1. 

Crystallographic details are reported in Table S1 in the ESI†. The structures of complexes 4 and 5 

consist of a heteroscorpionate ligand bonded to the zinc atom through the two nitrogen atoms and the 

oxygen atom of the alkoxide group in a k3-NNO coordination mode. In addition, the zinc center is 

coordinated to an alkyl ligand. These centers have a distorted tetrahedral environment due to the k3-

NNO-coordination of the scorpionate ligand, with major distortions in the O(1)–Zn(1)–N(1) and 

O(1)–Zn(1)–C(21) angles, which have values of 89.99(9)º and 133.5(1)º, respectively, for complex 

4. The Zn–N and Zn–C distances [2.142(3) Å, 2.094(3) Å and 1.954(3) Å for 4] are in good agreement 

with others determined for zinc scorpionate complexes such as [Zn(Me)(bpzbe)]16 prepared by our 

research group. The Zn–O distance [1.929(2) Å] is similar to that described in analogous N,N,O-

alkoxide scorpionate zinc complexes.24 Complexes 13–18 have a similar structure to the complexes 

[Zn(CH2SiMe3)(bpzbe)Zn(CH2SiMe3)2]18 or [Zn(Me)(bpzte)Zn(Me)2],21a which were synthesized by 

our research group and characterized by single-crystal X-ray diffraction. The first zinc center has a 

distorted tetrahedral geometry with a heteroscorpionate ligand that acts in a tridentate fashion, and 

the second zinc center has a distorted trigonal geometry in which μ-O of the scorpionate ligand 

occupies one position and the alkyl groups the other two positions (see Scheme 2).  
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Table 1. Selected bond lengths (Å) and angles (º) for 4 and 5. 

4 5 
Bond lengths 

Zn(1)–O(1)  1.929(2) Zn(1)–O(1)  1.918(4) 

Zn(1)–C(21)  1.954(3) Zn(1)–C(21)  1.949(7) 
Zn(1)–N(1)  2.094(3) Zn(1)–N(1)  2.110(5) 
Zn(1)–N(3)  2.142(3) Zn(1)–N(3)  2.114(4) 
N(5)–C(19)  1.376(3) N(5)–C(19)  1.401(9) 

N(5)–C(16)  1.411(6) N(5)–C(16)  1.401(8) 

N(5)–C(20)  1.423(5) N(5)–C(20)  1.420(8) 
Angles 

O(1)–Zn(1)–C(21) 133.5(1) O(1)–Zn(1)–C(21) 132.9(3) 
O(1)–Zn(1)–N(3) 89.69(9) O(1)–Zn(1)–N(1) 90.2(2) 
C(21)–Zn(1)–N(3) 121.1(1) C(21)–Zn(1)–N(1) 121.4(3) 
O(1)–Zn(1)–N(1) 89.99(9) O(1)–Zn(1)–N(3) 90.7(2) 
C(21)–Zn(1)–N(1) 122.9(2) C(21)–Zn(1)–N(3) 122.4(3) 
N(3)–Zn(1)–N(1) 86.55(9) N(1)–Zn(1)–N(3) 86.4(2) 
C(12)–O(1)–Zn(1) 119.8(2) C(12)–O(1)–Zn(1) 119.1(3) 
C(16)–N(5)–C(19) 120.1(4) C(19)–N(5)–C(16) 120.2(7) 
C(16)–N(5)–C(20) 120.1(4) C(19)–N(5)–C(20) 120.1(6) 
C(19)–N(5)–C(20) 119.7(4) C(16)–N(5)–C(20) 119.6(7) 
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Figure 1. ORTEP view of the S enantiomer of [Zn(Me)(bpzampe)] (4). Ellipsoids are at the 30% 

probability level. 

 

Figure 2. ORTEP view of the S enantiomer of [Zn(Et)(bpzampe)] (5). Ellipsoids are at the 30% 

probability level. 
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Polymerization Studies 

The main aim of these studies was to compare the activity and stereoselectivity of both the 

mononuclear monoalkyls 4–12 and the binuclear trisalkyls 13, 15 and 17 with those found for other 

zinc mononuclear monoalkyls16,20 and binuclear trisalkyls20 described by our group, and also to 

establish a comparison with some remarkable organozinc initiators bearing chiral auxiliary 

ligands,13,14 and other asymmetrical N,N,O-tridentates25 as well as achiral26 scorpionate zinc analogs 

published to date. 

Complexes 4–13, 15 and 17 were systematically assessed in the ring-opening polymerization 

(ROP) of the polar monomer rac-lactide (rac-LA) in tetrahydrofuran as solvent at 20 and 60 ºC under 

a nitrogen atmosphere for the production of poly(rac-lactide)s (PLAs) (Table 2). The experimental 

low-medium Mn values of the PLAs produced were in close agreement with the expected theoretical 

values considering one polymer chain per zinc center [Mn(calcd)PLA100 = 14 400 g·mol–1] (Table 2). 

In addition, analysis of the resulting polyesters by size exclusion chromatography (SEC) revealed a 

monomodal weight distribution, with dispersities ranging from 1.05 to 1.23 (Figure S1 in the ESI†). 

The alkyl zinc mononuclear compounds 4–12 and the trisalkyl binuclear compounds 13, 15 

and 17 behaved as efficient single-component initiators and could polymerize 100 equivalents of rac-

LA in tetrahydrofuran at 20 ºC under otherwise identical conditions. In particular, the mononuclear 

complexes 4 and 10 transformed nearly 85% of the monomer after four hours while, interestingly, 7 

gave almost complete conversion in four hours (entries 1, 12 and 18, respectively). The effect of the 

alkyl substituents on the zinc metal center were also evident. For example, in these mononuclear 

alkyls, the Me alkyl derivatives proved to be significantly more active than the Et- and CH2SiMe3-

substituted initiators. For instance, whereas initiator 7 gave 98% conversion at 20 ºC after four hours, 

analogs 8 and 9 converted nearly 60% of the monomer under the same conditions (entries 12, 15 and 

16, respectively). Nonetheless, this behavior was opposite to that found for the analogs previously 

reported by our group, such as the chiral N,N,O-scorpionate zinc alkyls, in the ROP of L-LA.16 
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More importantly, the bimetallic trisalkyl complexes 13, 15 and 17 significantly out-

performed the mononuclear monoalkyls 4–12 described above in terms of activity. For instance, 

initiators 13 and 17 gave nearly 70% conversion after three hours at 20 ºC (entries 22 and 27, 

respectively) while derivative 15 transformed 93% of the monomer in three hours (entry 25), with 

this complex again being the most active of this family due to the presence of the p-NEt2C6H4 group. 

This behavior is probably the result of the beneficial cooperative effect of the two remote alkylzinc 

centers in the initiators, as previously observed for bis(trimethylsilyl)amide and isopropoxide zinc 

complexes bearing bis(imino)diphenylamido ancillary ligands.23b 

It is also worth noting that both families of mono- and binuclear initiators proved to be 

significantly more active than the analogous chiral N,N,O-scorpionate zinc alkyls16 and trisalkyls,18 

since polymerization activity was not detected at 20 ºC in the latter cases. These compounds are more 

active than the asymmetrical N,N,O-tridentate zinc analogs25 (15 h, 25 ºC, 78% conversion) and 

enantiopure amido-oxazolinate based zinc analogs (i.e.; 13 h, 23 ºC, 91% conversion),14a a finding 

that is consistent with the results obtained for alternative organozinc initiators bearing chiral auxiliary 

ligands13 (i.e.; 2–3 h, 20–23 ºC, > 90% conversion) and for achiral scorpionate zinc26 zwitterionic 

systems (3 h, 30 ºC, 90% conversion), but they are less active than enantiopure aminophenolate-based 

zinc complexes with multiple stereogenic centers (10–30 min, 25 ºC, > 95% conversion)14b. 

The effect of temperature and solvent on the catalytic activity was also investigated. As one 

would expect, the activities increased for all catalysts on increasing the temperature to 60 ºC. In 

contrast, when the reaction temperature was 0 ºC, all catalysts showed dramatically reduced catalytic 

activity and only traces of product were found. Interestingly, however, catalysts 7 and 15, which 

contain the NEt2 substituent, converted 37 and 52% of the monomer at 0 °C after 24 and 14 hours, 

respectively (entries 7 and 24, respectively). In addition, the catalytic activity was markedly lower in 

all cases when toluene was employed as the solvent, since complete dissolution of the catalyst was 

not achieved. This situation is in contrast with the complete dissolution of all initiators in 

tetrahydrofuran in conjunction with the cooperative effect that the zinc ions are probably complexed 
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by this coordinating solvent, thus leading to an increase in the nucleophilicity of the alkyl initiating 

group and the alkoxide propagating chains.  

The good level of control afforded by these initiators was also evidenced by the linear 

correlations between Mn and percentage conversion found in the case of initiator 7 (entries 8–12) (R2 

= 0.993) (Figure S2 in the ESI†) in conjunction with the narrow molecular weight distributions. A 

double-feed experiment confirmed the living behavior of catalyst 7 (entries 12 and 13), which resulted 

in a polymer chain extension with similar polymer features. This behavior is representative of well-

behaved living propagations and the existence of a single type of reaction site. 

MALDI-ToF MS (Figure S3 in the ESI†) and end-group analysis by 1H NMR spectroscopy 

(Figure S4 in the ESI†) of low molecular weight poly(rac-lactide) oligomers obtained with 8 and 7 

were also carried out. Both techniques provided evidence for the initial addition of an alkyl fragment 

to the monomer in the materials produced, with subsequent cleavage of the acyl-oxygen bond27 and 

further monomer additions to the (macro)alcohols. 

In an effort to gain further insights into the polymerization process, a kinetic study was 

conducted with the mononuclear initiator 7 to establish the reaction order with respect to rac-LA 

monomer and catalyst concentration and also to determine the reaction rate constant. The 

polymerization experiments were performed at 20 ºC, using tetrahydrofuran as solvent and without 

cocatalyst or activator, and the yields were determined at stated intervals (Figure S4 in the ESI†). In 

all cases, the semilogarithmic plots of ln[rac-LA]0/[rac-LA]t as a function of time for different 

catalyst concentrations gave a good linear relationship (Figure S4 in the ESI†) and these findings 

imply a first-order disappearance of the monomer concentration. Thus, a rate law of −d[rac-LA]/dt = 

kapp[rac-LA]t is suggested, where kapp denotes the apparent polymerization rate constant. 

Interestingly, the pseudo-first-order rate constant, kapp, for this initiator at 20 ºC has an order that is 

consistent with that measured for the analogous chiral monoalkyls [Zn(R)(NNO)]216 at much higher 

temperature (kapp(50 °C) = (8.3 ± 0.3) × 10−4 s−1, R = CH2SiMe3, vs kapp(20 °C) = (2.37 ± 0.08) × 10−4 

s−1 for 7, at [Zn]0 = 20 mM in both cases). The kinetic dependence on the catalyst concentration (n) 
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and the propagation rate constant (kp) were also determined (Figure S5 in the ESI†) and these 

confirmed that the reaction is also first-order in catalyst 7 at this temperature (Table S1 in the ESI†). 

The values obtained prove that the polymerization of rac-LA mediated by [Zn(Me)(bpzaepe)] (7) 

obeys an overall second-order kinetic rate law. 

Finally, inspection of the microstructure by analysis of the methine region in the homonuclear 

decoupled 1H NMR spectrum of the poly(rac-lactide)s produced revealed that the mononuclear 

initiators 4–12 exerted a low level of heterotactic enrichment on the growing polymer chains at 20 ºC 

– similar to asymmetrical N,N,O-tridentate zinc complexes (Ps = 0.62)25 – but initiator 7 afforded a 

higher heterotactic dyad enchainment [Ps value up to 0.68; Table 2, entry 7, see Figure S6 (ESI†)]. 

On the other hand, the bimetallic initiators 13, 15 and 17 provided similar values of heteroactivity to 

the mononuclear analogs, but lower values than 7 (Ps∼0.62, Table 2, entry 25) and the heteroactive 

chiral zinc catalysts described above.13 The effect of lower temperatures on the reaction did not 

improve the heterotacticity values in the polymer microstructures (Table 2, entries 7 and 24) whereas, 

as one would expect, the effect of higher temperatures clearly reduced this value and resulted in 

almost atactic materials (Table 2, entries 2, 14, 18 and 26). These findings suggest that for both 

families of initiators a chain-end control mechanism predominates for the production of heterotactic 

poly(rac-lactide)s. 

 



15 
 

Table 2. Polymerization of rac-Lactide Catalyzed by 4–13, 15 and 17.a 

entry initiator T(ºC) time 
(h) 

yield 
(g) 

conv 
(%)b 

Mn(theor) 
(Da)c 

Mn 
(Da)d Mw/Mnd Pse 

1 4 20 4 1.10 85 12 200 12 300 1.15 0.62 

2 4 60 3 1.21 93 13 400 14 300 1.21 0.58 

3 5 20 4 0.91 70 10 000 9 200 1.20 0.60 

5 6 20 4 0.88 68 9 800 9 000 1.14 0.59 

7 7  0 24 0.48 37 5 300 6 100 1.12 0.68 

8 7 20 0.5 0.15 12 1 700 1 900 1.05 0.67 

9 7 20 1 0.27 21 3 000 3 600 1.07 0.68 

10 7 20 2 0.83 64 9 200 8 700 1.06 0.68 

11 7 20 3 0.91 70 10 100 9 500 1.09 0.67 

12 7 20 4 1.27 98 14 100 13 100 1.12 0.68 

13 7 20 8 2.46 95 27 400 25 900 1.15 0.67 

14 7 60 3 1.21 93 13 400 14 100 1.23 0.64 

15 8 20 4 0.80 62 8 900 9 300 1.05 0.63 

16 9 20 4 0.75 58 8 400 8 000 1.09 0.64 

18 10 20 4 1.08 83 12 000 11 200 1.11 0.59 

18 10 60 3 1.18 91 13 100 12 100 1.15 0.58 

19 11 20 4 0.60 46 6 600 7 800 1.17 0.61 

21 12 20 4 0.67 52 7 500 8 100 1.15 0.59 
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22 13 20 3 0.91 70 10 100 9 200 1.07 0.59 

24 15 0 14 0.67 52 7 500 7 700 1.10 0.62 

25 15 20 3 1.21 93 13 400 14 000 1.11 0.62 

26 15 60 2 1.28 99 14 300 13 400 1.15 0.58 

27 17 20 3 0.88 68 9 800 9 300 1.17 0.57 

 

a Polymerization conditions: 90 µmol of zinc centers; [rac-LA]0/[Zn]0 = 100; 20 mL of tetrahydrofuran. b Percentage conversion of the monomer [(weight 

of polymer recovered/weight of monomer) × 100]. c Theoretical Mn = (rac-LA/Zn) × (% conversion) × (Mw of rac-LA). d Determined by size exclusion 

chromatography relative to polystyrene standards in tetrahydrofuran. Experimental Mn was calculated considering Mark–Houwink’s corrections28 for Mn 

[Mn(obsd) = 0.58 × Mn(GPC)].e The parameter Ps (s = syndiotactic) is the probability of forming a new s-dyad. Ps is the probability of syndiotactic (racemic) 

linkages between monomer units and is determined from the relative intensity in the tetrads obtained in the decoupled 1H NMR experiment by Ps = 2I1/(I1+I2), 

with I1 = d 5.20–5.25 ppm (sis, sii/iis) and I2 = d 5.13–5.20 ppm (iis/sii, iii, isi).29  
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CONCLUSIONS 

We report here the preparation of new chiral bis(pyrazol-1-yl)methane-based N,N,O-donor 

scorpionate ligands in the form of the alcohol compounds bpzampeH, bpzaepeH and bpzimeH through 

the 1,2-addition reaction of a series of aldehydes. We also describe the reactivity of the resulting 

ligands with [ZnR2] (R = Me, Et, CH2SiMe3) in different stoichiometries. The initial equimolecular 

reactions produced the expected mononuclear monoalkyl zinc complexes [Zn(R)(k3-NNO)], whereas 

a 1:2 molar ratio afforded the corresponding binuclear trisalkyls [Zn(R)(k2-NNµ-O)Zn(R)2]. 

Interestingly, the mononuclear and binuclear alkyl-containing zinc complexes can act as efficient 

single-component living initiators for the well-controlled ROP of rac-LA, with the binuclear species 

exhibiting a cooperative effect between the two metal centers that increases the activity in comparison 

with the mononuclear systems to produce medium-low molecular weight PLA materials in only a few 

hours at room temperature. In addition, kinetic studies confirmed that propagations follow a pseudo-

first-order dependence on monomer and catalyst concentration. Furthermore, a combination of end-

group analysis and MALDI-TOF mass spectrometry provided evidence that the polymerization 

process is initiated by alkyl transfer to the monomer. More importantly, the sterically more demanding 

mononuclear alkyl 7 moderately promoted the formation heterotactic poly(rac-lactide)s, with a Ps 

value of 0.68. 
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EXPERIMENTAL SECTION 

General Procedures 

All manipulations were carried out under a nitrogen atmosphere using standard Schlenk techniques or 

a glovebox. Solvents were predried over sodium wire and distilled under nitrogen from sodium 

(toluene and n-hexane) or sodium-benzophenone (THF and diethyl ether). Deuterated solvents were 

stored over activated 4 Å molecular sieves and degassed by several freeze-thaw cycles. The starting 

material bdmpzm was prepared as reported previously30. The aldehydes [4-

(dimethylamino)benzaldehyde, 4-(diethylamino)benzaldehyde and 1-methyl-2-

imidazolecarboxaldehyde)], BunLi and ZnR2 (R = Me, Et) were used as purchased (Aldrich). rac-

Lactide was sublimed twice, recrystallized from THF and finally sublimed again prior to use.  

Instruments and Measurements 

NMR spectra were recorded on a Varian Inova FT-500 spectrometer and were referenced to the 

residual deuterated solvent signal. 1H NMR homodecoupled and NOESY-1D spectra were recorded 

on the same instrument with the following acquisition parameters: irradiation time 2 s and 256 scans, 

using standard VARIAN-FT software. 2D NMR spectra were acquired using the same software and 

processed using an IPC-Sun computer. Microanalyses were performed with a Perkin-Elmer 2400 CHN 

analyzer. The molecular weights (Mn) and the molecular mass distributions (Mw/Mn) of polymer 

samples were measured by Gel Permeation Chromatography (GPC) performed on a Shimadzu LC-

20AD GPC equipped with a TSK-GEL G3000Hxl column and an ELSD-LTII light-scattering 

detector. The GPC column was eluted with THF at 40 ºC at 1 mL/min and was calibrated using eight 

monodisperse polystyrene standards in the range 580–483 000 Da.  

MALDI-ToF MS data were acquired with a Bruker Autoflex II ToF/ToF spectrometer, using a 

nitrogen laser source (337 nm, 3 ns) in linear mode with a positive acceleration voltage of 20 kV. 

Samples were prepared as follows: PLA (20 mg) was dissolved in HPLC quality THF with matrix and 

NaI in a 100:5:5 ratio. Prior to evaporation, 10 µL of the mixture solution was deposited on the sample 
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plate. External calibration was performed by using Peptide Calibration Standard II (covered mass 

range: 700–3 200 Da) and Protein Calibration Standard I (covered mass range: 5 000–17 500 Da). All 

values are the average of two independent measurements. 

The microstructures of PLA samples were determined by examination of the methine region in the 

homodecoupled 1H NMR spectrum of the polymers recorded at room temperature in CDCl3 on a 

Varian Inova FT-500 spectrometer with concentrations in the range 1.0 to 2.0 mg/mL. 

Preparation of compounds 1–18 

Synthesis of bpzampeH (1). In a 250 cm3 Schlenk tube, bdmpzm (4.00 g, 19.6 mmol) was dissolved 

in dry THF (125 cm3) and cooled to –70 ºC. A 2.5 M solution of BunLi (7.84 cm3, 19.6 mmol) in 

hexane was added and the suspension was stirred for 1 h. The reaction mixture was warmed to 0 ºC 

and the resulting yellow suspension was treated with 4-(dimethylamino)benzaldehyde (2.93 g, 19.6 

mmol). After 5 min the reaction mixture was treated with saturated aqueous ammonium chloride (50 

cm3). The product was extracted and dried over MgSO4, filtered and the solvent was removed to give 

a white solid. This solid was crystallized from n-hexane. Yield 90% (6.23 g, 17.65 mmol). Anal. Calcd 

for C20H27N5O: C, 67.96; H, 7.70; N, 19.81; Found: C, 68.07; H, 7.53; N, 20.01; 1H NMR (CDCl3, 

297 K): d 6.99 (d, 2 H, N-Pho), 6.65 (d, 2 H, N-Phm), 5.86 (d, 1 H, CHa), 5.85 (s, 1 H, H4'), 5.80 (d, 1 

H, CHb), 5.61 (s, 1 H, H4), 4.93 (bs, 1 H, OH), 2.91 (s, 6 H, NMe2), 2.28 (s, 3 H, Me3'), 2.17 (s, 3 H, 

Me3), 1.95 (s, 3 H, Me5'), 1.73 (s, 3 H, Me5). 13C-{1H} NMR (CDCl3, 297 K): d 150.5, 148.5, 148.4, 

140.6 (C3 or 5), 139.7, 126.2 (Cph), 127.5 (Co), 112.3 (Cm), 106.5, 105.5 (C4-4'), 76.8 (CHa), 74.3 (CHb), 

40.6 (N-Me), 13.7, 13.8 (Me3-3'), 10.7, 10.5 (Me5-5').  

Synthesis of (bpzaepeH) (2). The synthetic procedure was the same as for 1, using bdmpzm (4.00 g, 

19.6 mmol), a 2.5 M solution of BunLi (7.84 cm3, 19.6 mmol) and 4-(diethylamino)benzaldehyde (3.47 

g, 19.6 mmol), to give 2 as a white solid. Yield 92% (6.88 g, 18.0 mmol). Anal. Calcd for C22H31N5O: 

C, 69.26; H, 8.19; N, 18.36; Found: C, 69.37; H, 8.07; N, 18.47; 1H NMR (CDCl3, 297 K): d 6.94 (d, 

2 H, N-Pho), 6.53 (d, 2 H, N-Phm), 5.85 (d, 1 H, CHb), 5.84 (s, 1 H, H4'), 5.75 (dd, 1 H, CHa), 5.60 (s, 

1 H, H4), 4.88 (bs, 1 H, OH), 3.31 [q, 4 H, N(CH2-CH3)2], 2.27 (s, 3 H, Me3'), 2.16 (s, 3 H, Me3), 1.94 
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(s, 3 H, Me5'), 1.73 (s, 3 H, Me5), 1.11 [t, 6 H, N(CH2-CH3)2]. 13C-{1H} NMR (CDCl3, 297 K): d 

148.5, 148.4, 147.7, 140.6 (C3 or 5), 139.7, 125.0 (Cph), 127.6 (Co), 111.9 (Cm), 106.5, 105.5 (C4-4'), 

74.5 (CHa), 74.0 (CHb), 44.4 N(CH2-CH3)2, 13.7 (Me3-3'), 12.4 N(CH2-CH3)2, 10.7, 10.4 (Me5-5'). 

Synthesis of (bpzimeH) (3). The synthetic procedure was the same as for 1, using bdmpzm (4.00 g, 

19.6 mmol), a 2.5 M solution of BunLi (7.84 cm3, 19.6 mmol) and 1-methyl-2-

imidazolecarboxaldehyde (2.16 g, 19.6 mmol), to give 3 as a white solid. Yield 88% (5.41 g, 17.2 

mmol). Anal. Calcd for C16H22N6O: C, 61.13; H, 7.05; N, 26.73; Found: C, 61.01; H, 7.11; N, 26.89; 

1H NMR (CDCl3, 297 K): d 6.92 (s, 1 H, C=Cim), 6.68 (s, 1 H, C=Cim), 6.54 (s, 1 H, CHa), 6.14 (s, 1 

H, CHb), 5.84 (s, 1 H, H4'), 5.60 (s, 1 H, H4), 4.77 (bs, 1 H, OH), 3.48 (s, 3 H, NMeim), 2.27 (s, 3 H, 

Me3'), 2.14 (s, 3 H, Me3), 2.13 (s, 3 H, Me5'), 2.12 (s, 3 H, Me5). 13C-{1H} NMR (CDCl3, 297 K): d 

149.3, 148.9, 145.5, 141.0 (C3 or 5), 140.3 (Cim), 124.7, 121.7 (C=Cim), 106.5, 106.0 (C4-4'), 70.4 (CHa), 

66.4 (CHb), 33.5 (NMeim), 13.7 (Me3-3'), 10.7, 10.4 (Me5-5'). 

Synthesis of [Zn(Me)(bpzampe)] (4). In a 250 cm3 Schlenk tube, bpzampeH (1.0 g, 2.83 mmol) was 

dissolved in dry toluene (60 mL) and the solution was cooled to -70 ºC. A solution of ZnMe2 (2.0 M 

in toluene) (1.42 mL, 2.83 mmol) was added and the mixture was allowed to warm up to room 

temperature and stirred during 1 h. The solvent was evaporated to dryness under reduced pressure to 

yield a white product. The product was washed with n-hexane (1 × 25 mL) and recrystallized from 

toluene at -26 ºC to give compound 4 as colorless crystals. Yield: 90% (1.10 g, 2.54 mmol). Anal. 

Calcd. for C21H29N5OZn : C, 58.27; H, 6.75; N, 16.18; Found: C, 58.42; H, 6.88; N, 16.14; 1H NMR 

(C6D6, 297 K), d  7.37 (d, 2H, N-Pho), 6.62 (d, 2H, N-Phm), 5.92 (s, 1H, CHb), 5.89 (s, 1H, CHa), 5.43 

(s, 1H, H4'), 5.27 (s, 1H, H4), 2.52 (s, 6H, NMe2), 2.15 (s, 3H, Me5'), 2.13 (s, 3H, Me5), 1.66 (s, 3H, 

Me3'), 1.26 (s, 3H, Me3), 0.20 (s, 3H, Zn-CH3). 13C {1H} NMR (C6D6, 297 K), d 150.5-135.0 (C3 or 5), 

139.2, 125.8 (Cph), 127.0 (Co), 112.2 (Cm), 105.1, 104.4 (C4-4'), 81.6 (Ca), 71.0 (Cb), 40.1 (NMe2), 12.6 

(Me5), 12.5 (Me5'), 10.3 (Me3), 9.58 (Me3'), -2.4 (Zn-Me). 

Synthesis of [Zn(Et)(bpzampe)] (5). The synthesis of 5 was carried out in an identical manner to 4, 

using bpzampeH (1.0 g, 2.83 mmol), ZnEt2 (1.0 M in hexane) (2.83 mL, 2.83 mmol). Yield: 91% 
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(1.15 g, 2.57 mmol). Anal. Calcd. for C22H31N5OZn: C, 59.13; H, 6.99; N, 15.67; Found: C, 59.29; H, 

6.84; N, 15.61; 1H NMR (C6D6, 297 K), d 7.31 (d, 2H, N-Pho), 6.58 (d, 2H, N-Phm), 5.92 (s, 1H, CHb), 

5.85 (s, 1H CHa), 5.44 (s, 1H, H4'), 5.30 (s, 1H, H4), 2.52 (s, 6H, NMe2), 2.18 (s, 6H, Me5-5'), 1.98 (t, 

3H, Zn-CH2CH3), 1.68 (s, 3H, Me3'), 1.30 (s, 3H, Me3), 1.07 (q, 2H, Zn-CH2CH3). 13C {1H} NMR 

(C6D6, 297 K), d 148.0-135.5 (C3 or 5) 138.6, 124.5 (CPh), 127.2 (Co), 112.1 (Cm), 105.5, 104.6 (C4-4'), 

80.3 (Ca), 70.2 (Cb), 44.2 (NMe2), 13.8 (Zn-CH2CH3), 13.5–9.9 (Me3, Me3', Me5', Me5), -0.2 (Zn-

CH2CH3). 

Synthesis of [Zn(CH2SiMe3)(bpzampe)] (6). A solution of [(trimethylsilyl)methyllithium, 

Li(CH2SiMe3)] 0.7 M in hexane (8.1 mL, 5.67 mmol) was added to a cooled (-40 ºC), stirred 

suspension of ZnCl2 (0.39 g, 2.83 mmol) in diethyl ether (50 mL) in a 250 cm3 Schlenk tube. The 

mixture was allowed to warm up to room temperature and stirred for 1 h. An increase in turbidity was 

observed and this finally led to the formation of a white suspension. The suspension was filtered and 

the filtrate, corresponding to Zn(CH2SiMe3)2, was added to a 250 cm3 Schlenk tube containing a 

precooled (-20 °C) solution of bpzampeH (1.0 g, 2.83 mmol) in diethyl ether (50 mL). The mixture 

was allowed to warm up to room temperature and stirred during 2 h. The ether was evaporated to 

dryness under reduced pressure to yield a white product. The product was washed with cold hexane 

(1 × 20 mL) and recrystallized from hexane to give compound 6 as colorless crystals. Yield: 90% 

(1.29 g, 2.55 mmol). Anal. Calcd. For C24H37N5OSiZn: C, 57.08; H, 7.38; N, 13.87; Found: C, 57.25; 

H, 7.46; N, 13.61; 1H NMR (C6D6, 297 K), d 7.32 (d, 2H, N-Pho), 6.59 (d, 2H, N-Phm), 5.88 (s, 1H, 

CHa), 5.78 (s, 1H, CHb), 5.42 (s, 1H, H4'), 5.24 (s, 1H, H4), 2.52 (s, 6H, NMe2), 2.18 (s, 6H, Me5,5'), 

1.67 (s, 3H, Me3'), 1.22 (s, 3H, Me3), 0.66 (s, 9H, Zn-CH2SiMe3), –0.10 (s, 2H, Zn-CH2SiMe3). 

13C{1H} NMR (C6D6, 297 K), d 149.4–135.3 (C3 or 5), 139.1, 124.7 (CPh), 126.9 (Co), 112.2 (Cm) 105.2, 

104.4 (C4-4'), 81.5 (Ca), 70.8 (Cb), 40.1 (NMe2), 12.8, 12.7 (Me3,3'), 10.0 (Me5), 9.6 (Me5'), 3.3 (Zn-

CH2SiMe3), –9.7 (Zn-CH2SiMe3). 

Synthesis of [Zn(Me)(bpzaepe)] (7). The synthesis of 7 was carried out in an identical manner to 4, 

using bpzaepeH (1.0 g, 2.62 mmol), ZnMe2 (2.0 M in toluene) (1.31 mL, 2.62 mmol). Yield: 89% 
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(1.08 g, 2.34 mmol). Anal. Calcd. For C23H33N5OZn: C, 59.93; H, 7.22; N, 15.19; Found: C, 60.21; 

H, 6.99; N, 15.42; 1H NMR (C6D6, 297 K) d  7.32  (d, 2H, N-Pho), 6.59 (d, 2H, N-Phm), 5.95 (s, 1H, 

CHb), 5.89 (s, 1H, CHa), 5.48 (s, 1H, H4'), 5.29 (s, 1H, H4), 2.99 [q, 4H, N(CH2CH3)2], 2.16 (s, 3H, 

Me5'), 2.14 (s, 3H, Me5), 1.69 (s, 3H, Me3'), 1.31 (s, 3H, Me3), 0.91 [t, 6H, N(CH2CH3)2], 0.19 (s, 3H, 

Zn-Me). 13C {1H} NMR (C6D6, 297 K), d 150.5-135.0 (C3 or 5), 139.4, 125.2 (CPh), 127.3 (Co), 112.1 

(Cm), 105.1, 104.5 (C4-4'), 81.5 (Ca), 71.2 (Cb), 40.0 (NCH2CH3), 12.3 (NCH2CH3), 12.6 (Me5,5'), 10.1 

(Me3), 9.6 (Me3'), -2.4 (Zn-Me). 

Synthesis of [Zn(Et)(bpzaepe)] (8). The synthesis of 8 was carried out in an identical manner to 4, 

using bpzaepeH (1.0 g, 2.62 mmol), ZnEt2 (1.0 M in hexane) (2.62 mL, 2.62 mmol). Yield: 88% (1.09 

g, 2.29 mmol). Anal. Calcd. For C24H35N5OZn: C, 60.69; H, 7.43; N, 14.75; Found: C, 60.71; H, 7.58; 

N, 14.62; 1H NMR (C6D6, 297 K), d 7.31 (d, 2H, N-Pho), 6.58 (d, 2H, N-Phm), 5.92 (s, 1H, CHb), 5.85 

(s, 1H CHa), 5.44 (s, 1H, H4'), 5.30 (s, 1H, H4), 3.00 [q, 4H, N-(CH2CH3)2], 2.18 (s, 6H, Me5-5'), 1.68 

(s, 3H, Me3'), 1.30 (s, 3H, Me3), 1.98 (t, 6H, Zn-CH2CH3), 1.07 (q, 4H, Zn-CH2CH3), 0.91 [t, 6H, N-

(CH2CH3)2]. 13C {1H} NMR (C6D6, 297 K), d 148.0-135.5 (C3 or 5), 139.2, 124.1 (CPh), 127.2 (Co), 

112.1 (Cm), 105.5, 104.6 (C4-4'), 80.3 (Ca), 70.2 (Cb), 44.2 (NCH2CH3), 13.5–9.9 (Me3, Me3', Me5', 

Me5), 13.8 (Zn-CH2CH3), 12.2 (NCH2CH3), –0.22 (Zn-CH2CH3). 

Synthesis of [Zn(CH2SiMe3)(bpzaepe)] (9). The synthesis of 9 was carried out in an identical manner 

to 6, using bpzaepeH (1.0 g, 2.62 mmol), Li(CH2SiMe3) 0.7 M in hexane (7.48 mL, 5.24 mmol) and 

ZnCl2 (0.36 g, 2.62 mmol). Yield: 84% (1.18 g, 2.21 mmol). Anal. Calcd. For C26H41N5OSiZn: C, 

58.58; H, 7.75; N, 13.14. Found: C, 58.55; H, 7.59; N, 13.41; 1H NMR (C6D6, 297 K), d 7.28 (d, 2H, 

N-Pho), 6.57 (d, 2H, N-Phm), 5.87 (s, 1H, CHa), 5.76 (s, 1H, CHb), 5.42 (s, 1H, H4'), 5.26 (s, 1H, H4), 

2.99 [q, 4H, N-(CH2CH3)2], 2.19 (s, 6H, Me5,5'), 1.66 (s, 3H, Me3'), 1.24 (s, 3H, Me3), 0.90 [t, 6H, N-

(CH2CH3)2], 0.66 (s, 9H, Zn-CH2SiMe3), –0.10 (s, 2H, Zn-CH2SiMe3). 13C{1H} NMR (C6D6, 297 K), 

d 149.4–135.3 (C3 or 5), 139.5, 124.7 (CPh), 126.9 (Co), 112.2 (Cm) 105.2 ,104.4 (C4-4'), 81.5 (Ca), 70.8 

(Cb), 44.2 (N-CH2CH3), 12.8, 12.7 (Me3,3'), 12.3 (NCH2CH3), 10.0 (Me5), 9.6 (Me5'), 0.3 (Zn-

CH2SiMe3), –9.7 (Zn-CH2SiMe3). 
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Synthesis of [Zn(Me)(bpzime)] (10). The synthesis of 10 was carried out in an identical manner to 

4, using bpzimeH (1.0 g, 3.18 mmol), ZnMe2 (2.0 M in toluene) (1.60 mL, 3.18 mmol). Yield: 89% 

(1.12 g, 2.84 mmol). Anal. Calcd. For C17H24N6OZn: C, 51.85; H, 6.14; N, 21.34; Found: C, 51.69; 

H, 6.30; N, 21.41; 1H NMR (C6D6, 297 K): d 7.15 (s, 1 H, C=Cim), 7.02 (s, 1 H, C=Cim), 6.24 (s, 1 H, 

CHa), 6.02 (s, 1 H, CHb), 5.31 (s, 2 H, H4-4'), 3.57 (imN-CH3), 2.27 (s, 6 H, Me5-5'), 1.96 (s, 3 H, Me3'), 

1.73 (s, 3 H, Me3), 0.15 (s, 3H, Zn-CH3). 13C-{1H} NMR (C6D6, 297 K): d 149.3, 148.9, 145.5, 141.0 

(C3 or 5), 140.5 (Cim), 124.7, 121.7 (C=Cim), 106.5, 106.0 (C4-4'), 70.4 (CHa), 66.4 (CHb), 33.5 (imN-

CH3), 12.8, 12.7 (Me3,3'), 10.0, 9.6 (Me5-5'), -2.4 (Zn-Me). 

Synthesis of [Zn(Et)(bpzime)] (11). The synthesis of 11 was carried out in an identical manner to 4, 

using bpzimeH (1.0 g, 3.18 mmol), ZnEt2 (1.0 M in hexane) (3.18 mL, 3.18 mmol). Yield: 87% (1.13 

g, 2.77 mmol). Anal. Calcd. For C18H26N6OZn: C, 53.01; H, 6.43; N, 20.61; Found: C, 52.91; H, 6.40; 

N, 20.83; 1H NMR (C6D6, 297 K): d 7.15 (s, 1 H, C=Cim), 7.07 (s, 1 H, C=Cim), 6.25 (s, 1 H, CHa), 

6.08 (s, 1 H, CHb), 5.31 (s, 2 H, H4-4'), 3.61 (imN-CH3), 2.23 (s, 6 H, Me5-5'), 1.96, 1.73 (s, 3 H, Me3-

3'), 1.98 (t, 3H, Zn-CH2CH3), 1.07 (q, 2H, Zn-CH2CH3). 13C-{1H} NMR (C6D6, 297 K): d 149.3, 148.9, 

145.5, 141.1 (C3 or 5), 140.4, (Cim), 123.9, 121.6 (C=Cim), 107.0, 105.9 (C4-4'), 70.4 (CHa), 66.4 (CHb), 

33.6 (imN-CH3), 12.9, 12.8 (Me3,3'), 9.8, 9.5 (Me5-5'), 13.5 (Zn-CH2CH3), 0.22 (Zn-CH2CH3). 

Synthesis of [Zn(CH2SiMe3)(bpzime)] (12). The synthesis of 12 was carried out in an identical 

manner to 6, using bpzimeH (1.0 g, 3.18 mmol), Li(CH2SiMe3) 0.7 M in hexane (9.1 mL, 6.36 mmol) 

and ZnCl2 (0.43 g, 3.18 mmol). Yield: 87% (1.29 g, 2.77 mmol). Anal. Calcd. For C20H32N6OSiZn: 

C, 51.55; H, 6.92; N, 18.04; Found: C, 51.66; H, 7.06; N, 18.11; 1H NMR (C6D6, 297 K): d 7.15 (s, 1 

H, C=Cim), 7.08 (s, 1 H, C=Cim), 6.31 (s, 1 H, CHa), 6.06 (s, 1 H, CHb), 5.32 (s, 2 H, H4-4'), 3.58 (imN-

CH3), 2.25 (s, 6 H, Me5-5'), 1.95, 1.71 (s, 6 H, Me3-3'), 0.85 (s, 9H, Zn-CH2SiMe3), –0.10 (s, 2H, Zn-

CH2SiMe3). 13C-{1H} NMR (C6D6, 297 K): d 149.4, 148.8, 145.5, 140.9 (C3 or 5), 140.3 (Cim), 124.1, 

121.3 (C=Cim), 106.4, 105.8 (C4-4'), 70.6 (CHa), 66.5 (CHb), 33.5 (imN-CH3), 12.8, 12.7 (Me3,3'), 9.9, 

9.6 (Me5-5'), 3.36 (Zn-CH2SiMe3), –9.9 (Zn-CH2SiMe3). 
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Synthesis of [Zn(Me)(bpzampe)Zn(Me)2] (13). The synthesis of 13 was carried out in an identical 

manner to 4, using bpzampe (1.0 g, 2.83 mmol) and ZnMe2 (2.0 M in toluene) in a 1:2 molar ratio 

(2.83 mL, 5.66 mmol). Yield: 90% (1.34 g, 2.54 mmol). Anal. Calcd. For C23H35N5OZn2: C, 52.29; 

H, 6.68; N, 13.26; Found: C, 52.51; H, 6.72; N, 13.52; 1H NMR (C6D6, 297 K), d 7.20 (d, 2H, N-Pho), 

6.53 (d, 2H, N-Phm), 5.78 (s, 2H, CHb, CHa), 5.38 (s, 1H, H4'), 5.20 (s, 1H, H4), 2.49 (s, 6H, NMe2), 

2.11 (s, 6H, Me5-5'), 1.56 (s, 3H, Me3'), 1.17 (s, 3H, Me3), 0.16 (s, 3H, Zn-Me), -0.17 (s, 6H, Zn-Me2). 

13C {1H} NMR (C6D6, 297 K), d 149.9-137.5 (C3 or 5), 138.7, 124.4 (CPh), 128.9 (Co), 122.1 (Cm), 

105.5, 104.6 (C4-4'), 80.4 (Ca), 70.2 (Cb), 39.8 (NCH3), 12.4–9.4 (Me3, Me3', Me5', Me5), -2.4 (Zn-Me), 

-15.3 (Zn-Me2). 

Synthesis of [Zn(Et)(bpzampe)Zn(Et)2] (14). The synthesis of 14 was carried out in an identical 

manner to 4, using bpzampeH (1.0 g, 2.83 mmol) and ZnEt2 (1.0 M in hexane) in a 1:2 molar ratio 

(5.66 mL, 5.66 mmol). Yield: 89% (1.45 g, 2.51 mmol). Anal. Calcd. For C26H41N5OZn2: C, 54.75; 

H, 7.25; N, 12.28; Found: C, 54.59; H, 7.39; N, 12.42; 1H NMR (C6D6, 297 K), d 7.26 (d, 2H, N-Pho), 

6.58 (d, 2H, N-Phm), 5.82 (s, 2H, CHb, CHa), 5.41 (s, 1H, H4'), 5.25 (s, 1H, H4), 2.51 (s, 6H, NMe2), 

2.15 (s, 6H, Me5-5'), 1.80 (t, 3H, Zn-CH2CH3), 1.95 (s, 3H, Me3'), 1.40 (t, 6H, Zn-(CH2CH3)2), 1.22 (s, 

3H, Me3), 0.80 (q, 2H, Zn-CH2CH3), 0.40 [q, 4H, Zn-(CH2CH3)2]. 13C {1H} NMR (C6D6, 297 K), 

d 150.0–132.0 (C3 or 5), 138.8, 123.9 (CPh), 127.0 (Co), 112.1 (Cm), 105.7, 104.7(C4-4'), 79.9 (Ca), 77.4 

(Cb), 40.0 (NMe) 39.8, 14.0–12.6 (Me3, Me3', Me5', Me5), 13.6 (Zn-CH2CH3), 13.1 [Zn-(CH2CH3)2], 

4.1 (Zn-CH2CH3), -2.5 [Zn-(CH2CH3)2]. 

Synthesis of [Zn(Me)(bpzaepe)Zn(Me)2] (15). The synthesis of 15 was carried out in an identical 

manner to 4, using bpzaepeH (1.0 g, 2.62 mmol) and ZnMe2 (2.0 M in toluene) in a 1:2 molar ratio 

(2.62 mL, 5.24 mmol). Yield: 90% (1.31 g, 2.35 mmol). Anal. Calcd. For C25H39N5OZn2: C, 53.97; 

H, 7.07; N, 12.59; Found: C, 54.03; H, 7.22; N, 12.62; 1H NMR (C6D6, 297 K), d 7.19 (d, 2H, N-Pho), 

6.54 (d, 2H, N-Phm), 5.81 (s, 1H, CHb), 5.79 (s, 1H, CHa), 5.40, (s, 1H, H4'), 5.23 (s, 1H, H4), 2.98 [q, 

4H, N-(CH2CH3)2], 2.10 (s, 6H, Me5-5'), 1.65 (s, 3H, Me3'), 1.21 (s, 3H, Me3), 0.89 [t, 6H, N-

(CH2CH3)2], 0.22 (s, 3H, Zn-Me), -0.16 (s, 6H, Zn-Me2). 13C {1H} NMR (C6D6, 297 K), d 149.9–
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137.5 (C3 or 5), 138.8, 124.6 (CPh), 128.9 (Co), 122.1 (Cm), 105.5, 104.6 (C4-4'), 80.4 (Ca), 70.2 (Cb), 

44.2 (NCH2CH3), 12.3 (NCH2CH3), 12.4-9.4 (Me3, Me3', Me5', Me5), -2.4 (Zn-Me), -15.4 (Zn-Me2). 

Synthesis of [Zn(Et)(bpzaepe)Zn(Et)2] (16). The synthesis of 16 was carried out in an identical 

manner to 4, using bpzaepeH (1.0 g, 2.62 mmol) and ZnEt2 (1.0 M in hexane) in a 1:2 molar ratio 

(5.24 mL, 5.24 mmol). Yield: 90% (1.41 g, 2.36 mmol). Anal. Calcd. For C28H45N5OZn2: C, 56.20; 

H, 7.58; N, 11.70; Found: C, 56.29; H, 7.72; N, 11.62; 1H NMR (C6D6, 297 K), d 7.18 (d, 2H, N-Pho), 

6.55 (d, 2H, N-Phm), 5.80 (s, 1H, CHb), 5.77 (s, 1H, CHa), 5.41 (s, 1H, H4'), 5.26 (s, 1H, H4), 2.97 (q, 

4H, N-(CH2CH3)2), 2.15 (s, 6H, Me5-5'), 1.96 (s, 3H, Me3'), 1.80 (t, 3H, Zn-CH2CH3), 1.40 [t, 6H, Zn-

(CH2CH3)2], 1.21 (s, 3H, Me3), 0.89 (t, 6H, N-(CH2CH3)2), 0.80 (q, 2H, Zn-CH2CH3), 0.4 (q, 4H, Zn-

(CH2CH3)2). 13C {1H} NMR (C6D6, 297 K), d 149.9-132.0 (C3,3', C5,5', CPh), 127.9 (Co), 111.9 (Cm), 

105.7, 104.7 (C4-4'), 79.9 (Ca), 77.4 (Cb), 44.2 (N-CH2CH3), 12.3 (N-CH2CH3), 39.8, 14.0–12.6 (Me3, 

Me3', Me5', Me5), 13.51 (Zn-CH2CH3), 13.2 [Zn-(CH2CH3)2], 4.1 (Zn-CH2CH3), -2.7 [Zn-(CH2CH3)2]. 

Synthesis of [Zn(Me)(bpzime)Zn(Me)2] (17). The synthesis of 17 was carried out in an identical 

manner to 4, using bpzimeH (1.0 g, 3.18 mmol) and ZnMe2 (2.0 M in toluene) in a 1:2 molar ratio 

(3.18 mL, 6.36 mmol). Yield: 87% (1.35 g, 2.76 mmol). Anal. Calcd. for C19H30N6OZn2: C, 46.64; H, 

6.18; N, 17.18; Found: C, 46.49; H, 6.32; N, 17.32; 1H NMR (C6D6, 297 K): d 7.15 (s, 1 H, C=Cim), 

7.04 (s, 1 H, C=Cim), 6.27 (s, 1 H, CHa), 6.01 (s, 1 H, CHb), 5.33 (s, 2 H, H4-4'), 3.56 (imN-CH3), 2.29 

(s, 6 H, Me5-5'), 1.95 (s, 3 H, Me3'), 1.71 (s, 3 H, Me3), 0.16 (s, 3H, Zn-CH3), -0.17 (s, 6H, Zn-CH3)2). 

13C-{1H} NMR (C6D6, 297 K): d 149.3, 148.8, 145.4, 141.0 (C3 or 5), 140.3 (Cim), 125.0, 121.3 (C=Cim), 

106.5, 105.9 (C4-4'), 70.4 (CHa), 66.4 (CHb), 33.6 (imN-CH3), 12.9, 12.5 (Me3,3'), 9.8, 9.4 (Me5-5'),-2.4 

(Zn-Me), -15.4 (Zn-Me2). 

Synthesis of [Zn(Et)(bpzime)Zn(Et)2] (18). The synthesis of 18 was carried out in an identical 

manner to 4, using bpzimeH (1.0 g, 3.18 mmol) and ZnEt2 (1.0 M in hexane) in a 1:2 molar ratio (6.36 

mL, 6.36 mmol). Yield: 77% (1.30 g, 2.45 mmol). Anal. Calcd. for C22H36N6OZn2: C, 49.73; H, 6.83; 

N, 15.82; Found: C, 49.59; H, 6.82; N, 15.62; 1H NMR (C6D6, 297 K): d 7.17 (s, 1 H, C=Cim), 7.10 

(s, 1 H, C=Cim), 6.33 (s, 1 H, CHa), 6.06 (s, 1 H, CHb), 5.31 (s, 2 H, H4-4'), 3.57 (imN-CH3), 2.27 (s, 3 
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H, Me5-5'), 1.95, 1.72 (s, 3 H, Me3-3'), 1.80 (t, 3H, Zn-CH2CH3), 1.40 [t, 6H, Zn-(CH2CH3)2], 0.80 (q, 

2H, Zn-CH2CH3), 0.40 [q, 4H, Zn-(CH2CH3)2]. 13C-{1H} NMR (C6D6, 297 K): d 149.3, 148.6, 145.4, 

141.0 (C3 or 5), 140.2 (Cim), 124.7, 121.6 (C=Cim), 106.4, 105.9 (C4-4), 70.5 (CHa), 66.3 (CHb), 33.5 

(imN-CH3), 12.9, 12.7 (Me3,3'), 9.9, 9.6 (Me5-5'), 13.5 (Zn-CH2CH3), 13.2 [Zn-(CH2CH3)2], 4.1 (Zn-

CH2CH3), -2.7 [Zn-(CH2CH3)2]. 

Typical Polymerization Procedures 

Polymerizations of rac-lactide (LA) were performed on a Schlenk line in a flame-dried round-

bottomed flask equipped with a magnetic stirrer. The Schlenk tubes were charged in a glovebox with 

the required amount of LA and initiator, separately, and then attached to the vacuum line. The initiator 

and LA were dissolved in the appropriate amount of tetrahydrofuran and temperature equilibration 

was ensured in both Schlenk flasks by stirring the solutions for 15 min in a bath. The appropriate 

amount of initiator was added by syringe and polymerization times were measured from that point. 

Polymerizations were stopped by injecting a solution of acetic acid in water (0.35 M). Polymers were 

precipitated in methanol, filtered off, redissolved and reprecipitated in methanol, and dried in vacuo 

to constant weight. 

Typical Kinetic Procedure 

A solution of catalyst in tetrahydrofuran (1.25 mL) was added to a solution of monomer (10 mL) in 

the same solvent to give [rac-LA]0 = 0.80 M. The initial monomer/catalyst ratio was [rac-

LA]0/[catalyst]0 = 100 and the initial [catalyst]0 = 8 mM was adjusted to 20 mM. The resulting mixture 

was stirred at 20 ºC under an N2 atmosphere. At appropriate time intervals, 0.5 mL aliquots were 

removed using a syringe and quickly quenched into 5 mL vials with wet methanol (3 drops). The 

aliquots were then dried to constant weight in vacuo and analyzed by 1H NMR spectroscopy. The 

standard error associated with the kinetic parameters was calculated by the standard deviation in the 

slope and intercept for each regression analysis. 
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X-ray Crystallographic Structure Determination for Complexes 4 and 5 

Suitable crystals of 4 and 5 were grown from a toluene/pentane mixture. Intensity data were collected 

at 240 K on a Bruker X8 APEX II CCD-based diffractometer, equipped with a graphite 

monochromated MoKa  radiation source (l = 0.71073 Å). Data were integrated using SAINT31 and 

an absorption correction was performed with the program SADABS.32 The structures were solved by 

direct methods using the WINGX package33 and refined by full-matrix least-squares methods based 

on F2. Hydrogen atoms were placed using a “riding model” and included in the refinement at 

calculated positions. 
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The new chiral bis(pyrazol-1-yl)methane-based N,N,O-donor scorpionate ligands bpzampeH, 

bpzaepeH and bpzimeH react with [ZnR2] in 1:1 and 1:2 stoichiometries to yield the mononuclear 

monoalkyls [Zn(R)(k3-NNO)] and the binuclear trisalkyls [Zn(R)(k2-NNµ-O)Zn(R)2], respectively. 

The mononuclear and binuclear alkyl-containing zinc complexes act as effective single-component 

living initiators for the well-controlled ROP of rac-LA in only very few hours at 20 ºC, with the 

binuclear species showing higher activity, suggesting a cooperative effect of the two remote metals. 

Propagations follow a pseudo-first-order dependence on monomer and catalyst concentration. More 

importantly, the more sterically demanding mononuclear alkyls moderately promote the formation 

heterotactic poly(rac-lactide)s, with Ps values up to 0.68. 
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