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 This thesis consists of two parts. In the first part, a series of aluminum 

complexes bearing bis(pyrrolidene) Schiff-base ligands (L
1
AlMe-L

7
AlMe) were 

successfully synthesized and characterized by NMR spectroscopy and elemental 

analysis. In the presence of benzyl alcohol, complexes L
1
AlMe-L

7
AlMe were found 

to catalyze the ring-opening polymerization (ROP) of L-LA and rac-LA with a well-

controlled fashion. The ROP of L-LA was typically faster than that of rac-LA. Kinetic 

studies revealed the first order dependence on monomer. The flexibility of the ligand 

framework has a significant influence on the polymerization rate. The rates of 

polymerization decrease in the order L
4
AlMe > L

2
AlMe > L

3
AlMe > L

5
AlMe > 

L
7
AlMe > L

1
AlMe > L

6
AlMe. Among these complexes, L

3
AlMe had the highest 

stereoselectivity (Pm = 0.80).  

In the second part, a series of aluminum complexes bearing bis(phenoxy-

amine) or Salan ligands (L
1A

AlMe-L
3C

AlMe) were synthesized and were 

characterized by NMR spectroscopy and elemental analysis. In the presence of benzyl 

alcohol, the rac-LA polymerization reactions mediated by all complexes proceeded in 

a controlled manner. Kinetic studies revealed that the polymerization rates decrease in 

the order H > Ph > 
i
Pr >> 

t
Bu. Heterotactic PLA was produced when the bulky 

substituents were introduced to the phenoxy rings. All complexes also showed a good 

performance in the polymerization of ε-CL. The copolymerizations between rac-LA 

and ε-CL were well controlled in terms of molecular weight and molecular weight 

distribution. The block copolymers were produced by this catalystic system. 
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ALUMINUM COMPLEXES SUPPORTED  

BY BIS(PYRROLIDENE) SCHIFF-BASE AND SALAN LIGANDS 

FOR THE RING-OPENING POLYMERIZATION  

OF LACTIDES AND ε-CAPROLACTONE 

 

INTRODUCTION 

 

Since the first discovery of synthetic polymers in 1930, these polymers have 

become one of the most attractive materials in daily life (Gibson, 1964). Many of 

synthetic polymers, such as polyolefins, are petroleum-based polymers. Polyolefins, 

such as polyethylene (PE), polypropylene (PP) and polystyrene (PS) are not only easy 

to synthesize and manufacture, but they also have excellent properties such as 

lightness, durability and chemical resistance. Therefore they have been used in a 

variety of applications. However, these polymers become the main cause of pollution 

because they take a very long time to degrade in nature (Wilesa and Scott, 2006). 

Furthermore, the cost of their raw material increases continuously due to the depletion 

of fossil fuels. Thus, with regard to both environmental and economic concerns, an 

environmental friendly polymer from renewable sources becomes a major point of 

interest in material sciences (Ragauskas et al., 2006).   

 

Aliphatic polyesters, such as polylactide (PLA), polyglycolide (PG), poly( 

ε-caprolactone) (PCL) as well as their copolymers are the most important class of 

environmental-friendly polymers to date. They can be derived from renewable 

resources, for example, biomass from agricultural products and offered a lower 

dependence of petroleum-based polymers. The usage of them as a packaging or 

single-use disposal product resolves the problem of garbage management (Doi and 

Steinbuchet, 2002). In addition, the hydrolysis of their ester bonds yields non-toxic 

compounds, such as lactic acid and glycolic acid, which can be eliminated as water 

and carbon dioxide via Krebs cycle (Dechy et al., 2004; Albertsson and Varma, 

2003). Due to these particular properties, they can be used in biomedical and 
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pharmaceutical applications, e.g. sutures, stints, surgical implants, time release control 

drug, etc (Jérôme and Lecomte, 2008; Gupta and Kumar, 2007; Uhrich et al., 1999).  

 

1.  Lactide and polylactide 

 

Polylactide or poly(lactic acid) (PLA) is an aliphatic polyester derived from 

renewable resources such as corn, sugar beet and sugar cane. The life cycle of PLA is 

illustrated in Figure 1 (Ikada and Tsuji, 2000). PLA can be synthesized by either the 

polycondensation of lactic acid or the ring-opening polymerization (ROP) of lactide 

(LA). Condensation of lactic acid requires high temperature in order to remove the 

water from the reaction equilibrium, making the reaction possible to reach the high 

conversion. This generally limits molecular weight (Mw) of polymer. Moreover, 

polymer microstructure from polycondensation is random (Dechy et el., 2004). On the 

other hand, the ROP of LA by catalysts overcomes the limitation of polycondensation. 

This technique allows the polymerization to be controlled in terms of molecular 

weight (Mn), polydispersity index (PDI), polymer microstructure and the rate of 

polymerization (Darensbourg and Karroonnirun, 2010; St phanie et al., 2006). 

 

Due to the presence of two chiral centers in the LA monomer, three different 

lactide stereoisomers can be formed, namely (S,S)-LA or L-LA, (R,R)-LA or D-LA, 

and (R,S)-LA or meso-LA (Figure 2). The equimolar mixture of L-LA and D-LA is 

referred to rac-LA or DL-LA which is a commonly employed synthetic substrate.  

 

The stereochemistry of the polymer microstructures has a significant effect on 

the mechanical, physical and degradation properties of PLA materials. For example, 

highly isotactic PLA is a crystalline polymer, with melting temperature (Tm) in the 

range of 170-180 ˚C, and it has good mechanical strength, whereas atactic PLA is an 

amorphous and brittle polymer. Stereocomplex of poly(D-LA) and poly(L-LA) shows 

a high Tm value of 230 ˚C (Biela et al., 2006; Coulembier et al., 2006). Polymer 

microstructure can be controlled by a judicious choice of the catalyst, which can 

invoke stereoselectivity in the resulting polymer.  
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When pure L-LA or D-LA is polymerized, optically pure isotactic poly(L-LA) 

or poly(D-LA) is obtained, respectively. Polymerization of rac-LA can produce three 

different types of PLA: isotactic, heterotactic and atactic PLAs. In the case of meso-

LA, it is possible to have three different stereoregular microstructures: syndiotactic 

and heterotactic PLA and atactic PLAs. The possible configurations of PLA 

microstructures are shown in Figure 3.  

 

 

 

Figure 1  The life cycle of PLA. 

 

Source: Mecking (2009) 

 

 

 

Figure 2  Stereoisomers of lactide (LA).  
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 Figure 3 The possible microstructures of PLA. 

 

2.  ε-Caprolactone and polycaprolactone 

 

 Polycaprolactone (PCL) can be synthesized by the ROP of ε-caprolactone  

(ε-CL), a seven-membered ring lactone. The monomer ε-caprolactone can be obtained  
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from renewable resource such as starch as shown in Figure 4 (Minami and Kozaki, 

2003; Gross and Kalra, 2002). The first step is the hydrolysis of starch to obtain 

glucose. Next, the oxidization of the glucose yields gluconolactone or gluconic acid.

Then, the reduction of the gluconolactone or the gluconic acid yields caproic acid. 

Caproic acid is chlorinated to obtain 6-chlorocaproic acid. The final step is the 

cyclization of 6-chlorocaproic acid to obtain ε-caprolactone. In general, PCL can be 

synthesized by the ROP of ε-caprolactone in the presence of the catalyst/initiator 

utilizing a compound with a desired end-group from the initiator. PCL is a 

semicrystalline polymer. The melting temperature, Tm, of PCL is in the range of 56-65 

˚C. PCL is biodegradable polyester and it exhibits remarkable drug permeability. 

However, it takes longer time than PLA to decompose. The degradation rate depends 

on the molecular weight and the degree of semicrystallinity (Iroh, 1999; Ong and 

Price, 1978). PCL can be used in both biomedical and pharmaceutical applications 

(Jenkins et al., 2006). 

 

 

 

Figure 4  Synthesis of ε-caprolactone from renewable resources.  

 

Source: Minami and Kozaki (2003) 
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3.  Other lactones and their polymer  

 

Nomenclature of lactones depends on their precursor acid molecules. A prefix 

is a Greek alphabet representing the number of carbons in the heterocyclic ring and 

the suffix is a “lactone.” Examples of lactones are shown in Figure 5. Nowadays, 

some of lactones such as γ-valerolactone and β-butylrolactone can be produced from 

renewable resources (Beek et al., 1990; Raupp and Spring, 2013) but the production 

costs are high (Allen et al., 2010). Therefore, the lactones are normally prepared via 

chemical synthetic pathway (Yong and Zhong, 2010; Carbaj et al., 2007).  

 

 

 

Figure 5  Example of lactones.  

 

 Metal alkoxides supported by ancillary ligand were found to be efficient 

catalysts for the controlled ROP of lactones (Amgoune et al., 2006). Although some 

initiators are able to polymerize lactone with good activity under mild conditions 

(Rieth et al., 2002), the stereoselective ROP of racemic β-butylrolactone (rac-BBL) 

remains a challenge topic for researchers (N. Ajellal et al., 2009). The synthesis of 

poly(β-butylrolactone) with different tacticities; i.e. isotacticity (Wu and Lenz, 1998), 

syndiotacticity (Kricheldolf and Eggerstedt, 1997) and atacticity (Moeller et al., 2000) 

was reported. 

 

In comparison, both ring size and substituent of lactones play the major role in 

the polymerizability. In general, the ability for ROP of lactones is expressed by the 

free energy of the polymerizing process (Eastmond et al., 1989). When the ring size 
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increases, the thermodynamic polymerizability and the ring strain also increase. When 

the ring size is kept constant, substitution on the α-carbon decreases polymerizability. 

This can be explained by the decreasing of internal energy upon polymerization (ΔHp) 

(Chen et al., 2011; Duda and Kowalski, 2009; W. Saiyasombat et al., 1998).  

 

4.  Copolymer of lactide and ε-caprolactone 

 

 Recently, copolymers of lactide/ε-caprolactone have received much interest in 

the medical and pharmaceutical fields due to their outstanding biodegradable and bio- 

compatible properties (Mecking, 2004). PLA exhibits good mechanical properties but 

poor elasticity because the Tg value of PLA (60 ˚C) is higher than human body’s 

temperature. On the contrary, PCL exhibits poor mechanical properties, but shows 

good drug permeability, elasticity and thermal property (Ge et al., 2000; Kasperczyk, 

2001). The copolymer combines advantages and diminishes disadvantages from both 

polymers. Furthermore, the in vivo degradation time can be prolonged by varying the 

ratio of PLA/PCL in the components from a few weeks of pure PLA to a year of pure 

PCL (Meretoja et al., 2006). The copolymer properties can be tailored to fulfill the 

requirements of various applications by varying the copolymer composition, 

monomer sequencing and molecular weight. 

 

Copolymer can be synthesized by copolymerization of LA/CL or blending of 

PLA/PCL. However, the blending method has a limitation due to the phase separation 

of high molecular weight PLA and PCL (Dell’Erba et al., 2001; Na et al., 2002; Sakai 

et al., 2001). To avoid phase separation, copolymerization of LA/CL is a proper 

method for the copolymer production. Additionally, this method allows the control of 

the copolymer properties in terms of composition and morphology (Pappalardo et al., 

2009). The synthesis of copolymer has been widely studied focused on either block 

(Vesna et al., 2000) or random (Purnama et al., 2012; Nomura et al., 2010) 

copolymer.  
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5.  Ring-opening polymerization 

 

 As mentioned in the previous section, the ring-opening polymerization (ROP) 

is the promising method to produce polylactones from cyclic lactones. This method 

can be used for the homopolymerization of lactide and ε-caprolactone and the 

copolymerization of LA/CL (Wu et al., 2006). In addition, the production of well-

controlled molecular weight and low polydispersity polymer using ROP under mild 

condition can be achieved (Williams, 2007; Lou et al., 2003). Organometallic 

compounds (Sauer et al., 2013: Chisholm, 2010), organocatalysts (Kamber et al., 

2007) and enzymes (Uyama and S. Kobayashi, 1993; Knani et al., 1993) have 

received attention as initiators for the controlled ROP of cyclic esters. Among these 

catalysts, organometallic complexes have received considerable attention due to the 

verities of both activity and selectivity depending on the choice of central metal atoms 

(M), ancillary ligands (L) and an initiating nucleophile, most commonly an alkoxide 

group (RO, where R is alkyl or amide). The ROP of cyclic ester is commonly 

operated by two steps, coordination-insertion mechanism and ring opening 

polymerization (Marshall et al., 2005; Dove et al., 2006; Chisholm, 2008) as 

illustrated in Figure 6.  

 

 

 

Figure 6  The mechanism for the ring-opening polymerization of lactide by metal 

catalyst. 
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 The initiation step involves the coordination of the Ocarbonyl atom of the 

monomer to the central metal atom of the catalyst. This activates the Ccarbonyl atom 

toward nucleophilic attack by Oalkoxide, followed by the ester bond breaking. This 

leads to the formation of the aliphatic ester. The propagation involves the repeat 

enchainment of monomers and regeneration of the metal-alkoxide bond.  

 

 The thermodynamics of ROP is driven by the ring strain of the monomer. The 

selectivity of the catalyst is significant to assist ring-opening compared to side 

reactions such as transesterification (Duda and Kowalski, 2009). Generally, the side 

reactions occur slower than the propagation of the polymer chain, but they become 

significant when the polymerization reaches a low monomer concentration at high 

conversion. Transesterifications that take place within the same polymer chain and 

between two polymer chains are called intramolecular and intermolecular trans-

esterifications, respectively (Figure 7). Intramolecular transesterification leads to the 

formation of cyclic ester polymer and shorter propagating chain while intermolecular 

transesterification is the cause of polymer chain redistribution to both high and low 

molecular weights. In conclusion, transesterification results in the broadening of the 

PDI value. In case of rac-LA and meso-LA polymerizations, transesterification may 

cause a scrambling of stereocenters along the polymer chain, leading to the loss of 

stereoselectivity. 

 

 

 

Figure 7  (a) Intermolecular and (b) intramolecular transesterifications. 
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In addition to the transesterification reaction, chain transfer and epimerization 

reactions are common side reactions generally occurring during the polymerization. 

Chain transfer can be brought by the self-exchange of growing polymer chains 

between two active metal centers as shown in Figure 8(a) or the addition of an excess 

alcohol to promote the exchange of growing polymer chain and the excess alcohol as 

shown in Figure 8(b). Since LMOX (where X is alkyl, amide or polymer chain) 

represents an active species, the addition of an excess alcohol commonly increases the 

number of the growing polymer chain. For living polymerization, varying the ratio of 

LMOX/ROH is an alternative method to control molecular weight of resulting 

polymer (Zhao et al., 2012).  

 

 

 

Figure 8  (a) Bimolecular cross chain transfer and (b) alcohol cross chain transfer. 

 

Some electropositive metal can activate the second side reaction called 

epimerization which is brought by some bases (Shuklov et al., 2010; Whitehorne and 

Schaper, 2012) according to the mechanism illustrated in Figure 9. Epimerization 

equilibrium leads to the formation of an unsaturated bond in the lactide ring and 

allows the rearrangement of the methyl group. However, D- and L-LA are more  

 

 

 

Figure 9 Epimerization of lactide.  
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thermodynamically stable than meso-LA, so the monomer prefers to reverse to the 

initial form. The reaction leads to a loss of stereocontrol of the resulting polymer. 

Additionally, epimerization may cause the formation of the forbidden tetrad such as 

rrr or mmm from rac-LA or meso-LA polymerization, respectively.   

 

6.  Cationic ring-opening polymerization  

 

 Cationic ring-opening polymerization (CROP) is an efficient method for 

polymerization of a variety of lactones (Penczek, 2000). The polymerization is 

achieved in the presence of alkylating agents (Kricheldorf et al. 1986; 1987; 

Kricheldorf and Dunsing, 1986; Kricheldorf and Kreiser, 1987), acylating agents (A. 

Holfman et al., 1984), Lewis acid (Tang et al., 2003; Albertsson and Palmgren, 1996) 

and protic acid (Bourissou et al., 2005). The use of methyl trifluoromethanesulfonate 

(CF3SO3CH3, CH3OTf) catalyst/protic acid initiator has found to be an effective 

method to the production of well-controlled high molecular weight PLAs. The 

proposed mechanism is illustrated in Figure 10 (Kricheldorf and Kreiser, 1987). The 

first step is the activation of the LA monomer by methylation with methyl trifate 

followed by the nucleophilic attack of the trifate anion (TfO¯) on the positively 

charged LA ring. Propagation is preceded by the nucleophilic attack by LA on the 

activated cationic chain end.  

 

The polymerization can be terminated by a monofunctional nucleophile such 

as water or amine. The polymerization at high temperature may cause the significant 

epimerization and the loss of controlled character in the resulting polymer. In each 

system, the detailed mechanisms may slightly different depending on the type of 

cationic species, lactones, and solvents.  

 

Mechanism of activated cationic polymerization was proposed as described in 

Figure 11 (Penczek, 2000). In the initiation step, the reaction occurs in the same 

fashion noted above for common cationic ring-opening polymerization. The Ocarboxyl 

of monomer is activated by the acid, followed by nucleophilic attack either by the 

initiating alcohol or by the growing polymer chain. Despite the formation of cationic 
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chain end of the growing polymer chain, the growing polymer chain with a neutral 

charge is introduced. Thus, the typicall side-reaction for the cationic polymerization 

mechanism can be avoided (Basko, 2012). The present of alkyl ester chain end from 

the initiating alkyl alcohol suggested that the polymerization proceeds by acyl bond 

cleavage, not by alky bond cleavage.  

 

 

 

Figure 10  Proposed mechanism for CROP of LA.  

 

Source: Kricheldorf and Kreiser. (1987) 
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tert-butoxide have been found to be active catalysts for L-LA and rac-LA. The 

proposed mechanism for the ROP of lactone using alkali metal compound is shown in 

Figure 12. However, the results showed a significant number of side reactions such as 

epimerization and back-biting reaction due to their high basicity. A series of bulky 

ligands were designed to provide a steric barrier around the active anion to 

minimizing the side reactions (Ko and Lin, 2001).  

 

 

 

Figure 11  Polymerization of lactone according to the activated monomer mechanism. 

 

 

 

Figure 12 Anionic ring-opening polymerization of lactone using alkali metal 

compounds. 
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Figure 13  Proposed mechanism for anionic ring-opening polymerization of lactone 

by tert-butoxy bis(dimethylamino) methane and tris(dimethylamino) 

methane. 
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8.  Characterization  

  

8.1 Characterization of PLA microstructure 

 

The microstructure of PLA can be characterized using homonuclear 

decoupled 
1
H NMR and proton decoupled 

13
C NMR spectroscopy at the tetrad level. 

Stereoregular tetrad components are shown in Figure 14 (Chisholm et al., 1997). The 

letter r stands for the racemic linkage whereas m is noted for the meso linkage. The 

stereoselectivity are determined by the Pr and Pm values according to the probabilities 

of racemic linkage and meso linkage between the monomer units, respectively 

(Thakur et al., 1997; 1998a; 1998b; Kasperczyz, 1995; 1996). 

 

 

 

Figure 14  The microstructure of PLA at tetrad level (m = meso, {m ≡ i, isotactic}; r 

= racemic, {r ≡ s, syndiotactic}). 

 

The homonuclear decoupled 
1
H NMR spectrum of PLA from both rac-LA and 

meso-LA can exhibit five tetrad sequences as shown in Table 1 (Chamberlain et al., 

2001). All sequences were defined according to Bernoullian statistics (Bovey and 

Mirau, 1996). The correlation peaks are observed at 5.15 to 5.25 ppm in the 
1
H NMR 

spectrum and 69.4 to 69.0 ppm in the 
13

C NMR spectrum. The assignments are shown 

in Figure 15 (Zell et al., 2002). In the case of rac-LA polymerization, Pm = 1 

represents isotactic enriched PLA whereas Pr = 1 represents heterotactic enriched 

PLA. For meso-LA polymerization, syndiotactic polymer has Pr = 1 whereas a 

heterotactic polymer has Pm = 1. For both rac-LA and meso-LA, atactic PLA has Pr = 

Pm = 0.5 (Stanford and Dove, 2010; Ovitt and Coates, 2002). 
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Figure 15  Schematic diagram to show chemical shift (in ppm) of the tetrads for PLA 

in (a) homonuclear decoupled 
1
H NMR from rac-LA; (b) 

13
C NMR from 

rac-LA; (c) homonuclear decoupled 
1
H NMR from meso-LA; (d) 

13
C 

NMR from meso-LA. 

 

Table 1  Tetrad probabilities of PLA based on Bernoullian statistics. 

 

tetrad 
Probability 

rac-LA meso-LA 

mmm Pm
2
 + PrPm/2 0 

mmr PrPm/2 0 

rmm PrPm/2 0 

rmr Pr
2
/2 (Pm

2
 + PrPm )/2 

mrm (Pr
2
 + PrPm )/2 Pm

2
/2 

rrm 0 PrPm/2 

mrr 0 PrPm/2 

rrr 0 Pr
2
 + PrPm/2 

 

8.2 Characterization of polylactide-co-polycaprolactone (PLA-co-PCL) 

 

 The chemical composition of copolymers is determined by 
1
H NMR 

spectroscopy through the ratio of the integrated intensity of the methine proton of 

PLA unit and methylene proton of PCL unit at 4.9-5.2 and 4.0-4.2 ppm, respectively 

(Nomura et al., 2010). The full assignment of copolymer is shown in Figure 16. In 

the case of PLA-co-PCL, each signal relates to 2 protons. Therefore, the integrated 

intensities of each polymer can be compared directly. The percentage of CL-LA 
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heterodiads can also be calculated from 
1
H NMR by comparing the relative intensity 

ratio of the signals corresponding to methylene protons assigned as α(CL-CL), (a), or 

ε(CL-CL), (b), to that of the same methylene protons for the α(CL-LA), (f), or ε(CL-

LA), (e), homosequences. 

 

The chain microstructure of copolymer is determined by 
13

C NMR 

spectroscopy. This technique is much sensitive to monomer sequencing and can be 

used to calculate an average length of polymer sequences in the copolymer 

(Vanhoorne et al., 1992; Kasperczyk and Bero, 1991; 1993). The signals of carbonyl 

carbon between 165 to 175 ppm are very useful for a quantitative determination. The 

13
C spectra of carbonyl regions of the copolymer as well as assignment of the peak 

according to the literature are shown in Table 2 (Kasperczyk and Bero, 1991; 1993). 

The average lengths of lactidyl unit (LLA = LLL) and caproyl unit (LC) were calculated 

from equation 1 and 2. 

 

 

 

Figure 16  Full assignment of PLA-co-PCL. 

 

LLL =  
(LLLLLL + LLLLC + CLLLL + CLLC)

(CLLC + 1 2  LLLLC+CLLLL )
 (1) 
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LC =  
(LLCLL + CCLL + LLCC + CCCC)

(LLCLL +1 2  CCLL+LL   )
 (2) 

 

where LLLLL, LLLLC, CLLLL, CLLC, LLCLL, CCLL, LLCC and CCC 

corresponding to the integrated values of triad sequence signals. For the synthesis of 

perfectly random copolymerization, LLL and LC are equal to 2.  

 

Table 2  The triad assignments of carbonyl peaks of PLA-co-PCL. 

 

 

 Peaks δ, ppm Triad(s)  

 a 169.1-169.7 LLLLLL  

 b 169.75 CLLLC  

 c 169.8 LLLLC  

 d 170.1 CLLLL  

 e 170.2 CLLLC  

 f 170.25-170.35 CLLC  

 g 170.4 LLLLC  

 h 172.8 LLCLL  

 i 172.9 CCLL  

 j 173.45 LLCC  

 k 173.55 CCC  

 l 170.8 CLC  
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The peak corresponding to CLC sequence indicates the presence of second 

mode transesterification as illustrated in Table 2 and Figure 17. The coefficient of 

second mode of transesterification, TII, can be calculated by equation 3. 

 

TII = [CLC]e / [CLC]R (3) 

 

where [CLC]e is the experimentally determined concentration of CLC sequence from 

the 
13

C NMR spectroscopy, and [CLC]R is the theoretical concentration for 

completely random chains calculated via Bernoullian statistic as presented in equation 

4. 

 

 
 

Figure 17  Possible mode of transesterification (C = caproyl unit, L = Lactyl unit and 

LL = Lactidyl unit).  

 

[CLC]R = k
2
/ (k+1) (4) 

 

where k = [CL]/[L]. The degree of randomness (R) of the copolymer is calculated 

from equation 5. The R value is in the range of 0 to 1 for block and completely 

random copolymers, respectively. 

First mode of transesterification

Second mode of transesterification

*M C

L L L L C

L L M*

L L CC

+

*M C

L L L L C

*M C

L L L L C

L L L

L CC

+

L L M*

L L LC

+

M*

C



20 

R  =    
  /    

      =   
  /   

  (5) 

 

where    
  and   

  are the average length of the lactidyl and caproyl blocks, 

respectively, from experiment,    
  and   

  represent the average length of the lactidyl 

and caproyl blocks, respectively, for chains with random distribution of units, as 

would be obtained by the complete transesterification via first and second mode. Both 

   
  and   

  can be calculated from the following equation: 

 

   
  =  (k + 1) / 2k (6) 

 

  
  =  k+1  (7) 

 

9. Aluminum catalysts  

 

Metal alkoxide such as aluminum triisopropoxide (Al(O
i
Pr)3) (Haruo et al., 

2005; Wang et al., 2006; Yalcin  and Asgar, 2012), germanium tetraethoxide 

(Ge(OEt)4) (Kricheldorf and Langanke, 2002), titanium tetraisopropoxide (Ti(O
i
Pr)4) 

(Kim et al., 2009), scandium trimethoxide (Sc(OMe)3)  (Ling et al., 2009), samarium 

tri(4-tert-butyl-phenoxide) (Sm(OC6H4C3H9)3) (Peng et al., 2005), stannous di-n-

butyl diisoproxide (
n
Bu2Sn(O

i
Pr)2) (Yang et al., 2010; Malcolm et al., 2007), zinc 

diethoxide (Zn(OEt)2) (Mohammed and Robert, 2012; Malgorzata et al., 2011; 

Kathleen and Marc, 2004) and zirconium tetraisopropoxide (Zr(O
i
Pr)4) (Gamze and 

Kayan, 2012) are known to be important reagents widely employed as catalysts for 

the ROP of PLA and PCL.  

 

Among these metal alkoxides, aluminum alkoxide has displayed excellent 

selectivity but poor activity. Aluminum is a trivalent metal center with Lewis acid 

properties. Aluminum(III)isopropoxide, Al(O
i
Pr)3, has been proved to be an active 

catalyst for the ROP of lactones. On the other hand, Al(O
i
Pr)3 is known to exist in a 

form of a mixture of trimer and tetramer aggregates. Due to the aggregation 

phenomenon, its activity is less active than the activity of Sn(Oct)2 (Kowalski et al., 
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1998). Single-site aluminum alkoxide complexes, LAlOX, where X is alkyl, amide, 

exhibit better activity and stereoregularity than that of Al(O
i
Pr)3. Since the 

breakthrough discovery of stereoselective polylactide polymerization using an 

enantiomormerically pure (SalBinap)AlEt/EtOH (Spassky and Wisniewski, 1996) and 

a racemic (SalBinap)AlO
i
Pr, many novel aluminum catalysts have been designed, 

synthesized and used in the ROP of lactones. The elevated number of single-site 

aluminum complexes containing bidentate, tridentate and tetradentate ligand(s) have 

been reported recently (Jianming et al., 2014). 
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OBJECTIVE 

 

The overview objective of this research is focused on finding new effective 

and selective aluminum catalysts for ROP of lactones and their copolymerization. The 

work in these studies can be separated into two groups of aluminum catalysts. The 

first one is the aluminum complexes supported by bis(pyrrolidene) Schiff-base ligands 

and the second one is the aluminum complexes supported by Salan ligands. The 

synthesis of all aluminum complexes used an air-free technique involving the use of a 

glovebox and a Schlenk line. All complexes were characterized using NMR 

spectroscopy and elemental analysis techniques. The synthesized catalysts were 

examined as active initiators for L-LA, rac-LA and ε-CL polymerizations. The use of 

aluminum Salan complexes in the copolymerizations of ε-CL and rac-LA was 

investigated. The polymer characterization techniques, for example, gel permeation 

chromatography (GPC), differential scanning calorimetry (DSC), homonuclear 

decoupled and 
13

C NMR spectroscopy were exploited. 
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LITERATURE REVIEW 

 

1.  Stereoselective ROP of lactide 

 

 The stereoselective ring-opening polymerization of lactides has received much 

attention in recent years. A large number of investigations have been directed towards 

the development of efficient metal based initiators. The remarkable efficient initiators 

were summarized in this section. 

 

1.1 Stereoselective ROP of rac-lactide 

 

1.1.1 Synthesis of stereoblock PLA  

 

In 1996, an enantiomorpic-pure binaphthyl Schiff-base aluminum 

complex (R,R)-1 was found to be a highly selective initiator for the polymerization of 

rac-LA (Spassky et al., 1996) in toluene at 70 ˚C. The chiral nature of the catalyst 

guided to the highly selective ROP of L-LA to give isotactic PLA. The polymerization 

rate of L-LA is 20 times faster than that of D-LA (kL/kD = 20). On the other hand, a 

chiral aluminum complex (R,R)-2 based on (R,R)-cyclohexanediamine Schiff base 

showed higher selectivity over D-LA (kD/kL = 14) (Feijen et al., 2002). In both 

systems, the chiral ligand induced the enantiomorphic site control of LA 

polymerization and led to the formation of stereocomplex and stereoblock PLAs with 

high melting temperature (Tm reached 210 ˚C). For racemic aluminum catalysts rac-1  

(Coates and Ovitt, 2000; 2002) and rac-2 (Feijen et al., 2003),  isotactic stereoblock 

PLAs, which had lower melting temperature than that of PLA produced from complex 

(R,R)-1 and (R,R)-2, were obtained through a polymer exchange mechanism where 

the growing polymer chains switch between L- and D- species. Notably, rac-2 showed 

excellent isosectivity over rac-LA polymerization in the solvent-free condition at 130 

˚C.  
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Achiral aluminum complexes 3 and 4a were discovered by Nomura et al. and 

Chen et al., respectively (Nomura et al. 2002; Chen et al., 2004). In the presence of 

isopropyl alcohol, both complexes showed highly selective over rac-LA 

polymerization to generate stereoblock PLA via chain-end control mechanism. The 

Pm values are up to 0.91 and 0.90 for complex 3 and 4a, respectively. In 2008, 

Nomura et al. introduced complex 4b/isopropyl alcohol system for the production of 

isotactic stereoblock PLA (Pm = 0.98) with the outstanding Tm value of 210. This is 

the best stereoselective achiral catalyst/initiator system reported to date (Nomura  

et al. 2008).  

 

It must be emphasized that an aminophenoxide aluminum complex 5 in the 

presence of benzyl alcohol catalyzed rac-LA to afford highly isotactic PLA material 

with a Pm value of 0.88. The polymerization was well-controlled and living 

(Hormnirun et al., 2000).  

 

Enolic tetradentate Schiff base aluminum catalyst 6/isopropyl alcohol (Pang  

et al., 2007), 7 (Bouyahi et al., 2007) and 8 (Alaaeddine et al., 2009) showed less 

dependence on chirality of ligand over the stereoselectivity. The Pm values were in the 

range of 0.80-0.87 for both chiral and achiral systems suggesting that stereocontrol 

was determined by a chain-end control mechanism.  

 

Yasuniwa and co-workers  synthesized a series of aluminum alkoxides bearing 

achiral ligands (9a-9b), chiral tridentate Schiff-base ligand (9c) and half-Salen ligand 

(9d) and achieved the controlled stereoselective polymerization of rac-LA using these 

aluminum complexes (Matsubara et al., 2012). In particular, the Pm value of the PLA 

initiated by 9d was up to 0.9, whereas 9b initiated the ROP of rac-LA efficiently even 

at room temperature in a pyridine solution with high stereoselectivity (Pm = 0.87). The 

behavior of these aluminum complexes in solution, including the inversion of the 

chirality at the aluminum center, was investigated. The detailed identification of PLA 

showed that the isotactic stereoblock copolymers generated in these processes. These 

results indicated that the significance of chiral aluminum center in the 

stereocontrolled polymerization.   
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Figure 18 The structure of complexes 1-10.  

(R,R)-1:  R = OMe 

rac-1:  R = OiPr 

  (R,R)-2 

  rac-2 

3 

5 4a:  R = tBu 

4b: R = Si(CH3)2
tBu 

 

7 6 8 

9a: R = H 

9b: R = Me 

9c 

 

9d 

10a: R = CMe2Ph 

 

 

10b: R = CMe2Ph 

 

10c: R=CMe2Ph 
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Recently, Lin and coworkers reported the synthetic route of complexes 10a-

10c (Chen et al. 2012). All complexes were evaluated as a catalyst for the ROP of 

rac-LA in the presence of benzyl alcohol at 70 ˚C in toluene. Complexes 10a and 10b 

afforded highly isotactic PLA materials with the Pm values of 0.97 and 0.94, 

respectively. The difference in the observed Pm values was attributed to the flexibility 

of the backbone, in which 2,2-dimethyl-1,3-propanediamine linker was more flexible 

than 2-(aminomethyl)aniline backbone. Complex 10c showed the same level of 

isoselectivity as complex 10a. 

 

Dinuclear zinc complexes comprising monodentate N-heterocyclic carbenes 

(NHCs) was first investigated by Tolman and coworker (Jensen et al., 2004). 

Polymerization of rac-LA using these complexes gave heterotactic bias PLA 

materials with the moderate Pr values of 0.60. These complexes were developed by 

introducing of more sterically hindered NHCs by Waymounth and coworker. Achiral 

carbene 11 produced highly isotactic PLA material with a Pm value of 0.90 from  

rac-LA at -70 ˚C.  

 

Lanthanide metal complexes, such as yttrium, europium and erbium, exhibit 

higher polymerization rate for lactides than aluminum complexes. Among the 

lanthanide metal complexes, yttrium complex showed a high isoselective property for 

rac-LA polymerization. The homochiral yttrium complex 12 provided a very active 

initiator for the polymerization of rac-lactide. A highly isotactic PLA (Pm = 0.81) at 

15 ˚C was produced in dichloromethane (Arnold et al., 2008; 2009).  

 

Recently, yttrium complexes supported by pentadentate iminophosphorane 

ligands 13a-13b were explored by the Williams group (Bakewell et al., 2012). Their 

isoselectivities over rac-LA polymerization in THF exceeded up to 0.8 at -15 ˚C. 

When the polymerization temperature reached the room temperature, the Pm value 

slightly dropped to 0.7. 
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Figure 19 The structure of complexes 11-13. 

 

1.1.2  Synthesis of heterotactic PLA 

  

The preparation of heterotactic polylactide from the ROP of rac-LA 

results from the alternate incorporation of D- and L-LA during the chain propagation 

via chain-end control mechanism. The high heteroselectivity can be observed from 

several metals such as aluminum, zinc, magnesium, gallium or lanthanide metal. 

Gibson’s group found remarkable stereocontrol in the polymerization of rac-LA using 

aluminum complex 14 in toluene at 70 ˚C (Pr = 0.96). This is the first time that 

aluminum complex was found to furnish a highly heterotactic PLA (Hormnirun  

et al., 2000).  

 

Coates and co-workers reported a series of β-diiminate dinuclear achiral 

complexes 15a-15c (Chamberlain et al., 2001). Changing the ligand substituent from 

isopropyl (15c, Pr = 0.90) to ethyl (15a, Pr = 0.79) or n-propyl (15b, Pr = 0.76) 

resulted in a decrease in hetereotacticity (CH2Cl2, room temperature).  

 

The monomeric zinc triphenylsalinoxide 16 with a coordinated THF had the 

same heterotactic selectivity towards rac-LA polymerization in THF as complex 15c 

(Chisholm et al., 2001). Magnesium complexes 17a-17b did not show 

stereoselectivity toward ROP neither in CH2Cl2 or benzene but they had the same 

heteroselectivity in THF as complex 16 (Chisholm et al., 2002; Chisholm and 

Phomphrai, 2003). For monometallic zinc or magnesium complexes 16, 17a-17b, it 

13a: R = OtBu 

13b: R = OEt 

 

11: R = 2,4,6-trimethylphenyl    12 
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was found that the coordinated THF molecule to central metal atom played an 

important role in enhancing the heteroselectivity of the complexes.  

 

Dinuclear zinc complex 18 was synthesized by Lin and coworker (Chen et al., 

2006). This complex furnished heterotactic PLA material from rac-LA at -55 ˚C in 

THF with a Pr value up to 0.91. 

 

The tridentate Schiff base ligand was demonstrated to give high level of 

hetereocontrol with calcium (Darensbourg et al., 2008) and indium (Douglas et al., 

2008). However, the reduction in heterospecificity was observed in both catalytic 

systems due to an equilibrium between an active monomeric species and an inactive 

dimeric form. A monomeric aryloxide tris-pyrazolyl borate calcium complex 19 

showed a high level of hetereocontrol (Pr = 0.90) for rac-LA polymerization in THF 

(Chisholm et al., 2004). In addition, polymerization of rac-LA was very rapid. A 90% 

conversion within 5 minutes was achieved.  

 

Germanium complex 20 supported by C3-symmetric amine(trisphenolate) 

ligand was reported by Davidson and co-workers (Chmura et al., 2007). This complex 

showed excellent hetereocontrol (Pr = 0.78-0.82) under the solvent-free condition at 

130 ˚C. Zirconium and hafnium complexes containing C3-symmetric 

amine(trisphenolate) ligands (21 and 22) were employed in both solution at ambient 

temperature and solvent free condition at 130 ˚C. These complexes gave the same 

level of stereocontrol (21, Pr = 0.96; 22, Pr = 0.88) (Chmura et al., 2008).   

 

Okuda and co-workers synthesized a series of scandium complexes supported 

by 1,ω-dithiaalkanedily-bridged bis(phenolate) ligands. Scandium complex 23 

showed excellent heterotactic control in rac-LA polymerization. The controlling 

abilities were improved by the presence of the coordinated THF and the bulky 

substituents at the ortho position of the phenol group (Ma et al., 2006; Liu et al., 

2007). At 25 ˚C in THF, complex 23 afforded heterotactic PLA materials from  

rac-LA with a Pr up to 0.96.  
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Yttrium complex 24a with the bulky and conformationally flexible α,α-

dimethylbenzyl groups at the ortho and para positions of the phenol group produced 

substantial PLAs with the Pr value up to 0.90 at 20 ˚C in THF (Amgoune et al. 2006; 

2007).  Yttrium complexes 24b and 24c displayed modest activity but high 

stereoselectivity in the polymerization of rac-LA to give highly heterotactic PLA 

materials with the  Pr values ranking from 0.95 to 0.99 (Amgoune et al., 2007).   

 

An investigation by the Tolman group demonstrated that the combination of 

indium(III) chloride, triethyl amine and benzyl alcohol resulted in highly heterotactic 

PLA with the Pr value up to 0.90 (Pietrangelo et al., 2009). The stereocontrol in this 

system was postulated to be a result of the formation of complex species in which 

lactide bound to the metal was acted as an ancillary ligand.  

 

1.2  Stereoselective ROP of meso-lactide 

 

1.2.1 Synthesis of syndiotactic PLA  

 

A high level of syndiotactic PLA materials with the Pr value up to 

0.96 was prepared from the ROP of meso-LA using complex (R,R)-1 in toluene at 70 

˚C. Due to the enantiomerically pure properties of complex (R,R)-1, Coates and Ovitt 

proposed that the mechanism occurred via an enantiomorpic site controlled 

mechanism. The PLA exhibited a Tg value of 45 ˚C and a Tm value of 153 ˚C. This is 

the only catalyst that produces syndiotactic PLA with the highest thermal properties. 

Some of achiral metal complexes were also applied for meso-LA polymerization. 

However, the stereoselectivity of these metal complexes were very poor, for example 

dinuclear zinc complex 15c and Yttrium complex 24a afforded syndiotactic PLAs 

with the moderate Pr values of 0.76 and 0.75, respectively. 

 

1.2.2 Synthesis of heterotactic PLA 

 

The formation of heterotactic PLA materials from meso-LA 

polymerization is rarely found to date. A few cases have been reported on the 
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synthesis of heterotactic PLA materials with fairly Pm values. Complex rac-1 gave 

heterotactic PLA with a Pm value up to 0.80 from the ROP of meso-LA. The polymer 

exchange mechanism was proposed to explain the novel formation. The fast switching 

of each individual polymer chain between enantiomeric aluminum centers is a key for 

the insertion of the next monomer unit. The free carbene of complex 11 was prepared 

to produce a heterotactic biased PLA with a Pm value of 0.83 in THF at -40 ˚C. 
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Figure 20 The structure of complexes 14-24. 

  

15a: R = Et 

15b: R = nPr 

15c: R = iPr 

 

 

14 16: M = Zn;  X = OSiPh3 

17a : M = Mg; X = NiPr2 

17b: M = Mg; X = OtBu 

 

19:   X = OC6H3-2,6-iPr 

 
18 

23 

20: M = Ge; R= Me 

21: M = Zr;  R= tBu 

22: M = Hf;  R= tBu 

 

24a: R1 = CMe2Ph; R2 = OMe; X= N(SiHMe2)2 

24a: R1 = CMe3; R2 = NMe2; X= CH2SiMe3 

24b: R1 = CMe3; R2 = NEt2; X= CH2SiMe3 
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2.  Aluminum metal complexes 

 

 Metal alkoxide, metal amine and metal halide have been widely reported to 

use as initiators for the ROP of cyclic esters. Among the metal alkoxides, aluminum 

complexes have received considerable attention due to their ability and activity to 

control the ROP. Selected aluminum complexes reported to date were summarized in 

this section.  

 

2.1 Bidentate ligands 

 

2.1.1 N,N Ligands 

 

Complexes 25a-25d were synthesized by a treatment of AlEt2Cl and 

the corresponding lithium salts. Complexes 25b-25c showed poor activity for L-LA 

polymerization, whereas complex 25a and 25d were found to be active catalysts for 

the ROP of L-LA (Liu et al., 2010). Complex 26 was synthesized by the Bergman 

group (Koller and Bergman, 2011). It showed high activities for the ROP of various 

lactones such as ε-CL, TMC, δ-VL and rac-LA in the absence of solvent or alcohol 

cocatalysts.  Gong and Ma synthesized a series of aluminum ethyl complexes 25a-

25m bearing symmetrical and asymmetrical β-diketiminate ligands (Gong and Ma, 

2008). Aluminum complexes 27a-275m initiated the ROP of ε-CL at 80 ˚C. However, 

all complexes displayed moderate activities for the polymerization of ε-CL, and 

produce the polymer with broad molecular weight distributions (PDI = 1.66-3.74). 

The structure of the ancillary ligands had a significant influence on the polymerization 

behavior of the corresponding aluminum complexes. 

 

Recently, bis(pyrrolylaldiminato) aluminum methyl complexes 28a-28g were 

synthesized from the reaction of trimethyl aluminum and two equivalents of the 

corresponding pyrrolylaldimine ligands (Supathana et al., 2013). The ligands were 

modified to have different steric and electronic contributions. Polymerizations of  

L-LA using complexes 28a-28g in a presence of benzyl alcohol were investigated to 

reveal to the effects of steric (28e < 28d < 28c < 28b < 28a) and electronic (28f < 28g 
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< 28a) on the polymerization rate. The introduction of the bulky substituents and the 

electron withdrawing groups was found to suppress the polymerization rate. The 

presence of substituents also improved the isoselectivity of 28b-28d for the ROP of 

rac-LA polymerization. 

 

Hormnirun and coworkers studied the effects of the ligand structure and the 

coordination geometry around the aluminum complexes supported by pyrrolylaldi-

minate ligands on the polymerization activities of rac-LA (Tabthong et al., 2014). 

Two series of aluminum alkyl complexes, dimethyl aluminum pyrrolylaldiminates 

(29a-29g) and monomethylaluminum pyrrolylaldiminates (30a-30g), were reported. 

All complexes promoted the living ring-opening polymerization of rac-lactide in the 

presence of benzyl alcohol with a good control over Mn and PDIs. Complexes 29f and 

29g were found to efficiently mediate the immortal polymerization in the presence of 

up to 5 equivalents of benzyl alcohol as evidenced by the narrow PDI values and the 

good agreement between the experimental Mn values and monomer/benzyl alcohol 

ratios. The steric and electronic effects of the imine nitrogen substituents played a 

major role on the polymerization activities both in activity and selectivity. The 

catalytic activity decreased as follows: c > a ≈ b ≈ e > d >> f > g. In comparison, the 

catalytic activity of the monomethylaluminum complexes 29a-29g is slightly higher 

than that of the dimethylaluminum counterpart 30a-30g. The polymerization of  

rac-lactide by 30f furnished heterotactically enriched PLA with the Pr value up to 

0.60 whereas 30g produced the isotactic-enriched polymer with the Pm value of 0.74. 

 

2.1.2 N,O Ligands 

 

Bidentate Schiff base N,O ligands employed in aluminum initiators 

were reported to have an significant impact on the rate of the ring-opening 

polymerization. Aluminum complexes containing phenoxy-imine ligand 31a-31r 

were synthesized and used for the ROP of ε-CL in the presence of benzyl alcohol at 

25 ˚C in toluene (Nomura et al., 2005). The imino substituent played an important 

role for the efficient ROP in a controlled manner. The electron-withdrawing 

substituents in combination with the steric effect of imine moiety enhanced the 
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polymerization rate. The introduction of the bulky substituent on the salicylidene 

moiety also led to a high activity of the catalyst. Although complex 31a was also 

effective for the ROP of δ-VL under the same condition, the polymerization rate of  

β-BL was much slower even at 70 ˚C.  The linear relationship between monomer 

conversion and Mn with narrow PDI indicated that the ROP proceeded in a 

living/controlled manner. However, the loss of controlled manner was observed at 

high conversion of ε-CL as resulted in broadening the PDIs.  
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Figure 21 The structure of complexes 25-30. 

 

A series of aluminum complexes bearing phenoxy-imine ligand 32a-32i were 

further investigated by the Nomura group (Jiu et al., 2008). The polymerizations of  

ε-CL were examined at 25 ˚C in the presence of benzyl alcohol. In each case, the 

catalytic activity was strongly influenced by the imino substituent. The efficient and 

29a:  Ar  = C6H5 

29b: Ar  = 4-F-C6H4 

29c: Ar  = 4-Me-C6H4 

29d: Ar  = 4-OMe-C6H4 

29e: Ar  = 2-Me-C6H4 

29f: Ar  = 2-tBu-C6H4 

29g: Ar  = Adamantyl 

 

 

 

30a:  Ar  = C6H5 

30b: Ar  = 4-F-C6H4 

30c: Ar  = 4-Me-C6H4 

30d: Ar  = 4-OMe-C6H4 

30e: Ar  = 2-Me-C6H4 

30f: Ar  = 2-tBu-C6H4 

30g: Ar  = Adamantyl 

 

 

 

28a:  Ar  = C6H5 

28b: Ar  = 2,6-Me2C6H3 

28c: Ar  = 2,4,6-Me3C6H2 

28d: Ar  = 2,6-Et2C6H3 

28e: Ar  = 2,6-iPr2C6H3 

28f: Ar  = 4-CF3C6H4 

28g: Ar  = 4-OMe-C6H4 
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25a:  Ar  = C6H5 

25b:  Ar  = 2,6-Me2-C6H3 

25c:  Ar  = 2,6-Et2-C6H3 

25d:  Ar  =2,6-iPr2-C6H3 

 

 

27a:  Ar  = C6H5 

27b: Ar  = 4-Me-C6H4 

27c: Ar  = 4-OMe-C6H4 

27d: Ar  = 4-Cl-C6H4 

27e: Ar  = 4-F-C6H4 

27f: Ar  = 2-F-C6H4 

27g: Ar  = 4-CF3-C6H4 

27h: Ar = 2-CF3-C6H4 

27i:  Ar  = C6H5 

27j: Ar  = 4-OMe-C6H4 

27k: Ar  = 4-Cl-C6H4 

27l: Ar  = 4-F-C6H4 

27m: Ar  = 2,6-Me2-C6H3 
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the living polymerization were achieved using complex 32i with C6F5 unit. 

Complexes 32c-32k were used for the ROP of δ-VL and rac-LA (Iwasa et al., 2008). 

The polymerizations were examined at 60 ˚C in the presence of benzyl alcohol. The 

results also revealed that the imino substituent had a strongly impact on both catalytic 

activity and catalytic efficiency. Complexes 32i and 32l showed moderate catalytic 

activity in the ROP of rac-LA, but the resulting polymer possessed no 

stereoregularity. The attempts to polymerize of β-BL and γ-BL resulted in negligible 

amount of polymer, suggesting that the system was not suitable for six to seven 

membered ring cyclic ester. Pellecchia and coworkers tested complexes as an initiator 

for the ROP of ε-CL, L-LA and rac-LA. Methanol and B(C6F5)3 were used an 

initiator. Polymerizations were carried out in toluene at 25 or 70 ˚C. All complexes 

were found to be very efficient initiators in the presence of methanol. In contrast, 

B(C6F5)3 led to the low activity and the broad PDI, suggesting a cationic mechanism 

of polymerization was operative (Pappalardo et al., 2009). 
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Figure 22 The structure of complexes 31-32. 

 

The catalytic activities of aluminum alryloxides 33a-33e toward ROP of  

rac-LA and ε-CL were studied in the presence of alcohol using toluene as a solvent 

(Zhang and Wang, 2008). The polymerization using complex 33 proceeded much 

31a:  R1 =R2 =H Ar  = C6H5 

31b: R1 =R2 =H Ar  = 2,6-Me2-C6H3 

31c: R1 =R2 =H Ar  = 2,6-iPr2-C6H3 

31d: R1 =R2 =H Ar  = 2,4.6-Ph3-C6H2 

31e: R1 =R2 =H Ar  = 2,4,6-tBu3-C6H2 

31f: R1 =R2 =H Ar  = 2,4.6-F3-C6H2 

31g: R1 =R2 =H Ar  = 4-Cl-C6H4 

31h: R1 =R2 =H Ar  = 2,6-Cl2-C6H3 

31i:  R1 =R2 =H Ar  = 2,4.6-Cl3-C6H2 

 

 

 

31j:  R1 = H;R2 =Me Ar  = 2-tBu-C6H4 

31k: R1 = Me; R2 =H Ar  = 2-tBu-C6H4 

31l: R1 = R2 = Me Ar  = 2-tBu-C6H4 

31m: R1 = iPr; R2 =H Ar  = 2-tBu-C6H4 

31n: R1 = Ph;R2=Me Ar  = 2-tBu-C6H4 

31o: R1 = R2 =
 tBu Ar  = 2-tBu-C6H4 

31p: R1 = R2 =
 Br Ar  = 2-tBu-C6H4 

31q:  R1 = R2 =Me Ar  = 2-tBu-C6H4 

31r:  R1 = R2 = tBu Ar  = C6H6 

 

 

 32a:  R = Me Ar = 2,6-iPr2-C6H3 

32b: R = Me Ar = tBu 

32c: R = tBu Ar = 2,6-iPr2-C6H3 

32d: R = tBu Ar = tBu 

32e: R = tBu   Ar = Cyclohexyl 

32f: R = tBu  Ar = Adamantyl  

 

 

 

 

 

32g: R = tBu Ar = C6H5 

32h: R = tBu  Ar = 2,6-Me2-C6H3 

32i:  R = tBu  Ar = C6F5 

32j: R = tBu Ar = 2,4.6-Me3-C6H2 

32k: R = tBu Ar = 2,4.6- tBu 3-C6H2 
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slower than those using complexes 31 and 32 even at the elevated temperature (110 

˚C). In each polymerization reaction, the Mn value was much higher than the 

calculated value suggesting the small number of active species. Hence, the ROP did 

not take place in a living manner. In addition, complex 33b was inactive for the ROP 

of rac-LA under the same condition. 

 

 A series of aluminum complexes supported by β-ketoamino ligands 34a-34d 

were synthesized and employed in the ROP of ε-CL (Lin et al., 2008). The 

polymerization temperature was varied in the range of 50-70 ˚C. The 3-position 

substituents on β-ketoamino ligand of the aluminum complexes influenced the 

catalyst activity remarkably for the ROP of ε-CL in the absence of an initiator. The 

order of catalytic activity was 34a > 34b > 34c > 34d. The resulting polymers had 

broad PDIs in the range of 1.92-2.63. 

 

 In 2011, Carpentier and co-workers examined the coordination chemistry of 

the bidentate fluorinated alkoxyimino ligand and the aluminum center (Bouyahyi  

et al., 2012). The proligands were reached selectively with AlMe3 to give the 

corresponded monoligand 35a-35d and the bis-ligand complexes 36a-36d. The 

catalytic abilities of all complexes were evaluated in the ROP of rac-LA and ε-CL. In 

the absence of alcohol, complexes did not initiate the ROP of rac-LA at 60 ˚C and  

ε-CL at room temperature. In the presence of alcohol, all complexes were found to 

readily polymerize both rac-LA at 60 ˚C and ε-CL at room temperature. The reaction 

proceeded in a control fashion. To demonstrate the living-immortal ROP of 36a-36d, 

the amount of benzyl alcohol as a chain transfer agent was varied from 1-5 

equivalents. Polymer mass analysis by MALDI-TOF showed only a major product of 

linear polymer. No cyclic isomer was detected. The synthesized PLAs were all 

essentially atactic. 

 

Williams and coworkers reported the synthetic pathway of a series of bis(8-

quinolinato)aluminum ethyl complexes (Bakewell et al., 2012). All complexes were 

viable initiators for the ROP of rac-lactide in the presence of isopropyl alcohol. The 

first-order rate constants were observed. However, polymerizations using complexes 
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37a-37h and 37j were very slow. On the other hand, complex 37i showed faster rate; 

kobs was one-order of magnitude higher. There were clear differences in the degree of 

isoselectivity of these complexes, i.e. the degree of stereoselectivity was depending on 

the size of the R1 substituent. In the series, the highest isoselectivity was obtained 

from 37g (Pm = 0.76). 

 

Aluminum complex 38 was synthesized by Ko and co-worker in 2011 (Li  

et al., 2011). The treatment of 38 with water afforded an air stable oxo-bridge dimer 

complex. Both complexes 38 and its dimer were tested as catalysts toward the ROP of 

L-LA in the presence and absence of 9-anthracenemethanol under various conditions. 

The PDIs of PLLA produced were all narrow, ranging from 1.04 to 1.16, and a linear 

relationship between Mn and [LA]0/[9-AnOH]0 existed. The 
1
H NMR spectrum of 

PLLA displayed that the polymer chain was capped with one 9-anthracenemethyl 

ester and one hydroxyl chain end. Surprisingly, aluminum complex 38 was found to 

be less active than its analogue but had a similar control of PDI toward the ROP of  

L-LA. 

 

2.1.3 S,O Ligands 

 

 Lin and co-workers synthesized a series of aluminum complexes 

bearing 2-methoxybenzenethiol 39a-39b as shown in Figure 24 (Huang et al., 2001). 

All complexes initiated the ROP of ε-CL and δ-VL. The polymerization was carried 

out at 25 ˚C in toluene. The experimental results showed that these aluminum thiolate 

complexes initiated the ROP of lactones in a controlled fashion, giving polymer with 

narrow PDIs and thiolate chain end.  

 

A series of aluminum complexes supported by phenoxy-thioether (OS) ligands 

40a-40d were synthesized (Lamberti et al., 2012). Their catalytic performances in  

ε-CL, L-LA, and rac-LA ring-opening polymerizations were explored. In all cases, 

the polymerizations proceeded in a controlled fashion and the immortal character was 

achieved upon addition of an excess of methanol. End group analyses of the obtained 

oligomer samples supported a classical coordination-insertion mechanism. The 
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substituents at the ortho position of the aromatic ring bound to the sulfur atom had a 

moderate effect on the catalytic behavior of the aluminum complexes. In particular, 

the presence of a substituent at the ortho position of the thiophenol aryl ring resulted 

in an increase of the catalytic activity in the ε-CL polymerization, regardless of the 

size and the electronic character of the substituent, whereas in the polymerization of 

LA, a decrease in the catalytic activity was observed by increasing the size of the 

substituent. 
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Figure 23 The structure of complexes 33-38. 

34a: X = Cl 

34b: X = H 

34c:  X = Ph 

34d: X = Me 

 

 

 

 

33a:  R = Me R1 = H R2 = Me 

33b: R = Me  R1 = tBu R2 = Me 

33c: R = Me  R1 = H R2 = Me 

33d: R = Ph  R1 = tBu R2 = Me 

33e: R = Ph  R1 = tBu R2 = Et 

 

 

 

37a:  R1 = Me R2 = R3= H  

37b: R1 = Me R2 = H; R3 = Me 

37c: R1 = Me R2 = R3= Cl  

37d: R1 = Me R2 = R3= Br  

37e: R1 = Me R2 = H; R3 = Cl 

37f:  R1 = Me R2 = I; R3 = Cl  

37g: R1 = Me R2 = R3= I  

37h: R1 = Me R2 = Me; R3 = H 

37i: R1 = tBu R2 = R3 = H 

37j: R1 = Me R2 = H; R3 = OMe 

35a:  R1 = Ph R2 = Bn 

35b: R1 = Me R2 = Bn 

35c: R1 = Ph R2 = Ph 

35d: R1 = Ph    R2 = Cy 

36a:  R1 = Ph R2 = Bn 

36b: R1 = Me R2 = Bn 

36c: R1 = Ph R2 = Ph 

36d: R1 = Ph  R2 = Cy 

38 
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Figure 24 The structure of complexes 39-40. 

 

2.2 Tridentate ligand 

 

2.2.1 N,O,N Ligand 

 

In 2004, Huang and coworkers prepared aluminum complexes 

bearing dianionic amine bis(phenolate) ligands 41a and 41b (Chen et al., 2004). All 

complexes were used as a catalyst for the ROP of ε-CL. The polymerization reactions 

were carried out in toluene at 50 ˚C in the presence of benzyl alcohol. All complexes 

showed excellent catalytic activity and behaved in a controlled manner toward the 

ROP of ε-CL. Moreover, the living and immortal characters were also observed even 

up to 8 equivalents of alcohol was added. 

 

In 2011, Ma and Wang reported the synthesis of aluminum complexes 42a-

42c supported by quinoline-based N,N,O-tridentate ligands (Ma and Wang, 2011). 

The kinetic studies for the polymerization of ε-CL catalyzed by complexes 42a-42c in 

the presence of benzyl alcohol indicated that the polymerizations proceeded with the 

first-order dependence on monomer concentration. The polymerization was well 

controlled and gave a polymer with narrow molecular weight distribution. 

 

The N,O,N-supported tetracoordinate amidoaluminum complexes 43a and 

43b were synthesized by Dagorne and coworkers (Hild et al., 2011). Both complexes 

effectively polymerized TMC at room temperature in a highly controlled manner to 

39a: X = Me 

39b: X = Cl 

 

 

 

 

40a: R = H 

40d: R = Br 

40e: R = Me 

40f: R = CF3 
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yielded narrowly PDI polymeric materials in either presence or absence of benzyl 

alcohol. The molecular weight results supported that the ROP polymerization by 43a 

and 43b/BnOH proceeded in an immortal manner, with benzyl alcohol acting as a 

chain transfer agent. 

 

The mono-adduct aluminum methyl complexes 44a-44d showed the 

potential to perform as catalysts toward the ROP of L-LA in the presence of benzyl 

alcohol (Chuang et al., 2012). It was found that a great catalytic activity and a 

“controlled” character were achieved with a 44:BnOH molar ratio of 1:2 in toluene at 

110 ˚C. Experimental results indicated that all complexes exhibited good activities. 

Among them, complex 44b showed the greater “controlled” character than other 

complexes. As a result, polymerizations catalyzed by 44b were systematically 

investigated the “living” character. The 
1
H NMR spectrum of PLLA displayed that 

the PLLA chain was capped by benzyl ester one of chain end and hydroxyl at another 

chain end. The “immortal” character of complex 44b was further investigated using 

excess equivalent BnOH (up to 50 equivalents) as the chain transfer agent. It was 

worthy of note that complex 44b in the presence of excess amounts of BnOH (>10 

equivalents) showed the improved catalytic activity and the better controlled behavior 

(PDI ≈ 1.20) at 110 ˚C. 

 

2.2.2 N,N,N Ligand 

 

The synthesis of methyl- and hydridoaluminum complexes, 45a-

45b, was reported by Bertrand and coworkers (Emig et al., 1998). All complexes 

initiated the polymerization of rac-LA in benzene at 80 ˚C. The hydride complex 45b 

showed about two times active than the methyl aluminum derivative 45a. Carrying 

out the reaction at 100 ˚C led to the higher catalytic activities but the PDI value 

became broader. High molecular weight polymers were obtained in good yields. 

However, the PDI values were relatively broad (PDI = 1.61-1.79). 

 

Catalysis of complexes 46-47 for the ROP of ε-CL was tested (Chai et al., 

2008). At room temperature, the polymerization was very slow, but at 60 ˚C the 
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polymerization become faster. The results of the polymerizations catalyzed by 46-47 

showed that both monomer conversion and the polymer molecular weight increased 

with time. It was also noted that in each polymerization reaction the observed Mn of 

polymer was higher than the calculated value suggesting the significant number of 

intermolecular chain transfer occurred during the polymerization. 
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Figure 25 The structure of complexes 41-44. 

 

A series of aluminum complexes containing tridentate pyrrolyl ligands 48a-

48c were synthesized by Changa et al. (Changa et al., 2011). All complexes showed 

activity in the ROP of ε-CL and produced high molecular weight PCL. However, the 

PDI values of PCL were relatively broad ranging from 1.12 to 1.41. This may be 

attributed to the side reactions or the multiple reacting sites (Al-H or Al-R). Steric 

effect was considered as the main reason for the observed different activities of these 

complexes toward the ROP of ε-CL. The short Al-H bond lengths prevents the 

monomer from coordinating to the aluminum center and blocks the polymerization, 

whereas the longer Al-N and Al-S bond lengths allow the polymerization to proceed. 

42a: R = tBu 

42b: R = Ph 

42c 

 

 

43a: R = Cyclopentyl 

43b: R = Cyclohexyl 

41a: R = Me 

41b: R = nPr 

44a: R = H 

44b: R = F 

44c: R = OMe 

44d: R = tBu 
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 Ma and Wang investigated a series of aluminum complexes supported by 

quinoline-based N,N,N-chelate ligands 49a-49c (Ma and Wang, 2011). All complexes 

initiated the ROP of 200 equivalents of ε-CL at an elevated temperature in the 

presence of benzyl alcohol. All complexes exhibited almost the same activity at 70 

˚C. However, at 30 ˚C complex 49b was slightly more active than 49c and 49a. The 

Mn closely matched the calculated values. The PDIs were relatively narrow, ranging 

from 1.08 to 1.38.  These results implied that the polymerizations were well 

controlled. In addition, the aluminum complexes 49a-49c showed higher catalytic 

activity and better control than the N,N,O-chelate aluminum complexes 49a-49b. 

However, all complexes were inactive toward the ROP of rac-LA in the presence or 

absence of benzyl alcohol. 

 

The aluminum complexes 50a-50c were investigated as initiators for the ring-

opening polymerization of L-LA (Yang et al., 2012). The polymerizations were 

carried out in toluene at 70 ˚C. In an absence of alcohol, all aluminum complexes 

were almost inert for lactide polymerization and no polymer was obtained even at 

high temperature. However, when activated with benzyl alcohol, the activities were 

improved and full conversions were achieved in 24 h. The activities and Mw of the 

resulted polymer showed independence on the bulkiness of the ortho groups of N-aryl 

moieties. 

 

2.3 Tetradentate ligand 

 

2.3.1 N,N,O,O Ligand 

 

An achiral aluminum Schiff base methoxide complex 51a was 

discovered by Spassky and co-workers (Spassky et al., 1993). This complex showed 

the abilities to control the ROP polymerization of rac-lactide. Aluminum complexes 

supported by tetradentate ligands have been received much attention since then. 

Further studies by Montaudo et al. indicated that the polymerization using 51a 

showed the first order kinetic in both LA and catalyst (Montaudo et al., 1996). 

However, transesterifications always occur during the course of polymerization.  
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Figure 26 The structure of complexes 45-50.  

 

Gibson and co-workers reported the synthesis of a aluminium methyl complex 

supported by Schiff base of N,N′-bis(salicylidene)-1,2-ethylenediamine 51b and used 

of this complex as an initiator for ROP of rac-LA in CH2Cl2 (Cameron et al., 1999). It 

was found that the polymerization at ambient temperature showed living 

characteristic. Furthermore, the transesterification was not observed during the course 

of polymerization. In 2000, Spassky and co-workers reported the modification of 

Salen ligand at the imine position by introducing the methyl group on both imine 

carbons (Bhaw-Luximon et al., 2000). The modified initiator called Al(Happen)OMe 

(45c) displayed higher activity than 51a and 51b. The living polymerizations without 

45a: R = Me 

45b: R = H 

48a: R = H 

48b: R = SCPh3 

48c: R = NH-2,6-iPr-C6H3 

49a 

 

49b: R = C6H5 

49c: R = 4-Me-C6H4 

 

 

46 

 

47 

 

50a: R = 2,6-Me2-C6H3 

50b: R = 2,6-Et2-C6H3 

50c: R = 2,6-iPr2-C6H3 
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transesterification reactions were also observed in both CH2Cl2 at 25˚C and toluene at 

70 ˚C. 

 

Nomura and co-workers examined two series of substituted catalysts with 

difference number of methylene group on the ligand backbone as shown in Figure 27 

(Nomura et al., 2002). The polymerizations of rac-LA were carried out in toluene in 

the presence of 52 or 53 at 70˚C. The catalytic reactivities of 53a-53e were higher 

than those of 52a-52e. In agreement with the previous results, the larger R1 generally 

induced a higher isotacticity.  
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Figure 27 The structure of Salen aluminum complexes 51-53.  

 

The steric effect of methylene-bridge was investigated by Jing and coworkers 

in 2004 (Tang et al., 2004). Various substituents were introduced to the backbone. 

Complex 54a showed high catalytic activity and good stereoselectivity whereas 

complex 54b revealed a low catalytic activity. The presence of two bulky benzyl 

substituents on the backbone of complex 54c reduced the stereoselectivity as well as 

the catalytic activity. The kinetic study using complex 54a showed the first order in 

both monomer and initiator. A linear relationship between rac-LA conversion and 

molecular weight of poly(rac-LA) was observed. The molecular weight distribution 

data were very narrow throughout the course of polymerization. 

 

In 2006, the synthesis of aluminum Salen complexes 55-62 containing various 

types of diamino-bridge linkage and different substituents on the phenoxy rings was 

51a:  R1 = H, R2 = H,  R3 = OMe 

51b:  R1 = Cl,R2 = H,  R3 = OMe 

51c:  R1 = H, R2 = Me,  R3 = OMe 

52a:  R1 = R2 = H 

52b:  R1 = R2 = Me 

52c:  R1 = iPr, R2 = H 

52d:  R1 = Ph, R2 = H 

52e:  R1 = R2 = tBu 

 

53a:  R1 = R2 = H 

53b:  R1 = R2 = Me 

53c:  R1 = iPr, R2 = H 

53d:  R1 = Ph, R2 = H 

53e:  R1 = R2 = tBu 
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reported by Gibson and co-workers (Hormnirun et al., 2006). Both the phenoxy 

substituents and the backbone linkers have a significant influence on the 

polymerization activities. For complexes 55-57 the apparent rate constants (kapp) were 

increased in the presence of chloro substituent group. The introducing bulky tert-butyl 

group resulted in an increase of Pm values. However, the polymerization rate was 

slower. In the cases of complexes 57-60, the use of aromatic backbone linkers caused 

the reduction of polymerization rate and the decrease of stereoselectivity for the  

rac-LA polymerization. The Pm values were increased by introducing the bulky tert-

butyl group but the polymerizations were retarded. For complexes 61 and 62, the 

polymerization rates were relatively slow and poor stereoselectivity was observed. 

 

In 2007, a series of achiral and chiral-Salen aluminum complexes 63-65 were 

described by Nomura and co-workers (Nomura et al., 2007). All complexes were used 

for the polymerization of rac-LA in toluene at 70 ˚C. The results showed that the high 

stereoselectivity PLAs (Pmeso = 0.86-0.97) and low PDIs (1.05-1.08) were observed at 

high conversion. The highest reactivity and selectivity in this system was obtained 

with complex 64e. The isotactic selectivity was produced via a chain-end controlled 

mechanism.  

 

Aluminum complexes 66 and 67 were reported by Jing and coworkers (Du  

et al., 2007). Both complexes showed high efficiency for rac-LA polymerization. The 

observed molecular weights were very close to the calculated values and the PDIs 

were also narrow (1.08-1.10). Additionally, both complexes showed relatively high 

steroselectivity for rac-LA polymerization (Pm = 0.62-0.71). 

 

In 2012, a series of achiral and chiral-Salen aluminum complexes 68a-68f 

were described by Lin and co-workers (Chen et al., 2012). Ring-opening 

polymerization of L-LA and rac-LA using complexes 68a-68f as an initiator were 

systematically studied at 70 ˚C in toluene. Each of these complexes displayed good 

activities for the polymerizations of both L-LA and rac-LA with a good correlation 

between the observed molecular weight and the calculated value. The narrow  
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Figure 28 The structure of Salen aluminum complexes 54-65.   

57a:  R1 = R2 = H 

57b:  R1 = R2 = Cl 

57c:  R1 = R2 = tBu 

58a:  R1 = R2 = H 

58b:  R1 = R2 = Cl 

58c:  R1 = R2 = tBu 

58d:  R1 = R2 = Br 

 

59a:  R1 = R2 = H 

59b:  R1 = R2 = Cl 

59c:  R1 = R2 = tBu 

54a: Y = C(CH3)2 

54b: Y = C(CH2CH3)2 

54c: Y = C(Bn)2 

55a:  R1 = R2 = H 

55b: R1 = Cl, R2 = H 

55c:  R1 = R2 = Cl 

55d: R1 = R2 = tBu 

56a:  R1 = R2 = H 

56b: R1 = R2 = Cl 

56c:  R1 = R2 = tBu 

63a:  R1 =H, R2 = tBuC6H3 

63b:  R1= H, R2 = Me3Si 

63c:  R1= Ph, R2 = Me3Si  

 

64a: R1= H, R2 = Me3Si 

64b: R1= Ph, R2 = Me3Si 

64c: R1= H, R2 = Et3Si  

64d: R1= CF3, R2 = Et3Si  

64e: R1= H, R2 = tBuMe2Si  

64f: R1= H, R2 = Ph3Si  

64g: R1= H, R2 = iPr3Si  

64h: R1= H, R2 = tBuPh2Si  

64i: R1= H, R2 = nBu3Sn  

65:  R1 = Ph, R2 = Me3Si  

 

60: R1 = R2 = tBu 61a: R1 = R2 = H 

61b: R1 = R2 = Cl 

61c: R1 = R2 = tBu 

62a: R1 = R2 = H 

62b: R1 = R2 = Cl 

62c: R1 = R2 = tBu 
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molecular weight distributions ranging from 1.06 to 1.10 were also observed. For 

complexes 68a and 68b, a linear relationship between the Mn and [M]0/[I]0 ratio and 

the low PDIs of the polymer indicated the highly controlled and “living” character of 

the polymerization process. Further investigation of 68f by varying the monomer to 

initiator ratio showed that the living polymerization characteristic was maintained 

even at different ratios. However, complexes 68d and 68e had less catalytic activity, 

probably due to the presence of bulky substituents on the diamine backbone. 
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Figure 29 The structure of Salen aluminum complexes 66-67.  
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Figure 30 The structure of Salen aluminum complexes 68. 

  

66 67 

68a: R = CMe2Ph 68b: R = CMe2Ph 

 

68c: R = CMe2Ph 

 

68d: R = CMe2Ph 68e: R = CMe2Ph 

 

68f: R = CMe2Ph 
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Aluminum complexes supported by “Salan” type ligand were reported by 

Gibson and co-worker (Hormnirun et al., 2004). In comparison, Salan ligand has 

higher flexibility due to the presence of sp
3
 hybridized nitrogen donors in the Salan 

derivatives. Structures of complex 69a-69h were shown in Figure 31. 

Polymerizations were carried out in toluene at 70 ˚C. In all cases, aluminum 

complexes showed high controlled fashion (PDI = 1.04-1.11) at high conversion. 

Moreover, the molecular weights were in close agreement with the calculated values. 

An increase in the size of ligand substituents resulted in the reduction of 

polymerization rate whereas the introduction of electron-withdrawing substituents 

caused the increase of polymerization rate. High levels of isoselectivity were observed 

from polymerizations using complexes 69a and 69e. In the case of complex 69g, 

heterotactic PLA was obtained. 

 

Chen, Feijen and co-workers have reported the synthesis of aluminum ethyl 

complexes supported by chiral tetradentate phenoxyamine ligands (Du et al., 2007). 

In the presence of isopropanol, enantiomerically pure (R,R) complexes 70a-70c and 

their racemic mixtures, rac-70a-rac-70c, were efficient catalysts for the ring-opening 

polymerization of rac-LA, as evidenced by the resulting PLAs having the number 

average molecular weights corresponding to the theoretical values and narrow 

molecular weight distributions.  Isotactic biased PLAs were obtained from 

polymerizations using (R,R)-70a and rac-70a (Pm = 0.66 and 0.62, respectively), 

whereas (R,R)-70c and rac-70c furnished atactic PLAs with Pr values of 0.55 and 

0.57, respectively. Complex (R,R)-70b afforded heterotactic biased PLA (Pr = 0.64) 

by a chain-end control mechanism. The Pm value was increased to 0.73 when rac-LA 

was polymerized using complex rac-70a. 

 

Hormnirum and co-workers had reported the preparation of aluminum methyl 

complexes supported by achiral tetradentate phenoxyamine ligands 71a-71d (Sumrit 

and Hormnirun, 2013). In the presence of benzyl alcohol, all complexes displayed 

heteroselective polymerization to give heterotactic-enriched PLAs with Pr values 

ranging from 0.64 to 0.74. The character of the ligand substituents from the two 

different phenolic rings and the complex fluxionality arising from the ligand 
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interconversion were suggested to be responsible for the different levels of 

stereoselectivity and activity. 
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Figure 31  The structure of Salan aluminum complexes 69-71.  

 

 In 2011, Jones and co-workers reported the first use of aluminum Salalen 

complexes 72a-72h for the ring opening polymerization of rac-LA in a presence of 

benzyl alcohol (Whitelaw et al., 2011). At 80 and 100 ˚C, polylactides with narrows 

PDIs (1.04-1.56) and moderate degree of stereoselectivity (Pr in the range of 0.39-

0.74) were formed. Polylactide synthesized from 72d revealed the presence of benzyl 

alkoxide end group. The repeating unit of the polymer was 144 mass units suggesting 

that only a small degree of transesterification taking place. 

 

A series of aluminum complexes supported by N,N,O,O-tetradentate enolic 

Schiff-base ligands were reported by Jing and co-workers (Pang et al., 2007). 

Complexes 73a-73b have identical diimine linker but different enol substituents while 

complexes 73b and 74 have the same enol structure but different imine bridge 

moieties. Polymerizations of rac-LA were carried out in the presence of isopropanol. 

In all cases, first-order kinetics in monomer were observed. All the three complexes 

provided the characteristic features of the living polymerization as shown by the 

linear relationship between number-average molecular weight and the percentage of 

LA conversion. The kapp values for 73a-73b and 74 were 0.085 h
-1

, 0.047 h
-1

 and 

0.046 h
-1

, respectively. Polymerization using 73a showed higher stereoselectivity (Pm 

= 0.77) when compared with 73b and 74.  

69a:  R1 = Me; R2 = H 

69b: R1 = Me; R2 = Me 

69c:  R1 = Me; R2 = tBu 

69d: R1 = Me; R2 = Cl 

69e:  R1 = Bn; R2 = H 

69f: R1 = Bn; R2 = Me 

69g: R1 = Bn; R2 = tBu 

69h: R1 = Bn; R2 = Cl 

 

R1 = H:  (R,R)-70a, rac-70a 

R1 = Cl:  (R,R)-70b, rac-70b 

R1 = Me:  (R,R)-70c, rac-70c   
 

71a: R1 = Me; R2 = tBu; R3 = H 

71b: R1 = Me; R2 = tBu; R3 = Me 

71c:   R1 = Me; R2 = tBu; R3 = Cl 
71d:  R1 = Bn; R2 = tBu; R3 = Cl 
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Figure 32 The structure of Salalen aluminum complexes 72.  

 

Jing and co-workers reported a series of enolic Schiff base aluminum 

complexes with different steric and electronic properties (Pang et al., 2008).  

Polymerizations using aliphatic diimine backbone complexes 75-76 and aryl diimine 

backbone complexes 77a-77b were carried out in toluene at 70 ˚C. In all cases, the 

first order kinetics in monomer were observed. The molecular weight also followed a 

linear relationship in monomer conversion. Lengthening the backbone from C2 

alkylene to C3 alkylene gave rise to significant increase in activity. In this series, 

complex 76b had the highest activity and the stereoselectivity owing to the C3 

alkylene backbone and the two gem-methyl groups on the middle carbon atom.  
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Figure 33 The structure of aluminum complexes 73-77.  

 

A family of aluminum methyl complexes supported by tetradentate phenoxy-

amine ligands was prepared by Gibson and co-workers in 2007 (Tang et al., 2007). 

Complexes 78a-78d were employed in the ring-opening polymerization of rac-LA at 

72a: R1 = Me; R2 = R3 = tBu 

72b: R1 = Ph; R2 = R3 = tBu 

72c:  R1 = Me; R2 = Me; R3 = H 

72d:  R1 = Ph; R2 = Me; R3 = H 

 

 

72e: R1 = Me; R2 = R3 = H 

72f: R1 = Ph; R2 = R3 = H 

72g:  R1 = Me; R2 = R3 = Cl 

72h:  R1 = Ph; R2 = R3 = Cl 

 

 

O

N N

O
Al

Me

R2 But

tBuR3

R1

73a:  R = Ph 

73b:  R=Me 

74 

75a:  R = Me 

75b:  R= Ph 

75c:  R = CF3 

76a: Y = CH2 

76b: Y= C(CH3)2 

77a:  R = Ph 

77b:  R=Me 
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70 ˚C in toluene. Active complexes were generated by in situ alcoholysis with benzyl 

alcohol. Complexes 78a and 78c afforded well controlled fashion of PLA with 

moderate isotactic bias. The Pm values of 78a and 78b were 0.73 and 0.65, 

respectively. However, complexes 78c and 78d afforded atactic PLA. 

 

In 2007, Wu reported the synthesis of aluminum complexes supported by a 

sulfonamide/Schiff base ligands (Wu et al., 2007). Complex 79 was used to prepare 

alkoxide species by alcoholysis with benzyl alcohol. The polymerization of  

L-LA using complex 79 showed narrow PDIs (1.05-1.10). Hence, the living character 

of the polymerization was proved. However, complex 79 had slightly lower 

selectivity for the polymerization of rac-LA (Pm = 0.60) than aluminum alkoxide 

complexes supported by Salen ligand. This was attributed to the less bulky of the 

sulfonamide/Schiff base ligand.  
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Figure 34 The structure of aluminum complexes 78-79.  

 

2.3.2 N,N,N,N Ligand 

 

Chen and Feijen reported a series of achiral bis(pyrrolidene) Schiff 

base aluminum complexes 80a-80c (Du et al., 2009). Aluminum isopropoxide species 

were generated by in situ alcoholysis and then used as initiators for rac-LA 

polymerization. The observed molecular weights closed to the calculated values and 

the narrow PDIs indicated of a living polymerization. All aluminum complexes 

polymerized L-LA to give isotactic PLLA without epimerization. The polymerization 

78a: R = Me 

78b: R = iPr 

78c: R = Cl 

78d: R = tBu 

79 
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of rac-LA produced isotactic polymer whereas atactic PLA was obtained from the 

polymerization of meso-LA. The activity of rac-LA polymerization decreases in the 

following order: 80a > 80b > 80c.  

 

 Phomphrai and co-workers have reported a series of aluminium complexes 

supported by N2O2 bis(phenoxy)-amine ligands (Phomphrai et al., 2010). Complexes 

81a-81c had a different arrangement of N2O2 moieties around aluminum canter. All 

complexes were tested for the polymerization of rac-LA in toluene at 70 ˚C. The 

polymerization catalyzed by 81a reached 92% conversion in 16 hours, affording 

isotactic polymer with enhanced isotactic bias. The resulting PLAs had a closed-to-

calculated molecular weight with slightly narrow PDI (PDI = 1.28). In comparison, 

complexes 81b and 81c were much less active for the ROP of rac-LA.  

 

The ROP capability of a sulphonamide-supported aluminum alkoxide and 

alkyl complexes were reported by Mountford and co-workers (Schwarz et al., 2010). 

Complexes 82a-82b were accessed for their ROP performance for rac-LA in toluene 

at 70 ˚C. The kinetic studies of both complexes showed the first order consumption of 

rac-LA and well-controlled polymerization process (PDI = 1.11-1.14). 

Polymerizations using 83a-83b gave PLAs with molecular weights higher than the 

calculated values and broader PDIs. In contrast, complex 84 showed reasonably well-

controlled ROP. 

 

2.3.3 S,S,O,O Ligand 

 

Aluminum alkyl complexes supported by [OSSO] type bisphenolato 

ligands 85-86 were reported by Okuda and coworker in 2005 (Ma et al., 2005).  All 

complexes were reacted with isopropanol to generate alkoxide initiators for the ROP 

of rac-LA. Polymerizations were carried out in toluene at 70 ˚C. The first order 

dependence on monomer concentration was observed for 85a with kapp = 9.57x10
-5

 s
-1
. 

For comparison, complex 85b had lower polymerization rate (kapp = 0.83x10
-5

 s
-1

) 

when compared with complex 85a. In all cases, PDIs were narrow at high conversion 

(1.04-1.08) and heterotactic-enriched PLA were obtained.  
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81a: E = Py 

81b: E = CH2NMe2 

81c: E = CH2NEt2 
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Figure 35 The structure of aluminum complexes 80-84. 

 

The racemic chiral methyl aluminum complex 87 was synthesized and used 

for the polymerization of rac-LA in the presence of isopropanol (B. Lian et al., 2009). 

Preliminary kinetic studies indicated a first order dependence in monomer 

concentration with kapp = 1.70 x10
-4

 s
-1

. Over the entire conversion range, Mw 

increased linearly with the conversion up to 95%. The results suggested a controlled-

living polymerization. The PLAs showed narrow molecular weight distribution (PDI 

= 1.05-1.11) and the experimental Mw values were closed to the calculated values. The 

homonuclear decoupled 
1
H NMR spectra at the methine region of PLAs showed an 

atactic microstructure. 

  

80a: R1 = R2 = H 

80b: R1 = Me, R2 = H 

80c: R1 = Me, R2 = Me 

 

82a: R = OiPr 

82b: R = OBn 

83a: R = Ph 

83b: R = CH2OMe 

84 
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Figure 36 The structure of aluminum complexes 85-87. 

  

85a: R = Me 

85b: R = Et 

86 87 
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MATERIALS AND METHODS 

 

1.  General considerations  

 

All manipulations with air- and/or moisture-sensitive compounds were carried 

out under a dry nitrogen atmosphere using standard Schlenk and cannula techniques. 

Toluene was distilled from Na-benzophenone and stored over activated 4 Å molecular 

sieves. Hexane and pentane were distilled from CaH2 under nitrogen and stored over 

activated 4 Å molecular sieves. Benzyl alcohol was refluxed over sodium and then 

freshly distilled to an ampoule. All solvents were degassed prior to use unless stated 

otherwise. NMR solvents were dried over 4 Å molecular sieves and were freeze-

pump-thaw degassed three times. A 2.0 M solution of trimethylaluminum in toluene 

(Aldrich) was used without purification. 1,2-Ethylenediamine (99%), 1,3-

propanediamine (99%), 2,2-dimethyl-1,3-propanediamine (99%), 2-(aminomethyl) 

benzenamine (98%) , 1,4-butanediamine (99%), 1,2-phenylenediamine (99.5%), rac-

1,2-diaminocyclohexane (99%), pyrrole-2-carboxaldehyde (98%), salicylaldehyde 

(98%), sodium borohydride (98%), N,N′-dimethylethylenediamine (99%), N,N′-

diethylethylenediamine (95%) and N,N′-diisopropylethylenediamine (99%) were 

purchased from Aldrich and used as received. 3-Isopropylsalicylaldehyde, 3-tert-

butylsalicylaldehyde, 3-phenylsalicylaldehyde were prepared by procedures 

analogous to those described in literature (N. Matsukawa, 2000). Rac-lactide and  

L-lactide (Aldrich) were recrystallized from anhydrous toluene, and were then 

sublimed three times prior to use. The ε-caprolactone was stirred with CaH2 overnight 

and then distilled under reduced pressure prior to use. All other chemicals were 

commercially available and used as received unless otherwise stated. 

 

 
1
H (399.87 MHz) and 

13
C (100.55 MHz) nuclear magnetic resonance (NMR) 

spectra were recorded on a Varian Unity Inova 400 MHz spectrometer at 300 K. 

Homonuclear decoupled 
1
H NMR experiments were performed on Bruker Advance 

500 MHz spectrometer. 
1
H NMR spectra were referenced internally to the residual 

protio impurity peaks in the deuterated solvent (
1
H: δ CDCl3, 7.26; C6D6, 7.16; 

(CD3)2SO, 2.54; toluene-d8, 2.08, 6.97, 7.01, 7.09). 
13

C NMR spectra were referenced 
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to the solvent as follows: CDCl3, δ 77.0; C6D6, 128.06; (CD3)2SO, 39.52 and  

toluene-d8, 20.43, 125.13, 127.96, 128.87, 137.48. The following abbreviations have 

been used for multiplicities: s (singlet); d (doublet); t (triplet); q (quartet); sept 

(septet); dd (doublet of doublets); dt (doublet of triplets); td (triplet of doublets); m 

(unresolved multiplet); br (board). Elemental analysis data (C, H, N) were obtained 

from a LECO Elemental Analyzer CS-932H. Gel permeation chromatography (GPC) 

measurements were conducted on a Polymer Laboratories PL-GPC-220 instrument 

equipped with PLgel 10 m MIXED-D 300 × 7.5 mm columns and tetrahydrofuran 

(THF) was used as the eluent (flow rate: 1 ml min
-1

 at 40 ˚C). The number average 

molecular weight (Mn) and polydispersity index (Mw/Mn) were calibrated against 

polystyrene (PS) standards. Mn values of polymer were corrected with a Mark–

Houwink factor of 0.58 for polylactide and 0.56 for polycaprolactone according to the 

literature (R. Alfred and L. W. H. Howard, 1972; R. D. John, 2005). X-ray diffraction 

data were measured on a Bruker-Nonius kappaCCD diffractometer with graphite 

monochromated MoK radiation ( = 0.71073 Å) at 150(2) K. The structure was 

solved by direct methods by SIR97 (A. Altomare, 1999), and refined with full-matrix 

least-squares calculations on F
2
 using SHELXL-97 (G. M. Sheldrick, 2008). Glass 

transition temperatures (Tg), the crystallization temperature (Tc) and melting 

temperature (Tm) of the copolymers were measured by differential scanning 

calorimetry (DSC) using a NETZSCH DSC 204F1 Phoenix Instruments in nitrogen 

flow. Samples were first heated to 200 ˚C at a rate of 10˚C min
-1

 and cooled to 20 ˚C 

for two cycles. The samples were then cooled to -100 ˚C, by liquid nitrogen, followed 

by heating to 200 ˚C at a heating rate of 5 ˚C per minute to determine their thermal 

properties.  

 

2.  Synthesis of bis(pyrrolidene) Schiff-base ligands (H2L
1
-H2L

7
) 

 

The reaction was performed according to the procedure previously reported in 

the literature (Azpeitia et al., 2011; Mu et al., 2011). The bis(pyrrolidene) Schiff-base 

ligands were prepared by the condensation reaction between two equivalents of 

pyrrole-2-carboxaldehyde and one equivalent of appropriate diamine in ethanol at 
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room temperature as shown in Figure 37. In all cases, the desired ligands were 

obtained in quantitative yields. 

 

NH

O

2 +
R

NH2 NH2

Ethanol
NH

N N

HN

R

 

H2L
1: R = -CH2CH2- 

H2L
2: R = -CH2CH2CH2- 

H2L
3: R = -CH2C(CH3)2CH2- 

H2L
4: R = -CH2C6H4- 

H2L
5: R = -CH2CH2CH2CH2- 

H2L
6: R = -C6H4- 

H2L
7: R = -rac-C6H10- 

 

Figure 37  Synthetic pathway for preparation of ligands H2L
1
-H2L

7
. 

 

2.1 Synthesis of N,N- bis((1H-pyrrol-2-yl)methylene)ethane-1,2-diamine 

(H2L
1
) (Azpeitia et al., 2011; Bacchi et al., 2003; Bhowon et al., 2004; Burness et al., 

1976; Biel and Hoya, 1965; Che et al., 2005; Clarke and JWeber, 1968; Dillard and 

Taylor, 1974; Franceschi et al., 2001; Grigoras et al., 1997; Jones et al., 2001; Male  

et al., 1997; McCleverty and Jones, 1971; Mohamadou and Barbier, 1990; Mu et al., 

2011; Li et al., 2007; Munro et al., 2011; Pfeiffer et al., 1937; Pui et al., 2000; 2002; 

2003; Robertson et al., 1963; Saito et al., 1963; Srivastava and Mishra, 1995; 

Srivastava and Singh, 1999; Srivastava et al., 2002; Stackelberg, 1947; Stern et al., 

2000; van den Ancker et al., 2006; van Stein et al., 1984; Wawschinek and Weiss, 

1964; Weber, 1967; Xiang et al., 2005; Yang et al., 2003; 2004) 

 

 To a stirred solution of pyrrole-2-carboxaldehyde (3.00 g, 31.55 mmol) in 

ethanol (50 ml) was slowly added 1,2-ethylenediamine (0.95 g, 15.78 mmol). The 

reaction mixture was stirred and a catalytic amount of formic acid was added. The 

reaction mixture was stirred at room temperature for 4 hours and during which time, a 

white precipitate formed. The white solid was collected by filtration and dried under 

vacuum. Yield: 3.01 g; 89%.   
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1
H NMR data (399.87 MHz, d6-DMSO, 300 K): δ 11.42 (br s, 2H, NH), 8.11 (s, 2H, 

N=CH), 6.90-6.87 (m, 2H, Pyrrole-H), 6.45 (dd, 
4
JHH = 1.4 Hz, 

3
JHH = 3.5 Hz, 2H, 

Pyrrole-H), 6.12 (dd, 
3
JHH = 2.6 Hz, 

3
JHH = 3.5 Hz, 2H, Pyrrole-H), 3.76 (s, 4H, 

N(CH2CH2)N). 

 

13
C NMR data (100.55 MHz, d6-DMSO, 300 K): δ 152.6 (N=CH), 130.0 (Pyrrole-C), 

121.9 (Pyrrole-CH), 113.4 (Pyrrole-CH), 108.8 (Pyrrole-CH), 61.4 (N(CH2CH2)N). 

 

Elemental analysis for C12H14N4: C, 67.27; H, 6.59; N, 26.15 %. Found C, 67.07; H, 

6.68; N, 26.47 %. 

 

2.2 Synthesis of N,N-bis((1H-pyrrol-2-yl)methylene)propane-1,3-diamine 

(H2L
2
) (Bacchi et al., 2003; Bhowon et al., 2004; Clarke and Weber, 1968; Datta  

et al., 2003; Du et al., 2009; Ganjali et al., 2004; Grigoras et al., 1997; Jones et al., 

2001; Li et al., 2007; McCleverty and Christopher, 1971; Mohamadou and Barbier, 

1990; Munro and Camp, 2003; Munro et al., 2011; Swiegers, 1994; Weber, 1967; 

Yang et al., 2004; Zhang et al., 2004; 2005) 

 

 To a stirred solution of pyrrole-2-carboxaldehyde (3.00 g, 31.55 mmol) in 

ethanol (50 ml) was added 1,3-propylenediamine (1.17 g, 15.78 mmol). The reaction 

mixture was stirred at room temperature for 4 hours. White solid crystals was 

collected by filtration and dried under vacuum. Yield: 3.32 g; 92%.  

 

1
H NMR data (399.87 MHz, d6-DMSO, 300 K): δ 11.38 (br s, 2H, NH), 8.11 (s, 2H, 

N=CH), 6.91-6.88 (m, 2H, Pyrrole-H), 6.46 (dd, 
4
JHH = 1.5 Hz, 

3
JHH = 3.5 Hz, 2H, 

Pyrrole-H), 6.14 (dd, 
3
JHH = 2.6 Hz, 

3
JHH = 3.5 Hz, 2H, Pyrrole-H), 3.56 (dt, 

3
JHH = 

6.5 Hz, 
4
JHH = 0.8 Hz, 4H, NCH2CH2CH2N), 1.93 (q, 

3
JHH = 6.9 Hz, 2H, 

NCH2CH2CH2N).  

 

13
C NMR data (100.55 MHz, d6-DMSO, 300 K): δ 151.8 (N=CH), 130.0 (Pyrrole-C), 

121.9 (Pyrrole-CH), 113.2 (Pyrrole-CH), 108.7 (Pyrrole-CH), 58.1 (NCH2CH2CH2N), 

32.5 (NCH2CH2CH2N). 
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Elemental analysis for C13H16N4: C, 68.39; H, 7.06; N, 24.54 %. Found C, 68.25; H, 

7.32; N, 24.77 %. 

 

2.3 Synthesis of N,N- bis((1H-pyrrol-2-yl)methylene)-2,2-dimethylpropane-

1,3-diamine (H2L
3
) (Du et al., 2009; Grigoras et al., 1997; Munro et al., 2011; Yang 

et al., 2007) 

 

To a stirred solution of pyrrole-2-carboxaldehyde (1.50 g, 15.78 mmol) in 

ethanol (25 ml) at room temperature was added 2,2-dimethyl-1,3-propylenediamine 

(0.81 g, 7.89 mmol). After stirred for 3 days at room temperature, a yellow solid 

precipitated. The product was collected by filtration and dried under vacuum. Yield: 

1.17 g, 57%. 

 

1
H NMR data (399.87 MHz, d6-DMSO, 300 K): δ 11.25 (br s, 2H, NH), 8.08 (s, 2H, 

N=CH), 6.91-6.89 (m, 2H, Pyrrole-H), 6.46 (dd, 
4
JHH = 1.5 Hz, 

3
JHH = 3.5 Hz, 2H, 

Pyrrole-H), 6.14 (dd, 
3
JHH = 2.6 Hz, 

3
JHH = 3.5 Hz, 2H, Pyrrole-H), 3.38 (d, 

4
JHH = 1.0 

Hz, 4H, NCH2C(CH3)2CH2N), 0.97 (s, 6H, NCH2C(CH3)2CH2N). 

 

13
C NMR data (100.55 MHz, d6-DMSO, 300 K): δ 151.8 (N=CH), 130.1 (Pyrrole-C), 

121.7 (Pyrrole-CH), 112.9 (Pyrrole-CH), 108.7 (Pyrrole-CH), 69.4 (NCH2C(CH3)2 

CH2N), 36.7 (NCH2C(CH3)2CH2N), 24.3 (NCH2C(CH3)2CH2N) 

 

Elemental analysis for C15H20N4: C, 70.28; H, 7.86; N, 21.86 %. Found C, 70.20; H, 

7.95; N, 22.18 %. 
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2.4 Synthesis of N,N'-bis((1H-pyrrol-2-yl)methylene)-2-aminobenzylamine 

(H2L
4
) (Meghdadi et al., 2011; Zamani et al., 201) 

 

To a stirred solution of 2-pyrrolecarboxaldehyde (2.00 g, 21.03 mmol) in 

40 ml of ethanol in a round bottom flask was added 1.29 g (10.52 mmol) of 2-

aminobenzylamine. The mixture was stirred for 3 h at room temperature to give a 

yellow power which was filtered off, washed with cold ethanol and dried under 

vacuum. Yield: 2.49 g; 83%. 

 

1
H NMR data (399.87 MHz, d6-DMSO, 300 K): δ 11.69 (br S, 1H, NH), 11.41 (br S, 

1H, NH), 8.25 (s, 1H, N=CH), 8.23 (s, 1H, N=CH), 7.33-7.36 (m, 1H Ar-H), 7.25-

7.31 (m, 1H Ar-H), 7.13-7.19 (m, 1H Ar-H), 7.07-7.09 (m, 1H, Pyrole-H), 7.01-7.05 

(m, 1H, Ar-H), 6.84-6.88 (m, 1H, Pyrrole-H), 6.69-6.74 (m, 1H, Pyrrole-H), 6.36-6.40 

(m, 1H, Pyrrole-H), 6.21-6.25 (m, 1H, Pyrrole-H), 6.07-6.12 (m, 1H, Pyrrole-H), 4.88 

(s, 2H, ArCH2). 
 

 

13
C NMR data (100.55 MHz, DMSO-d6, 300 K): δ 152.9 (CNH), 150.3 (ArC), 150.1 

(CNH),133.5 (ArCCH2), 130.9 (Pyrrole-C), 130.2 (Pyrrole-C), 128.9 (ArCH), 127.9 

(ArCH), 124.9 (ArCH), 123.8 (Pyrrole-CH), 122.1 (Pyrrole-CH), 117.8 (ArCH), 

116.1 (Pyrrole-CH), 113.7 (Pyrrole-CH), 10.9.8 (Pyrrole-CH), 109.0 (Pyrrole-CH), 

59.5 (ArCH2).  

 

Elemental analysis for C17H16N4: C, 73.89; H, 5.84; N, 20.27 %. Found: C, 73.92; H, 

6.06; N, 20.74 %.  

 

2.5  Synthesis of N,N-bis((1H-pyrrol-2-yl)methylene)butane-1,4-diamine 

(H2L
5
) (Clarke and Weber, 1968; 1967; Grigoras et al., 1997; Holland et al., 2009; Li 

et al., 2007; Mohamadou et al., 1990; Yang et al., 2003; 2004; Yuan and Wan, 2006; 

Zhang et al., 2005) 

 

To a stirred solution of pyrrole-2-carboxaldehyde (1.50 g, 15.77 mmol) in 

ethanol (25 ml) at room temperature was added 1,4-butylenediamine (0.70 g, 7.89 

https://scifinder.cas.org/scifinder/references/answers/E21A2A14X86F35094X4D9040631819F280FE:E21A7E1FX86F35094X1707E3CB1F11DF7BD9/1.html?nav=eNpVkM0vA0EYxt-uiAiHchER4uAgJLPWV0klqH5obLbSIuIio53U6u7OmplWexEOOLg4KBeHHtz0TvwJEkfhIhF3rhInsy3BnN68zzO_PO9TfYNGAT4soC8yrM0GIlp0dWI8OjI2NDm6qgWGApGRuZAW1bRwNBAKT0rrBmfQtoULGFnYyaK4I0iWsPbXyuXH_tGEAr44NBawlSdFBv5fn5G3Nwg7rJa7W05fjhWAogsAPgncFNA1u7w0n0iux42ViLEkByOxHksmlhfjRkxAs2m7lAlJ4NuwCw3ynyK3OdtNku2_WxCgMPo_X4hSi2DnvpftPVx8vst8az_5XM_PufQPUpZFacwR5WnMECesQBjKUBubDkpT26YOSskIKZekp06uKt3nL3cKKDq02qUEy5gOthZISUC_LkGqBKk1kFoHqXWQWgep0hnUockueUQuoFP30qp5YVqqbjo5kpnHfDNFRLDoujJcR-0YT0b_5Cfrca38PNDjdflzcs31rd-GD8pnN9ejDV7XO62yHv_0DNRe8Quo6aOD&key=caplus_2012:98370&title=Q29uc3RydWN0aW9uIG9mIFRiMysgUFZDLW1lbWJyYW5lIGVsZWN0cm9kZSBiYXNlZCBvbiBOLE4nLWJpcyhweXJyb2x5bG1ldGh5bGVuZSktMi1hbWlub2Jlbnp5bGFtaW5l&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
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mmol). After being stirred for 3 days at room temperature, a white solid precipitated. 

The product was collected by filtration and dried under vacuum. Yield: 1.89 g; 99%.  

 

1
H NMR data (399.87 MHz, d6-DMSO, 300 K): δ 11.37 (br s, 2H, NH), 8.09 (s, 2H, 

N=CH), 6.89-6.86 (m, 2H, Pyrrole-H), 6.45 (dd, 
4
JHH = 1.5 Hz, 

3
JHH = 3.5 Hz, 2H, 

Pyrrole-H), 6.12 (dd, 
3
JHH = 2.6 Hz, 

3
JHH = 3.5 Hz, 2H, Pyrrole-H), 3.56-3.50 (m, 4H, 

NCH2CH2CH2CH2N), 1.68-1.63 (m, 4H, NCH2CH2CH2CH2N). 

 

13
C NMR data (100.55 MHz, d6-DMSO, 300 K): δ 152.2 (N=CH), 130.8 (Pyrrole-C), 

122.5 (Pyrrole-CH), 113.8 (Pyrrole-CH), 109.4 (Pyrrole-CH), 60.8 (NCH2CH2 

CH2CH2N), 29.2 (NCH2CH2CH2CH2N). 

 

Elemental analysis for C14H18N4: C, 69.39; H, 7.49; N, 23.12 %. Found C, 69.29; H, 

7.66; N, 23.41 %. 

 

2.6 Synthesis of N,N- bis((1H-pyrrol-2-yl)methylene)-1,2-phenylenediamine 

(H2L
6
) (Azpeitia et al., 2011; Bacchi et al., 2003; Berube et al., 2003; Bhowon et al., 

2004; Chen et al., 2008; Clarke and Weber, 1968; Dezelic and Dolibic, 1957; 

Franceschi et al., 2001; Ganjali et al., 2005; Grigoras et al., 1997; Han et al., 2007; 

Jones et al., 2000; McCleverty and Christopher, 1971; Mohamadou and Barbier, 

1990; Mu et al., 2011; Munro et al., 2006; Pfeiffer et al., 1937; Rao et al., 2010; 

Srivastava and Kalam, 2002; Srivastava and Mishra, 1995; Srivastava and Singh, 

1999a; 1999b; Wang et al., 2007; Weber, 1967) 

 

To a stirred solution of pyrrole-2-carboxaldehyde (3.00 g, 31.55 mmol) in 

ethanol (25 ml) was added 1,2-phenylenediamine (1.71 g, 15.77 mmol). The reaction 

mixture was stirred at room temperature for 3 days. Pale yellow crystals was collected 

by filtration and dried under vacuum. Yield: 1.12 g; 26%.  

 

1
H NMR data (399.87 MHz, d6-DMSO, 300 K): δ 11.62 (br s, 2H, NH), 8.25 (s, 2H, 

N=CH), 7.20-7.17 (m, 2H, ArH),7.08-7.05 (m, 2H, ArH), 7.04-7.01 (m, 2H, Pyrrole-

H), 6.69-6.67 (m, 2H, Pyrrole-H), 6.24-6.21 (m, 2H, Pyrrole-H). 
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13
C NMR data (100.55 MHz, d6-DMSO, 300 K): δ 152.2 (N=CH), 145.2 (ArC), 131.3 

(Pyrrole-C), 125.7 (ArCH), 124.0 (ArCH), 121.5 (Pyrrole-CH), 116.2 (Pyrrole-CH), 

110.0 (Pyrrole-CH). 

 

Elemental analysis for C16H14N4: C, 73.26; H, 5.38; N, 21.36 %. Found C, 72.85; H, 

5.70; N, 21.40 %. 

 

2.7 Synthesis of N,N-bis((1H-pyrrol-2-yl)methylene)cyclohexyl-1,2-diamine 

(H2L
7
) (Bhowon et al., 2004; Gupta et al., 2009; van den Ancker et al., 2006; Zhang 

et al., 2008) 

To a stirred solution of pyrrole-2-carboxaldehyde (1.50 g, 15.77 mmol) in 

ethanol (25 ml) at room temperature was added cyclohexane-1,2-diamine (0.90 g, 

7.89 mmol). After being stirred for 3 days at room temperature, a white solid was 

collected by filtration and dried under vacuum. Yield: 1.54 g; 73%.  

 

1
H NMR data (399.87 MHz, d6-DMSO, 300 K): δ 11.19 (br s, 2H, NH), 7.98 (s, 2H, 

N=CH), 6.81-6.79 (m, 2H, Pyrrole-H), 6.34 (dd,
3
JHH = 3.5 Hz, 

4
JHH = 1.4 Hz, 2H, 

Pyrrole-H), 6.05 (dd, 
3
JHH = 3.5 Hz, 

4
JHH = 2.6 Hz, 2H, Pyrrole-H), 3.24-3.18 (m, 2H, 

N(Cyclohexyl-CH)N), 1.84-1.40 (m, 8H, N(cyclohexyl-CH2)N). 

 

13
C NMR data (100.55 MHz, d6-DMSO, 300 K): δ 151.6 (N=CH), 130.6 (Pyrrole-

CH), 122.3 (Pyrrole-C), 113.9 (Pyrrole-CH), 109.4 (Pyrrole-CH), 74.4 (Cyclohexyl-

CH), 34.1 (cyclohexyl-CH2), 25.0 (cyclohexyl-CH2). 

 

Elemental analysis for C16H20N4: C, 71.61; H, 7.51; N, 20.88 %. Found C, 71.47; H, 

7.81; N, 20.58 %. 
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3.  Synthesis of bis(pyrrolidene) Schiff-base aluminum complexes 

 

 The aluminum complexes L
1
AlMe-L

7
AlMe were prepared by treating the 

relevant tetradentate bis(pyrrolidene) Schiff-base ligand H2L
1
-H2L

7
 with trimethyl 

aluminum. The reactions were carried out in toluene at 110 ˚C for the desired reaction 

time, according to Figure 38. 

 

NH

N N

HN

R

Toluene

N

N N

N

R

    +    AlMe3 Al
Me  

 H2L
1: R = -CH2CH2- L1AlMe: R = -CH2CH2- 

 H2L
2: R = -CH2CH2CH2-  L2AlMe: R = -CH2CH2CH2- 

 H2L
3: R = -CH2C(CH3)2CH2-  L3AlMe: R = -CH2C(CH3)2CH2- 

 H2L
4: R = -CH2C6H4-  L4AlMe: R = -CH2C6H4- 

 H2L
5: R = -rac-C6H10- L5AlMe: R = - CH2CH2CH2CH2 - 

 H2L
6: R = -C6H4-  L6AlMe: R = -C6H4- 

 H2L
7: R = -CH2CH2CH2CH2- L7AlMe: R = -rac-C6H10- 

 

Figure 38 Synthetic pathway for the preparation of aluminum complexes L
1
AlMe-

L
7
AlMe. 

 

3.1 Synthesis of L
1
AlMe (Azpeitia et al., 2011). 

 

To a stirred suspension of H2L
1
 (1.00 g, 4.67 mmol) in toluene (30 ml) 

was slowly added AlMe3 (2.33 ml of a 2.0 M solution in toluene, 4.67 mmol). The 

reaction mixture was stirred at 110 ˚C for 24 hours and during which time, a white 

solid precipitated. The white solid was collected by filtration and dried under vacuum. 

Yield: 0.86 g; 83%.  

 

1
H NMR data (399.87 MHz, d6-DMSO, 298 K)  δ 8.33 (s, 2H, N=CH), 7.30 (s, 2H, 

Pyrrole-H), 6.62 (d, 
3
JHH = 3.3 Hz, 2H, Pyrrole-H), 6.18 (dd, 

3
JHH = 3.3 Hz, 

3
JHH = 1.9 

Hz, 2H, Pyrrole-H), 4.00-3.93 (m, 2H, NCH2), 3.74-3.66 (m, 2H, NCH2), -0.97 (s, 

3H, AlCH3). 
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13
C NMR data (100.55 MHz, d6-DMSO, 298 K): δ 158.6 (N=CH), 136.2 (Pyrrole-C), 

133.7 (Pyrrole-CH), 115.6 (Pyrrole-CH), 112.8 (Pyrrole-CH), 46.9 (N(CH2CH2)N). 

 

Elemental analysis for C13H15N4Al (254.27): C, 61.41; H, 5.95; N, 22.03 %. Found C, 

61.38; H, 6.14; N, 22.00 %. 

 

3.2 Synthesis of L
2
AlMe 

 

To a stirred suspension of H2L
2
 (1.00 g, 4.38 mmol) in toluene (30 ml) 

was slowly added AlMe3 (2.19 ml of a 2.0 M solution in toluene, 4.38 mmol). The 

reaction mixture was stirred at 110 ˚C for 24 hours. After cooling to -20 ˚C, colorless 

crystals formed. The crystals were collected by filtration and dried under vacuum. 

Yield: 0.33 g; 28%. 

 

1
H NMR data (399.87 MHz, d6-DMSO, 298 K): δ 8.28 (s, 2H, N=CH), 7.34-7.32 (m, 

2H, Pyrrole-H), 6.67 (dd, 
4
JHH = 0.8 Hz, 

3
JHH = 3.4 Hz, 2H, Pyrrole-H), 6.25 (dd, 

3
JHH 

= 3.4 Hz, 
3
JHH = 1.9 Hz, 2H, Pyrrole-H), 3.88-3.76 (m, 4H, NCH2CH2CH2N), 2.12-

2.01 (m, 1H, NCH2CHH′CH2N), 1.86-1.74 (m, 1H, NCH2CHH′CH2N), -0.90 (s, 3H, 

AlCH3). 

 

13
C NMR data (100.55 MHz, d6-DMSO, 298 K): δ 160.3 (N=CH), 135.5 (Pyrrole-C), 

134.8 (Pyrrole-CH), 116.7 (Pyrrole-CH), 113.8 (Pyrrole-CH), 55.6 (NCH2CH2CH2N), 

30.2 (NCH2CH2CH2N). 

 

Elemental analysis for C14H17N4Al (268.29): C, 62.67; H, 6.39; N, 20.88 %. Found C, 

62.05; H, 6.35; N, 20.30 %. 

 

3.3 Synthesis of L
3
AlMe 

 

To a stirred suspension of H2L
3
 (0.80 g, 3.12 mmol) in toluene (30 ml) 

was slowly added AlMe3 (1.60 ml of a 2.0 M solution in toluene, 3.20 mmol). The 

reaction mixture was stirred at 110 ˚C for 24 hours. After cooling to -20 ˚C, colorless 
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crystals formed. The crystals were collected by filtration and dried under vacuum. 

Yield: 0.47 g; 57%.  

 

1
H NMR data (399.87 MHz, d6-DMSO, 298 K): H), 7.39-7.36 (m, 

2H, Pyrrole-H), 6.68 (dd, 
4
JHH = 0.8 Hz, 

3
JHH = 3.4 Hz, 2H, Pyrrole-H), 6.26 (dd, 

3
JHH 

= 3.4 Hz, 
3
JHH = 1.9 Hz, 2H, Pyrrole-H), 3.76 (d, 

1
JHH = 12.0 Hz, 2H, 

NCH2C(CH3)2CH2N), 3.45 (d, 
1
JHH = 12.2 Hz, 2H, NCH2C(CH3)2CH2N), 1.05 (s, 3H, 

NCH2C(CH3)(CH3)CH2N), 0.84 (s, 3H, NCH2C(CH3)(CH3)CH2N), -0.89 (s, 3H, 

AlCH3).  

 

13
C NMR data (100.55 MHz, d6-DMSO, 298 K): δ 160.8 (N=CH), 135.1 (Pyrrole-C), 

134.9 (Pyrrole-CH), 116.6 (Pyrrole-CH), 113.8 (Pyrrole-CH), 66.8 (N(CH2C(CH3)2 

CH2)N), 35.8 (NCH2C(CH3)2CH2N), 25.9 (NCH2C(CH3)(CH3)CH2N), 22.0 (NCH2C 

(CH3)(CH3)CH2N). 

 

Elemental analysis for C16H21N4Al (296.35): C, 64.35; H, 7.14; N, 18.91 %. Found C, 

64.26; H, 7.35; N, 18.72 %. 

 

3.4 Synthesis of L
4
AlMe 

 

To a stirred solution of H2L
4
 (1.00, 3.62 mmol) in toluene (50 ml) was 

added a TMA (1.81 ml of a 2.0 M in toluene, 3.62 mmol). A pale yellow precipitate 

was isolated by filtration and dried under reduced pressure. Yield: 0.67 g, 59%.  

 

1
H NMR data (399.87 MHz, d6-DMSO, 300 K): δ 8.57 (s, 1H, N=CH), 8.49 (s, 1H, 

N=CH), 7.42 (s, 1H Pyrrole-H), 7.41 (s, 1H Pyrrole-H), 7.32-7.38 (m, 2H, Ar-H), 

7.31-7.33 (m, 1H, Ar-H), 7.23-7.30 (m, 1H Ar-H), 6.93-6.94 (m, 2H Pyrrole-H), 6.95 

(d, 
4
JHH = 1.5 Hz, 2H, Pyrrole-H), 6.80 (d, 

3
JHH = 1.5 Hz, 2H, Pyrrole-H), 6.35-6.36 

(m, 2H, Pyrrole-H), 6.30-6.33 (m, 2H, Pyrrole-H), 4.94 (d, 
2
JHH = 16.3 Hz, 1H, 

N(ArCHH)N), 4.80 (d, 
2
JHH = 16.3 Hz, 1H, N(ArCHH)N), -1.21 (s, 3H, AlCH3).  

 



65 

13
C NMR data (100.55 MHz, d6-DMSO, 298 K): δ 161.4 (CNH), 153.5 (CNH), 144.2 

(ArC), 136.4 (Pyrrole-C), 135.8 (ArCH), 134.6 (Pyrrole-C), 134.5 (ArCH), 130.2 

(ArCCH2), 129.0 (Pyrrole-CH), 128.5 (Pyrrole-CH), 126.2 (ArCH), 119.8 (ArCH), 

119.2 (Pyrrole-CH), 117.3 (Pyrrole-CH), 114.2 (Pyrrole-CH), 113.8 (Pyrrole-CH), 

56.1 (ArCH2).  

 

Elemental analysis for C18H17AlN4: C, 68.34; H, 5.42; Al, 8.53; N, 17.71 %. Found C, 

67.58; H, 5.55; N, 18.02 %. 

 

3.5 Synthesis of L
5
AlMe 

 

To a stirred suspension of H2L
5
 (0.60 g, 2.48 mmol) in toluene (20 ml) was 

slowly added AlMe3 (1.40 ml of a 2.0 M solution in toluene, 2.80 mmol). The reaction 

mixture was stirred at 110 ˚C for 24 hours after which a white solid precipitated. The 

solid was collected by filtration and dried under vacuum. Yield: 0.53 g; 81%.  

 

1
H NMR data (399.87 MHz, d6-DMSO, 298 K)  δ 8.32 (s, 2H, N=CH), 6.92-6.88 (m, 

2H, Pyrrole-H), 6.66 (dd, 
4
JHH = 1.0 Hz, 

3
JHH = 3.3 Hz, 2H, Pyrrole-H), 6.22 (dd, 

3
JHH 

= 3.4 Hz, 
3
JHH = 1.8 Hz, 2H, Pyrrole-H), 3.80-3.67 (m, 2H, NCH2CH2CH2CH2N), 

3.57-3.46 (NCH2CH2CH2CH2N), 2.05-1.92 (NCH2CH2CH2CH2N), 1.89-1.77 

(NCH2CH2CH2 CH2N), -0.81 (s, 3H, AlCH3).  

 

13
C NMR data: data are not available due to the limited solubility of complex. 

 

Elemental analysis for C15H19N4Al (282.32): C, 63.81; H, 6.78; N, 19.85 %. Found C, 

64.11; H, 6.72; N, 19.63 %. 

 

3.6 Synthesis of L
6
AlMe (Azpeitia et al., 2011) 

 

To a stirred solution of H2L
6
 (1.10 g, 4.19 mmol) in toluene (30 ml) was 

slowly added AlMe3 (2.09 ml of a 2.0 M solution in toluene, 4.19 mmol). The 
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reaction mixture was stirred at 110 ˚C for 24 hours. After cooling to -20 ˚C, a pale 

yellow solid precipitated. The solid was collected by filtration and dried under 

vacuum. Yield: 0.33 g; 26%.  

 

1
H NMR data (399.87 MHz, d6-DMSO, 300 K)  δ 8.94 (s, 2H, N=CH), 7.80 (dd,

 3
JHH 

= 5.9, 
4
JHH = 3.4, 2H, ArH), 7.69 (m, 2H, Pyrrole-H), 7.33 (dd,

 3
JHH = 5.9 Hz, 

4
JHH = 

3.3 Hz, 2H, ArH), 7.05-7.01(m, 2H, Pyrrole-H), 6.45 (dd, 
3
JHH = 3.6 Hz, 

4
JHH = 1.4 

Hz, 2H, Pyrrole-H), -1.13 (s, 3H, AlCH3).  

 

13
C NMR data (100.55 MHz, d6-DMSO, 300 K): δ 151.0 (N=CH), 138.3 (Pyrrole-C), 

137.4 (ArC), 137.2 (Pyrrole-CH), 127.4 (ArCH), 120.5 (ArCH), 117.2 (Pyrrole-CH), 

115.7 (Pyrrole-CH). 

 

Elemental analysis for C17H15N4Al (302.31): C, 67.54; H, 5.00; N, 18.53 %. Found C, 

67.42; H, 5.24; N, 18.32 %. 

 

3.5 Synthesis of L
7
AlMe 

 

To a stirred suspension of H2L
7
 (0.60 g, 2.24 mmol) in toluene (30 ml) 

was slowly added AlMe3 (1.12 ml of a 2.0 M solution in toluene, 2.24mmol). The 

reaction mixture was stirred at 110 ˚C for 24 hours. After cooling to -20 ˚C, a pale 

yellow solid precipitated. The solid was collected by filtration and dried under 

vacuum. Yield: 0.14 g; 20%.  

 

1
H NMR data (399.87 MHz, d6-DMSO, 298 K): δ 8.48 (s, 1H, N=CH), 8.48 (s, 1H, 

N=CH), 7.43-7.41 (m, 1H, Pyrrole-H), 7.22-7.21 (m, 1H, Pyrrole-H), 6.75-6.73 (m, 

1H, Pyrrole-H), 6.67-6.65 (m, 1H, Pyrrole-H), 6.30-6.27 (m, 1H, Pyrrole-H), 6.22-

6.20 (m, 1H, Pyrrole-H), 3.11-3.01 (m, 2H, N(Cyclohexyl-CH)N), 2.70-1.40 (m, 8H, 

N(cyclohexyl-CH2)N), -0.95 (s, 3H, AlCH3).  
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13
C NMR data (100.55 MHz, d6-DMSO, 300 K): δ 150.8 (N=CH), 129.9 (Pyrrole-C), 

121.6 (Pyrrole-CH), 113.1 (Pyrrole-CH), 108.6 (Pyrrole-CH), 73.7 (Cyclohexyl-CH), 

34.4 (cyclohexyl-CH2), 24.2 (cyclohexyl-CH2). 

 

Elemental analysis for C17H21N4Al (308.36): C, 66.22; H, 6.86; N, 18.17 %. Found C, 

66.51; H, 7.11; N, 17.90 %. 

 

4.  Synthesis of tetradentate bis(phenoxy-amine) ligands 

 

The bis(phenoxy-amine) ligands used in this work were synthesized by a two-

step procedure according to the literature, as shown in Figure 39 (Gibson et al., 2004; 

Hormnirun et al., 2004).  
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Figure 39  Synthetic pathway for H2L
1A

- H2L
4A

, H2L
1B

- H2L
4B

 and H2L
1C

- H2L
3C

.  

  

4.1  Synthesis of N,N'-dimethyl-N,N'-bis[(1-hydroxyphenyl)methylene]-1,2-

diaminoethane (H2L
1A

) 

 

To a solution of N,N′-dimethyl-1,2-ethylenediamine (1.00 g, 11.35 mmol) 

in ethanol (125 ml) was added salicylaldehyde (1.39 g, 11.35 mmol), and the resulting  

 

i)  Ethanol, Δ 

ii) NaBH4 

i)  

 

 

ii) NaBH4 
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mixture was stirred for 3 hours at reflux temperature. After cooling to room 

temperature, sodium borohydride (1.87 g, 50.00 mmol) was slowly added to the 

solution and stirred for another 2 hours at room temperature. The reaction was 

quenched with water (100 ml), and the aqueous phase was extracted 3 times with 

dichloromethane (100 ml). The organic phases were combined and dried over MgSO4. 

The solution was concentrated in vacuo and redissolved in ethanol (125 ml). To the 

solution was added salicylaldehyde (1.39 g, 11.35 mmol) at room temperature and the 

reaction mixture was stirred at 70 ˚C overnight. Reduction using NaBH4 (1.87 g, 

50.00 mmol) and extraction into dichloromethane was repeated as described above. 

After removing the solvent, a colorless oil was obtained and this was recrystallized 

from methanol. Colorless crystals were obtained. Yield: 2.80 g; 62%. 

  

1
H NMR data (399.87 MHz, CDCl3, 300 K): δ 10.64 (br s, 2H, OH), 7.17 (td, 2H, 

4
JHH 

= 1.8 Hz, 
3
JHH = 6.4 Hz, ArH), 6.96 (dd, 2H, 

4
JHH = 1.5 Hz, 

3
JHH = 7.4 Hz, ArH), 6.84 

(dd, 2H, 
4
JHH = 1.0 Hz, 

3
JHH = 8.1 Hz, ArH), 6.77 (td, 2H, 

4
JHH = 1.2 Hz, 

3
JHH = 7.4 

Hz, ArH), 3.70 (s, 4H, ArCH2), 2.67 (s, 4H, N(CH2CH2)N), 2.29 (s, 6H, NCH3).  

 

13
C NMR data (100.55 MHz, CDCl3, 300 K): δ 158.2 (COH), 129.3 (ArCH), 128.9 

(ArCH), 122.0 (ArCCH2N), 119.6 (ArCH), 116.6 (ArCH), 62.2 (ArCH2N), 54.5 

(N(CH2CH2)N), 42.1 (NCH3).  

 

4.2 Synthesis of N,N'-dimethyl-N,N'-bis[(4-isopropyl-1-hydroxyphenyl) 

methylene]-1,2-diaminoethane (H2L
2A

) 

 

To a solution of N,N′-dimethyl-1,2-ethylenediamine (1.00 g, 11.35 mmol) 

in ethanol (125 ml) was added 3-isopropylsalicylaldehyde (1.86 g, 11.35 mmol), and 

the resulting mixture was stirred for 3 hours at reflux temperature. After cooling to 

room temperature, sodium borohydride (1.87 g, 50.00 mmol) was slowly added to the 

solution and stirred for another 2 hours at room temperature. The reaction was 

quenched with water (100 ml), and the aqueous phase was extracted 3 times with 

dichloromethane (100 ml). The organic phases were combined and dried over MgSO4. 

The solution was concentrated in vacuo and redissolved in ethanol (125 ml). To the 
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solution was added 3-isopropylsalicylaldehyde (1.86 g, 11.35 mmol) at room 

temperature and the reaction mixture was stirred at 70 ˚C overnight. Reduction using 

NaBH4 (1.87 g, 50.00 mmol) and extraction into dichloromethane was repeated as 

described above. After removing the solvent, a colorless oil was obtained and this was 

recrystallized from methanol. Colorless crystals were obtained. Yield: 3.84 g; 81%. 

 

1
H NMR data (399.87 MHz, CDCl3, 298 K):  δ 7.13 (dd, 

4
JHH = 1.7 Hz, 

3
JHH = 7.8 Hz, 

2H, ArH), 6.80 (dd, 
4
JHH = 1.9 Hz, 

3
JHH = 7.6 Hz, 2H, ArH), 6.75 (m, 2H, ArH), 3.68 

(s, 4H, ArCH2N), 3.32 (q, 
3
JHH = 6.9 Hz, 2H, CH(CH3)2), 2.66 (s, 4H, NCH2CH2N), 

2.27 (s, 6H, NCH3), 1.22 (d, 
3
JHH = 6.9 Hz, 12H, CH(CH3)2). 

 

13
C NMR data (100.56 MHz, CDCl3, 298 K): δ 154.9 (C-OH), 135.5 (ArC), 126.0 

(ArCH), 125.5 (ArCH), 121.1 (ArCCH2N), 118.8 (ArCH), 62.0 (ArCH2), 53.9 

(NCH2CH2N), 41.6 (NCH3), 26.6 (CH(CH3)2), 22.6 (CH(CH3)2). 

 

Elemental analysis for C25H37N2O2 (384.55): C, 74.96; H, 9.44; N, 7.28 %. Found C, 

75.12; H, 9.45; N, 7.30 %. 

 

4.3 Synthesis of N,N'-dimethyl-N,N'-bis[(4-tert-butyl-1-hydroxyphenyl)methy 

lene]-1,2-diaminoethane (H2L
3A

) (Baxter et al., 2002; Hinshaw et al., 1989; Liu et al., 

2008) 

 

To a solution of N,N′-dimethyl-1,2-ethylenediamine (1.00 g, 11.35 mmol) in 

ethanol (125 ml) was added 3-tert-butylsalicylaldehyde (2.02 g, 11.35 mmol), and the 

resulting mixture was stirred for 3 hours at reflux temperature. After cooling to room 

temperature, sodium borohydride (1.87 g, 50.00 mmol) was slowly added to the 

solution and stirred for another 2 hours at room temperature. The reaction was 

quenched with water (100 ml), and the aqueous phase was extracted 3 times with 

dichloromethane (100 ml). The organic phases were combined and dried over MgSO4. 

The solution was concentrated in vacuo and redissolved in ethanol (125 ml). To the 

solution was added 3-tert-butylsalicylaldehyde (2.02 g, 11.35 mmol) at room 

temperature and the reaction mixture was stirred at 70 ˚C overnight. Reduction using 
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NaBH4 (1.87 g, 50.00 mmol) and extraction into dichloromethane was repeated as 

described above. After removing the solvent, a colorless oil was obtained and this was 

recrystallized from methanol. Colorless crystals were obtained. Yield: 3.15 g; 62%. 

 

1
H NMR data (399.87 MHz, CDCl3, 298 K): δ 7.19 (dd, 

4
JHH = 1.6 Hz, 

3
JHH = 6.4 Hz, 

2H, ArH), 6.82 (dd, 
4
JHH = 1.6 Hz, 

3
JHH = 6.6 Hz, 2H, ArH), 6.71 (m, 2H, ArH), 3.67 

(s, 4H, ArCH2N), 2.62 (s, 4H, NCH2CH2N), 2.25 (s, 6H, NCH3), 1.40 (s, 18H, 

C(CH3)3). 

 

13
C NMR data (100.56 MHz, CDCl3, 298 K): δ 156.8 (C-OH), 136.7 (ArC), 126.7 

(ArCH), 126.0 (ArCH), 121.9 (ArCCH2N), 118.3 (ArCH), 62.3 (ArCH2), 53.5 

(NCH2CH2N), 41.4 (NCH3), 34.7 (CCH3), 29.5 (C(CH3)3). 

 

Elemental analysis for C26H40N2O2 (412.61): C, 75.68; H, 9.77; N, 6.79 %. Found C, 

75.94; H, 9.90; N, 6.80 %. 

 

4.4 Synthesis of N,N'-dimethyl-N,N'-bis[(4-phenyl-1-hydroxyphenyl)methyl 

ene]-1,2-diaminoethane (H2L
4A

) 

 

To a solution of N,N′-dimethyl-1,2-ethylenediamine (1.00 g, 11.35 mmol) 

in ethanol (125 ml) was added 3-phenylsalicylaldehyde (2.25 g, 11.35 mmol), and the 

resulting mixture was stirred for 3 hours at reflux temperature. After cooling to room 

temperature, sodium borohydride (1.87 g, 50.00 mmol) was slowly added to the 

solution and stirred for another 2 hours at room temperature. The reaction was 

quenched with water (100 ml), and the aqueous phase was extracted 3 times with 

dichloromethane (100 ml). The organic phases were combined and dried over MgSO4. 

The solution was concentrated in vacuo and redissolved in ethanol (125 ml). To the 

solution was added 3-phenylsalicylaldehyde (2.25 g, 11.35 mmol) at room 

temperature and the reaction mixture was stirred at 70 ˚C overnight. Reduction using 

NaBH4 (1.87 g, 50.00 mmol) and extraction into dichloromethane was repeated as 

described above. After removing the solvent, colorless oil was obtained and this was 

recrystallized from methanol. Colorless crystals were obtained. Yield: 3.18 g; 57%. 



71 

1
H NMR data (399.87 MHz, CDCl3, 298 K): δ 7.59 (m, 4H, ArH), 7.40 (m 4H, ArH), 

7.31 (dt, 
4
JHH = 2.0 Hz, 

3
JHH = 5.9 Hz, 2H, ArH), 7.27 (dd, 

4
JHH = 2.0 Hz, 

3
JHH = 6.1 

Hz, 2H, ArH), 6.95 (dd, 
4
JHH = 1.4 Hz, 

3
JHH = 6.4 Hz, 2H, ArH), 6.85 (m, 2H, ArH), 

3.75 (s, 4H, ArCH2N), 2.73 (s, 4H, NCH2CH2N), 2.31 (s, 6H, NCH3). 

 

13
C NMR data (100.56 MHz, CDCl3, 298 K): δ 154.8 (C-OH), 138.4 (ArC), 130.0 

(ArCH), 129.3 (ArCH), 128.9 (ArCH), 128.0 (ArCH), 127.9 (ArCH), 126.7 (ArCH), 

121.9 (ArCCH2N), 119.2 (ArCH), 61.8 (ArCH2), 54.2 (NCH2CH2N), 41.7 (NCH3). 

 

Elemental analysis for C30H32N2O2 (452.53): C, 79.61; H, 7.13; N, 6.19%. Found C, 

79.44; H, 7.54; N, 5.96. 

 

4.5 Synthesis of N,N'-diethyl-N,N'-bis[(1-hydroxyphenyl)methylene]-1,2-di 

aminoethane (H2L
1B

) (Baxter et al., 2002; Djebbar-Sid et al., 1989; Giacomelli et al., 

1989; Hinshaw et al., 1989) 

 

To a solution of N,N′-diethyl-1,2-ethylenediamine (1.25 g, 10.76 mmol) in 

ethanol (125 ml) was added salicylaldehyde (1.21 g, 10.76 mmol), and the resulting 

mixture was stirred for 3 hours at reflux temperature. After cooling to room 

temperature, sodium borohydride (2.00 g, 52.87 mmol) was slowly added to the 

solution and stirred for another 2 hours at room temperature. The reaction was 

quenched with water (100 ml), and the aqueous phase was extracted 3 times with 

dichloromethane (100 ml). The organic phases were combined and dried over MgSO4. 

The solution was concentrated in vacuo and redissolved in ethanol (125 ml). To the 

solution was added salicylaldehyde (1.21 g, 10.76 mmol) at room temperature and the 

reaction mixture was stirred at 70 ˚C overnight. Reduction using NaBH4 (2.00 g, 

52.87 mmol) and extraction into dichloromethane was repeated as described above. 

After removing the solvent, a colorless oil was obtained and this was recrystallized 

from methanol. Colorless crystals were obtained. Yield: 2.30 g; 65%. 

 

1
H NMR data (399.87 MHz, CDCl3, 298 K): δ 7.16 (dt, 

4
JHH = 1.7 Hz, 

3
JHH =7.5 Hz, 

2H, ArH), 6.93 (dd, 
4
JHH = 1.4 Hz, 

3
JHH =7.2 Hz, 2H, ArH), 6.80 (m, 2H, ArH), 6.76 
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(dt, 
4
JHH = 1.7 Hz, 

3
JHH = 7.1 Hz, 2H, ArH), 3.73 (s, 4H, ArCH2N), 2.70 (s, 4H, 

NCH2CH2N), 2.57 (q, 
3
JHH = 7.2 Hz, 4H, NCH2CH3), 1.07 (t, 

3
JHH = 7.2 Hz, 6H, 

NCH2CH3). 

 

13
C NMR data (100.56 MHz, CDCl3, 298 K): δ 157.7 (C-OH), 128.7 (ArCH), 128.4 

(ArCH), 121.7 (ArCCH2N), 119.0 (ArCH), 116.1 (ArCH), 57.7 (ArCH2), 50.2 

(NCH2CH2N), 47.4 (NCH2CH3), 10.9 (NCH2CH3). 

 

Elemental analysis for C20H28N2O2 (328.45): C, 73.14; H, 8.59; N, 8.53 %. Found C, 

72.97; H, 8.65; N, 8.60 %. 

 

4.6 Synthesis of N,N'-diethyl-N,N'-bis[(4-isopropyl-1-hydroxyphenyl)methyl 

ene]-1,2-diaminoethane (H2L
2B

) 

 

To a solution of N,N′-diethyl-1,2-ethylenediamine (1.25 g, 10.76 mmol) in 

ethanol (125 ml) was added 3-isopropylsalicylaldehyde (1.77 g, 10.76 mmol), and the 

resulting mixture was stirred for 3 hours at reflux temperature. After cooling to room 

temperature, sodium borohydride (2.00 g, 52.87 mmol) was slowly added to the 

solution and stirred for another 2 hours at room temperature. The reaction was 

quenched with water (100 ml), and the aqueous phase was extracted 3 times with 

dichloromethane (100 ml). The organic phases were combined and dried over MgSO4. 

The solution was concentrated in vacuo and redissolved in ethanol (125 ml). To the 

solution was added 3-isopropylsalicylaldehyde (1.77 g, 10.76 mmol) at room 

temperature and the reaction mixture was stirred at 70 ˚C overnight. Reduction using 

NaBH4 (2.00 g, 52.87 mmol) and extraction into dichloromethane was repeated as 

described above. After removing the solvent, a colorless oil was obtained and this was 

recrystallized from methanol. Colorless crystals were obtained. Yield: 3.06 g; 69%. 

 

1
H NMR data (399.87 MHz, CDCl3, 298 K):  δ 7.11 (dd, 

4
JHH = 2.0 Hz, 

3
JHH = 7.8 Hz, 

2H, ArH), 6.78 (dd, 
4
JHH = 2.0 Hz, 

3
JHH = 7.6 Hz, 2H, ArH), 6.75 (m, 2H, ArH), 3.72 

(s, 4H, ArCH2N), 3.31 (q, 
3
JHH = 6.9 Hz, 2H, CH(CH3)2), 2.70 (s, 4H, NCH2CH2N), 
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2.57 (q, 
3
JHH = 7.2 Hz, 4H, NCH2CH3), 1.24 (d, 

3
JHH = 6.9 Hz, 12H, CH(CH3)2), 1.05 

(t, 
3
JHH = 7.2 Hz, 6H, NCH2CH3). 

 

13
C NMR data (100.56 MHz, CDCl3, 298 K): δ 155.0 (C-OH), 135.3 (ArC), 126.0 

(ArCH), 125.3 (ArCH), 121.2 (ArCCH2N), 118.8 (ArCH), 58.0 (ArCH2), 50.3 

(NCH2CH2N), 47.5 (NCH2CH3), 26.5 (CH(CH3)2), 22.6 (CH(CH3)2), 11.0 

(NCH2CH3). 

 

Elemental analysis for C26H40N2O2 (412.61): C, 75.68; H, 9.779; N, 6.79 %. Found C, 

75.34; H, 9.15; N, 6.91 %. 

 

4.7 Synthesis of N,N'-diethyl-N,N'-bis[(4-tert-butyl-1-hydroxyphenyl)methyl 

ene]-1,2-diaminoethane (H2L
3B

) 

 

To a solution of N,N′-diethyl-1,2-ethylenediamine (1.25 g, 10.76 mmol) in 

ethanol (125 ml) was added 3-tert-butylsalicylaldehyde (1.92 g, 10.76 mmol), and the 

resulting mixture was stirred for 3 hours at reflux temperature. After cooling to room 

temperature, sodium borohydride (2.00 g, 52.87 mmol) was slowly added to the 

solution and stirred for another 2 hours at room temperature. The reaction was 

quenched with water (100 ml), and the aqueous phase was extracted 3 times with 

dichloromethane (100 ml). The organic phases were combined and dried over MgSO4. 

The solution was concentrated in vacuo and redissolved in ethanol (125 ml). To the 

solution was added 3-tert-butylsalicylaldehyde (1.92 g, 10.76 mmol) at room 

temperature and the reaction mixture was stirred at 70 ˚C overnight. Reduction using 

NaBH4 (2.00 g, 52.87 mmol) and extraction into dichloromethane was repeated as 

described above. After removing the solvent, a colorless oil was obtained and this was 

recrystallized from methanol. Colorless crystals were obtained. Yield: 2.46 g; 52% 

 

1
H NMR data (399.87 MHz, CDCl3, 298 K):  δ 7.18 (dd, 

4
JHH = 1.4 Hz, 

3
JHH = 6.4 Hz, 

2H, ArH), 6.80 (dd, 
4
JHH = 1.4 Hz, 

3
JHH = 6.6 Hz, 2H, ArH), 6.70 (m, 2H, ArH), 3.71 

(s, 4H, ArCH2N), 2.67 (s, 4H, NCH2CH2N), 2.57 (q, 
3
JHH = 7.16 Hz, 4H, NCH2CH3), 

1.40 (s, 18H, CH(CH3)2), 1.03 (t, 
3
JHH = 7.16 Hz, 6H, NCH2CH3). 
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13
C NMR data (100.56 MHz, CDCl3, 298 K): δ 156.8 (C-OH), 136.6 (ArC), 126.7 

(ArCH), 125.9 (ArCH), 122.0 (ArCCH2N), 118.3 (ArCH), 58.3 (ArCH2), 50.2 

(NCH2CH2N), 47.5 (NCH2CH3), 34.6 (CCH3), 29.4 (C(CH3)3), 10.9 (NCH2CH3). 

 

Elemental analysis for C28H44N2O2 (440.66): C, 76.32; H, 10.06; N, 6.36 %. Found C, 

76.43; H, 10.04; N, 6.91 %. 

 

4.8 Synthesis of N,N'-diethyl-N,N'-bis[(4-phenyl-1-hydroxyphenyl)methyl 

ene]-1,2-diaminoethane (H2L
4B

) 

 

To a solution of N,N′-diethyl-1,2-ethylenediamine (1.25 g, 10.76 mmol) in 

ethanol (125 ml) was added 3-phenylsalicylaldehyde (2.13 g, 10.76 mmol), and the 

resulting mixture was stirred for 3 hours at reflux temperature. After cooling to room 

temperature, sodium borohydride (2.00 g, 52.87 mmol) was slowly added to the 

solution and stirred for another 2 hours at room temperature. The reaction was 

quenched with water (100 ml), and the aqueous phase was extracted 3 times with 

dichloromethane (100 ml). The organic phases were combined and dried over MgSO4. 

The solution was concentrated in vacuo and redissolved in ethanol (125 ml). To the 

solution was added 3-phenylsalicylaldehyde (2.13 g, 10.76 mmol) at room 

temperature and the reaction mixture was stirred at 70 ˚C overnight. Reduction using 

NaBH4 (2.00 g, 52.87 mmol) and extraction into dichloromethane was repeated as 

described above. After removing the solvent, a colorless oil was obtained and this was 

recrystallized from methanol. Colorless crystals were obtained. Yield: 3.77 g; 73%. 

 

1
H NMR data (399.87 MHz, CDCl3, 298 K):  δ 7.56 (m, 4H, ArH), 7.41 (m, 4H, ArH), 

7.31 (dt, 
4
JHH = 2.0 Hz, 

3
JHH = 5.9 Hz, 2H, ArH), 7.24 (dd, 

4
JHH = 2.0 Hz, 

3
JHH = 6.1 

Hz, 2H, ArH), 6.92 (dd, 
4
JHH = 1.4 Hz, 

3
JHH = 6.4 Hz, 2H, ArH), 6.83 (m, 2H, ArH), 

3.79 (s, 4H, ArCH2N), 2.74 (s, 4H, NCH2CH2N), 1.60 (q, 
3
JHH = 7.2 Hz, 4H, 

NCH2CH3), 1.06 (t, 
3
JHH = 7.2 Hz, 6H, NCH2CH3). 

 

13
C NMR data (100.56 MHz, CDCl3, 298 K):  δ 154.9 (C-OH), 138.5 (ArC), 129.9 

(ArCH), 129.3 (ArCH), 128.9 (ArCH), 128.0 (ArCH), 127.9 (ArCH), 126.7 (ArCH), 
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122.1 (ArCCH2N), 119.2 (ArCH), 109.8 (ArCH), 58.0 (ArCH2), 50.2 (NCH2CH2N), 

47.7 (NCH2CH3), 10.0 (NCH2CH3). 

 

Elemental analysis for C28H44N2O2 (480.64): C, 79.96; H, 7.55; N, 5.83 %. Found C, 

79.99; H, 7.22; N, 5.78 %. 

 

4.9 Synthesis of N,N'-diisopropyl-N,N'-bis[(1-hydroxyphenyl)methylene]-1,2-

diaminoethane (H2L
1C

) 

 

 To a solution of N,N′-diisopropyl-1,2-ethylenediamine (1.50 g, 10.41 

mmol) in ethanol (125 ml) was added salicylaldehyde (1.27 g, 10.41 mmol), and the 

resulting mixture was stirred for 3 hours at reflux temperature. After cooling to room 

temperature, sodium borohydride (1.87 g, 50.00 mmol) was slowly added to the 

solution and stirred for another 2 hours at room temperature. The reaction was 

quenched with water (100 ml), and the aqueous phase was extracted 3 times with 

dichloromethane (100 ml). The organic phases were combined and dried over MgSO4. 

The solution was concentrated in vacuo and redissolved in ethanol (125 ml). To the 

solution was added salicylaldehyde (1.27 g, 10.41 mmol) at room temperature and the 

reaction mixture was stirred at 70 ˚C overnight. Reduction using NaBH4 (1.87 g, 

50.00 mmol) and extraction into dichloromethane was repeated as described above. 

After removing the solvent, a colorless oil was obtained and this was recrystallized 

from methanol. Colorless crystals were obtained. Yield: 1.97 g; 53%. 

 

1
H NMR data (399.87 MHz, CDCl3, 298 K):  δ 7.16 (dt, 

4
JHH = 1.7 Hz, 

3
JHH = 7.5 Hz, 

2H, ArH), 6.93 (dd, 
4
JHH = 1.4 Hz, 

3
JHH =7.2 Hz, 2H, ArH), 6.80 (m, 2H, ArH), 6.76 

(dt, 
4
JHH = 1.7 Hz, 

3
JHH =7.1 Hz, 2H, ArH), 3.73 (s, 4H, ArCH2N), 2.94 (q, 

3
JHH = 6.9 

Hz, 2H, NCH(CH3)2), 2.70 (s, 4H, NCH2CH2N), 0.97 (d, 
3
JHH = 6.6 Hz, 6H, 

NCH(CH3)2). 

 

13
C NMR data (100.56 MHz, CDCl3, 298 K):  δ 157.7 (C-OH), 128.7 (ArCH), 128.4 

(ArCH), 121.7 (ArCCH2N), 119.0 (ArCH), 116.0 (ArCH), 57.7 (ArCH2), 50.2 

(NCH2CH2N), 47.4 (NCH2CH3), 10.9 (NCH2CH3). 
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Elemental analysis for C22H32N2O2 (356.25): C, 74.12; H, 9.05; N, 7.86 %. Found C, 

74.23; H, 9.20; N, 7.86 %. 

 

4.10 Synthesis of N,N'-diisopropyl-N,N'-bis[(4-isopropyl-1-hydroxyphenyl) 

methylene]-1,2-diaminoethane (H2L
2C

) 

 

To a solution of N,N′-diisopropyl-1,2-ethylenediamine (1.50 g, 10.41 

mmol) in ethanol (125 ml) was added 3-isopropylsalicylaldehyde (1.71 g, 10.41 

mmol), and the resulting mixture was stirred for 3 hours at reflux temperature. After 

cooling to room temperature, sodium borohydride (1.87 g, 50.00 mmol) was slowly 

added to the solution and stirred for another 2 hours at room temperature. The 

reaction was quenched with water (100 ml), and the aqueous phase was extracted 3 

times with dichloromethane (100 ml). The organic phases were combined and dried 

over MgSO4. The solution was concentrated in vacuo and redissolved in ethanol (125 

ml). To the solution was added 3-isopropylsalicylaldehyde (1.71 g, 10.41 mmol) at 

room temperature and the reaction mixture was stirred at 70 ˚C overnight. Reduction 

using NaBH4 (1.87 g, 50.00 mmol) and extraction into dichloromethane was repeated 

as described above. After removing the solvent, a colorless oil was obtained and this 

was recrystallized from methanol. Colorless crystals were obtained. Yield: 3.57 g; 

78%. 

 

1
H NMR data (399.87 MHz, CDCl3, 298 K): δ 7.09 (dd, 

4
JHH = 2.2 Hz, 

3
JHH = 7.8 Hz, 

2H, ArH), 6.78 (dd, 
4
JHH = 2.0 Hz, 

3
JHH = 7.6 Hz, 2H, ArH), 6.73 (m, 2H, ArH), 3.70 

(s, 4H, ArCH2N), 3.29 (q, 
3
JHH = 6.9 Hz, 2H, ArCH(CH3)2), 2.94 (q, 

3
JHH = 6.9 Hz, 

2H, NCH(CH3)2), 2.55 (s, 4H, NCH2CH2N), 1.23 (d, 
3
JHH = 6.9 Hz, 12H, 

ArCH(CH3)2), 0.97 (d, 
3
JHH = 6.6 Hz, 6H, NCH(CH3)2). 

 

13
C NMR data (100.56 MHz, CDCl3, 298 K):  δ 154.6 (C-OH), 136.5 (ArC), 135.4 

(ArC), 129.4 (ArCH), 128.6 (ArCH), 127.7 (ArCH), 126.2 (ArCH), 125.5 (ArCH), 

121.1 (ArCCH2N), 119.1 (ArCH), 58.4 (ArCH2), 58.5 (ArCH2),49.8 (NCH2CH2N), 

26.6 (CH(CH3)2), 22.6 (CH(CH3)2). 
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Elemental analysis for C28H44N2O2 (440.66): C, 76.32; H, 10.06; N, 6.36 %. Found C, 

76.05; H, 9.75; N, 5.94 %. 

 

4.11  Synthesis of N,N'-diethyl-N,N'-bis[(4-phenyl-1-hydroxyphenyl)methyl 

ene]-1,2-diaminoethane (H2L
3C

) 

 

To a solution of N,N′-diisopropyl-1,2-ethylenediamine (1.50 g, 10.41 

mmol) in ethanol (125 ml) was added 3-phenylsalicylaldehyde (2.06g, 10.4 mmol), 

and the resulting mixture was stirred for 3 hours at reflux temperature. After cooling 

to room temperature, sodium borohydride (1.87 g, 50.00 mmol) was slowly added to 

the solution and stirred for another 2 hours at room temperature. The reaction was 

quenched with water (100 ml), and the aqueous phase was extracted 3 times with 

dichloromethane (100 ml). The organic phases were combined and dried over MgSO4. 

The solution was concentrated in vacuo and redissolved in ethanol (125 ml). To the 

solution was added 3-phenylsalicylaldehyde (2.06 g, 10.41 mmol) at room 

temperature and the reaction mixture was stirred at 70 ˚C overnight. Reduction using 

NaBH4 (1.87 g, 50.00 mmol) and extraction into dichloromethane was repeated as 

described above. After removing the solvent, a colorless oil was obtained and this was 

recrystallized from methanol. Colorless crystals were obtained. Yield: 3.28 g; 62%. 

 

1
H NMR data (399.87 MHz, CDCl3, 298 K): δ 7.55-7.59 (m, 4H, ArH), 7.39-7.45 (m, 

4H, ArH), 7.29-7.34 (m, 2H, ArH), 7.23 (dd, 
4
JHH = 1.7 Hz, 

3
JHH = 6.3 Hz, 2H, ArH), 

6.91-6.95 (m, 2H, ArH), 6.83 (m, 2H, ArH), 3.77 (s, 4H, ArCH2N), 2.99 (q, 
3
JHH = 

6.9 Hz, 2H, NCH(CH3)2), 2.61 (s, 4H, NCH2CH2N), 0.99 (d, 
3
JHH = 6.6 Hz, 6H, 

NCH(CH3)2). 

 

13
C NMR data (100.56 MHz, CDCl3, 298 K): δ 154.6 (C-OH), 158.5 (ArC), 135.5 

(ArC), 130.1 (ArCH), 129.5 (ArCH), 129.4 (ArCH), 128.9 (ArC), 128.6 (ArCH), 

128.1 (ArCH), 128.0 (ArCH), 127.7 (ArCH), 122.0 (ArCCH2N), 119.4 (ArCH), 58.5 

(ArCH2), 58.4 (ArCH2), 49.9 (NCH2CH2N). 
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Elemental analysis for C34H40N2O2 (508.69): C, 80.28; H, 7.93; N, 5.51 %. Found C, 

80.27; H, 7.43; N, 5.50 %. 

 

5. Synthesis of tetradentate bis(phenoxy-amine) aluminum complexes 

 

 Treatment of ligands H2L
1A

- H2L
4A

, H2L
1B

- H2L
4B

 and H2L
1C

- H2L
3C

 with an 

equimolar amount of trimethyl aluminum in toluene at 70 ˚C resulted in the formation 

of Salan aluminum methyl complexes L
1A

AlMe-L
4A

AlMe, L
1B

AlMe-L
4B

AlMe and 

L
1C

AlMe-L
3C

AlMe, respectively (Figure 40). All complexes were obtained in 

moderate to good yields. 

 

N

O

R2

R1

N

R1

O

R2

Al

Me

N

OH

R2

R1

N

R1

HO

R2

+     AlMe3

Toluene

 

 

    Group A: R1 = Me       Group B: R1 = Et        Group C: R1 = iPr 

 

 L1AAlME: R2 = H  L1BAlME: R2 = H   L1CAlME: R2 = H 

 L2AAlME: R2 = iPr L2BAlME: R2 = iPr  L2CAlME: R2 = iPr 

 L3AAlME: R2 = tBu L3BAlME: R2 = tBu  L4CAlMe: R2 = Ph 

 L4AAlME: R2 = Ph L4BAlME: R2 = Ph 

 

Figure 40 Synthetic pathway for the preparation of L
1A

AlMe-L
4A

AlMe, L
1B

AlMe-

L
4B

AlMe and L
1C

AlMe-L
3C

AlMe. 

 

5.1 Synthesis of L
1A

AlMe (Milione et al., 2012; Gibson et al., 2004; 

Hormnirun et al., 2004) 

 

To a stirred solution of H2L
1A

 (2.00 g, 6.67 mmol) in toluene (30 ml) was 

slowly added AlMe3 (3.33 ml of a 2.0 M solution in toluene, 6.66 mmol). The 

reaction mixture was stirred at 70 ˚C for 24 hours. After cooling to room temperature, 

a white solid precipitated. The solid was collected by filtration and dried under 

vacuum. Yield: 1.58 g; 70%.  
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1
H NMR data (399.87MHz, C6D6, 298 K): δ 7.23-7.19 (m, 4H, ArH), 6.83 (m, 4H, 

ArH), 3.76 (br s, 2H, ArCH
2
), 2.53 (br s, 2H, ArCH

2
), 1.90 (br s, 2H, N(CH

2
CH

2
)N), 

1.68 (s, 6H, NCH
3
), 1.61 (br s, 2H, N(CH

2
CH

2
)N), -0.53 (s, 3H, AlCH

3
).  

 

13
C NMR data (100.58 MHz, C6D6, 298 K): δ 160.9 (COAl), 130.5 (ArCH), 128.9 

(ArCH), 121.8 (ArCCH
2
N), 120.5 (ArCH), 116.6 (ArCH), 61.3 (ArCH

2
N), 54.3 

(N(CH
2
CH

2
)N), 43.6 (NCH

3
), -10.8 (AlCH

3
).  

 

5.2 Synthesis of L
2A

AlMe 

 

To a stirred solution of H2L
2A

 (2.00 g, 5.20 mmol) in toluene (30 ml) was 

slowly added AlMe3 (2.60 ml of a 2.0 M solution in toluene, 5.20 mmol). The 

reaction mixture was stirred at 70 ˚C for 24 hours. After cooling to room temperature, 

the solvent was removed under reduced pressure to leave a colorless sticky oil. The 

product was recrystallized from hexane, collected by filtration and dried under 

vacuum. Yield: 1.73 g; 78%. 

 

1
H NMR data (399.87 MHz, C6D6, 298 K): δ 7.16 (dd,

4
JHH= 1.6 Hz, 

3
JHH= 7.6 Hz, 2H, 

ArH), 6.79-6.81 (m, 2H, ArH), 6.65 (t, 
3
JHH = 6.9 Hz, 2H, ArH), 4.44 (d, 

3
JHH = 12.2 

Hz, 2H, ArCH2N), 3.33-3.62 (m, 2H, CH(CH3)2), 3.19 (d, 
3
JHH = 12.2 Hz, 2H, 

ArCH2N), 2.75-2.84 (m, 2H, NCH2CH2N), 2.45-2.62 (m, 2H, NCH2CH2N), 2.29-2.34 

(s, 6H, NCH3), 1.26 (d, 
3
JHH = 6.7 Hz, 12H, CH(CH3)2), -0.91 (s, 3H, AlCH3). 

 

13
C NMR data (100.56 MHz, C6D6, 298 K): δ 157.3 (C-OAl), 138.4 (ArC), 126.3 

(ArCH), 126.2 (ArCH), 121.3 (ArCCH2N), 116.2 (ArCH), 61.8 (ArCH2), 55.2 

(NCH2CH2N), 44.0 (NCH3), 27.2 (CH(CH3)2), 22.9 (CH(CH3)2), 22.3 (CH(CH3)2). 

 

Elemental analysis for C23H37N2O2Al (424.56): C, 70.73; H, 8.78; N, 6.60 %. Found 

C, 70.61; H, 8.77; N, 6.60 %. 

  



80 

5.3 Synthesis of L
3A

AlMe 

 

To a stirred solution of H2L
3A

 (2.00 g, 4.85 mmol) in toluene (30 ml) was 

slowly added AlMe3 (2.42 ml of a 2.0 M solution in toluene, 4.85 mmol). The 

reaction mixture was stirred at 70 ˚C for 24 hours. After cooling to room temperature, 

a white solid precipitated. The solid was collected by filtration and dried under 

vacuum. Yield: 1.30 g; 59%. 

 

1
H NMR data (399.87 MHz, C6D6, 298 K): δ 7.27 (dd, 

4
JHH = 1.6 Hz, 

3
JHH = 6.0 Hz, 

2H, ArH), 6.85 (dd, 
4
JHH = 1.6 Hz, 

3
JHH = 7.3 Hz, 2H, ArH), 6.61 (t,

 3
JHH = 7.5 Hz, 

2H, ArH), 4.47 (d, 
3
JHH = 12.2 Hz, 2H, ArCH2N), 3.14 (d, 

3
JHH = 12.2 Hz, 2H, 

ArCH2N), 3.01-3.09 (m, 2H, NCH2CH2N), 2.80-2.90 (m, 2H, NCH2CH2N), 2.25 (s, 

6H, NCH3), 1.47 (s, 18H, C(CH3)3), -0.83 (s, 3H, AlCH3). 

 

13
C NMR data (100.56 MHz, C6D6, 298 K): δ 158.8 (C-OAl), 139.1 (ArC), 127.1 

(ArCH), 126.9 (ArCH), 121.8 (ArCCH2N), 115.5 (ArCH), 61.7 (ArCH2), 55.2 

(NCH2CH2N), 43.9 (NCH3), 34.89 (CCH3), 29.89 (C(CH3)3). 

 

Elemental analysis for C27H41N2O2Al (452.61): C, 71.65; H, 9.13; N, 6.19 %. Found 

C, 71.63; H, 9.00; N, 6.16 %. 

 

5.4 Synthesis of L
4A

AlMe 

 

To a stirred solution of H2L
4A

 (2.00 g, 4.42 mmol) in toluene (30 ml) was 

slowly added AlMe3 (2.21 ml of a 2.0 M solution in toluene, 4.42 mmol). The 

reaction mixture was stirred at 70 ˚C for 24 hours. After cooling to room temperature, 

a white solid precipitated. The solid was collected by filtration and dried under 

vacuum. Yield: 1.10 g; 50%. 

 

1
H NMR data (399.87 MHz, C6D6, 298 K): δ 7.66 (m, 4H, ArH), 7.34 (dd, 

4
JHH = 1.8 

Hz, 
3
JHH = 7.6 Hz, 2H, ArH), 7.02-7.14 (m, 6H, ArH), 6.87 (dd, 

4
JHH = 1.8 Hz, 

3
JHH = 

7.3 Hz, 2H, ArH), 6.70 (m, 2H, ArH), 4.30 (d, 
3
JHH = 12.2 Hz, 2H, ArCH2N), 3.23 (d, 
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3
JHH = 12.2 Hz, 2H, ArCH2N), 2.94-3.06 (m, 2H, NCH2CH2N), 2.71-2.83 (m, 2H, 

NCH2CH2N), 2.34 (s, 6H, NCH3), -0.75 (s, 3H, AlCH3). 

 

13
C NMR data (100.56 MHz, C6D6, 298 K): δ 159.7 (C-OAl), 139.2 (ArC), 130.8 

(ArCH), 129.4 (ArCH), 128.2 (ArC), 127.5 (ArCH), 125.9 (ArCH), 116.5 (ArCH), 

109.8 (ArCH), 61.4 (ArCH2), 54.8 (NCH2CH2N), 44.1 (NCH3). 

 

Elemental analysis for C31H33N2O2Al (492.59): C, 75.59; H, 6.75; N, 5.69 %. Found 

C, 75.63; H, 6.56; N, 5.67 %. 

 

5.5 Synthesis of L
1B

AlMe. 

 

To a stirred solution of H2L
1B

 (2.00 g, 6.09 mmol) in toluene (30 ml) was 

slowly added AlMe3 (3.05 ml of a 2.0 M solution in toluene, 6.09 mmol). The 

reaction mixture was stirred at 70 ˚C for 24 hours. After cooling to room temperature, 

the solvent was removed to leave a colorless sticky oil. The product was recrystallized 

from hexane, collected by filtration and dried under vacuum. Yield: 1.58 g; 70%. 

 

1
H NMR data (399.87 MHz, C6D6, 298 K): δ 7.13-7.20 (m, 2H, ArH), 6.90-6.96 (m, 

2H, ArH), 6.61-6.67 (m, 2H, ArH), 4.00-4.16 (s br, 2H, ArCH2N), 3.38-3.54 (s 

br, 2H, ArCH2N), 2.98-2.80 (s br, 2H, NCH2CH2N), 2.56-2.64 (s br, 2H, NCH2CH3), 

0.99 (t, 
3
JHH = 7.2 Hz, 6H, NCH3CH3), -0.81 (s, 3H, AlCH3). 

 

13
C NMR data (100.56 MHz, C6D6, 298 K): δ 160.3 (C-OAl), 129.7 (ArCH), 128.5 

(ArCH), 121.4 (ArCH), 119.9 (ArCH), 116.7 (ArCH), 125.9 (ArCH), 116.5 (ArCH), 

55.4 (ArCH2), 48.7 (NCH2CH2N), 45.8 (NCH2CH3), 14.1 (NCH2CH3). 

 

Elemental analysis for C21H29N2O2Al (368.45): C, 68.46; H, 7.93; N, 7.60 %. Found 

C, 68.44; H, 8.25; N, 7.56 %. 
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5.6 Synthesis of L
2B

AlMe 

 

To a stirred solution of H2L
2B

 (2.00 g, 4.85 mmol) in toluene (30 ml) was 

slowly added AlMe3 (2.42 ml of a 2.0 M solution in toluene, 4.85 mmol). The 

reaction mixture was stirred at 70 ˚C for 24 hours. After cooling to room temperature, 

the solvent was removed to leave colorless sticky oil. The product was recrystallized 

from hexane, collected by filtration and dried under vacuum. Yield: 1.17 g; 53%. 

 

1
H NMR data (399.87 MHz, C6D6, 298 K): δ 7.16 (dd, 

4
JHH = 1.7 Hz, 

3
JHH = 7.6 Hz, 

2H, ArH), 6.82-6.85 (m, 2H, ArH), 6.63-6.67 (t, 
3
JHH = 7.4 Hz, 2H, ArH), 4.08-4.25 

(s br, 2H, ArCH2N), 3.38-3.62 (s br, 4H, ArCH2N and ArCH(CH3)2), 2.83-3.08 (s 

br, 2H, NCH2CH2N), 2.59-2.81 (s br, 2H, NCH2CH3), 1.26 (d, 
3
JHH = 6.9 Hz, 12H, 

CH(CH3)2), 1.02 (t, 
3
JHH = 7.1 Hz, 6H, NCH3CH3), -0.81 (s, 3H, AlCH3). 

 

13
C NMR data (100.56 MHz, C6D6, 298 K):  δ 157.7 (C-OAl), 138.4 (ArC), 126.2 

(ArCH), 126.0 (ArCH), 121.3 (ArCH), 116.2 (ArCH), 55.3 (ArCH2), 49.2 

(ArCH(CH3)2), 44.1 (NCH2CH2N), 22.9 (ArCH(CH3)2), 22.49 ArCH(CH3)2, 5.3 

ArCH(CH3)2. 

 

Elemental analysis for C27H41N2O2Al (452.61): C, 71.65; H, 9.13; N, 6.19 %. Found 

C, 71.64; H, 9.25; N, 6.18 %. 

 

5.7 Synthesis of L
3B

AlMe 

 

To a stirred solution of H2L
3B

 (2.00 g, 4.54 mmol) in toluene (30 ml) was 

slowly added AlMe3 (2.27 ml of a 2.0 M solution in toluene, 4.54 mmol). The 

reaction mixture was stirred at 70 ˚C for 24 hours. After cooling to room temperature, 

a white solid precipitated. The solid was collected by filtration and dried under 

vacuum. Yield: 1.46 g; 67%.  

 

1
H NMR data (399.87 MHz, C6D6, 298 K): δ 7.27 (dd, 

4
JHH = 1.6 Hz, 

3
JHH = 7.3 Hz, 

2H, ArH), 6.88 (dd, 
4
JHH = 1.5 Hz, 

3
JHH = 5.6 Hz, 2H, ArH), 6.61 (t, 

3
JHH = 7.4 Hz, 
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2H, ArH), 4.24 (d, 
3
JHH = 12.6 Hz, 2H, ArCH2N), 3.45 (d, 

3
JHH = 12.6 Hz, 2H, 

ArCH2N), 2.96 (s, 2H, NCH2CH2N), 2.65-2.82 (m, 2H, NCH2CH3), 1.47 (s, 18H, 

C(CH3)3), 1.01 (t, 
3
JHH = 7.2 Hz, 6H, NCH3CH3), -0.80 (s, 3H, AlCH3). 

 

13
C NMR data (100.56 MHz, C6D6, 298 K):  δ 159.3 (C-OAl), 138.9 (ArC), 127.0 

(ArCH), 126.8 (ArCH), 121.5 (ArCH), 115.4 (ArCH), 55.7 (ArCH2), 48.9 (ArCH 

(CH3)2), 45.4 (NCH2CH2N), 29.8 (ArCH2CH3), 5.4 ArC(CH3)2. 

 

Elemental analysis for C29H45N2O2Al (480.66): C, 72.46; H, 9.44; N, 5.83 %. Found 

C, 72.68; H, 9.43; N, 5.85 %. 

 

5.8 Synthesis of L
4B

AlMe 

 

To a stirred solution of H2L
4B

 (2.00 g, 4.16 mmol) in toluene (30 ml) was 

slowly added AlMe3 (2.08 ml of a 2.0 M solution in toluene, 4.16 mmol). The 

reaction mixture was stirred at 70 ˚C for 24 hours. After cooling to room temperature, 

a white solid precipitated. The solid was collected by filtration and dried under 

vacuum. Yield: 1.55 g; 72%. 

 

1
H NMR data (399.87 MHz, C6D6, 298 K):  δ 7.63-7.69 (m, 4H, ArH), 7.32-7.36 

(m, 2H, ArH), 7.02-7.13 (m, 6H, ArH), 6.87-6.91 (dd, 
4
JHH = 1.7 Hz, 

3
JHH = 7.3 Hz, 

2H, ArH), 6.67-6.73 (m, 2H, ArH), 4.03-4.30 (s br, 2H, ArCH2N), 3.38-3.61 (s 

br, 2H, ArCH2N), 2.89 (m, 4H, NCH2CH2N), 2.68-3.00 (m, 2H, NCH2CH3), 1.05 (t, 

3
JHH = 7.1 Hz, 6H, NCH2CH3), -0.74 (s, 3H, AlCH3). 

 

13
C NMR data (100.56 MHz, C6D6, 298 K):  δ 157.4 (C-OAl), 139.3 (ArC), 130.8 

(ArCH), 129.4 (ArCH), 128.0 (ArCH), 127.5 (ArCH), 125.9 (ArCH), 116.5 (ArCH), 

74.0 (ArCH2), 55.7 (NCH2CH2N), 48.5 (ArCH2CH3), 29.8 Ar(CH2CH3). 

Elemental analysis for C33H37N2O2Al (520.64): C, 76.13; H, 7.16 N, 5.38 %. Found C, 

76.59; H, 6.93; N, 5.42 %. 
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5.9 Synthesis of L
1C

AlMe 

 

To a stirred solution of H2L
1C

 (1.50 g, 3.78 mmol) in toluene (30 ml) was 

slowly added AlMe3 (1.89 ml of a 2.0 M solution in toluene, 3.78 mmol). The 

reaction mixture was stirred at 70 ˚C for 24 hours. After cooling to room temperature, 

the solvent was removed to leave colorless sticky oil. The product was recrystallized 

from hexane, collected by filtration and dried under vacuum. Yield: 1.31 g; 87%.  

 

1
H NMR data (500.13 MHz, toluene-d8, 368 K):  δ 6.94 (td, 2H, 

4
JHH = 1.8 Hz, 

3
JHH = 

6.4 Hz, ArH), 6.82 (dd, 2H, 
4
JHH = 1.5 Hz, 

3
JHH = 7.4 Hz, ArH), 6.68 (dd, 2H, 

4
JHH = 

1.0 Hz, 
3
JHH = 8.1 Hz, ArH), 6.66 (td, 2H, 

4
JHH = 1.2 Hz, 

3
JHH = 7.4 Hz, ArH), 3.55 (s, 

4H, ArCH2), 3.14 (q, 
3
JHH = 5.4 Hz, 2H, NCH(CH3)2), 2.350 (s, 4H, N(CH2CH2)N), 

0.82 (d,
 3

JHH = 5.4 Hz, 12H, NCH(CH3)2), -0.43 (s, 3H, AlCH3) 

 

13
C NMR data (100.56 MHz, toluene-d8, 368):  δ 160.9 (C-OAl), 137.3 (ArCH), 129.6 

(ArCH), 128.6 (ArCH), 120.6 (ArCH), 117.0 (ArCH), 57.7 (ArCH2), 53.1 

(NCH2CH2N), 48.9 (NCH(CH3) 2), 14.1 (NCH(CH3)2). 

 

Elemental analysis for C23H33N2O2Al (396.50): C, 69.67; H, 8.39; N, 7.07 %. Found 

C, 69.67; H, 8.63; N, 7.05 %. 

 

5.10  Synthesis of L
2C

AlMe 

 

To a stirred solution of H2L
2C

 (1.50 g, 3.12 mmol) in toluene (30 ml) 

was slowly added AlMe3 (1.56 ml of a 2.0 M solution in toluene, 3.12 mmol). The 

reaction mixture was stirred at 70 ˚C for 24 hours. After cooling to room temperature, 

a white solid precipitated. The solid was collected by filtration and dried under 

vacuum. Yield: 1.10 g; 73%. 

 

1
H NMR data (500.13 MHz, toluene-d8, 368 K):  δ 7.19 (m, 2H, ArH), 6.63-6.74 (m, 

6H, ArH), 3.68 (q, 
3
JHH = 5.5 Hz, 2H, ArCH(CH3)2), 3.57 (s, 4H, ArCH2), 3.18 (q, 
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3
JHH = 5.3 Hz, 2H, NCH(CH3)2), 2.38 (s, 4H, N(CH2CH2)N), 1.38 (d, 

3
JHH = 5.1 Hz, 

12H, CH(CH3)2), 0.85 (d, 
3
JHH = 5.3 Hz, 12H, NCH(CH3)2), -0.43 (s, 3H, AlCH3). 

 

13
C NMR data (100.56 MHz, toluene-d8, 368K):  δ 158.0 (C-OAl), 137.3 (ArCH), 

126.4 (ArCH), 126.0 (ArCH), 125.4 (ArCH), 117.0 (ArCH), 55.4 (ArCH2), 52.7 

(NCH2CH2N), 49.0 (NCH(CH3) 2), 22.6 (ArCH(CH3)2),14.1 (NCH(CH3)2). 

 

Elemental analysis for C29H45N2O2Al (480.66): C, 72.46; H, 9.44; N, 5.83 %. Found 

C, 72.91; H, 9.54; N, 8.56 %. 

 

5.11 Synthesis of L
3C

AlMe 

 

To a stirred solution of H2L
3C

 (1.50 g, 2.73 mmol) in toluene (30 ml) 

was slowly added AlMe3 (1.37 ml of a 2.0 M solution in toluene, 2.73 mmol). The 

reaction mixture was stirred at 70 ˚C for 24 hours. After cooling to room temperature, 

a white solid precipitated. The solid was collected by filtration and dried under 

vacuum. Yield: 1.33 g; 89%. 

 

1
H NMR data (500.13 MHz, toluene-d8, 368 K):  δ 7.38 (m, 2H, ArH), 7.06 (m, 2H, 

ArH), 6.65-6.92 (m, 8H, ArH), 6.31-6.54 (m, 4H, ArH), 3.37 (s, 4H, ArCH2), 2.87 (q, 

3
JHH = 5.1 Hz, 2H, NCH(CH3)2), 2.15 (s, 4H, N(CH2CH2)N), 0.63 (d, 

3
JHH = 5.1 Hz, 

12H, NCH(CH3)2), -0.81 (s, 3H, AlCH3). 

 

13
C NMR data (100.56 MHz, toluene-d8, 368 K):  δ 157.5 (C-OAl), 139.3 (ArC), 130.8 

(ArCH), 129.4 (ArCH), 128.0 (ArCH), 127.5 (ArCH), 125.9 (ArCH), 116.5 (ArCH), 

74.0 (ArCH2), 55.4 (NCH2CH2N), 49.1 (ArCH2CH3), 17.2 Ar(CH(CH3)2). 

 

Elemental analysis for C35H41N2O2Al (548.69): C, 76.61; H, 7.53; N, 5.11 %. Found 

C, 76.60; H, 7.68; N, 5.10 %. 
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6. General procedure for rac-LA, L-LA and ε-caprolactone polymerizations 

 

In a nitrogen-filled glove box, an ampoule was charged with a 720 mg for  

rac-LA and L-LA or 570 mg for ε-caprolactone (5.00 mmol) and 5.2 μL of benzyl 

alcohol (50 μmol) was added a solution of catalyst (50 μmol) in 6 ml of toluene 

([monomer]:[benzyl alcohol]:[catalyst] = 100:1:1). The reaction mixture was stirred at 

70 ˚C for the desired reaction time. After an aliquot was removed for characterization, 

the reaction was quenched with small drop of methanol. The polymer was precipitated 

with excess methanol and was then dried in vacuo to constant weight. 

 

7. General kinetic procedure for rac-LA and L-LA polymerization 

 

In a nitrogen-filled glove box, a solution of catalyst (50 μmol) in toluene (6 

ml) was added to an ampoule which was charged with a 360 mg of monomer (2.50 

mmol) and 5.2 μL of benzyl alcohol (50 μmol) (resulting [monomer]:[benzyl 

alcohol]:[catalyst] = 50:1:1). The mixture was then stirred at 70 ˚C. At appropriate 

time intervals, aliquots were removed and quenched with 1 ml of hexane. The aliquots 

were then dried in vacuo and analyzed by 
1
H NMR spectroscopy. 

 

8. General procedure for rac-LA and ε-caprolactone copolymerization 

 

In nitrogen-filled glove box, an ampoule containing rac-LA (360 mg), ε-CL 

(290 mg), and benzyl alcohol (5.2 μL) was added a solution of catalyst (50 μmol) in 

toluene (6 ml) ([rac-LA]:[ε-CL]:[benzyl alcohol]:[catalyst] = 50:50:1:1). The reaction 

was then stirred at 70 ˚C. The samples were withdrawn at appropriate time intervals. 

Characterization of products was performed after drying under vacuum. 
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RESULTS AND DISCUSSION 

 

1. Aluminum complexes supported by bis(pyrrolidene) Schiff-base ligands 

 

Since the first discovery of the well-controlled and stereoselective 

polymerization of lactides using the enantiomerically pure (R)-(SalBinap)-AlOCH3 

((R,R)-1) by Spassky and coworkers, the five-coordinate aluminum alkoxide 

complexes have become promising catalysts for the ring-opening polymerization of 

lactones (Spassky et al., 1996). The efficiency of many chiral and achiral 

bis(salicylidene) Schiff-base aluminum complexes as catalysts for the ROP of 

lactones have been reported since then. However, most of bis(salicylidene) Schiff-

base aluminum complexes have lower activities than the other reported metal catalyst 

systems (Chisholm et al., 2004; Chamberlian et al., 2001; Williams et al., 2003). 

Compared with the existing aluminum catalysts with a bis(salicylidene) Schiff-base 

ligand system (Spassky et al., 1996; Randano et al., 2000; Ovitt and Coates, 2000; 

Zhong and Feijen, 2002), the five-coordinate aluminum complexes ligated by 

bis(pyrrolidene) Schiff-base ligands showed not only an excellent activity but also 

exhibited a good stereoselectivity over the ROP of lactides (Du et al., 2009). 

According to the work reported by Du and coworkers, the results showed that both 

activity and selectivity were enhanced for initiators bearing the flexible C3 linkers. 

However, the introduction of dimethyl substituents on the pyrrole rings was found to 

decrease both activity and selectivity. With regard of the fact that the ability over 

ROP of bis(salicylidene) Schiff-base aluminum complexes is strongly dependence on 

the flexibility of the linker (Nomura et al., 2002; 2004; Hormnirun et al., 2006), this 

work focused on the architecture of backbone that linked between the two pyrrole 

units. This investigation was included the length and the flexibility of the backbone 

linkers. The chiral nature of aluminum complex was also in the point of concern.  
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1.1 Synthesis of tetradentate bis(pyrrolidene) Schiff-base ligands 

 

The bis(pyrrolidine) Schiff base ligands H2L
1
-H2L

7
 with different 

backbone structures illustrated in Figure 41 were obtained in good yields (57-99%) 

by reacting two equivalents of the pyrrole-2-carboxaldehyde with the relevant 

diamine in ethanol at room temperature. The synthesis of all ligands was described in 

Materials and Methods. NMR spectroscopic technique and elemental analysis were 

used to characterize the synthesized ligands. 

 

NH

O

2 +
R

NH2 NH2

Ethanol
NH

N N

HN

R

 

H2L
1
: R = -CH2CH2- 

H2L
2
: R = -CH2CH2CH2- 

H2L
3
: R = -CH2C(CH3)2CH2- 

H2L
4
: R = -CH2C6H4- 

H2L
5
: R = -(CH2)4- 

H2L
6
: R = -C6H4- 

H2L
7
: R = -rac-C6H10-R = -(CH2)4- 

 

Figure 41 The synthetic pathway for ligands H2L
1
-H2L

7
.  

 

Satisfactory elemental analyses were obtained on all compounds (see 2.1-2.7 

in Materials and Methods) and spectroscopic data were consistent with the formulae 

depicted in Figure 41. The 
1
H NMR spectra of all compounds except H2L

4
 show one 

peak of the imine proton (N=CH), three peaks of the pyrrolic protons and a set of the 

backbone protons. For H2L
4
, an asymmetrical nature of this ligand was indicated by 

the observation of two imine resonances and two sets of pyrrolic protons. 

 

1.2 Synthesis of aluminum bis(pyrrolidine) Schiff-base complexes 

 

The aluminum methyl complexes L
1
AlMe-L

7
AlMe were prepared by treating 

the relevant tetradentate Schiff-base with trimethylaluminum in toluene as shown in 

Figure 42. Complexes L
1
AlMe and L

5
AlMe rapidly precipitated from the reaction 

RT 
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solution after the addition of trimethyl aluminum. Complexes L
2
AlMe and L

3
AlMe 

were obtained directly from the cooled reaction mixture as off-white solids, whereas 

complexes L
4
AlMe and L

6
AlMe were obtained as pale yellow solids. X-ray quality 

crystal of complex L
3
AlMe was grown from the low-rate cooling of the crude 

reaction product from 110 ˚C to room temperature. Reaction of H2L
7
 and trimethyl 

aluminum took several days to fully convert all the Schiff-Base to L
7
AlMe. The 

synthesis of complexes L
1
AlMe and L

6
AlMe has been reported in the literature 

(Azpeitia et al., 2011).  

 

 

NH

N N

HN

R

Toluene

N

N N

N

R

    +    AlMe3 Al

Me  

 H2L
1
: R = -CH2CH2- L

1
AlMe: R = -CH2CH2- 

 H2L
2
: R = -CH2CH2CH2-  L

2
AlMe: R = -CH2CH2CH2- 

 H2L
3
: R = -CH2C(CH3)2CH2-  L

3
AlMe: R = -CH2C(CH3)2CH2- 

 H2L
4
: R = -CH2C6H4-  L

4
AlMe: R = -CH2C6H4- 

 H2L
5
: R = -rac-C6H10- L

5
AlMe: R = -(CH2)4- 

 H2L
6
: R = -C6H4-  L

6
AlMe: R = -C6H4- 

 H2L
7
: R = -(CH2)4- L

7
AlMe: R = -rac-C6H10- 

 

Figure 42 The synthetic pathway for L
1
AlMe-L

7
AlMe.  

 

The 
1
H NMR spectrum of complex L

1
AlMe (Figure 43) shows a signal at δ 

-0.97 ppm, which is attributed to the protons of the aluminum methyl group. The 

pyrrole protons display one multiplet and two double doublets at δ 7.30, 6.62 and 

6.18, respectively. The signal of imine protons appears as a singlet at δ 8.33 ppm. The 

signal of four methylene protons of backbone appears as two multiplets at δ 4.00-3.93 

and δ 3.74-3.66 ppm, which indicated a monomeric structure with a five-coordinate 

aluminum center. 

 

The 
1
H NMR spectrum of complex L

2
AlMe is shown in Figure 44. A singlet 

of imine protons, a set of pyrrole protons and aluminum methyl protons were 

observed in the same fashion with complex L
1
AlMe. The four NCH2 protons show 

110 ˚C 
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two overlapping multiplets at δ 3.88-3.76 ppm. Two multiplets at δ 2.12-2.01 and δ 

1.86-1.74 ppm arise from the diastertereotopic methylene protons of the ligand 

backbone. All intensities of the peaks and a symmetric pattern indicate a monomeric 

structure with a five coordinate aluminum center for L
2
AlMe. 

 

 

 

Figure 43
 1

H NMR spectrum of complex L
1
AlMe (400 MHz, DMSO-d6, 300 K, * = 

residual DMSO).  

 

Figure 45 illustrates the 
1
H NMR spectrum of complex L

3
AlMe. The 

characteristic signal at δ -0.89 is attributed to the protons of the aluminum methyl 

group and the signal of imine protons appears as a singlet at δ 8.24 ppm. The pyrrole 

protons display one multiplet and two double doublets at δ 7.39-7.36, 6.68 and 6.26, 

respectively. The four NCH2 protons show two doublets centered at δ 3.76 and δ 3.45 

with the 
2
JHH coupling constants of 12.2 Hz. Two methyl protons from backbone 

display two singlets at δ 1.05 and δ 0.84 ppm. All the peaks indicate a monomeric 

structure for L
3
AlMe with a five coordinated aluminum center. 
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Figure 44 
1
H NMR spectrum of complex L

2
AlMe (400 MHz, DMSO-d6, 300 K, * = 

residual DMSO). 

 

 

 

Figure 45 
1
H NMR spectrum of complex L

3
AlMe (400 MHz, DMSO-d6, 300 K, * = 

residual DMSO). 
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Single crystals of complex L
3
AlMe were grown by cooling a concentrated 

toluene solution from 110 ˚C to room temperature. X-ray diffraction analysis revealed 

that this complex is monomeric with well defined geometry of the ligand around the 

central aluminum atom. The molecular structure is shown the Figure 46. The unit cell 

parameters are summarized in Table 3 and the refinement details are given in 

Appendix Tables 1 and 2.  

 

 

 

Figure 46 The molecular structure of complex L
3
AlMe. Selected bond lengths (Å) 

and angles (°) are as follows: Al-C(1), 1.967(2); Al-N(1), 1.976(1); Al-

N(2), 1.959(1); Al-N(3), 2.033(1); Al-N(4), 2.054(1); N(3)-C(6), 

1.289(2); N(4)-C(5), 1.291(2); C(1)-Al-N(1), 108.95(7); C(1)-Al-N(2), 

115.41(7); C(1)-Al-N(3), 106.27(7); C(1)-Al-N(4), 102.07(7); N(1)-Al-

N(2), 92.86(6); N(1)-Al-N(3), 80.43(5); N(1)-Al-N(4), 148.16(6); N(2)-

Al-N(3), 137.59(6); N(2)-Al-N(4), 79.92(6); N(3)-Al-N(4), 84.28(5).  
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Table 3  Crystal data and refinement parameters for complex L
3
AlMe. 

 

Crystal data and refinement parameters L
3
AlMe 

Empirical formula C16H21AlN4 

Formula weight 296.354 

Temperature (K) 150 

Dimension (mm) 0.25 × 0.20 × 0.10 

Crystal system Orthorhombic 

Space group Pna21 

a (Å) 9.5878(4) 

b (Å) 14.6264(6) 

c (Å) 11.4569(3) 

α (deg) 90.00 

 (deg) 90.00 

γ (deg) 90.00 

V  (Å
3
) 1606.66(10) 

Z 4 

Absorption coefficient (mm
-1

) 0.126 

Calculated density (mg/m
3
) 1.225 

Reflections collected/unique 11,799/3650 

Number of observations [>2σ(I)] 3397 

Goodness of fit on F
2
 1.020 

R1 [I > 2σ(I)] 0.0344 

Largest difference in peak and hole (e/Å
3
) 0.170/-0.173 

Final R indices [I > 2σ (I)] R1 = 0.0382 

 wR2 = 0.0916 
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The geometry of L
3
AlMe can be defined by the τ and χ values. The τ value is 

expressed as (β-α)/60, where α and β are the two largest N-Al-N angles in the 

diagonal direction in the xy plane with the Al-Me group oriented along the z-axis as 

shown in Figure 47. The geometry of five coordinate aluminum complex can be 

classified as either square pyramidal (sqp) or trigonal bipyramidal (tbp) (Atwood and 

Harvey, 2001). The τ value ranges from 0 for an ideal square pyramid to 1 for an ideal 

trigonal bipyrimid (Addison et al., 1984; Munoz-Hernadez et al., 2001). 

 

     
              sqp        tbp 

 

Figure 47 Square pyramidal (sqp) and trigonal bipyramidal (tbp) geometries of the 

five-coordinate aluminum methyl Schiff base complexes. 

 

 The geometry χ parameter was developed by Konno et al. (Matsuo et al., 

2003; Konno et al., 2000). The parameter can be used to define the geometry of five-

coordinate metal complex. The χ is calculated by the equation 8. 

                                         χ =   (β+γ+δ-2α)/180   (8) 

 

where α and β represent the two largest bond angles defined by four of five donor 

atoms N1-N4, γ and δ represent the angles concerning the remaining donor atom C. 

For χ = 0, the coordination geometry is a perfect sqp, and for χ = 1 is a perfect tbp. 

 

 Although, the τ parameter is more favorable for identifying the geometry of 

five-coordinate metal complexes, it declines to adequately quantify the tbp distortions 

for complexes with rigid ligand frameworks. For the identification of the geometry 
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around metal center with severe rigid ligand framework, a modified index parameter, 

χ, has been proposed to describe the trigonality of the complexes (Watanabe et al., 

2011). The χ parameter is more reliable according to the fact that it is based on more 

bond angles to determine the deviations from the tbp geometry (HAzpeitia et al., 

2011).  

 

For L
3
AlMe, the calculated τ and χ values are 0.18 and 0.36, respectively, 

indicating of distorted square pyramidal geometry. The bite angle, N(pyrrole)-Al-N(pyrrole) 

is 72.86(6)˚. The average Al-N(imino) bond length is 2.044 Å, which is slightly larger 

than those observed in L
1
AlMe (average Al-N(imino) bond length is 2.003 Å). 

However, the average Al-N(pyrrole) bond length (1.968 Å) is closed to those observed 

in L
1
AlMe (1.960 Å) (H.F. Azpeitia et al., 2011). 

 

 The 
1
H NMR spectrum of complex L

4
AlMe is illustrated in Figure 48. The 

spectrum shows a singlet at -1.21 ppm which is attributed to the aluminum methyl 

protons. The signal due to the diastereotopic methylene protons occurs as two 

doublets centered at 3.76 and 3.45 ppm with the 
2
JHH value of 12.2 Hz. Notably, the 

protons corresponding to pyrrole rings display as two set of signals. The amine 

protons also appear as two singlets, indicating of the asymmetric structure of the 

complex in the solution. 

 

 Complex L
5
AlMe has poor solubility in most common NMR solvents. 

However, it is slightly soluble in DMSO-d6 at room temperature and the 
1
H NMR 

spectrum of this complex is shown in Figure 49. The spectrum displays an equal 

intensity of two Al-CH3 characteristic peaks but shows only one set of pyrrole and 

backbone protons. The peaks of NCH2CH2 protons at δ 3.40-3.70 are related to the 

backbone methylene protons of L
1
AlMe. This result suggests the presence of at least 

two isomers at room temperature. The intensity ratio of the peaks and the elemental 

analysis result, which consistent with the stoichiometry C15H19AlN4, suggest the 

formation of a five coordinated aluminum complex. Based on this information, either 
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Figure 48 
1
H NMR spectrum of complex L

4
AlMe (400 MHz, DMSO-d6, 300 K , * 

= residual DMSO). 

 

 

 

Figure 49 
1
H NMR spectrum of complex L

5
AlMe (400 MHz, DMSO-d6, 300 K , * 

= residual DMSO). 
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the fast transformation between two possible geometries, sqp and tbp, or the  

formation of two diastereoisomers is considered. However, with the lack of 

spectroscopic information, it is inconceivably to conclude whether reasons with 

respect to this complex.  

 

Synthesis of complex L
6
AlMe was reported by Azpeitia and coworkers 

(Azpeitia et al., 2011). The complex was prepared from the treatment of ligand 

precursor with an equimolar of AlMe3. The complex was obtained from the cooled 

reaction mixture as a pale yellow solid in a moderate yield (26%). The 
1
H NMR 

spectrum of complex L
6
AlMe is shown in Figure 50. The characteristic signal at δ  

-1.13 ppm is attributed to the protons of the aluminum methyl group whereas the 

signal of imine protons appears as a singlet at δ 8.94 ppm. The pyrrole protons display 

one multiplet and two double doublets at δ 7.69, 7.05 and 6.45, respectively. The 

signal of aromatic protons of backbone appears as two doublets at δ 7.80 and δ 7.33 

ppm with the 
3
JHH and 

4
JHH value of 5.9 and 3.4 Hz, respectively. Recently, the 

synthesis and the X-ray structures of aluminum complexes with different alkyl groups 

(L
6
AlEt and L

6
Al

t
Bu) were reported (Azpeitia et al., 2011). For L

6
AlEt, the τ and χ 

values are calculated to be 0.03 and 0.41, respectively, indicating of the distorted 

square pyramidal geometry. The bite angle is 102.86(16)  . However, in the case of 

L
6
Al

t
Bu, the τ and χ values for are 0.16 and 0.50, respectively. These two parameters 

suggested the possible geometry of this complex can be either a distorted square 

pyramidal or an intermediate between tbp and sqp. The bite angle is 101.78(7)  . 

According to this geometrical parameter, the molecular geometry of L
6
AlEt and 

L
6
Al

t
Bu is an intermediate between tbp and sqp. Comparing to the structure of 

L
6
AlEt and L

6
Al

t
Bu, the possible structure of L

6
AlMe is a distorted square 

pyramidal. 

 

Complex L
7
AlMe is prepared from the treatment of racemic ligand precursor 

with an equimolar amount of AlMe3 in toluene at 110 ˚C. The 
1
H NMR spectrum in 

DMSO-d6, as illustrated in Figure 51, clearly revealed the presence of two 

stereoisomers in solution. The molar ratio of the characteristic both imine peaks is 

1:1. 
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Figure 50 
1
H NMR spectrum of complex L

6
AlMe (400 MHz, DMSO-d6, 300 K , * 

= residual DMSO). 

 

 

 

Figure 51 
1
H NMR spectrum of complex L

7
AlMe (400 MHz, DMSO-d6, 300 K , * 

= residual DMSO). 
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1.3 Synthesis of aluminum benzyloxide complex 

 

It is well known that the aluminum alkoxide complex is the most active 

species for the ROP of lactones (Duda et al., 1990 ; Balasanthiran et al., 2013). 

Benzyl alcohol is normally used in situ to generate the aluminum alkoxide complex 

(Ovitt and Coates, 2012). The formation of the aluminum alkoxide species can be 

confirmed by the isolation of complex L
3
AlOBn synthesized by the reaction between 

L
3
AlMe and an equimolar amount of benzyl alcohol in anhydrous toluene at 70 ˚C. 

The appearance of the methylene protons from benzyloxy group (OCH2PH) as a 

singlet resonance at δ 4.47 as well as the absence of the aluminum methyl signal 

indicated the complex conversion to the corresponding aluminum benzyloxide 

complex. The 
1
H NMR spectrum of L

3
AlOBn in DMSO-d6 reveals a symmetric 

structure of this complex. The imine proton appears as a singlet at δ 8.21 ppm and the 

methylene protons from the backbone appear as two doublets at δ 3.45 and δ 3.54 

ppm.  

 

1.4 LA polymerization studies using complexes L
1
AlMe- L

7
AlMe 

 

Complexes L
1
AlMe- L

7
AlMe were examined as initiators for the ROP of  

L-LA and rac-LA. The aluminum alkoxide species were generated in situ by 

alcoholysis of the aluminum methyl complexes with one equivalent of benzyl alcohol, 

according to Figure 53.  
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Figure 52 
1
H NMR spectrum of complex L

3
AlOBn (400 MHz, DMSO-d6, 300K, i = 

impurity, * = residual DMSO ). 

 

 

 

 

 

 

 

Figure 53  The LA polymerization procedure using complexes L
1
AlMe- L

7
AlMe. 

 

In typical polymerization experiment, LA (720 mg, 5.00 mmol), aluminum 

complex (0.05 mmol) and benzyl alcohol (5.2 μL, 0.05 mmol) were dissolved in 6 ml 

of toluene and introduced to a polymerization tube equipped with a magnetic bar. The 

molar ratio of rac-LA or L-LA to an initiator was fixed at 100:1 ([LA]0/[Al] = 100; 

[LA]0 = 0.83 M; [Al] = 8.33 mM; Mn (theory) =14,400). The experiments were 

carried out at 70 ˚C. After a certain time, aliquot was taken from the polymerization 

mixture to determine the monomer conversion by comparing the methine signal 

intensity of monomer (δ 5.05-5.11 ppm) and the polymer (δ 5.11-5.27 ppm). The 

N

N

N

N
Al
Me

R

OH
O

O

O

O

in situ alcoholysis 

H
O

O

O

O

OCH2Ph

n

+ 
+ 

Toluene 

70 ˚C 



101 

polymers were precipitated from cold methanol. The resultant polymers were isolated 

by filtration and dried under vacuum. The polymer molecular weights and 

polydispersity indices were determined form GPC analysis in THF calibrated with 

polystyrene standards. The molecular weight was corrected using the correction 

coefficient according to literature (Kricheldorf and Rost, 2005; Palard et al., 2007).  

 

Preliminary polymerization experiments were conducted using the optically 

pure L-LA. Independently of the catalyst being used, an isotactic polylactide was 

expected. The results are summarized in Table 4. All complexes were found to be 

active under the polymerization conditions. Molecular weight distributions are in the 

range of 1.02-1.08. These relatively narrow PDI values supported the controlled 

polymerization catalysis. Moreover, the Mn(GPC) values were in good agreement 

with the theoretical ones (Mn(th)) suggesting the growth of one polymer chain per an 

initiator. Complexes L
2
AlMe-L

4
AlMe, with C3 backbone, showed remarkably high 

conversion up to 80% of monomer within 1 hour. Complexes with C2 backbone 

(L
1
AlMe, L

6
AlMe and L

7
AlMe) took longer time to reach high conversion of 

monomer. In the C2 backbone series, complex L
1
AlMe showed lower activity than 

complex L
7
AlMe, which has a racemic cyclohexyl backbone. Complex L

6
AlMe took 

about ten days to achieve 92% conversion of monomer or 10 times slower than 

complex L
7
AlMe. According to the fact that the polymerization reaction proceeds via 

a coordination-insertion mechanism, the complex rearranges itself to form six-

coordinate complex in transition stage(s). Hence, the lack of backbone flexibility may 

cause the dramatically activity drop (P. Hormnirun et al., 2006). Complex L
5
AlMe 

which has the butylene backbone showed slightly higher activity than L
1
AlMe. In the 

C3 backbone series, the polymerizations using L
2
AlMe-L

4
AlMe were relatively fast. 

(Borgne et al., 1993, Wisniewski et al., 1997; Bhaw-Luximon et al., 2000; Jhurry et 

al., 2001; Radano et al., 2000). The complexes required about an hour to proceed to 

full conversion.  

 

Polymerization of rac-LA was explored to evaluate the stereospecificity of the 

polymerization system. The results are summarized in Table 5. The narrow molecular 

weight distributions were also observed. The molecular weights measured by GPC 
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(Mn(GPC))  were in good agreement with the calculated values. This reflects the well-

controlled and living fashion of the catalysts.  

 

Table 4  Polymerizations of L-LA using initiators L
1
AlMe-L

7
AlMe in the presence 

of benzyl alcohol
a
 

 

Initiator Time 

(h) 

Conversion
b
 

(%) 

Mn(th)
c
 

(g mol
-1

) 

Mn(GPC)
d
  

(g mol
-1

) 

PDI
d
 

L
1
AlMe 48 73 10573 10140 1.08 

L
2
AlMe 1 92 13238 10590 1.04 

L
3
AlMe 1 83 11974 11190 1.06 

L
4
AlMe 0.5 99 14251 12810 1.07 

L
5
AlMe 24 94 13548 12720 1.05 

L
6
AlMe 240 82 11818 12480 1.15 

L
7
AlMe 24 94 13548 11230 1.02 

87 

a
[LA]0/[Al] = 100, [Al]/[PhCH2OH] = 1, [LA]0 = 0.42 M, toluene, 70 ˚C. 

b
As 

determined via integration of the methine resonances (
1
H NMR) of LA and PLA 

(CDCl3, 400 MHz). 
c
Calculated by ([LA]0/[I]) × 144.13 × conversion. 

d
Determined by 

gel permeation chromatography (GPC) calibrated with polystyrene standards in THF 

and corrected by a factor of 0.58 for PLA.  

 

According to the results, it can be seen that the flexibility of backbone has an 

influence on the polymerization activity. Comparing the polymerization time between 

L
3
AlMe and L

1
AlMe or L

6
AlMe revealed that the introduction of more flexible 

backbone could accelerate the polymerization reaction. In the C3 backbone group, 

complex L
4
AlMe showed highest activity. It converted 100 equivalents of both L-LA 

and rac-LA to polylactide within 30 minutes.  The conjugate molecular structure 

resulting from incorporation of benzene ring in the backbone and more rigid planar 

geometry leads to a decrease of stereoselectivity (Du et al., 2007). Increasing the 

number of carbon atoms to four as in L
5
AlMe also gives a decrease in 

stereoselectivity. 
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Table 5  Polymerizations of rac-LA using initiators L
1
AlMe-L

7
AlMe in the presence 

of benzyl alcohol
a
 

 

Initiator Time 

(h) 

Conversion
b
 

(%) 

Mn(th)
c
 

(g mol
-1

) 

Mn(GPC)
d
  

(g mol
-1

) 
PDI

d
 Pm 

L
1
AlMe 48 77 11088 8481 1.06 0.61 

L
2
AlMe 1 98 14112 10424 1.05 0.69 

L
3
AlMe 1 95 13680 12817 1.03 0.80 

L
4
AlMe 0.5 99 14251 13723 1.07 0.74 

L
5
AlMe 24 82 11808 99077 1.02 0.52 

L
6
AlMe 200 86 12384 11628 1.11 0.64 

L
7
AlMe 24 82 11808 1088 1.09 0.73 

 

a
[LA]0/[Al] = 100, [Al]/[PhCH2OH] = 1, [LA]0 = 0.42 M, toluene, 70 ˚C. 

b
As 

determined via integration of the methine resonances (
1
H NMR) of LA and PLA 

(CDCl3, 400 MHz). 
c
Calculated by ([LA]0/[I]) × 144.13 × conversion. 

d
Determined by 

gel permeation chromatography (GPC) calibrated with polystyrene standards in THF 

and corrected by a factor of 0.58 for PLA. 
e
Pm and Pr are the probability of meso and 

racemic linkages between monomer units, respectively. Pr = 1- Pm.  

 

The tacticity of the resultant polymer was investigated using the homonuclear 

decoupled 
1
H NMR spectroscopic technique. The homonuclear decoupled 

1
H NMR 

spectra of the polymer produced from L
1
AlMe-L

7
AlMe are shown in Figure 54. 

Complex L
3
AlMe/PhCH2OH exhibits the highest isoselectivity among other 

complexes in the series. In a presence of benzyl alcohol, L
2
AlMe, L

4
AlMe and 

L
7
AlMe polymerized rac-LA to form isotactic biased polymers with the Pm values of 

0.69, 0.74 and 0.73, respectively. The uses of complex L
1
AlMe/PhCH2OH and 

L
6
AlMe/PhCH2OH resulted in moderate isoselectivity (L

1
AlMe, Pm = 0.61; L

6
AlMe, 

Pm = 0.64). PLA produced by L
5
AlMe is atactic with the Pm value of 0.52. 

 

The stereoselectivity can be controlled by either a site control mechanism 

(SCM) or a chain-end control mechanism (CEM). To achieve high degree of 
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isoselectivity, the geometry of the ligand should be flexible enough to be controlled 

by the chirallity of living group (Nomura et al., 2007). In the series, complex L
3
AlMe 

showed the highest Pm value of 0.80 regardless of the distorted trigonal-bipyramidal 

geometry in the crystal structure. It can be assumed that the L
3
AlMe has high 

flexibility in solution due to its dimethyl propylene backbone. The stereocontrol 

mechanism is operating in the propagation step (Radano et al., 2000). After the first 

monomer is inserted into the Al-OBn bond of achiral complex L
3
AlOBn, a chirality 

derived from the monomer is introduced into the complex. If the chiral environment 

around the metal center is rigid, the catalytic activity should be drastically diminished 

as can be observed in complexes with C2 backbone. In case of high flexibility C3 

backbone complexes L
2
AlMe-L

4
AlMe, the propagation reaction of both L-LA and D-

LA take place simultaneously via a CEM. In the set C3 backbone complexes, L
3
AlMe 

showed lowest rate but highest stereoselectivity. The steric repulsion between gem-

dimethyl substituted backbone of L
3
AlMe and monomer should increase the 

stereoselectivity but decrease the polymerization rate. For the same reason, complex 

L
4
AlMe also showed the steric repulsion from it phenylene containing backbone and 

displays higher Pm than L
2
AlMe.  

 

 1.5 Kinetic studies of L-LA and rac-LA polymerization 

 

To gain further insight into polymerization mechanism, the kinetics 

studies toward rac-LA polymerization using L
3
AlMe in the presence of benzyl 

alcohol were performed. The rac-LA concentration was fixed ([LA]0 = 0.42 M) and 

the concentration of L
3
AlMe was varied from 4.16 mM to 12.50 mM. The reactions were 

carried out in toluene at 70 ˚C and monitored by 
1
H NMR spectroscopy. In each case, 

the first order kinetics in monomer was observed. The appropriate semilogarithmic 

plots are shown in Figure 55. The polymerization of rac-LA using L
3
AlMe/ 

PhCH2OH as catalyst/initiator proceeds according to: 

 

                                         -d[LA]/dt  =  kapp[LA] (9) 
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Figure 54 The homonuclear decoupled 
1
H NMR spectra at the methine region of the 

resultant PLAs from rac-LA using (a) L
1
AlMe/PhCH2OH; (b) 

L
2
AlMe/PhCH2OH; (c) L

3
AlMe/PhCH2OH; (d) L

4
AlMe/PhCH2OH;  

(e) L
5
AlMe/PhCH2OH; (f) L

6
AlMe/PhCH2OH; (g) L

7
AlMe/PhCH2OH. 

 

where kapp = kp[Al
x 

, and kp  is the propagating rate constant. To determine the order in 

aluminum (x), ln kapp was plotted against ln [Al] as illustrated in Figure 56. The slope 

of the plot increases linearly with the aluminum concentration. The order in the 

aluminum (slope, x) is 1.39. Therefore, the polymerization of rac-LA using 

L
3
AlMe/PhCH2OH follows the overall kinetic equation:  

(a) Pm = 0.61  (b) Pm = 0.69 

(d) Pm = 0.74 (e) Pm = 0.52 

(g) Pm = 0.73 

(f) Pm = 0.64 

(c) Pm = 0.80 
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                                         -d[LA]/dt  =   kp[Al]
1.39

[LA]             (10) 

 

 

 

Figure 55 Semilogarithmic plots of rac-LA conversion with time in toluene at 70 ˚C 

with complex L
3
AlMe/PhCH2OH as initiator ([LA]0 = 0.42 M, I, [Al] = 

16.67 mM, [LA]/[Al] = 25; II, [Al] = 12.5 mM, [LA]/[Al] = 34; III, [Al] 

= 8.33 mM, [LA]/[Al] = 50; IV, [Al] = 6.10 mM, [LA]/[Al] = 69; V, [Al] 

= 4.16 mM, [LA]/[Al] = 100).  

 

Fractional dependencies upon initiator concentration has been previously 

observed for zinc (Williams et al., 2003; D’Auria et al., 2012), ferrous (O’Keefe et 

al., 2002), stannous (Kowalski et al., 2000), yttrium (Chamberlain et al., 2000), and 

aluminum alkoxides (Dubis et al., 1991; Duda and Penczek, 1994; Ouhadi, 1976; 

Alcazar-Roman et al., 2003). The nonintegral x value was postulated to arise from the 

aggregation of the active species (Williams et al., 2003; Nomura et al., 2007) or an 

equilibrium between monomeric and dimeric species in the polymerization medium 

(Ropson et al., 1995).
 

Nevertheless, the propagation rate constant (kp) can be 

alternatively obtained from the gradient of the kapp versus [Al] plot, as depicted in 

Figure 57. The linear relationship between kapp and [Al] demonstrates the first order 

kinetics in aluminum concentration, with the kp value of 6.78  10
-2

 s
-1

mol
-1

L at 70 

˚C. This kp value is higher than that obtained from the kinetic study using the 

analogous aluminum ethyl complex (kp = 4.95  10
-2

 s
-1

mol
-1

L) (Du et al., 2009).
 

According to the nonzero x-intercept as shown in Figure 57, it indicates that there is a 

threshold catalyst concentration for the polymerization to take place (Williams et al., 
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2003; O’Keefe et al., 2001; Tharkur, 1998a), which is 2.34 mM for 

L
3
AlMe/PhCH2OH initiation system.  

 

 

 

Figure 56 Plot of ln kapp versus ln [Al] for the polymerization of rac-LA with 

complex L
3
AlMe/PhCH2OH as an initiator (toluene, 70 ˚C, [LA]0 = 0.42 

M). 

 

 

 

Figure 57 Plot of kapp versus [Al] for the polymerization of rac-LA with complex 

L
3
AlMe/PhCH2OH as an initiator (toluene, 70 ˚C, [LA]0 = 0.42 M). 

 

The kinetics studies of L-LA and rac-LA polymerizations using all complexes 

were carried out with the molar ratio of monomer to initiator of 50:1. The 

concentration of aluminum complexes L
1
AlMe-L

7
AlMe was fixes at 8.33 mM. 

Polymerizations were carried out in toluene at 70 ˚C. The polymerization kinetic 
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results for L-LA and rac-LA were summarized in Table 6 and 7, respectively. 

Semilogarithmic plots of the monomer conversion versus time for L-LA and rac-LA 

were shown in Figures 58a-b and 59a-c, respectively. 

 

Table 6 Kinetic results for L-LA polymerization using complexes L
1
AlMe- L

7
AlMe 

in the presence of benzyl alcohol
a
. 

 

Initiator kapp (s
-1

)
b
 

L
1
AlMe 37.7  10

-6
 

L
2
AlMe 1397.5 10

-6
 

L
3
AlMe 517.0 10

-6
 

L
4
AlMe 3499.7 10

-6
 

L
5
AlMe 41.8 10

-6
 

L
6
AlMe 3.8 10

-6
 

L
7
AlMe 412.9 10

-6
 

 

a
All polymerizations were carried out in toluene at 70 ˚C, [LA]0 = 0.43 M, [Al] = 8.33 

mM. 
b
Measured by 

1
H NMR from methine region of polymer and monomer. 

 

In the case of L-LA polymerization, complexes L
1
AlMe, L

6
AlMe and 

L
7
AlMe, which have two carbons on the bridge, L

6
AlMe showed the lowest 

polymerization rates (3.8 10
-6

 s
-1

). The kapp of L
6
AlMe are one magnitude lower 

than that of L
1
AlMe (37.7  10

-6
 s

-1
). The kapp of L

7
AlMe with  

rac-1,2-cyclohexyl bridge is one magnitude higher (360.3 10
-6 

s
-1

) than that of 

L
1
AlMe. Changing the diimine backbone from ethylene to propylene results in an 

increase in the apparent kinetic rate (kapp(L
2
AlMe) = 1397.5  10

-6
 s

-1
). The 

introduction of gem alkyl substituents on the diimine bridge diminishes the activity of 

catalysts, which was shown by slightly drop of kapp of L
3
AlMe (517.0 10

-6 
s

-1
). 

Notably, the o-C6H4CH2 bridge exhibits the highest kapp among all complexes in the 

series. These results are related to the flexibility of the diimine linker, allowing 

suitably adaption to the next incoming monomer which causes to a high activity of the 
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catalyst. Lengthening the backbone to a butylene linker as complex L
5
AlMe shows a 

comparable kapp (360.3  10
-6

 s
-1

) to the kapp of L
3
AlMe.  

 

Table 7 Kinetic results for rac-LA polymerization using complexes L
1
AlMe- 

L
7
AlMe in the presence of benzyl alcohol

a
. 

 

Initiator kapp (s
-1

)
b
 

L
1
AlMe 38.2  10

-6
 

L
2
AlMe 778.9  10

-6
 

L
3
AlMe 366.5  10

-6
 

L
4
AlMe 2844.6  10

-6
 

L
5
AlMe 302.2  10

-6
 

L
6
AlMe 3.5  10

-6
 

L
7
AlMe 124.7  10

-6
 

 

a
All polymerizations were carried out in toluene at 70 ˚C, [LA]0 = 0.43 M, [Al] = 8.33 

mM. 
b
Measureed by 

1
H NMR from methine region of polymer and monomer. 

 

 

 

Figure 58 Semilogarithmic plots of L-LA conversion with time in toluene at 70 ˚C 

with complexes L
1
AlMe-L

7
AlMe ([LA]0/[Al] = 50, [Al]/[PhCH2OH] = 1, 

[LA]0 = 0.42 M, [Al] = 8.33 mM). (a) L
5
AlMe (●), L

1
AlMe (▲) and 

L
6
AlMe (♦); (b) L

4
AlMe (♦), L

2
AlMe (▲), L

3
AlMe (●) and L

7
AlMe (▼). 

  

(a) (b) 
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Figure 59 Semilogarithmic plots of rac-LA conversion with time in toluene at 70 ˚C 

with complexes L
1
AlMe-L

7
AlMe ([LA]0/[Al] = 50, [Al]/[PhCH2OH] = 1, 

[LA]0 = 0.42 M, [Al] = 8.33 mM). (a) L
5
AlMe (■) and L

1
AlMe (●); (b) 

L
4
AlMe (▲), L

2
AlMe (●), L

3
AlMe (♦) and L

7
AlMe (▼); (c) L

6
AlMe 

(♦). 

 

For rac-LA polymerizations, the trend of activity was the same as for L-LA 

polymerizations. The rigid C2 backbone complexes show low polymerization rates. 

The kapp of L
1
AlMe, L

6
AlMe and L

7
AlMe are 38.2  10

-6
, 3.5  10

-6
 and 124.7   

10
-6 

s
-1

, respectively. The polymerization rates for rac-LA are relatively close to the  

L-LA polymerization using L
1
AlMe and L

6
AlMe. For set of C3 backbone complexes, 

L
4
AlMe appeared to process the highest polymerization activity. The kapp is 2844.6  

10
-6 

s
-1

. The kapp of L
2
AlMe and L

3
AlMe are 778.9  10

-6 
and 336.5 s

-1
, respectively. 

The polymerization rates for rac-LA using C3 complexes are all lower than that for  

L-LA polymerization. In conclusion, the rates of polymerization decrease in the order 

of L
4
AlMe > L

2
AlMe > L

3
AlMe > L

5
AlMe > L

7
AlMe > L

1
AlMe >> L

6
AlMe. 

(a) (b) 

(c) 
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The diminishment of the kapp value for rac-LA polymerizations compared to 

those of for L-LA polymerization is considered under the assumption that the 

polymerization occurs via the chain-end control (CEM) mechanism. In the initiation 

step, the complex initiates both L-LA and D-LA without differentiation between the 

two enantiomers. In the propagation step, the complex has incorporated L-LA or  

D-LA and the chain-end chirality strongly differentiates an enantiomer with the same 

chiral sense from another one. The monomer with the same chiral sense preferentially 

enters the reaction site for the polymerization reaction. Hence, the kinetic equation 

can be rewritten as shown in equations 11-14 (Nomura et al. 2007).  

 

 -d[L-LA]/dt = k(L-L)p[Al-L][L-LA]t + k(D-L)p[Al-D][L-LA]t (11) 

 

 -d[D-LA]/dt = k(D-D)p[Al-D][D-LA]t + k(D-L)p[Al-L][D-LA]t (12) 

 

where k(L-L)p and k(D-D)p are the propagating rate constant of L-LA and D-LA, 

respectively. The k(D-L)p is stand for the propagation rate constant that the mismatch 

monomer has been incorporated. The total rate of ROP of rac-LA is given by the 

summation of equation 11 and 12 as shown in equation 13. 

 

 -d[rac-LA]/dt  =  k(L-L)p[Al-L][L-LA]t + k(D-D)p[Al-D][D-LA]t + 

   k(D-L)p[Al-D][L-LA] + k(D-L)p[Al-L][D-LA]t (13) 

 

 In the ROP of rac-LA, k(L-L)p = k(D-D)p, [Al-L] = [Al-D] = ½[Al] and [L-LA] = 

[D-LA]. Taking into consideration these relationships, equation 13 can be reduced to 

equation 14.  

 

              -d[rac-LA]/dt  =  ½ (k(L-L)p + k(D-L)p)[Al][rac-LA]t (14) 

 

 In the case of rac-LA polymerization using rigid C2 backbone complexes, the 

rearrangement of ligand geometry is difficult and independent on the type of 

monomer enantiomers. This was represented by the comparable kapp values from  

L-LA and rac-LA polymerizations. The kinetic equation can be written in common 
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form as described in equation 10. When the ultimate stereoselectivity is achieved, k(D-

L)p converges to zero and the k(rac)p is ½k(L-L)p. 

 

For the rac-LA polymerization using the flexible C3 backbone complexes,  

k(D-L)p is lower than k(L-L)p due to the rearrangement of ligand geometry for 

mismatched monomer insertion requests further energy. This results in the 

diminishment of k(rac)p and kapp as the direct variation a function of k(rac)p is also 

diminished. This eventually culminates in the lower polymerization rate of rac-LA 

than that of L-LA polymerizations using complexes L
2
AlMe-L

4
AlMe. 

 

The plot of Mn versus rac-LA conversion using L
3
AlMe/PhCH2OH as an 

initiator is shown in Figure 60. From the plot, the Mn increased linearly with respect 

to the monomer conversion indicating that the polymerization is well controlled. The 

molecular weight distribution remained narrow until 95% of monomer conversion. 

This implies the absence of transesterification reaction. The plots of Mn versus  

rac-LA conversion using complexes in the series are shown in the Appendix Figure 2. 

 

 Further evidence for the well-controlled character of polymerization was 

observed by changing the molar ratio of monomer to initiator ([LA]0/[Al]). As can be 

seen in Table 8, initiator L
3
AlMe was able to polymerize rac-LA at a high loading of 

monomer to initiator ratio ([LA]0/[Al] = 1600:1). A linear relationship between Mn 

and [LA]0/[Al] for initiator L
3
AlMe was illustrated in Figure 61. The number-

averaged molecular weights Mn are relatively close to the theoretical values, 

indicative of a well-controlled polymerization process. The living characteristic is 

further elucidated by the low molecular weight distributions observed. In addition, a 

high degree of isotacticity in polymerization of rac-LA using initiator L
3
AlMe was 

still observed at high monomer to initiator ratio. The Pm values of resulting polymers 

remained almost unchanged, in the range of 0.78 to 0.80 (Table 8, entries 1-5). 
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Figure 60  Plot of Mn as a function of monomer conversion for rac-LA polymerization 

using L
3
AlMe/PhCH2OH ([LA]0/[Al] = 50, [Al]/[PhCH2OH] = 1, [LA]0 = 

0.42 M, [Al] = 8.33 mM). 

 

Table 8  Polymerization of rac-LA using initiator L
3
AlMe in the presence of benzyl 

alcohol
a
. 

 

entry [LA]0/[Al] Time  

(h) 

conversion
b
             

(%) 

Mn(th)
c
            

(g mol
-1

) 

Mn(GPC)
d
 

(g mol
-1

) 

PDI
d
 Pm

e
 

1 100 3 95 13692 12915 1.04 0.80 

2 200 6 93 26808 26102 1.02 0.78 

3 400 12 96 55346 59260 1.18 0.80 

4 800 48 93 10723 106418 1.11 0.78 

5 1600 60 95 219078 233616 1.17 0.78 

 

a
General polymerization conditions: toluene as a solvent, 70 ˚C. 

b
As determined via 

integration of the methine resonances (
1
H NMR) of LA and PLA (CDCl3, 400 MHz). 

c
Calculated by ([LA]0/[I]) × 144.13 × conversion. 

d
Determined by gel permeation-

chromatography (GPC) calibrated with polystyrene standards in THF and corrected 

by a factor of 0.58 for PLA. 
e
Pm and Pr are the probability of meso and racemic 

linkages between monomer units, respectively.  
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Figure 61  Plot of the number-averaged molecular weight (Mn) versus the molar ratio 

of monomer to initiator ([LA]0/[Al]) for the polymerization of rac-lactide 

using L
3
AlMe in toluene at 70 ˚C. 

 

 

2. Aluminum complexes supported by Salan ligand 

 

The term Salan ligand is commonly used to simplify the tetradentate 

phenoxyamine ligand, which can be considered as a fully reduced bis(salicylidene) 

Schiff-base or Salen ligand (Atwood et al, 1995). Compared to Salen ligand, the 

Salan-type ligand has more flexible structure due to the sp
3
 hybridization of amine 

nitrogen atoms (Hornmirun et al., 2004). Various types of metal complexes supported 

with Salan ligand, e.g. yttrium (Pappalardo et al., 2013), magnesium (Song et al., 

2013) and aluminum (Shaver et al., 2013; Sumrit and Hormnirun, 2013; Cross et al., 

2013) for the ROP of lactones have been reported. Among these metal Salan 

complexes, aluminum Salan complexes exhibited an excellent stereocontrol for the 

polymerization of lactones, while other metals bearing the same ligand did not show 

the stereocontrol in the polymerization of meso-LA and rac-LA (Pappalardo et al., 

2013). Although, aluminum Salan complexes were found to be versatile catalysts for 

the polymerization of lactones such as β-BL and ε-CL, the use of these complexes for 

lactone copolymerization is very limited. Recently, Shaver and coworker examined 

the use of aluminum Salan complex 14 for β-BL/rac-LA copolymerization (Shaver 

and Cross, 2013). The results showed that complex 14 can be used to produce a 

gradient copolymer with narrow PDI.  
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Figure 62 Aluminum complex 14. 

 

Herein, we described the use of aluminum Salan complexes for both homo- 

and copolymerization for lactones. The research in this section is particularly related 

to the fact that both activity and stereoselectivity of aluminum Salan complexes are 

strongly dependent on both the substituent on nitrogen donors (R1) and the size of the 

substituent especially on the ortho position of phenoxide units (R2). The series of 

aluminum complexes with various sizes of R1 and R2 were investigated for 

homopolymerizations of rac-LA and ε-CL.  

 

2.1  Synthesis of aluminum complexes supported by Salan ligands 

 

The Salan ligand can be synthesizes by a stepwise Schiff-base condensation 

and reduction or a modified Mannich condensation (Wong et al., 1998; Tshuva et al., 

2001). In this study, all ligands were successfully synthesized by the stepwise 

condensation as illustrated in Figure 63. (Glasner and Tshuva, 2014; Hormnirun et 

al., 2004). All Salan ligands were isolated as white solids. Satisfactory elemental 

analyses were obtained on all ligands (see 4.1-4.11 in Materials and Methods) and all 

spectroscopic data were consistent with the formulation as shown in Figure 63. 

 

Treatment of the ligand precursors with an equimolar amount of AlMe3 in 

toluene at 110 ˚C resulted in the formation of Salan aluminum methyl complexes 

(Figure 64). For clarity, these complexes are divided in three different groups 

depending upon the substituents attached to the nitrogen atoms: Group A: N-methyl 

ethylene backbone complexes (L
1A

AlMe-L
4A

AlMe); Group B: N-ethyl ethylene 

backbone complexes (L
1B

AlMe-L
4B

AlMe); and Group C: N-isopropyl ethylene 

backbone complexes (L
1C

AlMe-L
4C

AlMe). The synthesis and subsequent 

characteristic of these complexes are briefly described in the following section.  
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Figure 63  Synthetic pathway for H2L
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Figure 64  Synthetic pathway for Salan aluminum methyl complexes. 

 

The synthesis of aluminum complex L
1A

AlMe was reported by Gibson and 

co-workers (Hormnirun et al., 2004). Complex L
1A

AlMe was obtained as a white 

solid after recrystallization from toluene at room temperature whereas complexes 

L
2A

AlMe-L
4A

AlMe were recrystallized from hexane at -20 ˚C. Elemental analyses of 

L
2A

AlMe-L
4A

AlMe were consistent with the stoichiometries C25H37AlN2O2 

(L
2A

AlMe), C27H41AlN2O2 (L
3A

AlMe) and C31H33AlN2O2 (L
4A

AlMe). 

 

The 
1
H NMR spectrum of L

1A
AlMe was assigned according to the literature. 

The fully assignment of L
1A

AlMe and L
2A

AlMe are shown in Figures 65 and 66. 

Both spectra contain broad resonances due to the flexible nature of Salan ligand 

N

OH

R2

R1

N

R1

HO

R2

+ AlMe3 

1) EtOH, Δ 

2) NaBH4 

1)  

2) NaBH4 

N

O
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N
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framework. Unlike the 
1
H NMR spectra of complexes L

1A
AlMe and L

2A
AlMe, the 

phenoxymethylene protons (ArCH2N) of L
3A

AlMe and L
4A

AlMe, show the 

diastereotopic split pattern as two doublets as illustrated in Figure 67 and 68. It is 

perceptible that as the phenoxy substituents become bulkier, the diminishing of 

complex flexibility is denoted. This phenomenon was also observed from aluminum 

Salan complexes with a cyclohexyl backbone (Du et al., 2007). Either bulky phenoxy 

substituents or uncompromising backbone slows down the exchange between two 

diastereoisomers of Salan aluminum complex in solution. The first diastereoisomer 

adopts a cis-(O,O) and cis-(Me,Me), whereas the second isomer is an intermediate 

between square pyramidal (cis-(O,O) and trans-(Me,Me)) and trigonal bipyramidal 

(trans-(O,O) and trans-(Me,Me)) (Du et al., 2007). 

 

 

 

Figure 65 
1
H NMR spectrum of complex L

1A
AlMe (400 MHz, C6D6, 300 K, * = 

residual C6D5H). 

 

* 
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Figure 66 
1
H NMR spectrum of complex L

2A
AlMe (400 MHz, C6D6, 300 K, * = 

residual C6D5H). 

 

 

 

Figure 67 
1
H NMR spectrum of complex L

3A
AlMe (400 MHz, C6D6, 300 K). 

* 
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Figure 68 
1
H NMR spectrum of complex L

4A
AlMe (400 MHz, C6D6, 300 K, * = 

residual C6D5H). 

 

 The N-ethyl complexes L
1B

AlMe-L
4B

AlMe (Group B) were all obtained in 

high yields after recrystallization from cold hexane. Complexes L
1B

AlMe-L
3B

AlMe 

were obtained as white powders whereas complex L
4B

AlMe was obtained as a pale 

yellow solid. The 
1
H NMR spectra of all complexes with full assignment were shown 

in Figures 69-72. Complexes L
1B

AlMe, L
2B

AlMe and L
4B

AlMe, with unsubstituent, 

isopropyl and phenyl substituents on the ortho-positions of the phenoxy rings, 

respectively, showed peaks corresponded to both the phenoxymethylene protons 

(CH2ArOAl) and the backbone methylene protons (NCH2CH2N) as broad signals. In 

the case of L
3B

AlMe, the phenoxymethylene protons and backbone protons appear as 

two doublets and a sharp singlet, respectively (Figure 71). The formation of these 

complexes was supported by elemental analyses which were consistent with the 

stoichiometries C21H29AlN2O2 (L
1B

AlMe), C27H41AlN2O2 (L
2B

AlMe), C29H45AlN2O2 

(L
3B

AlMe) and C33H37AlN2O2 (L
4B

AlMe). 

 

* 
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Figure 69 
1
H NMR spectrum of complex L

1B
AlMe (400 MHz, C6D6, 300 K, * = 

residual C6D5H). 

 

 
 

Figure 70 
1
H NMR spectrum of complex L

2B
AlMe (400 MHz, C6D6, 300 K, * = 

residual C6D5H). 

* 

* 
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Figure 71 
1
H NMR spectrum of complex L

3B
AlMe (400 MHz, C6D6, 300 K). 

 

  

 

Figure 72 
1
H NMR spectrum of complex L

4B
AlMe (400 MHz, C6D6, 300 K, * = 

residual C6D5H). 

 

* 
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All the Group C complexes L
1C

AlMe-L
3C

AlMe were obtained in high yields. 

Complexes L
1C

AlMe and L
2C

AlMe were obtained as colorless crystals after 

recrystallization from hexane. Complex L
3C

AlMe precipitated from the reaction 

medium during the addition of TMA. Elemental analyses were consistent with the 

stoichiometries C23H33AlN2O2 (L
1C

AlMe), C30H48AlN2O2 (L
2C

AlMe) and 

C36H44AlN2O2 (L
3C

AlMe).  

 

The complexes in this group were found to be insoluble in C6D6 and 

precipitated from toluene-d8 at room temperature. Therefore, the NMR experiments 

for Group C complexes were carried out in toluene-d8 at 70 ˚C. In all cases, both 

phenoxymethylene protons (CH2ArOAl) and backbone methylene protons 

(NCH2CH2N) appear as two sharp singlets. The signals coresponding to the 

NCH(CH3)2 and NCH(CH3)2 appear as a quartet and a doublet, respectively. The 

characteristic AlCH3 peaks are observed as a singlet at ca. -0.4 ppm for L
1C

AlMe and 

L
2C

AlMe and δ -0.8 ppm for L
3C

AlMe. NMR results reveal that all complexes exist 

as a conformational stereoisomer at an investigated temperature. 

 

 

 

Figure 73 
1
H NMR spectrum of complex L

1C
AlMe (500 MHz, C6D5CD3, 343 K). 
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Figure 74 
1
H NMR spectrum of complex L

2C
AlMe (500 MHz, C6D5CD3, 343 K). 

 

 

 

 

Figure 75 
1
H NMR spectrum of complex L

3C
AlMe (500 MHz, C6D5CD3, 343 K , * 

= residual C6D5CD2H). 
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2.2  LA polymerization results using aluminum methyl complexes  

 

All aluminum Salan complexes were used as an initiator for the ring-opening 

polymerization of rac-Lactide in toluene at 70 ˚C in a presence of an equimolar of 

benzyl alcohol. The molar ratio of rac-LA to initiator was fixed at 100:1 ([LA]0/[Al] 

= 100; [LA]0 = 0.83 M; [Al] = 8.33 mM; Mn(theory) = 14400). All complexes were 

found to be effective catalysts for the ring opening polymerization of rac-lactide. The 

polymerization results are shown in Table 9. All complexes yielded PLA with the 

molecular weights close to the theoretical numbers and narrow molecular weight 

distribution.  

 

 
 

Figure 76  Groups of Salan aluminum methyl complex. 

 

For Group A complexes with the methyl groups attached on the nitrogen 

donors, the ROP of rac-LA using complex L
1A

AlMe required 24 hours to reach to 

98% conversion. Its activity was comparable to the previous report by Hormnirun 

(Hormnirun et al., 2004). Complex L
2A

AlMe and L
4A

AlMe converted rac-LA to 

polymer over 98% within 48 hours which were slower than that of complex 

L
1A

AlMe. The polymerization using complex L
3A

AlMe required longer time (about 

60 days) to reach the full conversion. In comparison, this complex showed faster rate 

than 4,6-di-tert-butylphenoxide complex 69g which required 61 days to reach 66% 

conversion under the same condition (Hormnirun et al., 2004). In the case of all 

complexes except L
3A

AlMe, the PDI values were narrow (PDI values are in the range 

of 1.03-1.07). The broad molecular weight distribution was observed for L
3A

AlMe 
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(PDI = 1.33). The broad PDI may be due to transesterification reaction occurring 

competitively to the propagation and these may also explain the slow polymerization 

rate. 

 

Table 9 Polymerization data of rac-LA for complexes L
2A

AlMe-L
4A

AlMe, 

L
1B

AlMe-L
4B

AlMe and L
1C

AlMe-L
3C

AlMe
a
.  

 

Initiator Time 

(h) 

conversion
b
 

(%) 

Mn(th) 

(g mol
-1

)
c
 

Mn(GPC) 

(g mol
-1

)
d 

 

PDI
d
 Pr/Pm

e
 

L
1A

AlMe 24 98 14110 12100 1.07 0.32:0.68 

L
2A

AlMe 48 98 14110 13200 1.05 0.76:0.24 

L
3A

AlMe 2160 98 14180 15450 1.33 0.40:0.60 

L
4A

AlMe 48 96 13870 11530 1.03 0.74:0.26 

L
1B

AlMe 24 99 14230 16550 1.04 0.22:0.78 

L
2B

AlMe 96 92 13230 13480 1.04 0.66:0.34 

L
3B

AlMe 2160 87 12540 13190 1.11 0.45:0.55 

L
4B

AlMe 96 96 13880 12910 1.05 0.65:0.35 

L
1C

AlMe 96 97 14000 12930 1.10 0.55:0.45 

L
2C

AlMe 288 87 12580 11510 1.12 0.61:0.39 

L
3C

AlMe 288 81 11750 11240 1.09 0.59:0.40 

 

a
Polymerizations were carried out in toluene at 70 ˚C in the presence of benzyl 

alcohol, [LA]0=83.3 mM, [Al]=0.83 mM. [LA]0/[Al]=100. 
b
Monomer conversion 

determined by 
1
H NMR spectroscopy. 

c
Calculated by ([M]/[Al])  144.14  (% conv.) 

+ 107.13.
d
Determined by GPC (THF), relative to PS standards, the value of Mn  was 

calculated according to Mn=0.58Mn(GPC).
 e

The parameters Pr and Pm are the 

probabilities of meso and racemic enrichments of monomer units, respectively.  
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Figure 77  Aluminum complexes 69b, 69g and 69e. 

  

In the case of N-ethyl Group B complexes, complex L
1B

AlMe exhibits the 

same catalytic activity (99% conversion within 24 hours) as complex L
1A

AlMe. 

Complex L
2B

AlMe and L
4B

AlMe required 96 hours to attain conversion of 92% and 

96%, respectively which were two times slower than their Group A analogue. 

Compared to complex L
3A

AlMe, complex L
3B

AlMe exhibited slightly difference in 

the catalytic activity. The polymerization proceeded to 87% conversion in the same 

period of time (60 days) and slightly board PDI value about 1.11 was also observed. 

The slightly board PDI value most likely arises from transesterification reactions.  

 

Changing the size of the substituent on the nitrogen donor atoms from ethyl to 

isopropyl group resulted in a dramaticall decrease of the catalytic activity. Complex 

L
1C

AlMe/BnOH converted 97% of rac-LA to PLA within 96 hours. Complexes 

L
2C

AlMe-L
3C

AlMe showed four times slower in term of catalytic activity than 

complexes L
2B

AlMe and L
4B

AlMe.  The results showed that the polymerizations of 

L
2C

AlMe and L
3C

AlMe proceeded to 81% and 87% conversions, respectively, within 

12 days.  In addition, the large substituent on the nitrogen donor may cause 

transesterification reaction as indicated by all the PDI values in this group are in the 

range of 1.09-1.12 which are slightly broad. Consistent with these observations, the 

activity of the aluminum complexes depends on the substituent size on the nitrogen 

donor. 

 

The stereochemistry of the obtained PLA samples produced by all complexes 

was determined by analyzing the homonuclear decoupled 
1
H NMR spectra. Figure 78 

shows the methine region of homonuclear decoupled 
1
H NMR spectra of resulting 

PLAs from rac-LA.  
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The polymerization of rac-LA using unsubstituted complexes L
1A

AlMe, 

L
1B

AlMe and L
1C

AlMe yielded isotactically enriched PLAs with Pm values of 0.68, 

0.78 and 0.55 respectively. In the series, the highest Pm value was obtained from 

L
1B

AlMe, which has ethyl group attached on the nitrogen donors. The larger size of 

the substituent group was found to increase an isoselectivity control of catalyst 

(Sumrit and Hormnirun, 2013; Hormnirun et al., 2007). For example, the replacement 

of the methyl with benzyl substituent on nitrogen donors increased the isoselectivity 

of complex 69e (Pm = 0.79). However, when the substituent on nitrogen donors were 

replaced with isopropyl group, the isoselectivity was dramatically dropped. The 

selectivity drop from the large substituent group on nitrogen donor is the influence of 

the steric shielding of the aluminum center which was reported recently in aluminum 

Salalen system (Whitelaw et al., 2011; Vieira et al., 2013).  

 

The fluxionality of aluminum complexes played a major role in the 

heterotacticity control (Sumrit and Hormnirun, 2013; Pappalardo et al., 2013; Du  

et al., 2007). According to the recent studies, the presence of bulky substituents on 

phenolic the ring makes the complex structure more rigid and turns the tacticity 

content from heterotactic bias to isotactic bias. In the series, the size of substituents on 

the ortho position is as follows: H < 
i
Pr < 

t
Bu < Ph. While isotactic PLA can be 

prepared by L
1A

AlMe, the heterotactic PLAs can be prepared by complexes which 

have isopropyl groups or phenyl groups at the ortho position of phenolic ring such as 

L
2A

AlMe and L
4A

AlMe. The use of complexes L
2A

AlMe and L
4A

AlMe afforded 

heterotactic PLAs with Pr of 0.76 and 0.74, respectively. Their Pr values are 

comparable to that of complex 69b (Pr = 0.80). The steric effect of the tert-butyl 

group involved the formations of atactic PLA. Both L
3A

AlMe and 69g produced 

atactic PLAs with Pm of 0.60 and 0.42, respectively. Consistent with this observation, 

both activity and selectivity of the aluminum complex strongly depend on the 

substituent on the ortho position of the phenoxy ring (Du et al., 2007).  
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Figure 78  Methine region of homonuclear decoupled 
1
H NMR spectra of resultant 

PLAs from rac-LA using (a) L
1A

AlMe/PhCH2OH; (b) L
2A

AlMe /PhCH2OH; 

(c) L
3A

AlMe/PhCH2OH; (d) L
4A

AlMe/PhCH2OH; (e) L
1B

AlMe/PhCH2OH; 

(f) L
2B

AlMe/PhCH2OH; (g) L
3B

AlMe/PhCH2OH; (h) L
4B

AlMe/PhCH2OH; 

(i) L
1C

AlMe/PhCH2OH; (j)  L
2C

AlMe/PhCH2OH; (k) L
3C

AlMe/PhCH2OH. 

(a) Pm = 0.68 

(b) Pr = 0.76 

(c) Pr = 0.40 

(d) Pr = 0.74 

(d) Pm = 0.78 

(e) Pr = 0.66 

(f) Pr = 0.45 

(g) Pr = 0.65 

(h) Pr = 0.55 

(i) Pr = 0.61 

 

(j) Pr = 0.59 
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To obtain the polymerization rate equation, kinetic studies of L
1B

AlMe were 

investigated using various concentrations of catalyst (4.16, 6.24, 8.33, 12.49, and 

16.65 mM). The monomer concentration was fixed at 0.42 mM. In each case, the first 

order kinetics in monomer were observed from the linear plot of ln([LA]0/[LA]t) 

versus time (Figure 79). No significant induction period was observed in each case.  

 

Thus, the polymerization of rac-LA by L
1B

AlMe is presumably denoted as 

–d[LA]/dt = kapp[LA]
1
 where kapp = kp[L

1B
AlMe]

x
, in which kp is the propagation rate 

constant. To classify the order in the catalyts, ln kapp was plotted against ln [L
1B

AlMe] 

(Figure 80). The slope of the plot is ca.1.0 (0.997) which means the order x is equal 

to 1. Therefore the overall rate equation is -d[LA]/dt = kp[L
1B

AlMe][LA].  

 

 

 

Figure 79  Semilogarithmic plots of rac-LA conversion with time in toluene at 70 ˚C 

with complex L
1B

AlMe/PhCH2OH as initiator ([LA]0 = 0.42 M, I, [Al] = 

16.67 mM, [LA]/[Al] = 25; II, [Al] = 12.5 mM, [LA]/[Al] = 34; III, [Al] 

= 8.33 mM, [LA]/[Al] = 50; IV, [Al] = 6.10 mM, [LA]/[Al] = 69; V, [Al] 

= 4.16 mM, [LA]/[Al] = 100). 

 

The polymerization rate constant, kp, of L
1B

AlMe obtained from the plot of 

kapp versus [L
1B

AlMe] is 1.4  10
-5

 M
-2

 s
-1

 (Figure 81). No significant catalyst 

threshold concentration was observed. This rate raw is consistent with the mechanism 

involving coordinative insertion at a single aluminum site (Chen et al., 2012) 
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Figure 80 Plot of ln kapp versus ln [Al] for the polymerization of rac-LA with 

complex L
1B

AlMe/PhCH2OH as an initiator (toluene, 70 ˚C, [LA]0 = 0.42 

M). 

  

 

 

Figure 81  Plot of kapp versus [Al] for the polymerization of rac-LA with complex 

L
1B

AlMe/PhCH2OH as an initiator (toluene, 70 ˚C, [LA]0 = 0.42 M). 

 

Kinetic studies of rac-LA polymerization initiated by complexes L
2A

AlMe-

L
4A

AlMe, L
1B

AlMe-L
4B

AlMe and L
1C

AlMe-L
3C

AlMe in the presence of benzyl 

alcohol were carried out in the toluene at 70 ˚C ([LA]0/[Al] = 50; [LA]0 = 0.83 M; 

[Al] = 8.33 mM). The monomer conversion was monitored by 
1
H NMR spectroscopy 

in CDCl3. The kinetic results are shown in Table 10.  
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Table 10 Kinetic results for rac-LA polymerization using aluminum Salan complexes 

in the presence of benzyl alcohol. 

 

Initiator kapp (s
-1

) 

L
1A

AlMe 188.0 × 10
-6

 

L
2A

AlMe 26.5 × 10
-6

 

L
3A

AlMe 0.3 × 10
-6

 

L
4A

AlMe 44.8 × 10
-6

 

L
1B

AlMe 116.0 × 10
-6

 

L
2B

AlMe 11.9 × 10
-6

 

L
3B

AlMe 0.2 × 10
-6

 

L
4B

AlMe 13.1 × 10
-6

 

L
1C

AlMe 17.6 × 10
-6

 

L
2B

AlMe 4.3 × 10
-6

 

L
3C

AlMe 3.4 × 10
-6

 

 

In all cases, the polymerization obeyed first-order kinetics in monomer with 

no induction period (Figure 82a-c). For Group A complexes, it is apparent that the 

substituents on the phenoxy ring significantly affect the polymerization rate. The 

decrease of polymerization rate caused by the bulky substituent was observed for the 

ortho-substituted complex. For example, the tert-butyl substituted complex L
3A

AlMe 

exhibited a first order rate constant (kapp) of 0.3 × 10
-6

 s
-1

, whereas the unsubstituted 

complex L
1A

AlMe exhibited the value kapp of 188.0 × 10
-6

 s
-1

. The rate of the 

isopropyl substituted complex L
2A

AlMe (kapp = 26.5 × 10
-6

 s
-1

) is slower than that of 

the phenyl substituted complex L
4A

AlMe (kapp = 44.8 × 10
-6

 s
-1

). This observation 

may be consistent with the higher Lewis acidicity of the aluminum centre due to the 

presence of the electron withdrawing substituent as has been noted previously with its 

Salen counterparts (Nomura et al., 2007). 

 

Kinetic analyses show that the data obtained on Group B complexes are 

similar to those obtained from Group A complexes. The kinetic rate order is as 
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follows: H > Ph > 
i
Pr >> 

t
Bu. The kapp obtained from Group B complexes are 

generally slower than those obtained from Group A complexes. The fastest 

polymerization was observed for L
1B

AlMe which exhibited the kapp of 116.0 × 10
-6

  

s
-1

. The kapp of L
2B

AlMe and L
4B

AlMe were 11.9 and 13.1 × 10
-6

 s
-1

, respectively. 

The polymerization rate of L
3B

AlMe (0.2 × 10
-6

 s
-1

) was slightly slower than that 

obtained from L
3A

AlMe. In addition, the rate constants of L
3A

AlMe and L
3B

AlMe 

were comparable to 4,6-di-tert-butylphenoxide counterparts (0.2 × 10
-6

 s
-1

) 

(Hormnirun et al., 2004). 

 

For Group C complexes, the rates of rac-LA polymerization are certainly 

slower than those obtained from Group A and Group B complexes. The kapp values of 

L
1A

AlMe, L
1B

AlMe and L
1C

AlMe were 17.6, 4.3 and 3.4 × 10
-6

 s
-1

, respectively. The 

results revealed that an increase in the steric bulk of the substituents on the nitrogen 

donors generally resulted in a lower kapp value. For example, the rate of 

polymerization of complex with unsubstituent on the phenolic rings were in the order 

as follows: L
1A

AlMe (182 × 10
-6

 s
-1

) > L
1B

AlMe (116.0 × 10
-6

 s
-1

) >> L
1C

AlMe (17.6 

× 10
-6

 s
-1

).  

 

In conclusion, the size of the substituents on the phenoxy rings and on the 

nitrogen donor has a marked influence on the rate of polymerization. A decrease in 

the polymerization rate was observed when employing more bulky substituted 

complexes. The presence of phenyl substituents on the phenoxy rings resulted in an 

increase in the polymerization rate. The substituents at the ortho position on the 

phenoxy ring significantly affect the ability of the catalyst to control the PLA 

tacticity. The unsubstituted aluminum complexes produced isotactic PLAs, whereas 

the isopropyl and phenyl substituents produced heterotactic PLAs. The PLA materials 

prepared by tert-butyl substituents complexes were atactic. The lower 

stereoselectivity of Group B and Group C complexes compare to Group A complexes 

were attributed to the size of substituents on nitrogen donor.  
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Figure 82 Semilogarithmic plots of rac-LA conversion with time in toluene at 70 ˚C 

with aluminum Salan complexes ([LA]0/[Al] = 50, [Al]/[PhCH2OH] = 1, 

[LA]0 = 0.42 M, [Al] = 8.33 mM). (a) L
1A

AlMe (×), L
1B

AlMe (▼), 

L
4A

AlMe (■), L
2A

AlMe (●), L
1C

AlMe (), L
4B

AlMe (▲), L
2B

AlMe 

() ; (b) L
3A

AlMe (●), L
3B

AlMe (■); (c) L
2C

AlMe (●), L
3C

AlMe (■). 

(a) 

(b) 

(c) 



134 

A linear correlation between Mn and monomer conversion was observed for all 

polymerization. Examples of the plots of Mn using Group B complexes are shown in 

 Figure 83a-c. The molecular weight distributions remained low at ca. 1.1 throughout 

the course of all the polymerizations indicative of well-controlled systems. The plots of 

Mn using Group A and Group B complexes are shown in the Appendix Figures 2-3. 

 

 

 

 

Figure 83  Plot of Mn as a function of monomer conversion for rac-LA 

polymerization using (a) L
1B

AlMe/PhCH2OH, (b) L
2B

AlMe/PhCH2OH, 

(c) L
3B

AlMe/PhCH2OH, (d) L
4B

AlMe/PhCH2OH ([LA]0/[Al] = 50, 

[Al]/[PhCH2OH] = 1, [LA]0 = 0.42 M, [Al] = 8.33 mM). 

 

2.3 Ring-opening polymerization of ε-Caprolactone 

 

Aluminum complexes have been received considerable attention as a 

catalyst for ROP of ε-CL due to their low toxicity and the possibility to control 

molecular weight with relatively narrow PDI of polymer. One of the most studied 

(a) (b) 

(c) 
(d) 
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aluminum based catalysts is aluminum isopropoxide (Mingotaud et al., 2000; Duda  

et al., 1996). Unlike other metal alkoxides, aluminum isopropoxide did not induce 

degradation of the PCL by intramolecular transesterification or backbiting 

(Kricheldorf et al., 1988). The Al(O
i
Pr)3 catalyzed ROP of ε-CL was reported to be 

more controlled at lower temperature (0-25 ˚C in comparison to ~100 ˚C) (Jacob  

et al., 1991). Many aluminum Schiff base complexes were investigated in the ROP of  

ε-CL. For example, the HAPENAlOiPr showed an ability to polymerize ε-CL in 

dichloromethane at 25 ˚C (Figure 84) and the polymerization occurred through a 

coordination-insertion mechanism (Bhaw-Luximon et al., 2005). Taden and  

co-workers studied the polymerizations of ε-CL using different aluminum Schiff 

bases on Salen, I, and Salcen, II, ligands (Taden et al., 1997). The polymerizations 

were carried out in toluene at 50 ˚C. It was found that only aluminum Salen I 

polymerized ε-CL within 20 hours while the other complexes only produced 

oligomers.  

 

 

Figure 84 Aluminum Salen complexes for ε-CL polymerization. 

 

Although aluminum Salen complexes were investigated for the ROP of ε-CL, 

the reports of aluminum Salan complexes for ROP of ε-caprolactone were found to be 

very limited. In this section, all aluminum Salan complexes synthesized in this work 

were utilized for the ROP of ε-CL. The influence of the catalytic structure on the 

polymerization activities (Mn and PDI) was investigated using the same 

polymerization condition as for the ROP of LA. 

  

All complexes were highly active in the ROP of ε-CL under the same 

condition for rac-LA polymerization ([CL]0/[Al] = 100; [CL]0 = 0.83 M; [Al] = 8.33 

HAPENAlOiPr 

N N

O O
Al

Me
MeMe

N N

O O
Al

Me
MeMe

tBu But

Salen I 

N N

O O
Al

Et
MeMe

tBu But

Salcen II 
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mM; Mn(theory) = 11400). The 80% conversion was obtained within 6 hours in all 

cases. The rates were faster than those of rac-LA polymerizations under the same 

condition. The polymers were analyzed by 
1
H NMR spectroscopic and GPC 

measurement. The results are summarized in Table 11. GPC analysis of the obtained 

PCL samples displayed monomodal and relatively narrow molecular weight 

distributions (PDI = 1.12-1.22). The experimental molecular weights were close to the 

calculated values. From the results, it was suggested that a single PCL chain was 

produced per metal center. Similar results have been reported previously for 

aluminum complexes based on anilido-imine ligand (Yao et al., 2008). All tested 

complexes showed a high catalytic activity when benzyl alcohol was used as an 

initiator/chain transfer agent. The resulting PCLs also showed expected molecular 

weights.  

 

In comparison, the activities of aluminum Salan complexes in the series are 

lower than that of four-coordinate aluminum complexes such as aluminum complexes 

bearing a bidentate ligand (Arbaoul et al., 2008; Iwasa et al., 2008; Yao  

et al., 2008) or a tridentate ligand (Ma and Wang 2011). However, their activities are 

comparable with that of other five-coordinate aluminum complexes such as aluminum 

complexes bearing a tetradentate ligand (Endo et al., 1987; Alcazar-Roman et al., 

2003) or two bidentate ligands (Nomura et al., 2005; Huang et al., 2001). 

 

2.4  Copolymerization of rac-lactide and ε-Caprolactone 

 

The synthesis of rac-LA/ε-CL copolymerization using aluminum complexes 

such as Al(O
i
Pr)3 or Al(acac)3, where acac is acetylacetone, has been widely studied 

in recent years (Barakat et al., 1994; Tian et al., 1997). When both monomers are 

polymerized, a block copolymer was obtained. Nevertheless, only few aluminum 

Salan complexes used as initiators for the living ROP block copolymerization of  

rac-LA/ε-CL have been reported (Wang and Ma, 2012).  
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Table 11  The ε-CL polymerization data for aluminum Salan complexes
a
 

 

Catalyst Time (h) Conversion
 

(%)
b
 

Mn(th)
 

(g mol
-1

)
c
 

Mn(GPC) 

(g mol
-1

)
d 

 

PDI
d
 

L
1A

AlMe 6 98 11190 11000 1.19 

L
2A

AlMe 6 92 10540 10030 1.13 

L
3A

AlMe 6 84 9680 9100 1.12 

L
4A

AlMe 6 92 10530 10420 1.21 

L
1B

AlMe 6 90 10290 9800 1.16 

L
2B

AlMe 6 86 9910 9150 1.16 

L
3B

AlMe 6 81 9280 8760 1.22 

L
4B

AlMe 6 92 10530 10220 1.16 

L
1C

AlMe 6 96 11000 10040 1.17 

L
2C

AlMe 6 93 10720 10900 1.17 

L
3C

AlMe 6 89 10200 10480 1.20 

 

a
Polymerizations were carried out in toluene at 70 ˚C in the presence of benzyl 

alcohol, [CL]0=83.3 mM, [Al]=0.83 mM. [CL]0/[Al]=100. 
b
Monomer conversion 

determined by 
1
H NMR spectroscopy. 

c
Calculated by ([M]/[Al])  144.14  (% conv.) 

+ 107.13. 
d
Determined by GPC (THF), relative to PS standards, the value of Mn  was 

calculated according to Mn=0.56Mn(GPC).
 
 

   

To gain further insight into the ROP of cyclic ester monomers by aluminum 

Salan complexes, the copolymerizations of ε-CL and rac-LA by all complexes 

investigated (Figure 85). The polymerizations were carried out in toluene at 70 ˚C. 

The concentration of rac-LA and ε-CL was fixed at 0.42 M, which resulted in the 

overall initial monomer concentration of 0.83 M. The progress of polymerizations 

was monitored by 
1
H NMR spectroscopy by taking aliquots from the reaction 

mixture. The polymerizations were allowed to proceed to high conversion of both 

monomers ( >85%) as illustrated in Figure 86. 
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The composition of the copolymer was determined by 
1
H NMR spectroscopy 

through the ratio of the intensity of methine photon from lactidyl unit and the 

methylene proton of the caproly unit (Figure 87, left).  The lactidyl/caproly ratios 

agreed well with the feed ratio, as expected at high conversion of both monomers. 

Both Mn and PDI were analyzed by GPC, using polystyrene standards. The raw data 

and corrected molecular weights are listed in Table 12. For all complexes, the 

corrected Mn values are in good agreement with the calculated theoretical values, and 

PDIs are relatively narrow compared to the copolymers obtained from Sn(Oct)2 

(Storey and Sherman, 2002; Zhang et al., 1994) and AlO
i
Pr3 (Vanhoorne  

et al., 1992) 

 

 

 

Figure 85 Copolymerization of ε-CL and rac-LA initiated by aluminum Salan 

complexes. 

 

 The chain microstructure of the copolymer was determined by 
13

C NMR 

spectroscopy. This method is sensitive to monomer sequences. The peaks were 

assigned according to literature (Vanhoorne et al., 1992; Kasperczyk and Bero, 1991; 

1993). The average lengths of lactidyl unit (LLL) and caproyl unit (LC) were calculated 

from the equations as previously reported by Kasperczyk and Bero (Kasperczyk and 

Bero, 1991; 1993). The calculated values are reported in Table 12. For example, the 

13
C NMR spectra of PLA-co-PCL using complexes L

1B
AlMe-L

4B
AlMe were shown 

in Figure 87 (right). 
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Figure 86 
1
H NMR spectrum of PLA-co-PCL. 

 

 The average lengths of lactidyl are in the range of 1.59-1.93 whereas the 

average lengths of caproyl are in the range of 6.39-11.17. For the spectra of 

copolymers obtained from L
1A

AlMe, L
2A

AlMe and L
4A

AlMe, no second mode 

transesterification were observed. However, in the case of complex L
3A

AlMe, the 

presence of a signal at δ 170.8 ppm which belongs to CLC triad suggested that the 

second mode transesterification (TII) was occurred. The second mode 

transesterification was not observed in the previous copolymerization studies using 

aluminum Salen complexes (R,R)-1, (S,S)-1 (Florczak and Duda, 2008), and 4b 

(Nomura et al., 2010). The TII was also observed from the copolymerization using 

L
3A

AlMe (see Figure 87).  
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Figure 87 (left) 
1
H NMR spectrum of ε- and α-methylene protons of PLA-co-PCL, 

(right) 
13

C NMR spectrum of carbonyl carbons of PLA-co-PCL. 

 

 

 

 

 

 

 

(R,R)-1     4b 

(S,S)-1 

 

Figure 88  Aluminum complexes (R,R)-1, (S,S)-1 and 4b. 
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The degree of randomness values (R) of the copolymer were in the range of 

0.09-0.32 suggesting that the block copolymer was formed. The average lengths TII 

and R are reported in Table 12. Differential scanning calorimeter (DSC) was used to 

determine the glass transition temperatures (Tg) of the copolymer. The well phase 

separated block copolymer from L
1A

AlMe, L
1B

AlMe and L
1C

AlMe exhibits the Tg 

values closed to the Tg values of isotactic PLA. However the two Tg values expected 

to observe for the block of PCL and PLA were not observed in this study (See 

Appendix Figures 5-6). The lower Tg values as compared to the unsubstituent system 

were observed. The lower Tg values are the characteristic of the higher content of CL 

and heterotactic or atactic PLA block. 
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1
4
2
 

Table 12 Copolymerization of ε-CL and rac-LA with aluminum Salan complexes
a
. 

 

Catalyst Time (h) CL/LA
b
 (mol%) LCL

c
 LLA

c
 TII

d 
(%) R

e
 Tg (˚C) Mn(GPC)

f
 Mn

g
 PDI

f
 

L
1A

AlMe 6 33/66 11.17 1.93 0 0.09 22 17860 13720 1.10 

L
2A

AlMe 12 47/53 7.00 1.80 0 0.26 -9 24040 10350 1.22 

L
3A

AlMe 720 48/52 6.39 1.73 6 0.30 -27 18140 10930 1.11 

L
4A

AlMe 12 39/61 7.84 1.71 0 0.21 -14 19100 10940 1.17 

L
1B

AlMe 12 30/70 9.78 1.77 0 0.15 18 19060 10900 1.20 

L
2B

AlMe 12 47/53 5.78 1.71 0 0.32 -14 19100 10530 1.07 

L
3B

AlMe 720 42/58 7.00 1.80 19 0.25 -27 18420 11460 1.16 

L
4B

AlMe 24 42/58 9.19 1.86 0 0.19 -11 20050 13720 1.22 

L
1C

AlMe 24 40/60 7.14 1.66 2 0.42 6 21240 19630 1.11 

L
2C

AlMe 48 47/53 6.71 1.59 0 0.28 -9 24050 12760 1.07 

L
3C

AlMe 48 42/58 7.38 1.70 0 0.24 -9 22320 10240 1.16 

 

a
Polymerizations were carried out in toluene at 70 ˚C. Ratio of [CL]0/[LA]0 was fixed at 1; [CL]0=[LA]0= 0.42 M; [Al]=[PhCh2OH]= 4.2 mM. 

b
CL/LA mole ratio in the copolymer was determined by 

1
H NMR. 

c
Averaged sequence lengths of caproly and lactidyl unit in the copolymer 

were determined by 
13

C NMR. 
d
Yield of the second mode transesterification. 

e
Degree of randomness. 

f
Molar mass and dispersity determinated 

by GPC in THF at 40 ˚C relative to polystyrene standards. 
g
Molar mass determinated by GPC in THF at 40°C relative to polystyrene standards 

corrected by the Mark-Houwink correction factor (Mn,(GPCcorr) = Mn(GPCraw) × 0.56 × %PCLNMR + Mn(GPCraw) × 0.58 × %PLANMR)
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CONCLUSIONS 

 

The synthesis and characterization of two families of aluminum complexes 

have been described. All complexes were evaluated as initiators for the ring-opening 

polymerization of lactide. 

 

The first family is aluminum complexes supported by bis(pyrrolidene) Schiff 

base ligands. All complexes were obtained in a monomeric form as confirmed by an 

evidence in the crystal structure of complex L
3
AlMe. Complex L

3
AlMe displays a 

distorted square pyramidal geometry with τ and χ values of 0.18 and 0.36, 

respectively. All complexes in the family were tested as initiator for the ring-opening 

polymerization of L-LA and rac-LA in toluene at 70 ˚C and found to be efficient 

initiators. The polymers with controlled molecular weights and narrow molecular 

weight distributions were produced. The flexibility of backbone significantly affects 

the ability to control stereochemistry of monomer enchainment. The highest 

stereoselectivity over the ROP of rac-LA was obtained from L
3
AlMe (Pm = 0.80). 

Other C3 backbone complexes polymerized rac-LA to form isotactic biased polymer 

with the Pm values in the range of 0.69-0.73. The uses of rigid C2 complexes resulted 

in moderate isoselectivity (Pm values in the range of 0.61-0.64). PLA produced by 

L
7
AlMe with a butylenes backbone is atactic. Studies of the kinetics of the 

polymerization consistently reveal the-first order in monomer in all cases. The activity 

of aluminum complexes L
1
AlMe-L

7
AlMe toward lactide polymerization decreases in 

the order L
4
AlMe > L

2
AlMe > L

3
AlMe > L

7
AlMe > L

5
AlMe > L

1
AlMe > L

6
AlMe. 

It was also observed that the rate of rac-LA polymerization was lower than that of  

L-LA polymerization. This may be attributed to the rearrangement of ligand geometry 

for mismatching monomer enantiomer during the polymerization process. Complex 

L
3
AlMe exhibited a well controlled character of polymerization as indicated by the 

ability to polymerize rac-LA at a high loading of monomer to initiator ratio. In 

addition, a high degree of isoselectivity was observed up to high monomer to initiator 

ratios. The Pm values of resulting polymers remained almost unchanged in the range 

of Pm = 0.78-0.80. 
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The second family is aluminum complexes supported by Salan ligands. 
1
H 

NMR analyses revealed that all complexes in this family exhibit broad resonance 

which is indicative of fluxional solution state structures. It is also apparent that as the 

phenoxy substituents become bulkier, the fluxionality of the complexes diminishes. 

Catalytic studies demonstrated that all complexes are efficient initiators for the ROP 

of rac-LA. The molecular weight distributions of the polymers were narrow. The 

corrected Mn values were close to the theoretical values indicating the well-controlled 

behavior of the complexes. The size of the substituent at the ortho position of the 

phenoxy ring was found to have a remarked influence on the polymerization rate. 

Increasing the bulkiness of the phenoxy substituent leads to significantly slow the 

polymerization rate. For instance, the fastest polymerization rate was observed for the 

polymerization using the unsubstituted complex L
1A

AlMe. In contrast, the slow 

polymerization rates were observed for complexes L
3A

AlMe and L
3B

AlMe with the 

tert-butyl substituted phenoxy rings. The rate of polymerization follows the phenoxy 

substituents in the order H > Ph > 
i
Pr >> 

t
Bu. The microstructure of the resulting PLA 

is dependent on the ligand substituted pattern. The unsubstituted aluminum complexes 

gave rise to isotactic PLAs, whereas the isopropyl and phenyl substituted complexes 

afforded heterotactic PLAs. Atactic PLAs were produced by the tert-butyl substituted 

complexes. The introduction of bulky substituents on the nitrogen donors was found 

to slow down the polymerization rate. The polymerization rates of Group A 

complexes were faster than those of Group B and Group C complexes. In addition, the 

presence of bulky substituents on the nitrogen donors resulted in poor stereocontrol. 

In the case of Group C complexes, the lack of stereocontrol was observed in all cases. 

All complexes also showed good activity in the polymerization of ε-CL. The 

substituents on both phenoxy rings and nitrogen donors showed no significant effect 

on the polymerization activities of ε-CL. In comparison, the polymerization of ε-CL 

required shorter time to reach full conversion as compared to the polymerization of 

rac-LA. The copolymers of rac-LA and ε-CL using aluminum Salan complexes were 

successfully prepared. The amount of ε-caprolactone in the resulting copolymer is 

lower than the initial concentration in the feed. This indicated the lower reactivity of 

ε-CL in the copolymerization comparing to the homopolymerization. The 
13

C NMR 

spectra and DSC results reveals the formation of the block copolymers.  
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Appendix Figure 1 The molecular structure of complex L
3
AlMe. 

 

Appendix Table 1 Bond lengths (Å) for complex L
3
AlMe 

 

Bond (Å) Bond (Å) Bond (Å) 

AlN(1) 1.959(1) N(3)C(3) 1.291(2) C(7)C(8) 1.533(2) 

AlN(2) 1.976(1) N(3)C(8) 1.457(2) C(7)C(9) 1.531(2) 

AlN(3) 2.054(1) N(4)C(5) 1.289(2) C(7)C(10) 1.522(2) 

AlN(4) 2.033(1) N(4)C(6) 1.472(2) C(11)C(12) 1.397(3) 

AlC(1) 1.967(2) C(2)C(3) 1.422(2) C(12)C(13) 1.398(3) 

N(1)C(2) 1.376(2) C(2)C(11) 1.390(2) C(14)C(15) 1.399(3) 

N(1)C(13) 1.363(2) C(4)C(5) 1.418(2) C(15)C(16) 1.388(3) 

N(2)C(4) 1.382(2) C(4)C(14) 1.395(2) 
  

N(2)C(16) 1.352(2) C(6)C(7) 1.535(2) 
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Appendix Table 2 Bond angles for complex L
3
AlMe 

 

Angles (˚) Angles (˚) Angles (˚) 

N(1)-Al-N(2) 92.86(6) Al-N(3) -C(8) 126.9(1) C(3)-N(3)-C(8) 119.1(1) 

N(1)-Al-N(3) 79.92(6) Al-N(4)-C(5) 113.7(1) C(3)-C(2)-C(11) 133.8(2) 

N(1)-Al-N(4) 137.59(6) Al-N(4)-C(6) 126.7(1) C(4)-N(2)-C(16) 105.8(1) 

N(2)-Al-N(3) 148.16(6) N(1)-C(2)-C(3) 114.9(1) C(4)-C(14)-C(15) 105.8(2) 

N(2)-Al-N(4) 80.43(5) N(1)-C(2)-C(11) 111.2(2) C(5)-N(4)-C(6) 119.5(1) 

N(3)-Al-N(4) 84.28(5) N(1)-C(13)-C(12) 110.5(2) C(5)-C(4)-C(14) 134.9(2) 

C(1)-Al-N(1) 115.41(7) N(2)-C(4)-C(5) 114.5(1) C(6)-C(7)-C(8) 109.7(1) 

C(1)-Al-N(2) 108.95(7) N(2)-C(4)-C(14) 110.5(1) C(6)-C(7)-C(9) 110.3(1) 

C(1)-Al-N(3) 102.07(7) N(2)-C(16)-C(15) 111.1(1) C(6)-C(7)-C(10) 107.9(1) 

C(1)-Al-N(4) 106.27(7) N(3)-C(3)-C(2) 116.5(1) C(8) -C(7) -C(9) 111.1(1) 

Al-N(1)-C(2) 114.7(1) N(3)-C(8)-C(7) 112.3(1) C(8)-C(7)-C(10) 108.0(1) 

Al-N(1)-C(13) 139.7.(1) N(4)-C(5)-C(4) 117.5(1) C(11)-C(12)-C(13) 106.9(2) 

Al-N(2) -C(4) 113.5(1) N(4)-C(6)-C(7) 113.0(1) C(14)-C(15)-C(16) 106.8(2) 

Al-N(2)-C(16) 140.6(1) C(2)-N(1)-C(13) 105.6(1) 

  Al-N(3)-C(3) 114.0(1) C(2)-C(11)-C(12) 105.8(2) 
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Appendix Figure 2   Plot of Mn as a function of monomer conversion for rac-LA 

polymerization using (a) L
1
AlMe/PhCH2OH, (b) L

2
AlMe/PhCH2OH, (c) 

L
4
AlMe /PhCH2OH, (d) L

5
AlMe/PhCH2OH, (e) L

6
AlMe/PhCH2OH, , (f) 

L
7
AlMe/PhCH2OH ([LA]0/[Al] = 50, [Al]/[PhCH2OH] = 1, [LA]0 = 0.42 

M, [Al] = 8.33 mM). 

  

(a) (b) 

(c) (d) 

(e) (f) 



177 

 

 

 

Appendix Figure 3   Plot of Mn as a function of monomer conversion for rac-LA 

polymerization using (a) L
2A

AlMe/PhCH2OH, (b) L
3A

AlMe/ 

PhCH2OH, (c) L
4A

AlMe /PhCH2OH ([LA]0/[Al] = 50, 

[Al]/[PhCH2OH] = 1, [LA]0 = 0.42 M, [Al] = 8.33 mM). 

  

(a) (b) 

(c) 
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Appendix Figure 4   Plot of Mn as a function of monomer conversion for rac-LA 

polymerization using (a) L
1C

AlMe/PhCH2OH, (b) L
2C

AlMe/ 

PhCH2OH, (c) L
3C

AlMe /PhCH2OH ([LA]0/[Al] = 50, 

[Al]/[PhCH2OH] = 1, [LA]0 = 0.42 M, [Al] = 8.33 mM). 

  

(a) (b) 

(c) 
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Appendix Figure 5  (left) 
1
H NMR spectrum of ε- and α-methylene protons of PLA-co-

PCL, (right) 
13

C NMR spectrum of carbonyl carbons of PLA-co-

PCL using Group A complexes. 
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Appendix Figure 6  (left) 
1
H NMR spectrum of ε- and α-methylene protons of PLA-co-

PCL, (right) 
13

C NMR spectrum of carbonyl carbons of PLA-co-

PCL using Group A complexes. 
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Appendix Figure 7 DSC thermograms of PLA-co-PCL using Group A complexes. 

 

 

 

Appendix Figure 8 DSC thermograms of PLA-co-PCL using Group B complexes. 
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Appendix Figure 9 DSC thermograms of PLA-co-PCL using Group C complexes. 
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