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ABSTRACT: The synthesis, characterization, and reactivity of an aluminum alkoxide complex supported 

by a ferrocene-based ligand, (thiolfan*)Al(OtBu) (1red, thiolfan* = 1,1’-di(2,4-di-tert-butyl-6-thiophe-

noxy)ferrocene), are reported. The homopolymers of L-lactide (LA), ε-caprolactone (CL), δ-valerolactone 

(VL), cyclohexene oxide (CHO), trimethylene carbonate (TMC), and their copolymers were obtained in 

a controlled manner by using redox reagents. Detailed DFT calculations and experimental studies were 

performed to investigate the mechanism. Mechanistic studies show that after the insertion of the first 

monomer, the coordination effect of the carbonyl group, which has usually been ignored in previous re-

ports, can significantly change the energy barrier of the propagation steps, thus playing an important role 

in polymerization and copolymerization processes. 

Introduction 

The ring opening polymerization (ROP) of cyclic esters, epoxides, and carbonates has attracted much 

attention during the past few decades due to the impressive biomedical and pharmaceutical applications 
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of the respective polymers.1-4  To date, a variety of ROP catalysts have been applied to the formation of 

homopolymers such as poly(lactide) (PLA), poly(ε-caprolactone) (PCL), poly(cyclohexene oxide) 

(PCHO), and poly(trimethylene carbonate) (PTMC).1-13 However, a general method for synthesizing 

multiblock copolymers in one pot and/or with great control still remains a challenge.  

Research in the area of ring opening polymerization has been focused mainly on the synthesis of new 

initiators/catalysts to increase reactivity and produce novel polymers.6,7,14-17 Although the mechanisms of 

ROP, including cationic, anionic, coordination-insertion, activated monomer, and organocatalytic meth-

odologies, are well-known and widely accepted, most of the computational mechanistic studies focus on 

homopolymers, and, specifically, only concern the first insertion step.18-24 The propagation steps, which 

play an important role in stereocontrolled polymerization and synthesis of copolymers, are usually ig-

nored.25-27 As such, a better understanding of the mechanism is still essential. 

In 2011, our group applied a redox switchable strategy to the ring-opening polymerization of different 

monomers by switching between the oxidized and reduced forms of a catalyst.28 Since then, important 

progress in the area of switchable polymerization has been made by our group and others.28-51 Via appro-

priate sequential catalyst oxidation and reduction, several types of di-block copolymers, such as PCL-

PLA and PLA-PCHO, could be prepared. However, the substrate scope is still limited and the selectivity 

of the oxidized and reduced forms of the catalysts remains unclear. 

Aluminum complexes are widely used in ring-opening polymerization.52-56 Aluminum pre-catalysts 

with only one active alkoxide chain are facile to prepare, making it easy to control the polymerization and 

investigate the mechanism.57-59 Thus, an aluminum alkoxide complex, (thiolfan*)Al(OtBu) (1red, thiolfan* 

= 1,1’-di(2,4-di-tert-butyl-6-thiophenoxy)ferrocene), based on an OSSO ligand architecture,40,60-72 was 

synthesized and studied in order to extend the redox-switchable ROP strategy to a broad substrate scope 

and to understand the mechanism. Herein, we report the polymerization of L-lactide (LA), ε-caprolactone 

(CL), δ-valerolactone (VL), cyclohexene oxide (CHO), and trimethylene carbonate (TMC, Chart 1) for 
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the formation of their respective homopolymers and copolymers. Detailed DFT calculations of the redox 

switchable strategy are reported that are also useful in understanding other coordination-insertion ROP 

processes, especially those focused on the formation of copolymers. 
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Chart 1. Monomers used in the present study. 

 

Results and discussion 

Synthesis and characterization of aluminum complexes. A successful synthesis of 1red is shown in 

Scheme 1. The reaction of AlEt2Cl and H2(thiolfan*) in toluene at -78 oC led to the formation of (thi-

olfan*)AlCl (1-Cl), which then underwent a salt metathesis reaction with KOtBu, in a mixture of tetrahy-

drofuran (THF) and hexanes (Hex), to give 1red. It should be noted that other methods to prepare 1red 

failed, including the reaction of AlMe2(OtBu) with H2(thiolfan*).73 

Compounds 1red and 1-Cl are both yellow powders. Crystals of 1-Cl suitable for X-ray diffraction could 

be obtained via recrystallization from toluene with a few drops of THF at -30 oC (Figure 1). The Al center 

is five-coordinated, similar to what was observed in other Al ROP pre-catalysts.65,74-76 As there is one THF 

ligand present in the molecule, only one of the thiolfan* S atoms is coordinated to Al. Based on the struc-

ture of (thiolfan*)Ti(OiPr)2,31 we propose that, in the absence of THF, both sulphur atoms are coordinated 

to Al. However, once a substrate (LA for instance) binds, one of them dissociates to keep the Al center 
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five-coordinated. This hypothesis is confirmed by our DFT calculations, which show two different Al-S 

distances when a monomer is coordinated to the Al center (for example, in the LA-1red complex, the Al-

S distances are 2.663 Å and 3.303 Å, respectively). 

 

S

S

O

O

tBu

tBu

tBu

tBu

Fe Al
S

S

O

O

tBu

tBu

tBu

tBu

Fe AlCl OtBu
KOtBu

Fe
S

S
tBu

tBu

tBu

tBu

AlEt2ClOH
OH

H2(thiolfan*)

toluene
-78 oC to r.t.

4 h

Hex/THF = 1/1
-78 oC to r.t.

overnight

1-Cl 1red

+ AlMe2(OtBu)

No reaction
X

 

Scheme 1. Synthesis of 1red. 

 

Figure 1. Molecular structure representation of 1-Cl(THF) with probability ellipsoids shown at the 50% 

level. Hydrogen and solvent atoms were omitted for clarity. Selected distances (Å) and angles (º): Al1-O1 

= 1.731(3), Al1-O2 = 1.741(3), Al1-S1 = 3.202, Al1-S2 = 2.727(2), Al1-Cl1 = 2.165(2); O1-Al-O2 = 

143.62(16), O1-Al1-S2 = 89.88(12), O2-Al1-S2 = 79.03(11). 

 

Electrochemical studies were performed with 1red. A quasireversible redox event (Figures S6-7) ob-

served with E1/2 = -0.023 V (vs FeCp2
0/+) indicates that ferrocenium salts could oxidize 1red. Indeed, the 

addition of 1 equivalent of acetyl ferrocenium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (AcFcBArF) 
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in C6D6 resulted in the formation of a dark red product, [(thiolfan*)Al(OtBu)][BArF] (1ox), within minutes. 

As expected, the corresponding 1H NMR spectrum indicated the formation of a paramagnetic species. 

However, the 19F NMR spectrum was more informative, showing a signal at -62.4 ppm that was assigned 

to 1ox as AcFcBArF has poor solubility in C6D6. This paramagnetic product could be reduced back to the 

starting material 1red by the addition of an equivalent of CoCp2. DFT calculations indicate that the singly 

occupied molecular orbital (SOMO) of 1ox is mainly localized on the ferrocene fragment (Figure 2). Thus, 

it should be possible to apply the redox-switchable strategy to compounds 1red and 1ox (Scheme 2). 

Polymerization studies. Metal alkoxide species, M-OR, have been shown to be the true active species 

in numerous ROP processes.1-13,18-24 For example, in 2004, Lewiński and co-workers reported the first 

structurally characterized aluminum ε-caprolactone complex, indicating that the Al-Me group has poor 

reactivity with CL.77 Thus, in most ROP cases, an alcohol is used as an initiator and is essential in order 

to start the polymerization. 

 

 

Figure 2. SOMO of 1ox. 
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Scheme 2. Redox switching between 1red and 1ox. 

 

With 1red and 1ox in hand, the polymerization of various monomers was first tested (Table 1). The ROP 

of LA proceeded at 70 oC, while the ROP of other monomers was carried out at room temperature in C6D6. 

The polymers obtained from the above reactions were quenched by pouring the reaction mixtures into 

methanol and the precipitates were characterized by size exclusion chromatography (SEC, also abbrevi-

ated as GPC, gel permeation chromatography, in the text) with a multi-angle light scattering (MALS) 

detector.  

In the polymerization of LA with 1red, the molar mass corresponds well with the predicted value and 

has a narrow dispersity, while <5% conversion was observed with 1ox even at 100 oC overnight. These 

results were also observed with other redox switchable systems.28,31,37,43,78 

However CL, VL, and TMC behaved rather differently (Table 1). Both forms, 1red and 1ox, could poly-

merize these monomers, normally with lower rates for 1ox than 1red. An explanation for this behavior is 

provided by DFT calculations and will be presented below. Herein, we discuss the experimental details 

of the ROP of CL as an example. In all cases, a higher molar mass than expected was observed. Although 

the polymer of CL obtained from a reaction carried out at room temperature has a relatively narrow dis-

persity (vs that obtained at 70 oC), its molar mass is much larger. These results could be attributed to a 

partial deactivation/inhibition of the catalyst, the occurrence of transesterification reactions (especially 

given the high temperature used), and/or to different initiation and propagation rates. An explanation for 
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the observed values will be discussed in the DFT calculation section. The ROP of VL and TMC behaved 

similarly (Table 1).  

On the other hand, the activity toward CHO showed the opposite trend to that observed for LA: the 

conversion reached >90% within 20 min at room temperature with 1ox, while <5% conversion was 

achieved with 1red even at 70 oC overnight (Table 1). 

The coordination-insertion mechanism is widely accepted in ROP systems with metal catalysts. An 

end-group analysis of our PLA by 1H NMR spectroscopy (Figure S17) showed that the polymer was 

capped by an OtBu group, also indicating that this reaction proceeded through a coordination-insertion 

mechanism. Together with previous results from our group and others, we assume that the redox switch-

able catalysts with M-OR groups proceed through a coordination-insertion mechanism during a ROP pro-

cess. 

 

Table 1. Homopolymers prepared by 1red and 1ox. 

        Mn
b  

Entry Catalyst Monomer Equiv. Time (h) T (oC) conversiona (%) GPCb Calcd. PDIc 

1 1red LA 100 24 70 88 1.1 1.3 1.08 

2 1ox LA 100 24 100 <5 - - - 

3 1red CL 100 6 rt >95 4.0 1.1 1.30 

4 1red CL 100 1 70 >95 1.5 1.1 1.61 

5 1red CL 200 1 70 >95 6.4 2.3 1.10 

6 1ox CL 100 72 rt 86 3.9 1.0 1.06 

7 1ox CL 200 2 70 >95 6.2 2.3 1.09 

8 1red VL 100 24 rt 69 4.7 0.7 1.31 

9 1ox VL 100 24 rt 78 9.1 0.8 1.12 
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10 1red TMC 100 24 rt 95 3.9 1.0 1.54 

11 1ox TMC 100 120 rt 74 4.9 0.7 1.43 

12 1red CHO 100 24 70 <5 - - - 

13 1ox CHO 200 0.3 rt 90 2.6 2.0 2.20 

 

Notes. Reactions were carried out in NMR tubes and the conditions were not optimized. Catalyst 

(0.0025 mmol), C6D6 as the solvent (0.6 mL). Oxidant (AcFcBArF, 0.0025 mmol, 2.7 mg) was added to 

1red to prepare 1ox in situ. LA = L-lactide, CL = ε-caprolactone, VL = δ-valerolactone, TMC = trimethylene 

carbonate, CHO = cyclohexene oxide. 1,3,5-trimethoxybenzene was used as an internal standard for the 

ROP of LA. 

a Conversion calculated from in situ 1H NMR spectroscopy by integration of polymer peaks versus 

internal standard or unreacted monomers.  

b GPC measurements were performed in CHCl3. Mn values are reported in 103 g/mol. Theoretical Mn 

values were calculated from conversion data. Measured dn/dc values: PLA, 0.026 mL/g; PCL, 0.062 mL/g; 

PVL, 0.029 mL/g; PTMC, 0.033 mL/g; PCHO, 0.082 mL/g. 

      c PDI = Mw/ Mn 

 

In order to explain the above results, the propagation steps of ROP were considered. We first tested 1red 

in a reaction with only 2 equivalents of LA. As shown in Figure 3, the first equivalent of LA reacts with 

1red within minutes at room temperature (for comparison, the polymerization of LA occurs at 70 oC). 

However, the other equivalent of LA remained unreacted even after 3 days at room temperature. Further-

more, the addition of 10 equivalents of CL at room temperature also led to no reaction (for comparison, 

the ROP of CL by itself is facile at room temperature), indicating that the propagation becomes difficult 

after the first insertion of LA. 



9 

 

In 2005, Lewiński and co-workers reported the crystal structure of an Al alkoxide complex obtained 

after the insertion of one equivalent of LA.79 The newly formed Al complex, [Me2Al(µ-

OCH(Me)C(O))2O(CH2)2OMe]2, containing a similar five-membered ring as 3red in Figure 3, was essen-

tially inactive in the reaction with CL and LA unless heated at higher temperatures (70 ºC for example). 

Furthermore, in 2011, we reported a cationic yttrium complex, [(phosfen)Y(OtBu)][BArF] (phosfen = 

1,1’-di(2-tert-butyl-6-diphenylphosphiniminophenoxy)ferrocene)), which could react with one equiva-

lent of LA but could not react with another.28 Those results indicate that the insertion of the first LA was 

facile in all those cases. However, after the first insertion, the strong chelation effect of the five-membered 

ring causes a significant rising in the activation barrier for the next insertion. 

The fact that the activation barrier for the insertion of another LA increased indicates that the rate of 

the propagation step was much slower than that of the initiation step, guaranteeing living LA polymeriza-

tion characteristics, with a narrow dispersity (Table 1). For other monomers (CL, VL, and TMC), the 

insertion of the first monomer would not cause such a significant chelation effect, implying a similar 

activation barrier for the propagation and initiation steps. This might cause broader dispersity values and 

higher molar masss (Table 1); such phenomena were reported in the literature without a detailed explana-

tion.80-85 
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Figure 3. 1H NMR (300 MHz, C6D6) spectra of the reaction between 1red and two equivalents of LA.  

 

Previously reported examples of TMC polymerizations by aluminum complexes following a coordina-

tion-insertion mechanism also showed a broad dispersity together with higher than expected molar 

masss.83-85 However, if the metal catalysts reacted as Lewis acids and TMC was polymerized by an ap-

propriate Lewis acid/ROH pair instead, the PTMC material could be chain-length controlled.53,85  These 

results indicate that mechanistic studies are important in order to design appropriate polymerization sys-

tems for different monomers. 

Recently, Byers and co-workers reported that the polymerization of CHO, using a cationic iron(III) 

alkoxide complex, underwent a coordination-insertion mechanism and was non-living.78 In the case of 

the CHO polymerization by 1ox, we also prefer a coordination-insertion mechanism rather than a cationic 

polymerization mechanism. This assumption is supported by DFT calculations (see the DFT calculation 

section). The polymerization of CHO by 1ox (Table 1) is also non-living because the barriers of the prop-

agation and initiation are rather low and close in energy.  

Kinetics studies of LA and TMC polymerizations were then carried out as examples. As shown in Fig-

ure 4, for LA, clear first-order kinetics were observed, as evidenced from the linear relationship between 

ln([LA]0/[LA]t) and time. Although the same first-order kinetics were observed for TMC with 1ox, a slow 
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initiation stage was present (nearly no polymerization occurred during the first 24 hours). For the ROP of 

TMC with 1red, a nonliving polymerization character was evidenced by the non-linear relationship be-

tween ln([TMC]0/[TMC]t) and time (R2 = 0.9226), corresponding well with the above discussion. 
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Figure 4. Kinetics studies of ROP of LA and TMC in C6D6: LA with 1red (top, standard deviation range: 

0.0185 to 0.3078), TMC with 1red (middle, standard deviation range: 0.0043 to 0.0866), and TMC with 

1ox (bottom, standard deviation range: 0.0024 to 0.0383). In all cases, [Monomer]/[Al] = 100, [Monomer] 

= 0.42 M. For each plot, three reactions were run and the average of the resulting data was obtained. The 

error bars are the standard deviation for the three samples. Note: Lactide was added as a solid due to its 

limited solubility in benzene. In this case, in order to obtain the initial lactide concentration, the integra-

tions for the monomer and the polymer signals from the 1H NMR spectra were added and averaged.  

 

The copolymerization of two different monomers were tested next. As 1red and 1ox were both active for 

multiple monomers, making copolymers by either sequential addition or redox switchable polymerization 

of different monomers was possible. It would be beyond the scope of this article to explore all possible 

combinations. Herein, we only show the synthesis of several di-block copolymers as examples. It should 

be noted that it is theoretically possible to prepare multi-block polymers via this strategy. 

The general procedures for preparing the copolymers are as follows. The first monomer (monomer A) 

is polymerized under the same conditions as those shown in Table 1. The second monomer (monomer B) 

is then added if making copolymers by sequential addition. When making copolymers by the redox 

switchable method, AcFcBArF or CoCp2 is added to change the oxidation state of the catalyst before adding 

monomer B. Polymer chain extensions are clearly demonstrated by comparing their GPC/SEC traces (in-

creasing molar mass) with the corresponding polymers before adding monomer B (Figure 5 and Figures 

S1-5).  
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Figure 5. GPC/SEC traces of selected copolymers: Table 2, entry 3 (top) and Table 2, entry 7 (bottom). 

The blue lines correspond to copolymers and the red lines to the respective homopolymers before adding 

the second monomer. The baselines are calibrated, the peak area ratios are adjusted, and the curves are 

fitted by Gaussian distribution (R2 > 0.99) to make them clear. The raw data can be found in the Support-

ing Information (Figures S35-52). 

 

Because PLA-PCL di-block polymers prepared by sequential addition are widely studied and ac-

cepted,5-8,10-13 we will discuss this system in detail later in the DFT calculation section as an example. 

Since 1red behaves similarly to other ROP Al catalysts,5-13,52,53 herein, we will describe just the LA-TMC 

co-polymerization as an example. As shown in Table 2 (entry 1), we obtained a copolymer with a broad 

dispersity and higher molar mass than expected.  

The oxidized catalysts usually have poor reactivity in other ROP systems.28,39,40,43,44,49 Thus more ex-

amples studying sequential addition polymerization using 1ox were tested. The PCL-PCHO and PTMC-
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PCHO di-block copolymers, which are relatively difficult to prepare by other methods, could be synthe-

sized easily (Table 2, entry 2 and 3). The PLA-PCHO copolymer could not be made by simple sequential 

addition using 1ox, since LA itself could not be polymerized by 1ox (Table 1). 

Several di-block copolymers could also be prepared by redox-switchable polymerization, such as PCL-

PLA, PTMC-PLA, and PCHO-PCL (Table 2, entries 6 - 8), in addition to sequential addition (Table 2, 

entries 1-5). The PTMC-PCL copolymers (Table 2, entry 5) made by 1ox have a significantly higher molar 

mass (12.50 kDa) than expected (1.52 kDa) but show a narrow dispersity (1.03). This phenomenon is also 

observed in the homopolymers prepared by 1ox. We propose that the reason for these findings is that only 

a part of the catalyst is active during the polymerization. Detailed explanations will be given in the DFT 

calculation section. 

 

Table 2. Data for selected copolymers prepared by 1red and 1ox. 

En-

try 

Mono-

mer A 

Equiv. Conv. 

(%)a 

Redox  

reagent 

Mono-

mer B 

Equiv. t 

(h) 

T 

(oC) 

Conv. 

(%)b 

Mn 

GPCc 

Mn 

Calcd. 

PDId 

1 LA/1red 100 90 - TMC 100 7 100 70 3.9 2.0 1.44 

2 CHO/1ox 200 >95 - CL 200 72 rt 16 2.9 2.3 1.94 

3 CHO/1ox 200 >95 - TMC 200 72 rt 50 4.4 3.0 1.54 

4 CHO/1ox 200 >95 - LA 100 5 70 <5 - - - 

5 CLe/1ox 100 >95 - TMC 100 48 rt 37 12.5 1.5 1.03 

6 LA/1red 100 83 AcFcBArF CL/1ox 50 18 70 26 1.5 1.3 1.11 

7 LA/1red 100 87 AcFcBArF TMC/1ox 100 18 70 12 1.7 1.4 1.12 

8 CL/1red 50 >95 AcFcBArF CHO/1ox 100 4 rt >95 1.2 1.5 1.59 

Notes. Conditions: monomer A was polymerized as mentioned in Table 1, C6D6 as the solvent (0.6 mL). 

AcFcBArF or CoCp2 was added to change 1red/1ox in situ. LA = L-lactide, CL = ε-caprolactone, VL = δ-

valerolactone, TMC = trimethylene carbonate, CHO = cyclohexene oxide. 1,3,5-trimethoxybenzene was 

used as an internal standard for the ROP of LA. 
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a Conversion calculated from in situ 1H NMR spectroscopy by integration of polymer peaks vs internal 

standard or unreacted monomers.  

b Conversion calculated from 1H NMR spectra of isolated product by integrating the peaks of block B 

vs those of block A. 

c GPC measurements were performed in CHCl3. Mn values are reported in 103 g/mol. Theoretical Mn 

values were calculated from conversions. Measured dn/dc values: PLA, 0.026 mL/g; PCL, 0.062 mL/g; 

PVL, 0.029 mL/g; PTMC, 0.033 mL/g; PCHO, 0.082 mL/g. 

      d PDI = Mw/ Mn 

e Reaction run in benzene. 

 

DFT calculations. Computational studies have been increasingly used in the characterization of un-

known chemical compounds, obtaining mechanistic information,86-94 and predictive studies.95-104 To gain 

a better understanding of the polymerization processes discussed above, detailed theoretical studies were 

essential. Our group previously reported DFT calculations on redox switchable polymerization by ce-

rium.43 Those calculation results showed that the activation barrier with the reduced form of the catalyst 

(5.9 kcal/mol) was lower than that with the oxidized species (10.5 kcal/mol) in the polymerization of LA. 

However, this data could not explain why the reaction would not take place with the oxidized catalyst at 

ambient temperature, as the barrier was relatively low. We propose herein that, for most redox switchable 

ROP processes, the initiation step is easy and fast in both catalyst states, while the rate of propagation 

varies from monomer to monomer, causing remarkable differences.  

All calculations were carried out with the GAUSSIAN 09 program package105 on the Extreme Science 

and Engineering Discovery Environment (XSEDE).106 The OtBu groups were simplified to OMe groups 

and the methyl groups of LA were replaced by H atoms during the propagation steps. For the oxidized 

complex, [(thiolfan*)Al(OtBu)][BArF] (1ox), which is an ionic compound with [BArF] as the counter anion, 
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the anionic part was ignored in order to simplify the calculations since it is not involved in polymerization 

directly. It should also be noted that using a dispersion correction is important and the D3 version of 

Grimme's dispersion107 was applied. The polymerizations of LA, CL, TMC, and CHO were analyzed. As 

the mechanism of polymerization of CHO is quite different from that of the other monomers, we will first 

discuss LA, CL, and TMC together. 
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Figure 6. Potential energy surfaces of the initiation steps with 1red. 

 

Free energy surfaces of initiation and propagation steps with 1red and 1ox were performed. We first 

discuss LA as an example for the initiation step. The reaction of 1red begins with the coordination of LA 

to the Al center and the dissociation of one thiolfan* S atom. This coordination step is favored for all 
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monomers (Gibbs free energy ranging from -4.3 for LA to -9.6 kcal/mol for CL, Figure 6). Then, the first 

insertion of the coordinated LA occurs via a four-membered transition state with an energy barrier of only 

4.5 kcal/mol. Although the energy barrier of the next step (ring opening) is higher (13.5 kcal/mol overall), 

the initiation step of LA with 1red is an easy process, which corresponds with the experimental results. 

The initiation step of CL and TMC went through similar pathways with an activation barrier of 15.3 

kcal/mol and 10.3 kcal/mol, respectively (Figure 6). Unlike for LA, for which the ring-opening step is 

higher in energy than the nucleophilic attack, for CL and TMC, the nucleophilic attack is the rate deter-

mining step (Figure 6). 

Previous reports of ROP theoretical studies would assume at this point that the propagation step went 

through a similar pathway as the initiation step, with similar energy surfaces (path B in Scheme 3). Alt-

hough this is a reasonable assumption in most cases, it is usually not true for LA. In addition, from our 

own experimental results, discussed above, and those of others,1-13 the polymerization of CL usually goes 

faster than that of LA while making the corresponding homopolymers. However, when mixing LA and 

CL for the synthesis of copolymers, LA usually goes faster.108-110 This phenomenon cannot be explained 

by accounting only for the energy barriers of the initiation step. 
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 Scheme 3. General ROP propagation steps with 1red. 
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The energy surfaces of the second insertion of CL or LA after the first insertion of LA were then per-

formed (Figure 7). As the chelation of the first LA was strong, the five-membered ring remains intact 

during the second insertion, resulting in a higher energy barrier (20.1 kcal/mol for LA and 23.0 kcal/mol 

for CL) than for the initiation step. This finding is supported by a comparison of 13C NMR spectra from 

the reaction of 1red with 1 and 5 equivalents of LA (Figure S26) that shows two types of carbonyl groups 

coordinated to the aluminum center. 

After the insertion step (TS1’), the intermediate has a similar structure to that of the initiation step, so 

we estimated the energy barrier of TS2’ in the propagation step by using the data from the initiation step 

as described in the following: after the initiation step, we forced the carbonyl group in V (Figure 6) to 

dissociate from the Al center (O-Al distance > 3 Å, V-release, not shown), optimized the structures and 

calculated the energy for V-release. It should be noted that V-release is not an actual intermediate for 

LA, however, it is an existing intermediate for CL, VL, and TMC. In the latter cases, after the first inser-

tion, the C=O group will dissociate from the catalytic center to allow the second monomer to coordinate. 

Thus, it is important to consider V-release in order to obtain the correct energy barriers of the propagation 

steps. As V-release has a similar structure to the starting compound I, the same structures, VII and TS2’, 

would be obtained either from VI or V-release as the starting point. Therefore, by applying the energy 

difference between V and V-release, together with the data from the initiation steps, reasonable energies 

of VII and TS2’ could be estimated (Table S2). The same strategy was also applied below for calculations 

involving the oxidized state catalyst (Table S2). 

The insertion of the first LA is always facile (even more so than for CL), as the C=O group in LA is 

easily attacked by nucleophiles (-OtBu group). However, after the first insertion, the propagation becomes 

difficult for LA because of the formation of the five-membered ring intermediate (3red in Figure 3, VIred 

in Figure 6, both similar to [Me2Al(µ-OCH(Me)C(O))2O(CH2)2OMe]2 reported by Lewiński and co-

workers),79 which makes the coordination of the second LA to the catalytic center difficult. These results 
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provide good explanations for several important phenomena: 1) the temperature for the polymerization of 

LA (70 oC) is in agreement with a 20.1 kcal/mol energy barrier of propagation; 2) only one equivalent of 

LA undergoes insertion at room temperature (corresponding with a 13.5 kcal/mol energy barrier for ini-

tiation); 3) the homopolymerization rate of CL is faster than that of LA because the propagation of CL is 

faster than LA (no formation of the “five-membered ring”), however, when making LA/CL copolymers 

in one pot, LA is consumed first (once a LA inserted, the insertion of another LA is easier than that of CL, 

Figure 7) because LA is more electron deficient than CL. 

On the other hand, based on previous reports,5-13,18-27 after the insertion of the first equivalent of other 

monomers (CL, VL, and TMC), the rates of polymerization will not decrease remarkably, indicating that 

the insertion of the first monomers will not cause such a significant chelation effect like LA. Thus, in 

these cases, the energy of the initiation step can be used to estimate the energy of propagation.  

However, as the reaction rates between initiation and propagation are close, the polymerization can be 

easily affected by the substituents of the ancillary ligand, the metal center, and the solvents. For example, 

in 2005, Darensbourg and co-workers reported the ROP of TMC by a series of Al and Sn salen (salen = 

N,N'-bis(salicylidene)ethylenediamine) complexes; for example, replacing the H in the phenolate rings 

with Cl would increase the TOF number from 46 to 81.84  
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Figure 7. The potential energy surfaces of the propagation steps with 1red after the insertion of the first 

LA. 

 

The polymerizations with 1ox were different. As the active species became a cation, the Al center was 

more electron deficient than in 1red, resulting in a stronger interaction with the carbonyl group. As shown 

in Figure 8, the coordination of the monomers was also more favored (exergonic by 11.6 kcal/mol for LA 

to 19.3 kcal/mol for CL) than in the case of 1red. The initiation steps with 1ox were quite similar to those 

with 1red. It should be noted that the free energy surfaces are flat around the first transition state. The first 

transition states shown in Figure 8 of CL and TMC were located by approximation via scanning the energy 

surface. However, as the carbonyl groups from the monomers have strong interactions with the Al center, 

the first transition state (the nucleophilic attack) of the propagation steps was different from that of the 

initiation steps (Scheme 4). As shown in Figure 9, the activation barrier of the propagation process of LA 
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(24.3 kcal/mol) was higher than that of the initiation step (18.0 kcal/mol). Due to the strong chelation 

effect of the five-membered ring, no further insertion of LA would occur, resulting in no polymerization 

of LA with 1ox. Moreover, as shown in Figure 9, if we carried out the copolymerization of LA and CL in 

one pot with 1ox, only CL would be consumed.  
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Scheme 4. General ROP propagation steps with 1ox. 

 

The polymerizations of CL and TMC are different from that of LA. As shown in Figure 10, the overall 

activation barriers of the propagation steps are lower than those of the initiation steps, meaning that the 

initiation would take a long time and thus lead to polymers with higher molar masss than expected. These 

results correspond well with our experimental results. Indeed, it takes days to consume the first 5% of 

TMC, while the rest is consumed much faster, producing high molar mass polymers. 

It should be noted that the barriers from our DFT calculations with 1ox might be somewhat underesti-

mated, as experimentally there was no polymerization of LA with 1ox even at 100 oC over 24 h, although 

the calculated barrier was 24.3 kcal/mol, meaning that the polymerization should occur at 100 oC in a 

reasonable time. This is likely a result of the simplifications we made, in particular, considering just the 

cationic part of 1ox. However, the data is reasonable enough for us to understand the experimental trends 

and predict polymerization behaviors. 
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Natural bond orbital (NBO) analysis was also applied to understand the mechanism. The NBO charges 

of the Fe center are more positive in the oxidized than in the reduced state (Table 3), supporting the 

proposal that the redox reactions happen on the ferrocene fragments. The following discussion is focused 

on the interactions between the Al center and the carbonyl groups after the first insertion (stages V for CL 

and TMC and VI for LA). As shown in Table 3, the Al centers are more positive while the oxygen atoms 

from the carbonyl groups are more negative in the oxidized than in the reduced states. In fact, if consid-

ering the Wiberg bond order, which measures the extent of covalent interactions, the coordination effect 

of the carbonyl groups is stronger in the reduced than in the oxidized state. For example, after the insertion 

of the first CL, the Al-OCO Wiberg bond order is 0.20 in the reduced state and only 0.06 in the oxidized 

state (for the Al-OCO bond orders of other monomers, see Table S1). Thus, these results indicate that the 

interactions between the Al center and the carbonyl groups are mainly dominated by electrostatic effects 

for the oxidized systems.  

Furthermore, the NBO charges of the alkoxide oxygen atoms were more negative after the insertion 

step than before for CL and TMC, while for LA, the oxygen atoms were more positive after insertion for 

both the reduced and oxidized systems. As the first step of ROP is the nucleophilic attack, the less negative 

the oxygen atom of the alkoxide group is, the more difficult the nucleophilic attack would be. Thus, these 

results partly explain why the propagation of LA is slower than initiation, while the propagations of CL 

and TMC are faster.  

 

Table 3. NBO charge distribution. 
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 Al Fe O1 O2 
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1red 1.90 -0.22 - -1.00 

1-LAred 1.97 -0.22 -0.68 -0.97 

1-CLred 2.01 -0.22 -0.71 -1.04 

1-TMCred 2.00 -0.21 -0.74 -1.05 

1ox 1.96 0.24 - -1.01 

1-LAox 2.03 0.24 -0.72 -0.98 

1-CLox 2.08 0.22 -0.76 -1.05 

1-TMCox 2.06 0.23 -0.78 -1.04 

 

Combining these results, we could design a redox-switchable polymerization of LA and CL in one pot 

(Scheme 5). Although 1red can polymerize both LA and CL, LA would be consumed first while almost 

no conversion of CL would be observed during that time. This phenomenon was confirmed by 1H NMR 

spectroscopy (Figure S34). After the addition of the oxidant, CL could then be polymerized while the 

polymerization of LA stopped (Figure S34).  These observations are consistent with the experimental 

results. 
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Scheme 5. One-pot synthesis of PLA-PCL copolymers by in situ switching. 

 



27 

 

(L)Al OR

O
(L)Al OR

O

(L)Al OR
O

O

(L)
Al

O R

I

II III

TS1

IV

O

(L)Al OR'
O

O

(L)Al OR
O

O

V

Path A
coordination-insertion

favored

Path B: cationic mechanism
unfavored

I

II

III
IV

TS1
-8.2

0.0

-10.2

-66.4
-72.5

-46.3
V

Path A
favored

Path B

 

Figure 11. Potential energy surfaces of the ROP of CHO with 1ox. 

 

DFT calculations for CHO were also performed. As shown in Figure 11, after the coordination of one 

CHO to the Al center of 1ox, the cleavage of the C-O bond in the three-membered ring was facile (with 

only a 2.0 kcal/mol energy barrier). Because of the presence of the alkoxide group on the Al atom, the 

formation of the five-membered ring intermediate III (path A) was favored over a cationic mechanism 

(path B).  

Both the initiation and propagation activation barriers of CHO polymerization are around 2 kcal/mol. 

Although the barriers might be underestimated, they suggest a fast polymerization. Indeed, the polymer-

ization of 200 equivalents of CHO in a J-Young NMR tube would finish within 20 min at ambient tem-

perature. This could explain the broad dispersity values and the non-living character of the CHO polymer-

ization. 
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   After the polymerization of CHO, the PCHO chain is still connected to the Al center and can be regarded 

as an alkoxide group. Thus, the block copolymers PCL-PCHO and PTMC-PCHO could be prepared by 

the sequential addition of CL or TMC after the polymerization of CHO, while the PLA-PCHO copolymer 

could not be made via this method (Table 2), as the propagation of CL and TMC with 1ox was facile while 

with LA was not. Furthermore, since we can also polymerize CHO after the polymerization of CL (Table 

2), this fact supports the proposal that the polymerization of CHO did not go through a cationic mechanism. 

Because the active center is not at the metal during a cationic polymerization, if the polymerization of 

CHO went through a cationic mechanism, we would get a mixture of the homopolymers PCL and PCHO 

instead of block copolymers, because aluminum has only one initiating alkoxide group and cannot tolerate 

a coordination number higher than five.  

 

Conclusions 

We synthesized and characterized a novel aluminum complex, (thiolfan*)Al(OtBu), and utilized it as a 

catalyst to prepare various homopolymers and copolymers by sequential addition or redox switchable 

ROP. For example, we were able to obtain PLA homopolymers at 70 oC with good control, as evidenced 

by the agreement with the expected molar masses and narrow dispersity values. The ROP of other cyclic 

esters to obtain homopolymers such as PCL, PVL, PTMC, and PCHO was also carried out, however, with 

less control. In addition, several di-block copolymers, such as PTMC-PLA, PCL-PLA, and PTMC-PCHO, 

were prepared by sequential addition or one pot redox switchable ROP. The formation of copolymers was 

evidenced by changes in the corresponding GPC/SEC traces and 1H NMR spectra. 

We also studied the mechanism of Al catalyzed ROP both experimentally and theoretically. Detailed 

DFT studies revealed that the chelation of the carbonyl groups to the metal center plays an important role 

during the polymerization. For example, the insertion of the first LA is facile with both 1red and 1ox, 

however, after the first insertion of LA, the insertion of a second monomer (such as CL and TMC) is 
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much more difficult. On the other hand, in the reduced state, the insertion of CL or TMC will not lead to 

a significant change for the next insertion (propagation). However, in the oxidized state, the propagation 

step will be facilitated by the chelation effect, causing a faster propagation than initiation. The faster 

propagation than initiation usually translated into a less controlled polymerization, resulting in broad dis-

persity values and higher molar masses than expected. For example, the ROP of CL with the reduced state 

catalyst, 1red, had similar activation barriers for the initiation and propagation steps. Based on these results, 

we propose that, with different ligands, the ROP of CL could vary from being uncontrolled to controlled.  

For the ROP of LA, the propagation was usually much slower than initiation due to the chelation effect 

of the carbonyl group. We think that this effect is general, making the ROP of LA to be easily controlled 

with numerous catalysts. Understanding these results can help design novel catalyst systems. For example, 

a one-pot procedure for the selective copolymerization of LA and CL could be devised even though both 

monomers react with 1red.  

Moreover, based on the change in NBO charges from 1red to 1ox, as well as the SOMO of 1ox, we 

propose that the redox reactions occur on the ferrocene fragments. From the NBO studies, we also found 

out that the interactions between the Al center and the carbonyl groups are mainly dominated by electro-

static effects in the oxidized compounds. We anticipate that these findings could help us and others design 

novel catalysts to synthesize various multi-block copolymers efficiently in the future. 

 

Experimental details 

General considerations. All experiments were performed under a dry nitrogen atmosphere using 

standard Schlenk techniques or an MBraun inert-gas glove box. Solvents were purified using a two-col-

umn solid-state purification system by the method of Grubbs111 and transferred to the glovebox without 

exposure to air. NMR solvents were obtained from Cambridge Isotope Laboratories, degassed, and stored 

over activated molecular sieves prior to use. 1H and 19F{1H} NMR spectra were recorded on a Bruker300 
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spectrometer or a Bruker500 spectrometer at room temperature in C6D6. Chemical shifts are reported with 

respect to solvent residual peaks, 7.16 ppm (C6D6) and 7.26 ppm (CDCl3). 2,4-di-tert-butylphenol, nBuLi, 

and boron trichloride were purchased from Sigma Aldrich and used as received. 1,3,5-Trimethoxybenzene 

was purchased from Sigma Aldrich and recrystallized from diethyl ether twice before use. NaBArF112 and 

AcFcBArF113 were synthesized following previously published procedures. H2(thiolfan*) was synthesized 

by a modified method (see the Supporting Information for details) based on our previous report.31 CH 

elemental analyses were performed on an Exeter Analytical, Inc. CE-440 Elemental Analyzer. Molar 

masses of the polymers were determined by GPC MALS. GPC MALS uses a Shimazu Prominence-i LC 

2030C 3D equipped with an autosampler, two MZ Analysentechnik MZ-Gel SDplus LS 5 μm, 300 x 8mm 

linear columns, Wyatt DAWN HELEOS-II and Wyatt Optilab T-rEX. The column temperature was set 

at 40 °C. A flow rate of 0.70 mL/min was used and samples were dissolved in chloroform. dn/dc values 

for all homopolymers were calculated by making 4 to 6 solutions of increasing concentration (0.1 - 1.0 

mg/mL), directly injecting them into the RI detector sequentially, and using the batch dn/dc measurement 

methods in the Astra software. 

Cylic voltammetry. Cylic voltammetry studies were carried out in a 20 mL scintillation vial with elec-

trodes fixed in position by a rubber stopper, in a 0.10 M TBAPF6 (TBA = tetrabutylammonium) solution 

in tetrahydrofuran. A glassy carbon working electrode (planar circular area = 0.071 cm2), a platinum 

reference electrode (planar circular area = 0.031 cm2), and a silver-wire pseudo-reference electrode all 

purchased from CH Instruments. Before each cyclic voltammogram was recorded, the working and aux-

iliary electrodes were polished with an aqueous suspension of 0.05 µm alumina on a Microcloth polishing 

pad, after which the electrodes were rinsed with water and blotted dry with a Kimwipe. The electrodes 

were then brought into the glove box overnight under vacuum. Cyclic voltammograms were acquired with 

a CH Instruments CHI630D potentiostat and recorded with CH Instruments software (version 13.04) with 

data processing on Origin 9.1. All potentials are given with respect to the ferrocene-ferrocenium couple.  
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DFT calculations. All calculations were carried out with the GAUSSIAN 09 program package.105 Ge-

ometry optimizations were performed with B3LYP.114-116 The LANL2DZ basis set117-119 with ECP was 

used for Fe, and the 6-31G(d) basis set120-122 was used for other atoms. Frequency analysis was conducted 

at the same level of theory to verify that the stationary points are minima or saddle points. The single 

point energies and solvent effects in benzene were computed with PBE1PBE/123SDD-6-311+G(d,p) basis 

sets124 by using the PCM solvation model.125 The D3 version of Grimme's dispersion was applied for the 

dispersion correction.107 All enthalpies and the Gibbs free energies are given in Hartree. 

Synthesis of (thiolfan*)AlCl (1-Cl). To a toluene solution (3 mL) of H2(salfan) (137.0 mg, 0.20 

mmol), a toluene (2 mL) solution of AlEt2Cl (0.23 mL, 0.9 M in toluene, 0.21 mmol) was added drop-

wise at -78 °C, and the resulting mixture was stirred for 30 min. The reaction mixture was then brought 

to ambient temperature and stirred for 4 h. The volatiles were removed under reduced pressure and the 

residue was washed with cold hexanes. After washing, the solid was dried and yielded the pure product 

as a yellow powder. Yield: 122 mg, 85%. 1H NMR (300 MHz, 25 ºC, C6D6), δ (ppm): 1.14 (s, 18H, tBu), 

1.82 (s, 18H, tBu), 3.53 (br, 4H, Cp), 4.29 (br, 4H, Cp), 7.54 (d, 2H, J = 1.2 Hz, aromatic), 7.62 (d, 2H, J 

= 1.2 Hz, aromatic). 13C NMR (75 MHz, 25 ºC, C6D6), δ (ppm): 29.8 (C(CH3)3), 31.6 (C(CH3)3), 34.5 

(C(CH3)3), 36.1 (C(CH3)3), 71.0 (Cp), 120.9 (aromatic), 128.6 (aromatic), 129.3 (aromatic), 139.8 (aro-

matic), 141.9 (aromatic), 156.8 (aromatic). 

Synthesis of (thiolfan*)Al(OtBu) (1red). To a hexanes suspension (3 mL) of (thiolfan*)AlCl (122 mg, 

0.17 mmol), a THF (3 mL) solution of KOtBu (21 mg, 0.19 mmol) was added at -78 °C, and the resulting 

mixture was stirred for 1 h. The reaction mixture was then brought to ambient temperature and stirred 

overnight. The volatiles were removed under reduced pressure, and the residue was re-dissolved in 3 mL 

toluene and passed through Celite to remove salts. The volatiles were removed under reduced pressure 

again to give 1red as a yellow powder. Yield: 124 mg, 96%. 1H NMR (300 MHz, 25 ºC, C6D6), δ (ppm): 

1.18 (s, 18H, tBu), 1.35 (s, 9H, OtBu), 1.80 (s, 18H, tBu), 3.62 (br, 4H, Cp), 4.27 (br, 4H, Cp), 7.54 (d, 
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2H, J = 1.2 Hz, aromatic), 7.60 (d, 2H, J = 1.2 Hz, aromatic). 13C NMR (75 MHz, 25 ºC, C6D6), δ (ppm): 

30.0 (C(CH3)3), 31.6 (C(CH3)3), 33.8 (OC(CH3)3), 34.4 (C(CH3)3), 36.0 (C(CH3)3), 69.4 (Cp), 70.5 

(OC(CH3)3), 71.0 (Cp), 85.7 (Cp), 120.5 (aromatic), 127.1 (aromatic), 128.8 (aromatic), 139.3 (aromatic), 

141.2 (aromatic), 157.3 (aromatic). Elemental analysis for C42H57AlFeO3S2 (756.86 g/mol): Calcd: 

66.65% C, 7.59% H, 0.00% N; Found: 66.68% C, 7.67% H, 0.21% N. 

Procedure for determining the reversibility of 1red oxidation. To a C6D6 (0.6 mL) solution of (thi-

olfan*)Al(OtBu) (4 mg, 5 μmol) in a J-Young NMR tube, [AcFc][BArF
4] (5 mg, 5 μmol) was added and 

the reaction was left at room temperature for 30 min. The reaction was monitored by 19F NMR spectros-

copy, showing a signal at -62.4 ppm that was assigned to 1ox. Then, an excess amount of CoCp2 was added 

and the reaction was left at room temperature for another 1 h. The reaction was monitored by 19F NMR 

spectroscopy again. No F peaks were observed at this point. 

General procedure for the polymerization of one monomer by (thiolfan*)Al(OtBu). A solution of 

(thiolfan*)Al(OtBu) (1.9 mg, 2.5 μmol) in C6D6 (0.2 mL) was added to a solution of 1,3,5-trimethoxyben-

zene (8.4 mg, 50 μmol) and monomer (0.25 mmol) in C6D6 (0.4 mL). The solution was then transferred 

to a J-Young NMR tube, shaken, and moved to the corresponding reaction conditions.   

General procedure for the polymerization of one monomer by [((thiolfan*)Al(OtBu)][BArF4]. A 

solution of (thiolfan*)Al(OtBu) (1.9 mg, 2.5 μmol) in C6D6 (0.2 mL) was mixed with a slight excess of 

[AcFc][BArF
4] (3.0 mg). The mixture was left for 15 min and then, it was added to a solution of 1,3,5-

trimethoxybenzene (8.4 mg, 50 μmol) and monomer (0.25 mmol) in C6D6 (0.4 mL). The solution was 

then transferred to a J-Young NMR tube, shaken, and moved to the corresponding reaction conditions.   

General procedure for the co-polymerization of monomer A and monomer B by (thi-

olfan*)Al(OtBu) or [(thiolfan*)Al(OtBu)][BArF4] via sequential addition polymerization. (thi-

olfan*)Al(OtBu) (1.9 mg, 2.5 μmol) was dissolved in C6D6 (0.2 mL); if 1ox was used as the catalyst, 

[AcFc][BArF
4] (3.0 mg) was added and the tube left for 15 min at ambient temperature. The solution of 



33 

 

the catalyst was added to a solution of monomer A (dissolved in 0.4 mL C6D6) in a J-Young NMR tube. 

The polymerization was run under the corresponding reaction conditions. After the first polymerization, 

the J-Young tube was cooled down to room temperature. Monomer B was dissolved in 0.2 mL of C6D6 

and added to this J-Young tube. After the second polymerization, the reaction mixture was poured into 

cold methanol; a white solid precipitated that was filtered and dried. 

General procedure for the co-polymerization of monomer A and monomer B by redox-switchable 

polymerization. (thiolfan*)Al(OtBu) (1.9 mg, 2.5 μmol) was dissolved in C6D6 (0.2 mL). The solution of 

the catalyst was added to the solution of monomer A (dissolved in 0.4 mL C6D6) in a J-Young NMR tube. 

The polymerization was run under the corresponding reaction conditions. After the first polymerization, 

the J-Young tube was cooled down to room temperature, [AcFc][BArF
4] (3.0 mg) was then added and the 

tube left for 15 min. Monomer B was dissolved in 0.2 mL C6D6 and added to this J-Young tube. After the 

second polymerization, the reaction mixture was poured into cold methanol; a white solid precipitated 

that was filtered and dried. 
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