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Comparison of catalytic activities of aluminum
complexes with sulfur and oxygen containing
ligands for the ring-opening polymerization of
ε-caprolactone
Tzu-Yu Lin,a Yu-Chi Liou,b Taoufik Ben Halima,c Shih-Ya Huang,a Rajiv Kamaraj,a

Hsi-Ching Tseng,d Shangwu Ding,a,b Hsuan-Ying Chen *a,b,e,f and
Chien-Ming Lee *g

A series of aluminum complexes bearing various ligands, including tert-butanolate, tert-butyl thiolate,

2,6-dimethylphenolate, 2,6-dimethylbenzenethiolate, 2,6-di-tert-butyl-4-methylphenolate, 2,6-di-tri-

methylsilylbenzenethiolate, furan-2-ylmethanolate, thiophen-2-ylmethanolate, pyridin-2-olate, pyridine-

2-thiolate, quinolin-8-olate, and quinoline-8-thiolate were synthesized and assessed for their catalytic

activity in the ring-opening polymerization of ε-caprolactone (CL). Polymerization results revealed that

SSi–Al exhibited a significantly higher catalytic activity ([CL] : [SSi–Al] : [BnOH] = 100 : 1 : 2; [CL] = 2 M;

conv. = 92% at 25 °C after 35 min with kobs = 0.0733 min−1) compared to OBHT–Al (kobs = 0.0196 min−1),

with a 3.7-fold increase in kobs values. Other sulfur-containing Al complexes also demonstrated superior

catalytic performance compared to their oxygen-containing counterparts: 7.1-fold (Sdm–Al vs. Odm–Al),

2.9-fold (StBu–Al vs. OtBu–Al), 10.0-fold (SPy–Al vs. OPy–Al), 2.2-fold (Sthio–Al vs. Ofu–Al), and 16.4-fold

(SQu
2–Al vs. O

Qu
2–Al). Although StBu–Al demonstrated the highest catalytic activity, its capacity to control

CL polymerization was found to be limited. In contrast, the Al complexes bearing quinoline type ligands

revealed the lowest catalytic activity. Sdm–Al revealed the second highest catalytic activity and provided

good controllable CL polymerization. These findings demonstrate that incorporating sulfur into ligand

structures may enhance the catalytic performance of Al complexes in CL ring-opening polymerization.

Introduction

Petrochemical-based plastics are extensively used due to their
light weight and durable properties, making them essential for
manufacturing everyday materials. However, their durability
also contributes to environmental pollution, as they are not

readily biodegradable upon disposal.1 To address this global
challenge, eco-friendly alternatives, such as poly-ε-caprolac-
tone (PCL),2 have been developed. Furthermore, PCL-based
materials are notable for their permeability3 and biocompat-
ibility,4 rendering them suitable for diverse applications.5 The
main method of PCL synthesis is the ring-opening polymeriz-
ation (ROP) of ε-caprolactone (CL),6 typically catalyzed by
metal complexes. In this mechanism, the metal center acts as
a Lewis acid, coordinating with CL and thereby activating it for
nucleophilic attack via an initiator6c,e,f,7 (Scheme 1). However,
side reactions such as intra- and intermolecular transesterifi-
cation6c during polymerization can compromise molecular
mass control and dispersity. To suppress transesterification,
bulky ligands are often employed to limit carbonyl coordi-
nation along the polymer chain. Nonetheless, these bulky
ligands may also hinder the monomer’s access to the metal
center. Therefore, rational ligand design is crucial for optimiz-
ing the spatial and electronic environments around the metal
catalyst, enhancing both activity and control.

Aluminum complexes8 are widely used as catalysts in the
CL ROP due to their high catalytic activity, excellent monomer
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conversion to PCL, and straightforward synthesis procedures.
The design of ligands plays a crucial role, as different
substituents7a,9 can modulate the electron density around the
metal center, thereby influencing the catalytic performance of
the complex.

Our research aims to explore and design new strategies to
enhance the catalytic efficiency of Al catalysts in CL ROP.
Recent comparative studies have investigated the catalytic
performance of aluminum complexes bearing various ligand
frameworks such as N,O-Schiff base vs. N,S-thioSchiff base10

(Fig. 1A), N,N′-diaryldioxalamidate vs. N,N′-diaryldithiooxala-
midate11 (Fig. 1B), amidate vs. thioamidate8l (Fig. 1C), and
β-ketiminate vs. β-thioketiminate8m (Fig. 1D). Given the
larger atomic radius of sulfur compared to oxygen, ligands

containing sulfur, such as N,S-thioSchiff base, N,N′-diaryl-
dithiooxalamidate, and β-thioketiminate, tend to reduce
steric repulsion at the highest transition state during CL
polymerization. This results in lower activation energy bar-
riers and consequently higher catalytic activity than those of
their oxygen-containing analogues. In the case of eight-
membered Al complexes bearing amidate and thioamidate,
those with thioamidate adopt a four-membered transition
state with a more open coordination geometry, characterized
by a smaller N–Al–S bond angle and lower potential energy.
In contrast, amidate-containing complexes retain the more
hindered eight-membered transition state with a relatively
larger N–Al–O bond angle, which is less conducive for cataly-
sis. Zaitsev’s group12 also reported that sulfur-containing Al

Scheme 1 Coordination–insertion mechanism of cyclic ester polymerization.

Fig. 1 CL polymerization performed using Al complexes bearing ligands containing sulfur and oxygen atoms, including (A) Schiff base, (B) N,N’-dia-
ryldioxalamidate, (C) amidate, (D) ketiminate, and (E) 2-methyl-4-(pyridin-2-yl)butan-2-olate.
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catalysts exhibit higher catalytic activity for CL polymeriz-
ation compared to oxygen-containing Al catalysts (Fig. 1E).
This is attributed to the higher electronegativity of the
oxygen atom, which, in oxygen-containing complexes, results
in a stronger interaction between the initiator BnO group
and the Al center, thereby slowing down the initiation of the
BnO group, which is the rate-determining step in ROP. In
contrast, for sulfur-containing ligands, the BnO group can
more easily initiate from the Al center to the CL.
Furthermore, due to the larger atomic radius of sulfur com-
pared to oxygen, the sulfur-containing complexes are more
open in structure.

We sought to investigate whether Al complexes bearing
sulfur-containing ligands demonstrate superior catalytic
activity in CL ROP relative to those featuring oxygen-containing
ligands. In this study, a series of aluminum complexes were
synthesized using both sulfur- and oxygen-containing ligands
(Scheme 2), and their catalytic performance in CL polymeriz-
ation was systematically evaluated.

Scheme 2 Synthesis of Al complexes bearing (A) 2,6-di-tert-butyl-4-methylphenolate (OBHT) and 2,6-bis(trimethylsilyl)benzenethiolate (SSi); (B)
2,6-di-methylphenolate (Odm) and 2,6-dimethylbenzenethiolate (Sdm); (C) 2-methylpropan-2-olate (OtBu) and 2-methylpropan-2-thiolate (StBu); (D)
pyridin-2-olate (OPy) and pyridin-2-thiolate (SPy); (E) furan-2-ylmethanolate (Ofu) and thiophen-2-ylmethanolate (Sthio); (F) quinolin-8-olate (OQu)
and quinoline-8-thiolate (SQu).

Fig. 3 Molecular structure of SPy–Al depicted as ellipsoids at 30%
probability (all hydrogen atoms are omitted for clarity).
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Results and discussion
Synthesis and characterization of Al complexes

2,6-Bis(trimethylsilyl)benzenethiol13 (SSi–H) was synthesized
according to a reported procedure. Ligands, including SSi–H,

OBHT–H, Sdm–H, Odm–H, StBu–H, OtBu–H, SPy–H, OPy–H, and
OQu–H, were reacted with trimethylaluminum (AlMe3) in a 1 : 1
ratio to afford dimethyl Al complexes, as confirmed by nuclear

Fig. 2 Molecular structure of (A) Odm–Al depicted as ellipsoids at 50% probability (all hydrogen atoms are omitted for clarity) and (B) Sdm–Al with
selected bond angles and bond lengths.

Fig. 4 (A) Molecular structure of di-tert-butyl Al pyridine-2-olate and (B) proposed structure of OPy–Al.

Fig. 5 Molecular structure of SQu–Al depicted as ellipsoids at 30%
probability (all hydrogen atoms are omitted for clarity).

Fig. 6 Molecular structure of OBHT–Al depicted as ellipsoids at 30%
probability (all hydrogen atoms are omitted for clarity).
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magnetic resonance (NMR) spectroscopy. However, OQu–Al is
not stable; during the purification process, about half of OQu–

Al decomposes to form OQu
2–Al. In addition, the dimethyl Al

complex synthesized using SQu–H as the ligand is extremely
unstable—even in the initial reaction, half of the product is

SQu2–Al earlier on. After the purification, it is completely con-
verted to SQu2–Al. Monomethyl Al complexes (OQu

2–Al and
SQu2–Al, Scheme 2F) were synthesized with a 2 : 1 ligand-to-
AlMe3 ratio, and the ligands were quinolin-8-ol (OQu–H) and
quinoline-8-thiol (SQu–H), respectively. Ofu–Al and Sthio–Al were

Table 1 CL polymerization performed using Al complexes as catalystsa

Entry [CL] : [Al] : [BnOH] 100 : x : 2 Time (min) Conv.b (%) Mn Cal
b Mn NMR

c Mn GPC
d Đd kobs × 103 (error) min−1

1 OBHT–Al, x = 1 110 86 5000 3100 2300 1.04 19.5 (5)
2 SSi–Al, x = 1 35 92 5400 5900 9700 1.19 73.9 (43)
3 Odm–Al, x = 0.5 131 95 5500 5500 8500 1.17 22.8 (2)
4 Sdm–Al, x = 0.25 20 95 5500 4800 7200 1.18 162.2 (99)
5 OtBu–Al, x = 0.5 60 94 5500 5300 6300 1.16 61.9 (18)
6 StBu–Al, x = 0.5 16 92 5400 5800 6500 1.48 184.5 (63)
7 OPy–Al, x = 0.5 1340 88 5100 5500 5500 1.11 1.6 (1)
8 SPy–Al, x = 0.5 130 93 5400 5600 7700 1.23 21.0 (6)
9 Ofu–Al, x = 0.33 270 92 5400 6200 4600 1.07 15.6 (7)
10 Sthio–Al, x = 0.33 100 92 5400 4300 6000 1.09 35.0 (20)
11 OQu–Al, x = 1 206 91 5300 5800 8900 1.27 13.3 (5)
12e OQu

2–Al, x = 1 1900 91 10 400 12 800 9800 1.07 1.3 (1)
13e SQu2–Al, x = 1 103 87 10 100 12 100 19 500 1.04 21.7 (25)

a In general, the reaction was carried out in toluene with [CL] = 2 M, at 25 °C. b Calculated from the molecular weight of Mw(CL) × [CL]0/[BnOH]0
× conversion yield + Mw(BnOH). c Values of Mn NMR were obtained through 1H NMR analysis that was calculated from the molecular mass of CL ×
(the integration of the peak at 4.0 ppm/the integration of the peak at 7.3 ppm) × 5/2 + Mw(BnOH). d Values of Mn GPC were obtained from the
number-average molecular weight (obtained through gel permeation chromatography) times 0.56 for PCL. e [CL] : [Al] : [BnOH] = 100 : 1 : 1, [CL] =
2 M at 50 °C.

Fig. 7 Outcomes of CL polymerization performed using various Al complexes as catalysts.
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synthesized by using a 3 : 2 ligand-to-AlMe3 ratio. The crystal
structure of OBHT–Al exhibits a tetrahedral geometry; therefore,
the SSi–Al complex, composed of SSi, THF, and two methyl
groups, is also expected to possess a similar tetrahedral geo-
metry, as shown in Scheme 2A. Because StBu–Al was reported
to possess a dinuclear structure bridged by tert-butyl thiolate,
OtBu–Al was reasonably inferred to be a dinuclear structure
(Scheme 2C). Ofu–Al and Sthio–Al were reported to be tetranuc-
lear Al complexes (Scheme 2E). From the 1H NMR spectrum of
OQu–Al, only quinolin-8-olate and the methyl group on the Al
atom (1 : 2 ratio) were observed, and a four-coordinated mono-
nuclear Al structure (Scheme 2F) was proposed.

Al complexes, including Odm–Al, SPy–Al, SQu2–Al, and OBHT–

Al, were crystallized from a highly concentrated toluene solu-
tion in an NMR tube at −25 °C. Single-crystal X-ray diffraction
of dinuclear Odm–Al (Cambridge Crystallographic Data Centre
[CCDC] 2386783) revealed Al centers with a distorted tetra-
hedral geometry (τ4 = 0.92),14 coordinated by two oxygen atoms
from the Odm ligand and two methyl groups [Fig. 2(A)]. In com-
parison, Sdm–Al exhibited a slightly more distorted geometry
[τ4 = 0.89, Fig. 2(B)]. The C–Al–C angle (116.14°) in Odm–Al is
smaller than the corresponding angles in Sdm–Al (126.0° and
126.3°), while the O–Al–C angles (113.07–115.48°) in Odm–Al
are larger than the S–Al–C angles (103.5–108.9°) in Sdm–Al.15

These discrepancies can be attributed to the smaller atomic
radius of oxygen compared to sulfur, which results in shorter O–
Al bonds in Odm–Al than the S–Al bonds in Sdm–Al. The shorter
Al–O bonds bring the two methyl groups on the aluminum
atom, and the methyl substituents on the phenyl rings, closer
together, thereby increasing steric repulsion. This increased
repulsion forces the two methyl groups on the Al center closer to
each other, necessitating larger O–Al–C bond angles to reduce
the steric strain and maintain structural stability.

The crystal structure of dinuclear SPy–Al (CCDC 2386781,
Fig. 3) revealed the presence of two distinct aluminum centers.
One Al atom [Al(1)] reveals a geometry (τ4 = 0.78) between trigo-
nal pyramidal and seesaw shape with two sulfur atoms from the
SPy ligand and two methyl groups. The other Al atom [Al(2)] exhi-
bits a distorted tetrahedral geometry (τ4 = 0.88) with two nitro-
gen atoms from the SPy ligand and two methyl groups. Notably,

the head-to-head arrangement of the SPy–Al differs significantly
from the head-to-tail structure observed in OPy–Al 16 (Fig. 4).

The crystal structure of dinuclear SQu–Al (CCDC 2386782;
Fig. 5) revealed that the Al atoms possessed a distorted trigo-
nal bipyramidal geometry (τ5 = 0.78). The axial N1–Al1–N2
bond angle is compressed, averaging 168.63(6)°, while the
equatorial bond angles of S1–Al1–S2, S1–Al1–C, and S(2)–Al1–C
are 116.64(3)°, 121.43(6)°, and 121.90(6)°, respectively.
Additionally, the bond distances between the Al1 atom and S1,
S2, N1, N2 and C are 2.2936(7), 2.3010(6), 2.0764(15),
2.0576(14) and 1.9710(18) Å, respectively.

The crystal structure of dinuclear OBHT–Al (CCDC 2468931;
Fig. 6) revealed that the Al atoms possessed a tetrahedral geo-
metry (τ4 = 0.99) coordinated by two oxygen atoms from the
BHT ligand and THF and two methyl groups. Additionally, the
bond distances between the Al1 atom and O1, O2, C1, and C2
are 1.7324(18), 1.905(2), 1.964(3), and 1.967(3) Å, respectively.

CL polymerization

Table 1 and Fig. 7 summarize the catalytic performance of the
Al complexes in the ROP of CL in toluene. Benzyl alcohol

Table 2 CL polymerization by using Sdm–Al and Odm–Al as catalysts and BnOH as an initiator

Entry [CL] : [Al catalyst] : [BnOH] Time (min) Conv.a (%) Mn Cal
b Mn NMR

c Mn GPC
d Đd

1 100 : 1 : 2; Sdm–Al 34 95 5500 4000 4300 1.09
2 200 : 1 : 2 (entry 1 + 100 CL) 95 90 10 400 9100 9800 1.07
3 300 : 1 : 2 (entry 2 + 100 CL) 270 91 15 500 13 100 13 300 1.37
4 400 : 1 : 2 (entry 3 + 100 CL) 650 87 28 000 18 800 19 300 1.27
5 100 : 1 : 2; Odm–Al 121 92 5400 5000 4800 1.16
6 200 : 1 : 2 (entry 5 + 100 CL) 340 90 10 400 10 600 10 100 1.11
7 300 : 1 : 2 (entry 6 + 100 CL) 639 84 14 500 14 600 14 400 1.11
8 400 : 1 : 2 (entry 7 + 100 CL) 1426 90 20 600 22 500 20 000 1.26

Reaction conditions: toluene (5 mL), [Al catalyst] = 0.02 M, 1.14 g CL for every loading, at 25 °C. aData were obtained through 1H NMR analysis.
b Calculated from the molecular weight of Mw(CL) × [CL]0/[BnOH]0 × conversion yield + Mw(BnOH). c Mn NMR was calculated from the molecular
weight of CL × (the integration of the peak at 4.0 ppm/the integration of the peak at 7.3 ppm) × 5/2 + Mw(BnOH). d Values of Mn GPC were obtained
from the number-average molecular weight (obtained through gel permeation chromatography) times 0.56 for PCL.

Fig. 8 Linear plot of Mn GPC vs. [CL]0 × conv./[BnOH] for Odm–Al (black
dot, entries 1–4 of Table 2) and Sdm–Al (red dot, entries 5–8 Table 2).
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(BnOH) was employed as the initiator, as the methyl groups on
the Al centers are inefficient initiators of the polymerization
reaction.17 Among the tested catalysts, SSi–Al exhibited signifi-
cantly higher catalytic activity ([CL] : [SSi–Al] : [BnOH] =
100 : 1 : 2; [CL] = 2 M; conv. = 92% at 25 °C after 35 min; kobs =
0.0733 min−1; entry 2 in Table 1) compared to OBHT–Al (kobs =
0.0196 min−1; entry 1 in Table 1) corresponding to a 3.7-fold

increase in the observed rate constant. Other types of sulfur-
containing Al complexes also demonstrated superior polymer-
ization rates compared to their oxygen-containing analogues:
7.1-fold (Sdm–Al vs. Odm–Al), 2.9-fold (StBu–Al vs. OtBu–Al), 10.0-
fold (SPy–Al vs. OPy–Al), 2.2-fold (Sthio–Al vs. Ofu–Al), and 16.4-
fold (SQu2–Al vs. O

Qu
2–Al) increase. Among all catalysts evalu-

ated, StBu–Al exhibited the highest catalytic activity; however, it

Fig. 9 Reasons for the higher catalytic activity of Al complexes bearing sulfur-containing ligands compared to those of oxygen-containing ligands:
(A) Ligand repulsion, (B) bridging atom dissociation, and (C) chelating atom dissociation.
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displayed poor control over polymerization, as indicated by a
high dispersity (Đ = 1.48). Furthermore, the Al complexes
bearing bidentate ligands such as OPy, SPy, Ofu, Sthio, OQu, and
SQu exhibited lower catalytic activity than those with monoden-
tate ligands. Notably, the Al complexes bearing quinoline type
ligands revealed the lowest catalytic performance (especially
OQu

2–Al and SQu2–Al are inactive at 25 °C). This reduced activity
is attributed to the rigid structure of the quinoline ligands,
which hinders quinoline dissociation from the Al center. In
addition, bis-ligated complexes such as OQu

2–Al and SQu2–Al
form sterically congested, “crowned” aluminum centers that
impede effective coordination with the CL monomer.
Surveying all the GPC data (Table 1) of the produced PCL, it
can be observed that the PCLs generated using SSi–Al (entry 2),
Odm–Al (entry 3), Sdm–Al (entry 4), OQu–Al (entry 11), OQu

2–Al
(entry 12), and SQu2–Al (entry 13) exhibited a large difference
between their Mn GPC and Mn nmr values (greater than 3000 g
mol−1). These discrepancies were attributed to the transesteri-
fication when using these catalysts. Another possible reason is
that the initiation is slower than the propagation, leading to
poorer catalyst controllability, and thus the Mn GPC of the
resulting polymer becomes larger than the Mn nmr.

Since Sdm–Al exhibited the second highest catalytic activity
and produced PCL with a narrow Đ value (1.18), the polymeriz-
ation controllability of Sdm–Al and Odm–Al in CL ROP was
further investigated and the results are listed in Table 2. For
each catalyst, two equivalents of BnOH were combined with
100 equivalents of CL in 5 mL of toluene, using 0.25 equiva-
lents of Sdm–Al or 0.5 equivalent of Odm–Al. After achieving
>90% conversion, an additional 100 equivalents of CL mono-
mers were added to the reaction mixture. This process was
repeated until the solution became too viscous to stir, which
occurred after three additions of CL, resulting in a final
[CL] : [BnOH] ratio of 400 : 2 (Table 2). The linear correlation
between the number-average molecular weight determined by
GPC (Mn GPC) and ([CL]0 × conv.)/[BnOH] (Table 2) shown in
Fig. 8 demonstrates that both Sdm–Al and Odm–Al catalyzed
highly controlled polymerizations with narrow Đ values
(1.07–1.37 for Sdm–Al and 1.11–1.26 for Odm–Al). These results
indicate living characteristics of Sdm–Al and Odm–Al in CL
ROP. Nevertheless, the catalytic activity of Sdm–Al consistently
outperformed that of Odm–Al throughout the study.

The experimental results above clearly demonstrate that
aluminum complexes bearing sulfur-containing ligands
exhibit higher catalytic activity than their oxygen-containing
counterparts. This enhanced activity is presumably due to two
main factors. First, the S–Al bond is longer than the O–Al
bond. Our previous studies11,18 supported that the longer S–Al
bond reduces the repulsion in the crowded intermediate
(Fig. 9A), thereby lowering the activation energy compared to
complexes with shorter Al–O bonds. Second, sulfur atoms in
chelating ligands can more readily dissociate from the alumi-
num center than oxygen atoms.8d,l This dynamic dissociation
creates more open coordination space around the aluminum,
facilitating the effective coordination of the CL monomer and
enhancing catalytic efficiency (Fig. 9B). The reason why Sthio–

Al exhibited higher catalytic activity than Ofu–Al is that the
bond between the sulfur atom on the thiophenyl group (Sthio–
Al) and the Al atom is weaker. When CL coordinates to the Al
center, the sulfur atom on the thiophenyl group can dissociate
first, creating more space to facilitate the CL coordination. In
contrast, the bond between the oxygen atom on the furanyl
group (Ofu–Al) and the Al atom is stronger, so the oxygen does
not dissociate when CL attempts to coordinate to the Al center.
As a result, a more crowded six-coordinate Al center in Ofu–Al
system must form, which in turn reduces the catalytic activity.
A similar conclusion was also reported in previous studies8d

on ferrocene-based thioether phenolate Al complexes for CL
polymerization.

Conclusions

We synthesized and evaluated the catalytic activity in the CL
ROP of a series of Al complexes bearing alcoholate, alkyl thio-
late, phenolate, and aryl thiolate groups. The polymerization
results demonstrated that Al complexes bearing sulfur-contain-
ing ligands exhibited significantly higher catalytic activity (2.2
to 16.4 fold) compared to their oxygen-containing counter-
parts. Among them, StBu–Al exhibited the highest catalytic
activity; however, it displayed poor control over the polymeriz-
ation process. Conversely, Al complexes bearing quinoline-type
ligands exhibited the lowest catalytic activity. Notably, Sdm–Al
exhibited the second highest catalytic activity and achieved
well-controlled CL polymerization. This study offers valuable
insights for researchers in the field of ring-opening polymeriz-
ation: the incorporation of sulfur atoms into ligand structures
can substantially enhance the catalytic efficiency of aluminum
complexes.

Experimental section

Standard Schlenk techniques and an N2-filled glovebox were
used throughout the compounds’ isolation and handling.
Solvents, ε-caprolactone, and deuterated solvents were purified
before use. ε-Caprolactone was purified by distillation with
magnesium sulfate anhydrous. The organic solvents, including
toluene, THF, and hexane, were purified by distillation in the
presence of sodium and benzophenone. Deuterated chloro-
form was purified by distillation in the presence of calcium
hydride. Deuterated chloroform, furfuranol, thiophen-2-
ylmethanol, ε-caprolactone, benzyl alcohol, N,N,N,N-tetra-
methylethylenediamine, trimethylaluminum (2 M in toluene),
chlorotrimethylsilane, 2,6-di-tert-butyl-4-methylphenol, 2,6-di-
methylphenol, 2,6-dimethylthiophenol, tert-butanol, tert-
butylthiol, 8-hydroxyquinoline, quinoline-8-thiol, pyridin-2-ol
and 2-mercaptopyridine were purchased from Sigma-Aldrich.
Thiophenol was purchased from Showa. n-Butyl lithium (2.5 M
in n-hexane) was purchased from Chemetall. 1H spectra were
recorded on a Varian Gemini2000-200 (200 MHz) and JEOL
(400 MHz) spectrometers and 13C NMR spectra were recorded
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on a JEOL (100 MHz for 13C) spectrometer with chemical shifts
given in ppm from the internal TMS or center line of CDCl3.
Microanalyses were performed using a Heraeus CHN-O-RAPID
instrument. GPC measurements were performed on a Jasco
PU-2080 PLUS HPLC pump system equipped with a differential
Jasco RI-2031 PLUS refractive index detector using THF (HPLC
grade) as an eluent (flow rate 1.0 mL min−1, at 40 °C). The
chromatographic column was JORDI Gel DVB 103 Å, and the
calibration curve was made by primary polystyrene standards
to calculate Mn GPC. All single X-ray diffraction data were accu-
mulated using Rigaku Oxford Diffraction single crystal X-ray
diffractometers with Mo Kα radiation (λ = 0.71073 Å). The data
were collected using the CrysAlisPro 1.171.41.56a program.
Cell refinement and data reduction were performed using the
CrysAlisPro 1.171.41.56a program. The structure was deter-
mined using the Olex2/ShelXL program refined using full-
matrix least squares. All non-hydrogen atoms were refined ani-
sotropically, whereas hydrogen atoms were placed at calculated
positions and included in the final stage of refinement with
fixed parameters. SSi–H,13 Odm–Al,19 Sdm–Al,20 StBu–Al,21 Ofu–

Al,22 Sthio–Al,22 OPy–Al,16 and SPy–Al 23 were prepared following
literature procedures.

Synthesis of OBHT–Al

A mixture of butylated hydroxytoluene (OBHT–H, 1.10 g,
5.0 mmol) and AlMe3 (2.8 mL, 2.0 M, 5.6 mmol) in THF
(20 mL) was stirred at 0 °C for 1.5 h. Volatile materials were
removed under vacuum to give a white powder, and then
hexane (50 mL) was transferred to make a suspension. The
white powder was obtained after filtering. Yield: 1.46 g (84%).
1H NMR (CDCl3, 200 MHz) δ 7.00 (s, 2H, o-CH3Ph-H), 4.20 (t,
4H, CH2CH2O), 2.25 (s, 3H, PhCH3), 2.07 (t, 4H, CH2CH2O),
1.39 (s, 18H, C(CH3)3), −0.68 (s, 6H, (Al(CH3)2)).

13C-NMR
(100 MHz, CDCl3) δ 154.75 (C–O of ArO), 138.22 (C of o-ArO),
125.59 (C of m-ArO), 124.67 (C of p-ArO), 71.19 (CH2CH2O),
34.60 (PhC(CH3)3), 30.59 (PhC(CH3)3), 24.92 (CH2CH2O), 21.03
(PhCH3), −7.05 (Al(CH3)2). Anal. calc. (found) for C21H37AlO2:
C 72.37 (71.93), H 10.70 (10.90).

Synthesis of SSi–Al

SSi–Al was prepared according to the same procedure described
for OBHT–Al, except that SSi–H was used instead of OBHT–H.
Volatile materials were removed under vacuum to give a color-
less oil. Yield: 1.88 g (98%). 1H NMR (CDCl3, 200 MHz) δ 7.48
(d, 2H, J = 8 Hz, m-PhS-H), 7.20 (t, 1H, J = 8 Hz, p-PhS-H), 3.96
(t, 4H, CH2CH2O), 1.99 (t, 4H, CH2CH2O), 1.39 (s, 18H, Si
(CH3)3), −0.92 (s, 6H, (Al(CH3)2)).

13C-NMR (100 MHz, CDCl3)
δ 143.35 (C–S of ArS), 136.12 (C of m-ArS), 125.63 (C of o-ArS),
123.57 (C of p-ArS), 69.90 (CH2CH2O), 25.30 (CH2CH2O), 0.29
(Si(CH3)3), −9.72 (Al(CH3)2). Anal. calc. (found) for
C18H35AlOSSi2: C 56.49 (56.40), H 9.22 (9.48).

Synthesis of OtBu–Al

A mixture of tert-butanol (0.37 g, 5.0 mmol) and AlMe3
(2.8 mL, 2.0 M, 5.6 mmol) in hexane (20 mL) was stirred at
0 °C for 3.0 h. Volatile materials were removed under vacuum

to give a colorless oil. Yield: 1.30 g (99%). 1H NMR (CDCl3,
200 MHz) δ 1.36 (s, 9H, C(CH3)3), −0.73 (s, 6H, (Al(CH3)2)).
13C-NMR (100 MHz, CDCl3) δ 74.40 (C(CH3)3), 31.62 (C(CH3)3),
−6.93 (Al(CH3)2). Anal. calc. (found) for C12H30Al2O2: C 55.36
(55.05), H 11.62 (11.36).

Synthesis of OQu–Al

A mixture of quinolin-8-ol (OQu–H, 1.45 g, 10.0 mmol) and
AlMe3 (5.2 mL, 2.0 M, 10.4 mmol) in THF (50 mL) was stirred
at 0 °C for 3 h. Volatile materials were removed under vacuum
to give a white powder, and then the mixed solution [hexane
(50 mL) + toluene (10 mL) at 0 °C] was transferred to make a
suspension and stirred for 1 h at 0 °C. The white powder was
obtained after filtering. Yield: 1.50 g (74%). 1H NMR (CDCl3,
400 MHz) δ 8.68 [dd, 1H, J = 4.0 and 1.3 Hz, 2-position (NvC–
H)], 8.34 (dd, 1H, J = 8.0 and 1.4 Hz, 4-position), 7.61 (dd, 1H,
J = 8.0 and 4.0 Hz, 3-position), 7.59 (t, 1H, J = 8.0 Hz, 6-posi-
tion), 7.44 (d, 1H, J = 8.0 Hz, 5-position), 7.38 (d, 1H, J =
8.0 Hz, 7-position), −0.63 (s, 6H, (Al(CH3)2)). OQu–Al had a
poor solubility in CDCl3 and it disintegrated in d6-DMSO.
Therefore, its 13C NMR spectrum could not be obtained. Anal.
calc. (found) for C11H12AlNO: C 65.67 (65.25), H 6.01 (5.91),
N 6.96 (6.77).

Synthesis of OQu
2–Al

A mixture of quinolin-8-ol (OQu–H, 1.45 g, 10.0 mmol) and
AlMe3 (2.6 mL, 2.0 M, 5.2 mmol) in THF (50 mL) was stirred at
room temperature for 3 h. Volatile materials were removed
under vacuum to give a white powder, and then hexane
(50 mL) was transferred to make a suspension. The white
powder was obtained after filtering. Yield: 1.30 g (79%). 1H
NMR (CDCl3, 400 MHz) δ 8.89 [dd, 2H, J = 5.0 and 1.2 Hz,
2-position (NvC–H)], 8.37 (dd, 2H, J = 8.3 and 1.3 Hz, 4-posi-
tion), 7.64 [dd, 2H, J = 8.3 and 5.0 Hz, 3-position (NvC–H)],
7.50 (t, 2H, J = 7.8 Hz, 6-position), 7.19 (d, 2H, J = 7.8 Hz,
5-position), 7.05 (d, 2H, J = 7.8 Hz, 7-position), −0.71 (s, 3H,
(AlCH3)).

13C-NMR (100 MHz, CDCl3) δ 157.99, 144.40, 140.11,
138.93, 130.62, 129.11, 122.20, 113.51, 112.58 (C-quinolinyl
group), 1.17 (AlCH3). Anal. calc. (found) for C19H15AlN2O2:
C 69.09 (68.94), H 4.58 (4.47), N 8.48 (8.28).

Synthesis of SQu2–Al

SQu2–Al was prepared according to the same procedure
described for OQu

2–Al, except that S
Qu–H was used instead of

OQu–H. Volatile materials were removed under vacuum to give
a white powder, and then hexane (50 mL) was transferred to
make a suspension. The white powder was obtained after fil-
tering. Yield: 1.40 g (77%). 1H NMR (CDCl3, 400 MHz) δ 8.95
[dd, 2H, J = 4.0 and 1.5 Hz, 2-position (NvC–H)], 8.38 (d, 2H,
J = 8.0 Hz, 4-position), 7.86 (dd, 2H, J = 8.0 and 1.5 Hz, 5-posi-
tion), 7.63 (dd, 2H, J = 8.0 and 4.8 Hz, 7-position), 7.49 (t, 2H,
J = 8.0 Hz, 3-position), 7.45 (t, 2H, J = 8.0 Hz, 6-position), −0.37
(s, 3H, (AlCH3)).

13C-NMR (100 MHz, d6-DMSO) δ 147.16,
142.74, 141.49, 140.85, 130.08, 128.73, 128.54, 122.45, 121.61
(C-quinolinyl group), −0.99 (AlCH3). Anal. calc. (found) for
C19H15AlN2S2: C 62.96 (62.79), H 4.17 (4.05), N 7.73 (7.62).
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General procedures for the polymerization of ε-caprolactone

A typical polymerization procedure is exemplified by the syn-
thesis shown in entry 1 (Table 1) using complex OBHT–Al as a
catalyst. The polymerization conversion was analyzed by 1H
NMR spectroscopic studies. Toluene (5.0 mL) was added to a
mixture of complex OBHT–Al (0.017 g, 0.05 mmol), BnOH
(0.10 mmol), and ε-caprolactone (10 mmol) at room tempera-
ture. At indicated time intervals, 0.05 mL aliquots were
removed, trapped with CDCl3 (1.0 mL), and analyzed by 1H
NMR. After the solution was stirred for 110 min, the reaction
was then quenched by adding acetic acid (2.0 mL), and the
polymer precipitated as a white solid when pouring into
n-hexane (50.0 mL). The isolated white solid was dissolved in
CH2Cl2 (20.0 mL), and water (20.0 mL) was used to wash the
organic solution. Volatile materials were removed under
vacuum to give a purified crystalline solid. Yield: 1.01 g (89%).
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