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ABSTRACT: Trinuclear aluminum complexes bearing bipyrazoles were
synthesized, and their catalytic activity for ε-caprolactone (CL) polymer-
ization was investigated. DBu

2Al3Me5 exhibited higher catalytic activity than
did the dinuclear aluminum complex LBu

2Al2Me4 (16 times as high for CL
polymerization; [CL]:[DBu

2Al3Me5]:[BnOH] = 100:0.5:5, [DBu
2Al3Me5] =

10 mM, conversion 93% after 18 min at room temperature). Density
functional theory calculations revealed a polymerization mechanism in which
CL first approached the central Al atom and then moved to an external Al.
The coordinated CL ring was opened because the repulsion of two tert-butyl
groups on the ligands pushed an alkoxide initiator on an external Al to initiate
CL. In these trinuclear Al catalysts, the central Al plays a role in monomer
capture and then collaborates with the external Al to activate CL, accelerating
polymerization.

■ INTRODUCTION

The influence of petrochemical plastics on modern society is
remarkable. However, environmental pollution caused by
discarded plastic waste must be managed1−4 because discarded
plastics do not quickly decompose naturally. To accelerate the
environmental degradation of polymers and further the goal of
a sustainable society, biodegradable poly-ε-caprolactone
(PCL)5 has been developed. PCL-based biomaterials are
used in various fields6−16 because of their biocompatibility5,17

and permeability.18 The primary method for manufacturing
PCL is the Lewis acidic catalyzed ring-opening polymerization
(ROP) of ε-caprolactone (CL).19−28

Al catalysts are frequently used for ROP because they are
strong Lewis acids, are easy to synthesize, and have inexpensive
precursors. Ligands are essential for catalyst design because
they can influence the catalytic activity through electronic,29−32

steric,31,33,34 chelating,31,35−37 and dinuclear cooperation
effects29,38−40 and reduce transesterification.41,42 Recently, Al
complexes43−49 bearing pyrazolyl-containing ligands and their
application in ROP have been reported; these complexes
exhibit moderate catalytic activity for cyclic ester polymer-
ization. Importantly, dinuclear Al complexes29 bearing
pyrazolide derivatives (Figure 1a) with high catalytic activities
for CL ROP have been reported. Such activities have been
ascribed to electronic and dinuclear cooperation effects. To
further investigate the catalytic activity in this class of
molecules, a series of bipyrazoles and associated trinuclear Al
complexes (Figure 1b and Scheme 1) were synthesized, and

the catalytic activities of trinuclear Al complexes for CL
polymerization were investigated.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Al Complexes.

Alkane- and arene-1,3,4,6-tetraketones were prepared using
methods based on those described in the literature.50,51 A
series of bipyrazoles was synthesized through the condensation
reaction of hydrazine hydrate and an alkane- or arene-1,3,4,6-
tetraketone (2:1 ratio). DBu

2Al3Me5, D
Ad

2Al3Me5, D
Pr
2Al3Me5,

Dtolyl
2Al3Me5, and Dph

2Al3Me5 were synthesized through the
reaction of bipyrazole ligands and AlMe3 (2:3 ratio). The
products of these ligands, including DCl-H and DBr-H, are
insoluble in organic solvents, including dimethyl sulfoxide and
dimethylformamide. The formation of the bipyrazole ligands
and associated Al complexes was verified through nuclear
magnetic resonance (NMR) spectroscopy. The 1H NMR peak
of the four methine groups of two DBu-Hs (at 6.30 ppm in
CDCl3) shifted to 6.49 ppm after reaction with AlMe3, and the
presence of five methyl groups on Al atoms was observed (at
−0.18, −0.48, and −0.99 ppm in CDCl3; integration ratio =
2:2:1 (Figure S6)). The ligands, including DBu-H, DAd-H, DPr-
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H, Dtolyl-H, Dph-H, DCl-H, and DBr-H, are not insoluble in
CDCl3; however, D

Ad
2Al3Me5, D

Pr
2Al3Me5, D

tolyl
2Al3Me5, and

Dph
2Al3Me5 are soluble in CDCl3. The

1H NMR peaks of the
two methine groups of DAd

2Al3Me5 , DPr
2Al3Me5 ,

Dtolyl
2Al3Me5, and Dph

2Al3Me5 were at 6.37, 6.42, 6.45, and
6.58 ppm, respectively, and three sets of methyl groups with a
2:2:1 integration were also observed (Figures S8 and S9).
The molecular structure of DBu

2Al3Me5 (Figure 2) was
characterized using a single-crystal X-ray diffraction analysis
(CCDC 1955471). The external Al atoms on each side
exhibited a distorted-tetrahedral geometry due to their
association with two methyl groups. The central Al atom has
a quadrangular-pyramidal geometry with one methyl group
and four nitrogen atoms, one from each of the four pyrazolidyl
groups. Surprisingly, the Al−C bonds of the pentacoordinated
central Al atom were shorter than those of tetracoordinated Al
atoms on either side of the complex (Table S35).

Polymerization of ε-Caprolactone. The results of the
catalytic activity for CL polymerization in toluene in the
presence of benzyl alcohol (BnOH) are presented in Table 1.
The optimization of CL polymerization using DBu

2Al2Me5 as a
catalyst with BnOH was investigated as shown in entries 1−3
of Table 1, and the optimal [DBu

2Al3Me5]:[BnOH] ratio was
1:5 with the greatest catalytic activity and controllability. In
comparison with LBu

2Al2Me4, D
Bu

2Al3Me5 had a substantially
higher catalytic activity for CL polymerization ([CL]:
[DBu

2Al3Me5]:[BnOH] = 100:0.5:2.5, where [CL] = 2 M,
conversion 93% at 25 °C after 18 min; entry 2 in Table 2). The
kobs value of DBu

2Al3Me5 is 16 times higher than that of
LBu

2Al2Me4. Similarly, in a comparison of Dph
2Al3Me5 and

Lph
2Al2Me4, the kobs value of D

ph
2Al3Me5 was determined to be

twice that of Lph
2Al2Me4, further demonstrating that trinuclear

Al complexes have greater catalytic activity than do dinuclear
Al complexes. In addition, phenyl and tolyl groups on the 5,5′-
positions of bipyrazoles reduced the catalytic activity of

Figure 1. Dinuclear and trinuclear Al complexes bearing pyrazolyl-containing ligands.

Scheme 1. Synthesis of (A) Bipyrazole Ligands and (B) Associated Al Complexes
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trinuclear Al complexes in comparison with that of
DBu

2Al3Me5. Moreover, the catalytic activity of LAd
2Al2Me4

was greater than those of LBu
2Al2Me4 and L

Pr
2Al2Me4, and this

revealed that increasing the steric bulk of the groups on the

5,5′-positions of ligands can enhance the catalytic activity of
CL polymerization. The reason was discussed in a mechanism
study. When the linear relationship between Mn,GPC and
([monomer]0 × conversion)/[BnOH] (entries 3, 4, and 11−
15 in Table 1) presented in Figure 3 was considered,
DBu

2Al3Me5 as a catalyst was deemed to be highly controllable
and to have acceptable polydispersity indexes (Đs) for CL
polymerization. However, Figure 3 also revealed that only two
to three BnOHs could be initiators to initiate CL. This may be
ascribed to two bulky tBu groups restraining the two benzyl
alkoxide exchanges and prevent BnOH in a far position from
attacking CL.
To examine the living and immortal properties19,52−60 of

DBu
2Al3Me5 in CL polymerization, 25 equiv of BnOH was

combined with 200 equiv of CL in 5 mL of toluene. After
>90% conversion, 50 equiv of CL monomers was reloaded into
the solution. This step was repeated until the solution could
not be stirred. The solution could not be stirred after 17
additions of CL (total ratio [CL]:[DBu

2Al3Me5]:[BnOH] =
1050:1:25; Table 2 and Figure 4). The results revealed that
DBu

2Al3Me5 had excellent living and immortal properties in CL
polymerization. In addition, the results also revealed that at
least four-fifths of BnOH can participate in the ring-opening
polymerization reaction. This proved that the free alcohol
could easily exchange with the alkoxide on an Al atom to form
a new alkoxide to initiate CL.

Kinetic Study of ε-Caprolactone Polymerization. The
kinetic data (Table S2 and Figures S2 and S3) revealed that
the polymerization rate had a first-order dependence on the
monomer concentration. In CL polymerization, the kobs value
of DBu

2Al3Me5 was 0.188 min−1, and the polymerization rate
was 15 times higher than that associated with LBu

2Al2Me4
(0.0123 min−1). After kobs was plotted against [DBu

2Al3Me5·
5BnOH] ([DBu

2Al3Me5·5BnOH] being a mixture of 1 equiv of
DBu

2Al3Me5 with 5 equiv of BnOH), the kprop (propagation)
value was calculated to be 15.01 (Figure S3). CL polymer-

Figure 2. Molecular structure of DBu
2Al3Me5 depicted as 20%

probability ellipsoids. All of the hydrogen atoms are omitted for
clarity. The selected bond lengths (Å) of Al(1)−C(1), Al(1)−C(2),
Al(2)−C(3), Al(3)−C(4), and Al(3)−C(5) are 1.960(3), 1.969(3),
1.942(3), 1.974(3), and 1.960(3), respectively. The selected bond
angles (deg) of C(1)−Al(1)−C(2), C(4)−Al(3)−C(5), N(1)−
Al(1)−N(8), N(4)−Al(3)−N(5), N(2)−Al(2)−N(7), N(7)−
Al(2)−N(6), N(6)−Al(2)−N(3), and N(3)−Al(2)−N(2) are
123.96(12), 109.30(13), 106.01(8), 99.55(8), 89.85(8), 80.36(8),
88.19(8), and 80.32(8), respectively.

Table 1. ε-Caprolactone Polymerization with Al Complexes as Catalystsa

entry cat.; [CL]:[cat.]:[BnOH] time (min) conversn (%)b Mn,Cal
b Mn,NMR

c Mn,GPC
d Đd kobs (error), 10

3 min−1

1e DBu
2Al3Me5; 100:1:1 240 93 10700 19400 19500 1.35 8.8 (1)

2f DBu
2Al3Me5; 100:1:3 35 90 3500 5600 6400 1.52 67.5 (1)

3g DBu
2Al3Me5; 100:1:5 12 95 2300 3500 3600 1.24 283.0 (16)

4a DBu
2Al3Me5; 100:0.5:2.5 18 93 4300 8200 8700 1.30 188.1 (32)

5a LBu
2Al2Me4; 100:0.5:2 250 93 5400 7400 7900 1.13 12.3 (4)

6a DAd
2Al3Me5; 100:0.5:2.5 16 92 4300 7300 6400 1.24 205.0 (30)

7a DPr
2Al3Me5; 100:0.5:2.5 60 90 4200 5300 5900 1.11 52.5 (1)

8a Dph
2Al3Me5; 100:0.5:2.5 55 90 4200 6200 5200 1.14 57.1 (1)

9a Lph
2Al2Me4; 100:0.5:2 100 90 5200 5500 7000 1.34 26.2 (4)

10a Dtolyl
2Al3Me5; 100:0.5:2.5 55 90 4200 5900 4600 1.10 52.8 (1)

11h DBu
2Al3Me5; 100:0.75:3.75 15 90 2800 5800 5300 1.27 204.6 (33)

12i DBu
2Al3Me5; 100:0.25:1.25 70 90 8300 15300 15300 1.29 38.2 (9)

13j DBu
2Al3Me5; 200:1:5 20 96 4500 8300 9000 1.25 m

14k DBu
2Al3Me5; 400:1:5 58 97 9200 14100 16300 1.29 m

15l DBu
2Al3Me5; 500:1:5 75 98 11300 22300 26000 1.28 m

aUnless specified otherwise, the reaction was carried out in toluene with [CL] = 2 M, [CL]:[Cat.]:[BnOH] = 100:0.5:2.5, at 25 °C for entries 1, 3,
and 5, and [CL]:[Cat.]:[BnOH] = 100:0.5:2 for entries 2 and 4). bCalculated from the molecular weight of Mw(CL) × [CL]0/[BnOH]0 ×
conversion yield + Mw(BnOH).

cThe data were determined using 1H NMR analysis. dObtained through gel permeation chromatography (GPC).
Values of Mn,GPC were obtained times 0.56 for PCL. eThe [CL]:[Cat.]:[BnOH] ratio is 100:1:1 in toluene with [CL] = 2 M. fThe [CL]:[Cat.]:
[BnOH] ratio is 100:1:3 in toluene with [CL] = 2 M. gThe [CL]:[Cat.]:[BnOH] ratio is 100:1:5 in toluene with [CL] = 2 M. hThe [CL]:[Cat.]:
[BnOH] ratio is 100:0.75:3.75 in toluene with [CL] = 2 M. iThe [CL]:[Cat.]:[BnOH] ratio is 100:0.25:1.25 in toluene with [CL] = 2 M. jThe
[CL]:[Cat.]:[BnOH] ratio is 200:1:5 in toluene with [CL] = 4 M. kThe [CL]:[Cat.]:[BnOH] ratio is 400:1:5 in toluene with [CL] = 7 M. lThe
[CL]:[Cat.]:[BnOH] ratio is 500:1:5 in toluene with [CL] = 10 M. mDid not study.
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ization with DBu
2Al3Me5 as the catalyst exhibited the following

rate law:

[ ] = × [ ][ · ]t D Al Med CL /d 15.01 CL 5BnOHBu
2 3 5

Dinuclear Al complexes bearing pyrazole exhibited a high
catalytic activity in CL ROP because of electronic and
dinuclear cooperative effects between the two Al atoms,29

with the Al−Al distance being 3.525−3.783 Å. In DBu
2Al3Me5,

the distance between the central Al(2) and the external Al(1)
was 3.785 Å and the Al(2)−Al(3) distance was 3.662 Å,
suggesting that trinuclear cooperation influenced polymer-
ization in the DBu

2Al3Me5 system. In addition, in comparison
with the dinuclear Al complex LBu

2Al2Me4, the trinuclear Al
complex DBu

2Al3Me5 had a stronger electronic effect (Al3+−
Al3+ charge influence, which comes from the direct electron-

withdrawing effect of the external Al to the central Al via
bridging pyrazole ligands described below). Thus, a higher
catalytic activity for CL polymerization was observed.

Density Functional Theory Analysis of the CL
Polymerization Mechanism Study Using DBu

2Al3Me5 as
a Catalyst. The reaction mechanism, as shown in Figures 5
and 6, was studied using density functional theory (DFT) at
the B3LYP/6-31G(d) level. The values of the free energies
obtained from the DFT calculation results are shown in Figure
7. In the mechanism study, all of the methyl groups on Al
atoms of DBu

2Al3Me5 were replaced by MeO− ligands to form
DBu

2Al3(OMe)5 (cat) because all methyl groups on Al atoms
of DBu

2Al3Me5 are strong bases and can be readily replaced by
alcohol molecules under the reaction conditions.
To better understand the activity of the catalysts, the

Mulliken charges of the Al atoms of DBu
2Al3Me5 and L2Al2Me4

were calculated on the basis of their crystal structures, as
shown in Figure 8. The charges of the two Al atoms of
L2Al2Me4 were both calculated to be +0.8517, and the charges
of the central and the external Al atoms of DBu

2Al3Me5 were
calculated to be +0.929 and +0.836 (average), respectively.
Therefore, the central Al of DBu

2Al3Me5 has much higher
Lewis acidity than do the external Al atoms of L2Al2Me4.
Therefore, CL molecules can be attracted by the central Al of
DBu

2Al3Me5, increasing the effective concentration for CL
coordination and reactivity.
After DBu

2Al3Me5 reacts with the initiator alcohol to form
cat, three sets of MeO− ligands located in totally different
environments on cat can be found. The first set is one MeO−

ligand pointing up on the central Al atom. The second is two
MeO− ligands pointing up on the two external Al atoms (one
on each). The third is two MeO− ligands pointing down on the
two external Al atoms (one on each). Because the rigid
bipyrazole ligands on cat prohibit the formation of bridged
methoxide structures (the average Al···Al distance is 3.779 Å,
which is longer than 2 times the length of Al−OMe bonds,
about 3.4 Å), the anionic MeO− ligand cannot migrate among
Al atoms without breaking strong O−Al coordination bonds.

Table 2. CL Polymerization with DBu
2Al3Me5 for Living and Immortal Charactersa

entry [CL]:[DBu
2Al3Me5]:[BnOH] time (min) conversnb (%) Mn,Cal

c Mn,GPC
d Mn,NMR

e Đd

1 200:1:25 36 93 1000 900 1500 1.11
2 250:1:25 47 95 1200 1000 1700 1.15
3 300:1:.5 58 90 1300 1200 1800 1.13
4 350:1:25 75 93 1600 1500 2200 1.12
5 400:1:25 90 92 1800 1600 2500 1.14
6 450:1:25 105 93 2000 1900 2800 1.15
7 500:1:25 121 91 2200 2100 3300 1.18
8 550:1:25 135 92 2400 2200 3600 1.19
9 600:1:25 156 92 2600 2600 3800 1.21
10 650:1:25 172 93 2900 2800 4000 1.21
11 700:1:25 195 92 3000 3000 4300 1.23
12 750:1:25 218 92 3300 3200 4500 1.26
13 800:1:25 249 92 3500 3400 4700 1.27
14 850:1:25 280 95 3800 3600 4900 1.25
15 900:1:25 320 92 3900 3800 5200 1.23
16 950:1:25 380 95 4200 4200 5400 1.27
17 1000:1:25 450 93 4300 4300 5600 1.27
18 1050:1:25 540 90 4400 4600 5900 1.27

aAdd 50 equiv of CL in comparison with [DBu
2Al3Me5] in every entry. bIn general, the reaction was carried out in toluene with [DBu

2Al3Me5] =
0.02 M at 25 °C. cCalculated from the molecular weight of Mw(CL) × [CL]0/[BnOH]0 × conversion yield + Mw(BnOH).

dValues of Mn,GPC were
those from GPC times 0.56. eThe data were determined from 1H NMR analysis.

Figure 3. Linear plots of Mn,GPC versus ([CL]0 × conversion)/
[BnOH], (blue inverted triangles ▼, entries 3, 4 and 11−15) in Table
2. Black squares ■ are theoretical values calculated with 5 equiv of
BnOHs as initiator, red dots ● indicate 3 equiv of BnOH, and green
triangles▲ indicate 2 equiv of BnOH.
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Moreover, due to the restricted and crowded coordination
environment around external Al, the structure distortions are
impossible. The rigid N−Al−N angle (105°, average) and the
small distances (about 4 Å, average) between H atoms of the
two tBu groups both restrict the relocation of the Al atom and
two MeO− ligands to form an SP geometry. This results in the
fact that the two MeO− ligands are structurally isolated, and
therefore the interchange is hindered. This can explain why
only the two alkoxide ligands close to the CL receiving site are
active in the polymerization reaction. However, if free alcohols
are present in the system, ligand exchange processes assisted by
those free alcohols become a possible pathway to increase the
number of alkoxide ligands involved in the catalytic reaction.
In the catalytic cycle study of the first mechanism (right part

of Figure 5), the calculation results demonstrate that a CL
molecule first approached the central Al atom to form
intermediate I (Figure 9) with a free energy of 7.81 kcal
mol−1. The structure of I is similar to those of DBu

2Al3Me5 and
cat, except for the central Al, which has a distorted-octahedral
structure. The distance between the CL carbonyl O and the
central Al is 2.983 Å, which is longer than the sum of the single
bond covalent radii of O and Al (1.89 Å)62 but shorter than
the sum of the crystallographic van der Waals radii of O and Al
(3.65 Å).63 This indicates that the CL carbonyl O does not
directly coordinate to the central Al but is attracted by
noncovalent interactions. However, the distance between the
α-hydrogen pointing toward the plane of the complex and the
pyrazole ring is 2.901 Å, which is in the range of a C−H···π
interaction.64 The central Al intrudes into the plane formed by
the four coordinated N atoms toward the MeO− ligand. The
distance between the Al atom and the plane is 0.494 Å, which
is slightly shorter than that of DBu

2Al3Me5 (0.604 Å) due to
the interaction between the CL carbonyl O and the central Al.
The average bond length of the four N−Al bonds of the central
Al is 1.990 Å, which is slightly longer than that of the external
Al atoms (1.965 Å).
In intermediate I, the CL molecule is captured onto the

pentacoordinate central Al by two noncovalent interactions to
increase the effective concentration of CL in cat. Moreover,
the relatively weak noncovalent interactions allow CL to be

transferred readily from the trap site to the reaction site. For
these reasons, this capturing phenomenon can dramatically
increase the collision frequency between CL molecules and a
MeO− initiator to increase the reaction rate. Moreover,
because of those two interactions, the sp2 plane of the CL
ester group is locked, facing one MeO− ligand on the external
Al. This conformation locking increases the ratio of effective
collision overall, facilitating the addition of the MeO− ligand to
the ester group of CL. These are the primary effects promoting
the catalytic activity of the trinuclear complex.
The CL molecule on the central Al moves toward the MeO−

ligand on one external Al. The addition of MeO− to the
carbonyl C goes through transition state 1 (TS1). The free
energy of TS1 is 28.7 kcal mol−1, and the energy barrier for this
reaction is 20.89 kcal mol−1. This is a reasonable energy barrier
for room-temperature reactions.61 On consideration of the
high effective concentration of CL on cat and high effective
collision rate, the overall reaction rate is expected to be high. In
the transition structure, the distance between the CL carbonyl
O and the central Al is 3.716 Å, and the distance between the
carbonyl O and the closer external Al is 1.941 Å, implying that
the central Al plays a role in monomer capture but does not
directly cooperate with the external Al to activate the CL
carbonyl group. The distance between the CL carbonyl C and
the methoxy O atom is 1.905 Å. The distance between the
methoxy O and the external Al is 1.912 Å. The distance
between the CL carbonyl O and the external Al is 1.941 Å.
After a transition, the central Al returns to a pentacoordinate
structure with a square-pyramidal geometry.
After MeO− insertion to CL, intermediate II is formed. This

intermediate has a free energy of 11.87 kcal mol−1. The
structure of II resembles that of cat with one pentacoordinated
central Al atmand two tetracoordinated external Al atoms. The
distance between the CL−MeO adduct alkoxy O atom and the
Al atom on which it coordinates is 1.752 Å. This distance is
slightly longer than the lengths of the other three O−Al bonds
on the two external Al atoms (average: 1.718 Å) and that of
the central Al (1.734 Å). The longer Al−O bond between the
CL−MeO adduct and Al is expected to be caused by the
repulsion between the bulky structure of the adduct and the

Figure 4. Linear plot of Mn,GPC vs [CL]0 × conversion/[BnOH], with Đ indicated by blue squares ■.
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two t-Bu groups on the ligands. This is one of the driving
forces for the next step in the catalytic cycle reaction opening
the CL ring.
The CL ring opens through transition state 2 (TS2). This

transition structure has a free energy of 33.42 kcal mol−1, and
the energy barrier for this reaction is 21.55 kcal mol−1.
Although this energy barrier is slightly higher than that of the
reaction through TS1, the intramolecular characteristic of this
reaction causes this step to be more favorable than the step
through TS1. In this transition structure, the newly formed
carbonyl group migrates from the external Al to the central Al
and the C−O bond in the CL ring breaks. The distance

between the newly formed carbonyl O atom and the central Al
atom is 3.647 Å, and the distance between the newly formed
carbonyl O atom and the external Al atom is 1.935 Å. These
distances are both shorter than those of TS1, indicating that
after the CL ring is opened, due to a decrease in steric
repulsion, the carbonyl group can be more easily attracted by
the two Al atoms. The distance between the newly formed
carbonyl C atom and the newly formed alkoxy O atom is 1.857
Å, which is shorter than that of TS1, indicating that the
structure of TS2 is relatively close to that of intermediate II in
comparison to the structures between intermediate II and TS1.
Interestingly, the steric repulsion also is one important driving

Figure 5. First reaction mechanism of ring-opening polymerization of CL catalyzed by DBu
2Al3(OMe)5.
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force to assist in CL ring opening. In the structure of TS2, the
shortest distance between the H atoms of tBu groups and those
of the CL ring is 2.451 Å, which is close to the closest possible
distance between two isolated H atoms from the point of view
of van der Waals radii.63 Together with thermal motion, these
two groups shall collide at high frequency to introduce a large
repulsion force between them to assist CL ring opening.
After the CL ring opens, intermediate III is formed when the

newly formed carbonyl group coordinates with the central Al
atom to form a hexacoordinate structure. The free energy of
intermediate III is 6.97 kcal mol−1, which is lower than that of
intermediate I. The newly formed alkoxy O atom is bonded to
the external Al atom, and the newly formed carbonyl O atom is
bonded to the central Al atom. The distance between the

newly formed carbonyl O atom and the central Al atom is
2.900 Å, which is slightly shorter than that of intermediate I
due to the less bulky structure of the opened CL chain. The
bond length between the external Al atom and the alkoxy O
atom of the opened CL is 1.723 Å. The central Al atom also
intrudes toward the MeO− ligand with a distance of 0.482 Å
from the central NNNN plane of intermediate III, but the
distance is slightly shorter than that of intermediate I, because
of the stronger carbonyl O−Al interaction in intermediate III
than in intermediate I.
Finally, the carbonyl O atom of the opened CL leaves the

central Al atom to form intermediate IV. The free energy of
intermediate IV, 6.11 kcal mol−1, is slightly lower than that of
intermediate III. The structure of IV is almost identical with

Figure 6. Second reaction mechanism of ring-opening polymerization of CL catalyzed by DBu
2Al3(OMe)5.
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that of cat. The newly formed carbonyl group moves from the
central Al atom toward the tBu groups of the bipyrazole ligand.
The distances between the carbonyl O atom and the closest
two H atoms on the tBu groups are 2.794 and 2.791 Å. These
distances are close to the sum of the crystallographic van der
Waals radii (∼2.75 Å) but are smaller than the sum of the
equilibrium van der Waals radii (∼3 Å), indicating that the tBu
groups weakly attract the carbonyl group, assisting in its
detachment from the central Al.
Another possible catalytic reaction cycle proceeds entirely

on the central Al atom, as shown in the left side of Figure 5. A
CL molecule approaches the central Al atom from the
direction of the MeO− ligand to directly form transition
structure c1 (TSc1) without forming a CL-coordinated
intermediate. No stable CL-coordinated intermediate has
been found in the calculations even when the structural search
is carried out from TSc1 to elongate the length between the
carbonyl C atom and the methoxy group. In this transition

structure, the central Al atom is farther from the NNNN plane
with a distance of 0.828 Å, forming a highly distorted
hexacoordinated structure. The distance between the carbonyl
O atom and central Al atom is 2.141 Å. The distance between
the CL carbonyl C atom and central Al methoxy O atom is
2.404 Å much longer than that of TS1. The distance between
the methoxy O atom and central Al atom is 1.796 Å. These
structural characteristics are more similar to CL-coordinated
intermediates than to transition structures because C−O bond
formation and the central Al atom distortion process are
coupled in this step. Distorting the geometry of the central Al
atom requires substantially more energy than that required for
overcoming the C−O bond formation in this step.
After TSc1, intermediate cI, in which the CL−MeO adduct

coordinates on the central Al atom, is formed. The free energy
of intermediate cI is 11.19 kcal mol−1, which is slightly lower
than that of intermediate II because the less crowded
environment of the central Al is less crowded. This structure
resembles the structure of cat and intermediate II, with a
pentacoordinated central Al atom and two tetracoordinated
external Al atoms. The distance between the central Al and the
alkoxy O atom of the CL−MeO adduct is 1.756 Å. The
distance between the central Al and the NNNN plane is 0.584
Å, indicating that the Al returns to a stable coordination
position in this complex.
The CL ring then opens through transition state c2 (TSc2).

The free energy of TSc2 is 31.62 kcal mol−1, and the energy
barrier of this reaction step is 20.43 kcal mol−1. This energy

Figure 7. Energy diagram of all the intermediates and transition structures. The sum of free energies of cat and CL is set as 0 kcal mol−1.

Figure 8. Mulliken charges of Al atoms in L2Al2Me4 and D2Al2Me5.

Figure 9. Side-view structure (a) and top-view structure (b) of cat.
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barrier is similar to that of TS2 in the first mechanism. In this
transition structure, the central Al atom (resembling that of
TSc1) retreats from the NNNN plane to a distance of 0.830 Å.

The distance between the newly formed carbonyl O atom and
the central Al atom is 1.899 Å. The distance between the newly
formed alkoxy O atom and the central Al atom is 1.911 Å. The

Figure 10. Survey of the recent literature sources on CL polymerization using Al complexes at 0−30 °C.
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length of the broken C−O bond in the CL ring is 1.888 Å.
This bond is very similar to those of TS1 and TS2, indicating
that this transition structure is dominated by the breaking of
the O−C bond of CL.
After the breakage of the C−O bond in the CL ring,

intermediate cIII is formed, in which the newly formed
carbonyl group is still coordinated on the central Al. The free
energy of cIII is 27.65 kcal mol−1, substantially higher than
those of other intermediates and closer to those of the
transition structures. The increased energy is because the
central Al atom is still in a highly distorted geometry. The
distance between the newly formed carbonyl O atom and the
central Al atom is 2.068 Å. The distance between the newly
formed alkoxy O atom and the central Al atom is 1.812 Å. The
distance between the central Al atom and the NNNN plane is
0.846 Å.
Finally, the carbonyl group of the opened CL chain is

detached from the central Al atom to form intermediate cIII,
closing this catalytic cycle. The structure of intermediate cIII is
almost identical with those of cat and intermediate IV. The
free energy of intermediate cIII is 6.09 kcal mol−1, which is
much lower than the free energy of cII but close to that of IV.
On the basis of our calculated results, the first catalytic cycle

is considered the most likely mechanism for the CL ROP
reaction. First, the highest energy barrier of the first
mechanism is 21.55 kcal mol−1 (II to III through TS2) and
that of the most difficult reaction step (I to II through TS1) is
20.89 kcal mol−1; these energy barriers are much lower than
those of the second mechanism (32.88 kcal mol−1 for the step
from cat and CL to intermediate cI through TSc1). Second,
the effective concentration of CL is substantially increased in
the first mechanism due to the monomer capture effect of the
central Al atom on the base side of the square-pyramidal
structure. Third, the two noncovalent interactions create a
special conformational lock effect on CL, increasing the
effective collision rate between CL and MeO−. Fourth, the
bulky tBu groups around the external Al atom effectively assist
in the ring opening of CL (TS2).
Comparison of CL Polymerization in the Literature. A

survey of recent literature of CL polymerization using Al
complexes as catalysts at 0−30 °C is illustrated in Figure 10.
An Al complex bearing a Salen ligand65 revealed the greatest
catalytic activity in CL polymerization at 0 °C. Other Al
complexes, including an Al complex71 bearing aminophenolate,
a low-valent Al(II)−Al(II) complex85 bearing 1,2-bis(2,6-iPr2-
C6H3)-iminoacenaphthene, an Al complex98 bearing (oxybis-
(2,1-phenylene))bis(cyclohexylamide), a five-membered Al
complex70 bearing a thiol-Schiff base, and an Al complex101

bearing benzofurazan, as well as DBu
2Al3Me5 could polymerize

CL in 15 min at room temperature. In comparison with these
Al complexes in Figure 10, the collaboration that each Al atom
performs its own functions can indeed effectively improve the
catalytic activity of the Al catalyst.

■ CONCLUSIONS
A series of trinuclear Al complexes bearing bipyrazoles were
synthesized, and their CL polymerization rates were studied.
The trinuclear Al complexes had a substantially higher (2−15
times higher kobs value) CL polymerization rate. DFT
calculations revealed that the reaction is a cooperated bimetal
catalytic reaction between the pentacoordinated central Al
atom and the tetracoordinated exteral Al atom. The reactivity
is improved due to an increased effective concentration of CL

and the conformation lock effect induced by weak interactions
generated by the central Al atom and the π-system of ligands.

■ EXPERIMENTAL SECTION
Standard Schlenk techniques and a N2-filled glovebox were used
throughout the isolation and handling of all the compounds. Solvents,
ε-caprolactone, and deuterated solvents were purified prior to use.
Deuterated chloroform and ε-caprolactone were purchased from
Acros. Benzyl alcohol, trimethylaluminum, tert-butyl methyl ketone,
diethyl oxalate, methyl phenyl ketone, methyl p-tolyl ketone, 4′-
chloroacetophenone, 4′-bromoacetophenone, and hydrazine hydrate
were purchased from SIGMA-Aldrich. 1H and 13C NMR spectra were
recorded on a Varian Gemini2000-200 (200 MHz for 1H and 50 MHz
for 13C) spectrometer with chemical shifts given in ppm from the
internal TMS or the 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, 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-crystal X-
ray diffraction data were accumulated using Rigaku Oxford Diffraction
single-crystal X-ray diffractometers with Mo Kα radiation (λ =
0.71073 Å). The data collection was executed using the CrysAlisPro
1.171.41.56a program. Cell refinement and data reduction were
carried out with the CrysAlisPro 1.171.41.56a program. The structure
was determined using the Olex2/ShelXL program refined using full-
matrix least squares. All non-hydrogen atoms were refined anisotropi-
cally, whereas hydrogen atoms were placed at calculated positions and
included in final stage of refinement with fixed parameters. DBu-H,104

Dph-H,50 Dtolyl-H,50 and DCl-H50 were prepared following the
literature procedures.

Synthesis of DBr-H. To a solution of sodium hydride (1.04 g,
0.052 mol) in dry THF was slowly added a THF solution of 4′-
chloroacetophenone (4.2 g, 0.0208 mol) at room temperature, and
the mixture was heated to 50 °C. The reaction mixture was stirred for
1 h and a THF solution of diethyl oxalate (1.53 g, 0.0104 mol) added
slowly for 1 h at 50 °C. The reaction mixture was stirred overnight
and quenched with cold water at room temperature. The aqueous
layer was separated and the pH adjusted to 3−4 using a 2 N HCl
solution and extracted with diethyl ether (3 × 50 mL). The combined
organic layers were washed with brine solution and dried over
magnesium sulfate. The organic layer was concentrated and the crude
1,6-diphenylhexane-1,3,4,6-tetraone (3.25 g, 35%) obtained was used
as such in the next step. To a solution of 0.003 mol of an appropriate
1,3,4,6-tetraketone (1.33 g, 0.003 mol) in ethanol (10 mL) was added
1 mL (excess) of a 70% water solution of hydrazine, and the mixture
was boiled for 4 h. The precipitate obtained was filtered and washed
with ethanol (2 mL) and diethyl ether. The product was dried to give
the product as a white solid. Yield: 0.61 g (46%). 1H NMR (DMSO-
d6, 400 MHz): δ 7.74 (d, J = 8.0 Hz, 4H, m-Br-PhH), 7.55 (d, J = 8.0
Hz, 4H, o-Br-PhH), 6.806 (s, 2H, Pz-H). 13C NMR (CDCl3, 400
MHz): δ 148.57 (Ar-CPz), 144.43 (Pz-CPz), 133.43, 131.58, 127.07,
120.09 (CAr), 102.80 (H-CPz). Anal. Calcd (found) for C18H12Br2N4:
C, 48.68 (48.55); H, 2.72 (2.65); N, 12.62 (12.50).

Synthesis of DPr-H. This compound was obtained using a method
similar to that for DBr-H except methyl 2-butanone was used in place
of 4′-chloroacetophenone. Yield: 2.1 g (60%). 1H NMR (DMSO-d6,
400 MHz): δ 6.22 (s, 2H, Pz-H), 2.91 (br, 2H, Me2CH), 1.19 (d,
12H, (CH3)2CH).

13C NMR (CDCl3, 400 MHz): δ 158.62 (iPr-CPz),
146.95 (Pz-CPz), 99.22 (H-CPz), 25.62 (Me2CH), 23.35, 22.90
(CH3)2CH). Anal. Calc. (found) for C12H18N4: C 66.02 (66.00), H
8.31 (8.22), N 25.67 (25.55).

Synthesis of DAd-H. This compound was obtained using a
method similar to that for DBr-H except 1-adamantyl methyl ketone
was used in place of 4′-chloroacetophenone. Yield: 4.5 g (20%). 1H
NMR (DMSO-d6, 400 MHz): δ 6.22 (s, 2H, Pz-H), 1.95, 1.81, 1.67
(br, 30H, Ad). 13C NMR (CDCl3, 400 MHz): δ 164.10 (Ad-CPz),
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142.44 (Pz-CPz), 102.35 (H-CPz), 42.66, 36.80, 33.51, 28.48 (Ad-C).
Anal. Calcd (found) for C26H34N4: C, 77.57 (77.2); H, 8.51 (8.49);
N, 13.92 (13.69).
Synthesis of DBu

2Al3Me5. A mixture of DBu-H (0.45 g, 1.8 mmol)
and AlMe3 (11 mL, 2.0 M, 5.5 mmol) in THF (30 mL) was stirred
overnight at room temperature. Volatile materials were removed
under vacuum to give a white powder, and then hexane (40 mL) was
transferred to give a suspension. A white powder was obtained after
filtering. Yield: 0.49 g (85%). 1H NMR (CDCl3, 400 MHz): δ 6.69 (s,
2H, Pz-H), 1.52 (s, 18H, C(CH3)3), −0.18, −0.47 (s, 12H,
Alterminal(CH3)2), −0.99 (s, 3H, Alcenter(CH3)).

13C NMR (CDCl3,
50 MHz): δ 168.23 (tBu-CPz), 144.71 (Pz-CPz), 100.62 (H-CPz), 32.97
(C(CH3)3), 31.76 (C (CH3)3), 0.10, −4.29 (Al(CH3)2), −9.23
(Al(CH3)). Anal. Found (calcd) for DBu

2Al3Me5, C33H55Al3N8: C,
61.47 (61.52); N, 17.38 (17.56); H, 8.60 (8.81).
Synthesis of DPr

2Al3Me5. )This compound was obtained using a
method similar to that for DBu

2Al3Me5 except DPr-H was used in
place of DBu-H. Yield: 0.32 g (80%). 1H NMR (CDCl3, 400 MHz): δ
6.37 (s, 4H, Pz-H), 3.35 (m, 4H, Me2CH) 1.34 (m, 24H,
(CH3)2CH), −0.42, −0.57 (s, 12H, Alterminal(CH3)2), −0.94 (s, 3H,
Alcenter(CH3)).

13C NMR (CDCl3, 50 MHz): δ 164.97 (iPr-CPz),
145.22 (Pz-CPz), 97.84 (H-CPz), 27.26 (CH(CH3)2), 24.38, 23.18
(CH(CH3)2), −6.95, −8.23 (Al(CH3)2), −9.99 (Al(CH3)). Anal.
Found (calcd) for DPr

2Al3Me5, C29H47Al3N8: C, 59.17 (59.31); N,
19.03 (18.97); H, 8.05 (7.79).
Synthesis of DAd

2Al3Me5. This compound was obtained using a
method similar to that for DBu

2Al3Me5 except DAd-H was used in
place of DBu-H. Yield: 2.1 g (60%). 1H NMR (CDCl3, 400 MHz): δ
6.42 (s, 4H, Pz-H), 2.07, 1.74 (br, 60H, Ad), −0.28, −0.53 (s, 12H,
Alterminal(CH3)2), −1.22 (s, 3H, Alcenter(CH3)).

13C NMR (CDCl3, 50
MHz): δ 168.88 (Ad-CPz), 145.00 (Pz-CPz), 100.21 (H-CPz), 42.74,
36.52, 35.44, 28.75 (Ad-C), −1.99, −3.38 (Al(CH3)2), −9.55
(Al(CH3)). Anal. Found (calcd) for DAd

2Al3Me5, C57H79Al3N8: C,
71.52 (71.89); N, 11.71 (11.58); H, 8.32 (8.10).
Synthesis of Dph

2Al3Me5. This compound was obtained using a
method similar to that for DBu

2Al3Me5 except Dph-H was used in
place of DBu-H. Yield: 0.42 g (85%). 1H NMR (CDCl3, 400 MHz): δ
7.51−7.48, 7.41−7.39 (m, 20 H, Ar-H), 6.58 (s, 2H, Pz-H), −0.21,
−0.42 (s, 12H, Alterminal(CH3)2), −1.97 (s, 3H, Alcenter(CH3)).

13C
NMR (CDCl3, 50 MHz): δ 157.93 (Ph-CPz), 144.74 (Pz-CPz), 132.28,
129.19, 129.09, 128.52 (Ph), 101.91 (H-CPz), 0.08, −5.91 (Al-
(CH3)2), −9.83 (Al(CH3)). Anal. Found (calcd) for Dph

2Al3Me5,
C41H39Al3N8: C, 67.95 (67.88); N, 15.46 (15.51); H, 5.42 (5.33).
Synthesis of Dtolyl

2Al3Me5. This compound was obtained using a
method similar to that for DBu

2Al3Me5 except Dtolyl-H was used in
place of DBu-H. Yield: 0.47 g (75%). 1H NMR (CDCl3, 400 MHz): δ
7.30 (d, J = 8.0 Hz, 8H, m-CH3−PhH), 7.12 (d, J = 8.0 Hz, 8H, o-
CH3−PhH), 6.45 (s, 4H, Pz-H), 2.29 (s, 12H, CH3), −0.30, −2.00 (s,
12H, Alterminal(CH3)2), −0.52 (s, 3H, Alcenter(CH3)).

13C NMR
(CDCl3, 50 MHz): δ 157.95 (Ph-CPz), 144.73 (Pz-CPz), 139.11,
129.46, 129.18, 128.98 (Ph), 101.75 (H-CPz), 21.42 (CH3Ph) 1.12,
−5.92 (Al(CH3)2), −9.49 (Al(CH3)). Anal. Found (calcd) for
Dtolyl

2Al3Me5, C45H47Al3N8: C, 69.22 (69.11); N, 14.35 (14.36); H,
6.07 (6.01).
General Procedures for the Polymerization of ε-Caprolac-

tone. A typical polymerization procedure was exemplified by the
synthesis in entry 1 of Table 2 using complex DBu

2Al3Me5 as a
catalyst. The polymerization conversion was analyzed by 1H NMR
spectroscopic studies. Toluene (5.0 mL) was added to a mixture of
the complex DBu

2Al3Me5 (0.25 mmol), BnOH (1.25 mmol), and ε-
caprolactone (10 mmol) at room temperature. At indicated time
intervals, 0.05 mL aliquots were removed, trapped with CDCl3 (1
mL), and analyzed by 1H NMR. After the solution was stirred for 150
min, the reaction mixture was then quenched by adding a drop of
isopropyl alcohol, and the polymer precipitated as a white solid when
it was poured into n-hexane (50.0 mL). The isolated white solid was
dissolved in CH2Cl2 (5.0 mL), and water (10 mL) was used to
washed the organic solution. Volatile materials were removed under
vacuum to give a purified crystalline solid. Yield: 1.04 g (92%).

Computational Methods. The reaction mechanism was studied
by DFT calculations at the B3LYP/6-31G(d) level.105,106 The
calculations were carried out with Gaussian 09. The calculations of
Gibbs free energy were done at 298.15 K under 1 atm. The minimum
energy stationary point and the energy saddle point were confirmed
by frequency analysis with the same calculation level.
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