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The effect of the alkali metal on the synthesis, crystal struc-
ture, and catalytic reactivity of lanthanide–alkali metal alk-
oxide clusters is reported. Anhydrous LnCl3 reacts with
6.5 equiv. of KOCH2CH2N(CH3)2 and 1.5 equiv. of KOH in
tetrahydrofuran (THF) to give the corresponding lanthanide–
potassium biheterometal alkoxide clusters [Ln4K20-
(OCH2CH2NMe2)26(OH)6] [Ln = Nd (1), Pr (2), Yb (3)] in high
yield. Anhydrous YbCl3 reacts with KOCH2CH2N(CH3)2 and
NaOH with different molar ratios of 1:9:3 and 1:9:4 to afford
the lanthanide–potassium–sodium triheterometal alkoxide
clusters [Yb2K10Na6(OCH2CH2NMe2)18(OH)4] (4) and [Yb2-
K8Na8(OCH2CH2NMe2)18(OH)4] (5), respectively. These

Introduction

Two major motivations for researching heterometal clus-
ters based on alkoxide ligands have been identified.[1–5] The
first is that these heterometallic compounds are of interest
due to their enhanced reactivity compared to their homo-
metallic homologues arising from metal-metal interac-
tions.[6–9] The second motivation is related to their applica-
tion as materials. They can act as materials themselves or
as precursors for more complicated materials such as super-
conductors.[10–13] Lanthanide–alkali metal alkoxide clusters
are of particular interest for exploring lanthanide-doped
materials, model systems, and efficient biheterometallic cat-
alysts as well as for elucidating the mechanism of catalytic
reactions.[14–19] However, a controllable method for rational
synthesis is still a challenge as the chemistry of alkoxide
clusters has been proven to be complicated � the reaction
products depend on the stoichiometries of reagents as well
as the central metal atoms.[1,20–21] To date, few methods for
the rational synthesis of lanthanide–alkali metal alkoxide
clusters have been reported. Recently, we have reported that
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clusters were fully characterized by elemental analysis, IR,
1H NMR, and single-crystal structural analysis. The hetero-
metal alkoxide clusters 1–5 exhibited good catalytic activity
for the ring-opening polymerization of ε-caprolactone (ε-CL).
It is interesting to note that the catalytic activity of these het-
erometal alkoxide clusters increases with the increase of the
molar ratio of alkali metal to lanthanide metal. For the same
molar ratio of alkali metal to lanthanide metal, however, the
catalytic activity of the heterometal clusters is highly de-
pendent on the type and molar ratio of the alkali metal cen-
ters. The higher the molar ratio of potassium to sodium, the
higher the catalytic activity.

adding a definite amount of NaOH into the reaction solu-
tion results in the rational preparation of lanthanide–so-
dium biheterometal alkoxide clusters containing a hydrox-
ide group, LnNa8[OC(CH3)3]10(OH)[18] and Ln2Na8(OCH2-
CH2NMe2)12(OH)2,[22] using self-assembly by hydroxide as
a driving force. In addition, this approach has been proven
to provide the products in high yields reproducibly. Import-
antly, these heterometal alkoxide clusters showed superior
polymerization activity relative to previously reported
homometallic catalysts. Thus inspired, we turned our atten-
tion toward designing novel lanthanide–alkali metal alk-
oxide clusters.

We have posed the question: what is the effect of chang-
ing the alkali metal and the molar ratio of alkali metal to
lanthanide metal on the synthesis, crystal structure, and re-
activity of the lanthanide–alkali metal alkoxide clusters? It
is interesting to study the synthesis of the lanthanide–potas-
sium biheterometal alkoxide clusters and the lanthanide–
potassium–sodium triheterometal clusters by the same syn-
thetic strategy of using hydroxide as a driving force through
adding definite amounts of NaOH or KOH. With this in
mind, we were prompted to further study the controllable
synthesis of heterometal alkoxide clusters. Herein we report
the synthesis and structural characterization of three lan-
thanide–potassium biheterometal alkoxide clusters,
[Ln4K20(OCH2CH2NMe2)26(OH)6] [Ln = Nd (1), Pr (2),
Yb (3)], and two lanthanide–potassium–sodium trihetero-
metal alkoxide clusters, [Yb2K10Na6(OCH2CH2NMe2)18-
(OH)4] (4) and [Yb2K8Na8(OCH2CH2NMe2)18(OH)4] (5).
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Clusters 1–5 were tested for their catalytic activity in the
ring-opening polymerization of ε-CL. Direct comparison of
the reactivity of these clusters raises issues of importance
for the design of new cyclic ester polymerization catalysts.

Results and Discussion

Synthesis and Characterization of Clusters 1–3

As reported previously, the addition of a definite amount
of NaOH into the reaction solution results in the rational
preparation of lanthanide–sodium biheteromeal alkoxide
clusters containing a hydroxide group, LnNa8[OC(CH3)3]10-
(OH)[18] and Ln2Na8(OCH2CH2NMe2)12(OH)2.[22] To
understand the effect of the alkali metal on the synthesis,
crystal structure, and reactivity of heterometal alkoxide
clusters, the analogous reaction of NdCl3 with 6.5 equiv. of
KOCH2CH2NMe2 and 1.5 equiv. of KOH was conducted
in THF at room temperature, and afforded the much larger
cluster [Nd4K20(OCH2CH2NMe2)26(OH)6] (1) in 62% yield
(based on Nd); see Equation (1). The synthesis can be re-
produced. To the best of our knowledge, this biheterometal
cluster is the largest one, which contains the maximum
number of metal atoms.

The metathesis reaction of LnCl3 with alkali metal alk-
oxide was reported to be dependent on the central metal
used. For example, the reaction of YCl3 with NaOCMe3 in
a molar ratio of 1:3 afforded Y3(OCMe3)8Cl(THF)2,
whereas the same reaction with LaCl3 produced La3-
(OCMe3)9(THF)2.[20a] The synthesis of clusters of Pr and
Yb was also attempted to evaluate the validity of this ap-
proach. The same reactions with PrCl3 and YbCl3, went
smoothly and gave the corresponding clusters
[Pr4K20(OCH2CH2NMe2)26(OH)6] (2) and [Yb4K20-
(OCH2CH2NMe2)26(OH)6] (3) in 53 % and 65% yields,
respectively. Clusters 1–3 are all soluble in THF and toluene
but not in hexane. The results of elemental analysis of 1–3
were all identical to the calculated results. The 1H NMR
spectra for paramagnetic clusters 1–3 showed a very broad
shift range.

Clusters 1–3 were further characterized by X-ray crystal-
lography. The determination of crystal structures revealed
that 1–3 have the same solid-state structure [Figure 1 (a)].
The crystal structure diagram with the CH2CH2NMe2

groups omitted for clarity is shown in Figure 1 (b). Details
of the crystallographic data are listed in Table 1, and se-
lected bond lengths and angles are provided in Tables 2 and
3, respectively.

As shown in Figure 1, the clusters are centrosymmetric
and the overall clusters in each case contain four lanthanide
metal centers, 20 potassium metal atoms, 26
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Figure 1. (a) Crystal structures of 1–3; (b) Molecular structure of
1–3 with CH2CH2NMe2 groups omitted for clarity (atomic dis-
placement parameters set at 30%).

OCH2CH2NMe2 groups, and six OH groups. Such persist-
ence of the structure suggests that the framework is particu-
larly stable. All the metal atoms are connected by μ-O brid-
ges. Each lanthanide ion is coordinated to six oxygen atoms
to form a distorted octahedron. There is a difference in the
coordination environments between Ln(1), Ln(1A) and
Ln(2), Ln(2A), in the former pair the six oxygen atoms
come from four OCH2CH2NMe2 groups and two OH
groups and in the latter from five OCH2CH2NMe2 groups
and one OH group. The Ln–OCH2CH2NMe2 bonds are of
three types: Ln–μ2-OCH2CH2NMe2, Ln–μ3-OCH2CH2-
NMe2, and Ln–μ4-OCH2CH2NMe2. The average bond
lengths of Ln–μ2-OCH2CH2NMe2 [2.284(4), 2.291(5), and
2.176(5) Å for 1, 2, and 3, respectively], Ln–μ3-OCH2CH2-
NMe2 [2.318(4), 2.332(5), and 2.196(5) Å for 1, 2, and 3,
respectively], and Ln–μ4-OCH2CH2NMe2 [2.366(4),
2.376(5), and 2.242(5) Å for 1, 2, and 3, respectively] are
comparable when the differences in the ionic radii between
Nd, Pr, and Yb are considered. The comparison of the data
for 1 with other Nd clusters is given as an example. The
average bond lengths of Nd–μ2-OCH2CH2NMe2 and Nd–
μ3-OCH2CH2NMe2 are consistent with those of Nd2Na8-
(OCH2CH2NMe2)12(OH)2, which has been reported pre-
viously.[22] The bond lengths are 2.286 and 2.368 Å for Nd–
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Table 1. Details of the crystallographic data of 1–5.

1 2 3 4 5

Empirical formula C104H266N26K20- C111H274N26K20- C104H266N26K20- C72H184K10N18Na6- C72H184K8N18Na8-
O32Nd4·(C7H8) O32Pr4·(C7H8) O32Yb4·(C7H8) O22Yb2·2(C7H8) O22Yb2·0.5(C6H14)

Fw 3832.51 3831.20 3959.72 2713.66 2540.26
T [K] 153(2) 153(2) 153(2) 153(2) 193(2)
Wavelength [Å] 0.71070 0.71070 0.71070 0.71070 0.71070
Crystal system monoclinic monoclinic monoclinic monoclinic triclinic
Space group P21/n P21/n P21/n P21/n P1̄
a [Å] 22.8863(13) 22.939(3) 22.7352(19) 15.4461(14) 14.2214(13)
b [Å] 15.9806(8) 15.9722(16) 15.9230(13) 19.2367(17) 18.5570(19)
c [Å] 26.0245(15) 26.013(3) 25.907(2) 22.348(2) 24.788(2)
α [°] 90 90 90 90 101.543(2)
β [°] 105.0950(10) 105.111(3) 105.278(2) 91.159(2) 92.707(3)
γ [°] 90 90 90 90 100.098(3)
V [Å ]3 9189.7(9) 9201.4(18) 9047.1(13) 6639.1(10) 6287.1(11)
Z 2 2 2 2 2
Dcalc [mgm–3] 1.385 1.383 1.454 1.357 1.342
Abs. coeff. [mm]–1 1.628 1.556 2.573 1.795 1.832
F(000) 3984 3988 4076 2828 2646
Theta range [°] 3.02–25.35 3.02–25.35 3.03–25.35 3.00–25.35 3.02–25.35
Collected refl. 88301 89127 86823 64602 62249
Independent refl. 16775 16825 16555 12122 22831

[R(int) = 0.0465] [R(int) = 0.0699] [R(int) = 0.0573] [R(int) = 0.0557] [R(int) = 0.0731]
R [I�2σ(I)] 0.0533 0.0755 0.0589 0.0522 0.0760
Rw 0.1239 0.1504 0.1263 0.1110 0.1921
Goodness-of-fit on F2 1.117 1.149 1.112 1.136 1.068

μ2-OCH2CH2NMe2 and Nd–μ3-OCH2CH2NMe2, respec-
tively. Moreover, the bond length sequence of Ln–μ2-
OCH2CH2NMe2 � Ln–μ3-OCH2CH2NMe2 � Ln–μ4-
OCH2CH2NMe2 observed here is reasonable and is seen in
other alkoxide clusters.[23–24]

Table 2. Selected bond lengths [Å] for 1–3.

1 2 3

Ln(1)–O(11)A 2.283(3) 2.301(5) 2.175(4)
Ln(1)–O(2) 2.317(4) 2.327(5) 2.199(5)
Ln(1)–O(14) 2.344(4) 2.349(5) 2.222(4)
Ln(1)–O(15)A 2.348(3) 2.353(5) 2.225(5)
Ln(1)–O(3) 2.377(3) 2.394(5) 2.245(5)
Ln(1)–O(1) 2.386(3) 2.402(5) 2.258(5)
Ln(2)–O(12) 2.251(4) 2.255(5) 2.153(5)
Ln(2)–O(8) 2.326(4) 2.340(5) 2.203(5)
Ln(2)–O(9) 2.346(4) 2.356(5) 2.209(5)
Ln(2)–O(16) 2.366(4) 2.372(5) 2.244(5)
Ln(2)–O(13) 2.369(4) 2.387(5) 2.251(5)
Ln(2)–O(10) 2.373(4) 2.375(5) 2.258(5)

Table 3. Selected angles [°] for 1–3.

1 2 3

O(11)A–Ln(1)–O(14) 175.70(12) 175.64(17) 177.72(17)
O(2)–Ln(1)–O(3) 99.68(15) 100.2(2) 96.7(2)
O(15)A–Ln(1)–O(3) 84.69(12) 84.36(17) 86.11(18)
O(2)–Ln(1)–O(1) 93.02(15) 93.0(2) 93.08(19)
O(15)A–Ln(1)–O(1) 82.62(12) 82.50(16) 84.26(17)
O(12)–Ln(2)–O(9) 98.98(14) 99.05(19) 97.2(2)
O(13)–Ln(2)–O(16) 85.13(13) 85.13(18) 84.59(19)
O(9)–Ln(2)–O(16) 87.48(13) 87.27(18) 90.04(19)
O(8)–Ln(2)–O(10) 172.57(13) 172.42(17) 174.65(17)
O(12)–Ln(2)–O(13) 88.60(15) 88.73(19) 88.3(2)
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The coordination environments around the K atoms can
be divided into four classes. K(1), K(1)A, K(2), K(2)A,
K(4), and K(4)A are five-coordinate distorted trigonal bi-
pyramids with four oxygen atoms and one nitrogen atom;
K(3), K(3)A, K(5), K(5)A, K(8), and K(8)A are six-coordi-
nate distorted octahedra with six oxygen atoms; K(6), K(6)
A, K(7), K(7)A, K(9), and K(9)A are six-coordinate dis-
torted octahedra with five oxygen atoms and one nitrogen
atom, and K(10) and K(10)A are six-coordinate distorted
octahedra with three oxygen atoms and three nitrogen
atoms. The average bond lengths of K–OCH2CH2NMe2 for
1, 2, and 3 are normal and comparable to each other.

Synthesis and Characterization of Clusters 4 and 5

The next question to be addressed after we had obtained
the lanthanide–sodium and lanthanide–potassium alkoxide
clusters was whether we could synthesize the lanthanide–
potassium–sodium alkoxide clusters by the same strategy.
We attempted the reaction of YbCl3, KOCH2CH2N(CH3)2,
and NaOH in a molar ratio of 1:9:3 in THF at room tem-
perature and obtained the lanthanide–potassium–sodium
triheterometal alkoxide cluster [Yb2K10Na6(OCH2-
CH2NMe2)18(OH)4] (4). To evaluate the validity of the test,
the same reaction with YbCl3, KOCH2CH2N(CH3)2, and
NaOH in a different molar ratio of 1:9:4 went smoothly and
gave another lanthanide–potassium–sodium triheterometal
alkoxide cluster [Yb2K8Na8(OCH2CH2NMe2)18(OH)4] (5);
see Equation (2). These results validate that this strategy of
self-assembly with hydroxide as a driving force is credible.
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Clusters 4 and 5 are both soluble in THF and toluene
but not in hexane. The results of elemental analysis for 4
and 5 were identical to the calculated results, and induc-
tively coupled plasma (ICP) analysis indicated that the mo-
lar ratios of potassium metal to sodium metal were 5:3 and
1:1 for 4 and 5, respectively. The 1H NMR spectra of 4 and
5 showed a very broad shift range arising from paramagne-
tism. Clusters 4 and 5 were further characterized by X-ray
crystallography. The crystal structure diagrams with
CH2CH2NMe2 groups omitted for clarity are shown in Fig-
ures 2 and 3. Details of the crystallographic data are listed
in Table 1, and selected bond lengths and bond angles are
provided in Tables 4 and 5, respectively.

Figure 2. Molecular structure of 4 with CH2CH2NMe2 groups
omitted for clarity (atomic displacement parameters set at 30 %).

As shown in Figure 2, 4 is centrosymmetric and the over-
all structure contains two ytterbium metal centers, ten po-
tassium metal atoms, six sodium metal atoms, 18
OCH2CH2NMe2 groups, and four OH groups. All the
metal centers are connected by μ-O bridge bonds. Each yt-
terbium atom is coordinated by four oxygen atoms [O(1),
O(2), O(3), O(5)] from OCH2CH2NMe2 groups and two
[O(10), O(11)] from OH groups. The coordination geometry
around the lanthanide atom is best described as distorted
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Figure 3. Molecular structure of 5 with CH2CH2NMe2 groups
omitted for clarity (atomic displacement parameters set at 30%).

Table 4. Selected bond lengths [Å] and angles [°] for 4.

Atoms Distance Atoms Distance

Yb(1)–O(2) 2.159(4) Yb(1)–O(5) 2.194(4)
Yb(1)–O(3) 2.239(4) Yb(1)–O(1) 2.240(4)
Yb(1)–O(11) 2.242(3) Yb(1)–O(10) 2.246(4)

Atoms Angle Atoms Angle

O(2)–Yb(1)–O(3) 95.41(16) O(2)–Yb(1)–O(1) 93.28(16)
O(5)–Yb(1)–O(11) 177.77(13) O(3)–Yb(1)–O(10) 85.89(14)
O(1)–Yb(1)–O(10) 84.94(14)

Table 5. Selected bond lengths [Å] and angles [°] for 5.

Atoms Distance Atoms Distance

Yb(1)–O(2) 2.152(6) Yb(1)–O(7) 2.208(6)
Yb(1)–O(11) 2.247(6) Yb(1)–O(3) 2.249(5)
Yb(1)–O(1) 2.256(6) Yb(1)–O(10) 2.259(6)
Yb(2)–O(13) 2.160(6) Yb(2)–O(18) 2.185(6)
Yb(2)–O(12) 2.240(6) Yb(2)–O(21) 2.247(6)
Yb(2)–O(22) 2.248(6) Yb(2)–O(14) 2.264(6)

Atoms Angle Atoms Angle

O(7)–Yb(1)–O(1) 95.4(2) O(2)–Yb(1)–O(10) 174.7(2)
O(1)–Yb(1)–O(11) 87.2(2) O(7)–Yb(1)–O(3) 89.6(2)
O(11)–Yb(1)–O(3) 87.1(2)
O(18)–Yb(2)–O(12) 96.4(2) O(13)–Yb(2)–O(21) 176.2(2)
O(12)–Yb(2)–O(22) 87.4(2) O(18)–Yb(2)–O(14) 88.9(2)
O(22)–Yb(2)–O(14) 86.5(2)

octahedral geometry, in which O(1), O(2), O(3), and O(10)
can be considered to occupy equatorial positions with the
sum of angles around the lanthanide center of ΣO–Ln–O
being 359.5°. O(11) and O(5) occupy axial positions with
the O(5)–Ln–O(11) angle of 177.8°, which is slightly dis-
torted from the idealized value of 180°.

The Ln–OCH2CH2NMe2 bonds are of three types: Ln–
μ2-OCH2CH2NMe2, Ln–μ3-OCH2CH2NMe2, and Ln–μ4-
OCH2CH2NMe2. The average bond lengths of Ln–OCH2-
CH2NMe2 are 2.159(4) Å for Ln–μ2-OCH2CH2NMe2,
2.194(3) Å for Ln–μ3-OCH2CH2NMe2, and 2.242(4) Å for
Ln–μ4-OCH2CH2NMe2. The 0.08 Å increase for Ln–μ2-
OCH2CH2NMe2 and 0.05 Å increase for Ln–μ3-OCH2-
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CH2NMe2 in comparison with Ln–μ4-OCH2CH2NMe2 is
reasonable and has been observed in other alkoxide com-
plexes.[25]

As shown in Figure 3, 5 is composed of two ytterbium
metal atoms, eight potassium metal atoms, eight sodium
metal atoms, 18 OCH2CH2NMe2 groups, and four OH
groups. All the metal centers are connected by μ-O bridge
bonds. Each ytterbium atom is coordinated to four oxygen
atoms from OCH2CH2NMe2 groups [{O(1), O(2), O(3),
O(7)} for Yb1 and {O(12), O(13), O(14), O(18)} for Yb2]
and two oxygen atoms from OH groups [{O(10), O(11)} for
Yb1 and {O(21), O(22)} for Yb2] to form distorted octahe-
dra.

The Ln–OCH2CH2NMe2 bonds are of three types: Ln–
μ2-OCH2CH2NMe2, Ln–μ3-OCH2CH2NMe2, and Ln–μ4-
OCH2CH2NMe2. The average bond lengths of Ln–
OCH2CH2NMe2 are 2.173(4) Å for Ln–μ2-OCH2CH2-
NMe2, 2.185(3) Å for Ln–μ3-OCH2CH2NMe2, and
2.251(4) Å for Ln–μ4-OCH2CH2NMe2. The 0.08 Å increase
for Ln–μ2-OCH2CH2NMe2 and 0.06 Å increase for Ln–μ3-
OCH2CH2NMe2 in comparison with Ln–μ4-OCH2-
CH2NMe2 are reasonable, and we found that 4 and 5 are
homologous in the bond length of Ln–OCH2CH2NMe2.

However, there is a difference in the coordination envi-
ronments around the alkali metal centers between 4 and 5.
The coordination environment around the K ions of 4 can
be divided into four classes. K(1), K(1)A, K(4), and K(4)A
are six-coordinate distorted octahedra with five oxygen
atoms and one nitrogen atom, K(2) and K(2)A are seven-
coordinate with five oxygen atoms and two nitrogen atoms,
K(5) and K(5)A are six-coordinate with three oxygen atoms
and three nitrogen atoms, and K(3) and K(3)A are six-coor-
dinate with six oxygen atoms. All of the Na atoms in 4
are five-coordinate distorted trigonal bipyramids with four
oxygen atoms and one nitrogen atom. The coordination en-
vironment around the K ions of 5 can also be divided into
four classes. The K(1) and K(5) are six-coordinate with six
oxygen atoms, K(2) and K(6) are six-coordinate with three
oxygen atoms and three nitrogen atoms, K(3) and K(7) are
seven-coordinate with five oxygen atoms and two nitrogen
atoms, and K(4) and K(8) are six-coordinate with five oxy-
gen atoms and one nitrogen atom. The coordination envi-
ronment around the Na ions of 5 can be divided into two
classes. Na(1), Na(2), Na(3), Na(5), Na(6), and Na(7) are
five-coordinate with four oxygen atoms and one nitrogen
atom, whereas Na(4) and Na(8) are four-coordinate with
four oxygen atoms.

Catalytic Activity of Clusters 1–5 for Ring-Opening
Polymerization of ε-Caprolactone (ε-CL)

The ring-open polymerization of lactones has attracted
much interest because of their biological and mechanical
properties. Recently, we have reported that lanthanide–so-
dium biheterometal alkoxide clusters show much higher re-
activity than the related neutral complexes without alkali
metal ions for the ring opening polymerization of ε-
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CL.[18,22] It is important to understand whether the lantha-
nide–potassium biheterometal clusters and lanthanide–po-
tassium–sodium triheterometal clusters can be used as sin-
gle component catalysts and to study their catalytic behav-
ior in detail. We have tested the reactivity of 1–5 for the
ring-opening polymerization of ε-CL. The preliminary re-
sults are shown in Table 6. The data previously reported
for some other complexes, such as Nd(OCH2CH2NMe2)3,
KOCH2CH2NMe2, and Yb2Na8(OCH2CH2NMe2)12(OH)2

(6), are also included for comparison.

Table 6. Polymerization of ε-CL initiated by 1–6.[a]

Entry Init [M]/[I] Time Conv.[b] Mn Mw/Mn
[c]

[min] [%] (�104)

1 1 10000 1 100 5.23 1.78
2 1 15000 1 100 5.58 1.69
3 1 20000 1 100 5.89 1.75
4 2 10000 1 100 4.04 1.38
5 2 15000 1 86 5.72 1.46
6 3 10000 1 76 4.57 1.66
8 4 10000 1 100 8.28 1.84
9 4 15000 1 100 7.93 1.80
10 5 10000 1 100 8.37 1.82
11 5 15000 1 67 8.60 1.64
12 KOR[d] 200 60 0 0
13 Nd(OR)3

[d] 1500 60 0 0
14 6[e] 6000 1 75 3.9 1.56

[a] Conditions: [cat] = 0.01 mol/L, toluene as solvent, Vsol./Vmon. =
5:1. [b] Conv.: weight of polymer obtained/weight of monomer
used. [c] Measured by GPC calibrated with standard polystyrene
samples. [d] OR = OCH2CH2NMe2. [e] 6 = Yb2Na8(OCH2-
CH2NMe2)12(OH)2.

It can be seen that clusters 1–5 show extremely high ac-
tivity. Taking cluster 1 as an example, it can be seen that
the polymerization proceeded rapidly and was completed in
less than 1 min at ambient temperature when the molar ra-
tio of [CL] to [I] (where I indicates 1) is 15000:1. When the
molar ratio of [CL] to [I] increases to 20000:1, the polymeri-
zation still gives a yield as high as 100% under the same
conditions (Table 6, entries 1–3). The activity of 1 reaches
as high as 1.2 � 105 kg/mol h. To the best of our knowledge,
this is the highest activity for the polymerization of ε-
CL.[22,26] This is in striking contrast to the reactions with
K(OCH2CH2NMe2) or Nd(OCH2CH2NMe2)3. In both
cases no reaction was observed under the same conditions
(Table 6, entries 12 and 13), although Y(OCH2CH2NMe2)3

has been reported to be efficient initiator for the polymeri-
zation.[27] For clusters 1–3, we found the reactivity de-
pended profoundly on the lanthanide metal present. For ex-
ample, when the molar ratio of [CL] to [I] was 10000, the
conversion was as high as 100% for 2 but only 76 % for 3
(Table 6, entries 1, 4, and 6). The activity sequence of
Yb �Pr ≈ Nd observed here is consistent with the increase
in the ionic radius, which is similar to those found in poly-
merization systems with neutral lanthanide phenoxide and
lanthanocene-based catalysts.[28,29]

To further understand the effect of the alkali metal on
the catalytic activity, we compared the activity of [Yb4-
K20(OCH2CH2NMe2)26(OH)6] (3), [Yb2K10Na6(OCH2-
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CH2NMe2)18(OH)4] (4), [Yb2K8Na8(OCH2CH2NMe2)18-
(OH)4] (5), and Yb2Na8(OCH2CH2NMe2)12(OH)2 (6),
which all contain the same central metal, Yb. These clusters
all showed an unexpectedly high activity. Such high activi-
ties for these heterometal clusters may be attributed to the
cooperation of lanthanide and alkali metal centers, which
results from the concomitant coordination of the monomer
to both metal atoms.[22,30] Therefore, the catalytic activity
of these clusters increases with the increase of the molar
ratio of alkali metal to lanthanide metal. For example, the
activity sequence of 6� 3�5 is consistent with the increase
of the molar ratio of the alkali metal to the lanthanide
metal (6 [4:1] �3 [5:1]� 5 [8:1]) (Table 6, entries 6, 8, and
14). For the same molar ratio of the alkali metal to lantha-
nide metal, we found that the catalytic activity is still de-
pendent on the molar ratio of potassium to sodium. The
activity sequence of 5 �4 is attributed to the molar ratio of
potassium to sodium, 1:1 for 5 and less than 5:3 for 4, as
the molar ratio of alkali metal to lanthanide metal in both
4 and 5 is 8:1 (Table 6, entries 9 and 11). Cluster 4 has the
best catalytic activity due to the higher coordination ac-
tivity of potassium to the ε-CL monomer than sodium.[31]

The catalytic activity was enhanced with the increase of the
molar ratio of potassium to sodium, where the ratio of al-
kali metal to lanthanide metal is same. In addition, all the
gel permeation chromatography (GPC) curves of the poly-
mers obtained with clusters 1–5 were unimodal with rela-
tively narrow molecular weight distributions (Mw/Mn in the
range of 1.38–1.84, Table 6). The molecular weights of the
resulting polymers were lower than those expected from the
monomer-to-cluster ratio, suggesting that transfer reactions
may take place in the system. These results clearly indicate
that the heterometal clusters 1–5 could be used as single-
component catalysts.

Conclusions

In summary, we have successfully synthesized and struc-
turally characterized a series of biheterometal clusters
[Ln4K20(OCH2CH2NMe2)26(OH)6] [Ln = Nd (1), Pr (2),
Yb (3)] and triheterometal clusters [Yb2K10Na6(OCH2-
CH2NMe2)18(OH)4](4)and[Yb2K8Na8(OCH2CH2NMe2)18-
(OH)4] (5) in high yields. These heterometal alkoxide clus-
ters 1–5 were found to be efficient catalysts for the ring-
opening polymerization of ε-CL as single-component cata-
lysts. All the polymers obtained showed unimodal GPC
curves with relatively narrow molecular weight distribu-
tions. The catalytic activity of these clusters increases with
the increase of the molar ratio of alkali metal to lanthanide
metal. For the same molar ratio, we found the catalytic ac-
tivity of these clusters is dependent on the type and molar
ratio of the alkali metal centers. The higher the molar ratio
of potassium metal to sodium metal, the higher the catalytic
activity. A further study on the synthesis of the lanthanide–
alkali metal alkoxide clusters and their catalytic activity in
the homogeneous catalysis is ongoing in our laboratory.
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Experimental Section
General Procedures: All manipulations were performed under ar-
gon, using standard Schlenk techniques. THF and toluene were
distilled from sodium benzophenone ketyl before use. ε-CL was
purchased from Acros, dried with CaH2 for 48 h, and distilled un-
der reduced pressure. Lanthanide metal analyses were carried out
by EDTA titration with an xylenol orange indicator and a hex-
amine buffer. Carbon and hydrogen analyses were performed by
direct combustion with a Carlo–Erba EA-1110 instrument. Alkali
metal analyses were performed with IRIS Intrepid II ICP-OES
equipment. IR spectra were recorded with a Nicolet-550 FT-IR
spectrometer from KBr pellets. Melting points of the clusters were
measured in sealed capillaries and are uncorrected. 1H NMR spec-
tra were measured with a Unity Inova-400 spectrometer in deutered
benzene (C6D6) at 25°C. Molecular weights and molecular weight
distributions were determined against polystyrene standards by
GPC at 40 °C with a Water 1515 apparatus with three HR columns
(HR-1, HR-2, and HR-4) and an ultraviolet visible detector using
THF as the eluent.

Synthesis of [Nd4K20(OCH2CH2NMe2)26(OH)6] (1): A Schlenk
flask was charged with K (0.62 g, 16 mmol), THF (35 mL), and a
stirrer bar. To this solution was added HOCH2CH2NMe2 (1.3 mL,
13 mmol) and the reaction immediately gave H2 and
KOCH2CH2NMe2. After 24 h, a pale-gray slurry of NdCl3 (0.50 g,
2 mmol) in THF (15 mL) was added. The solution was stirred for
2 h at room temperature before KOH (0.17 g, 3 mmol) was added.
The resulting solution was stirred for another 48 h before the sol-
vents were removed under vacuum. The residue was extracted into
toluene and KCl was removed by centrifugation. After the extract-
ants were concentrated, light blue crystals of 1 were obtained at
room temperature after several days; yield 1.19 g (62% based
on Nd); m.p. 228–231 °C (dec.). C104H266K20N26Nd4O32

(3832.51 gmol–1): calcd. C 33.29, H 7.15, N 9.71, Nd 15.38; found
C 33.26, H 7.45, N 9.36, Nd 15.30. IR (KBr pellet): ν̃ = 3420 (s),
2952 (m), 2865 (w), 2829 (m), 2784 (m), 2538 (w), 1655 (s), 1458
(s), 1396 (s), 1300 (m), 1238 (m), 1158 (m), 1087 (w), 1038 (m), 947
(w), 876 (w), 776 (m), 638 (w), 504 (m).

Synthesis of [Pr4K20(OCH2CH2NMe2)26(OH)6] (2): Using the same
procedure as described above for 1, colorless crystals of 2 were
prepared from PrCl3 (0.49 g, 2 mmol), KOCH2CH2NMe2, and
KOH; yield 1.02 g (53% based on Pr); m.p. 227–232 °C (dec.).
C104H266K20N26O32Pr4 (3831.20 gmol–1): calcd. C 33.41, H 7.17, N
9.74, Pr 15.07; found C 33.24, H 7.31, N 9.66, Pr 15.00. IR (KBr
pellet): ν̃ = 3380 (s), 1636 (m), 1389 (s), 1245 (s), 1158 (s), 1058
(w), 880 (m), 633 (m), 556 (m), 502 (s) cm–1.

Synthesis of [Yb4K20(OCH2CH2NMe2)26(OH)6] (3): Using the same
procedure as described above for 1, colorless crystals of 3 were
prepared from YbCl3 (0.56 g, 2 mmol), KOCH2CH2NMe2, and
KOH; yield 1.29 g (65% based on Yb); m.p. 220–224 °C (dec.).
C104H266K20N26O32Yb4 (3959.72 gmol–1): calcd. C 32.30, H 6.93,
N 9.42, Yb 17.90; found C 32.43, H 6.94, N 9.44, Yb 17.88. IR
(KBr pellet): ν̃ = 3433 (s), 2954 (m), 2865 (w), 2829 (m), 2784 (m),
1655 (s), 1458 (m), 1397 (s), 1301 (s), 1240 (s), 1157 (s), 1093 (m),
1038 (m), 948 (w), 876 (w), 778 (w), 639 (m), 555 (w), 504 (m).

Synthesis of [Yb2K10Na6(OCH2CH2NMe2)18(OH)4] (4): A Schlenk
flask was charged with K (0.82 g, 21 mmol), THF (40 mL), and a
stirrer bar. To this solution was added HOCH2CH2NMe2 (1.8 mL,
18 mmol), and the reaction immediately gave H2 and
KOCH2CH2NMe2. After 24 h, a pale-gray slurry of YbCl3 (0.56 g,
2 mmol) in THF (15 mL) was added. The solution was stirred for
2 h at room temperature before NaOH (0.24 g, 6 mmol) was added.
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The resulting solution was stirred for a further 48 h and the sol-
vents were removed under vacuum. The residue was extracted into
toluene and NaCl and KCl were removed by centrifugation. After
the extractants were concentrated, colorless crystals of 4 were ob-
tained at room temperature after several days; yield 1.30 g (48%
based on Yb); m.p. 199–202 °C (dec.). C86H200K10N18Na6O22Yb2

(2713.66 g mol–1): calcd. C 38.06, H 7.43, N 9.29, Yb 12.25; found
C 37.24, H 7.35, N 9.07, Yb 12.17. IR (KBr pellet): ν̃ = 3326 (s),
1598 (m), 1551 (m), 1389 (s), 1243 (m), 1165 (m), 1088 (w), 1042
(s), 880 (m), 671 (s), 509 (m).

Synthesis of [Yb2K8Na8(OCH2CH2NMe2)18(OH)4] (5): Using the
same procedure as described above for 4, colorless crystals of 5
were prepared from YbCl3 (0.56 g, 2 mmol), KOCH2CH2NMe2

(18 mmol), and NaOH (0.32 g, 8 mmol); yield 0.99 g (39% based
on Yb); m.p. 204–206 °C (dec.). C75H191K8N18Na8O22Yb2

(2540.26 gmol–1): calcd. C 35.46, H 7.58, N 9.93, Yb 13.62; found
C 34.77, H 7.52, N 9.47, Yb 13.57. IR (KBr pellet): ν̃ = 3307 (s),
1598 (s), 1532 (m), 1408 (s), 1337 (s), 1165 (w), 1082 (m), 1042 (w),
873 (m), 778 (m), 682 (s), 510 (m) cm–1.

X-ray Structural Determination: Suitable single crystals of 1, 2, 3,
4, and 5 were sealed in thin-walled glass capillaries. Intensity data
were collected with a Rigaku Mercury CCD area detector in ω
scan mode using Mo-Kα radiation (λ = 0.71070 Å). The diffracted
intensities were corrected for Lorentz polarization effects and em-
pirical absorption corrections. Details of the intensity data collec-
tion and crystal data are given in Table 1. The structures were
solved by direct methods and refined by full-matrix least-squares
procedures based on |F|2. All non-hydrogen atoms were refined an-
isotropically. The hydrogen atoms were all generated geometrically
(C–H bond lengths fixed at 0.95 Å), assigned appropriate isotropic
thermal parameters, and allowed to ride on their parent carbon
atoms. All hydrogen atoms were held stationary and included in
the structure factor calculation in the final stage of full-matrix le-
ast-squares refinement. The structures were solved and refined by
using the SHELXL-97 program.[32]

CCDC-784297 (for 1), -784298 (for 2), -784299 (for 3), -784300 (for
4), and -784301 (for 5) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Typical Polymerization Procedure: All polymerizations were carried
out in a 50 mL Schlenk flask under a dry Ar atmosphere. A typical
polymerization reaction is given below. A 50 mL Schlenk flask
equipped with a magnetic stirrer bar was charged with a solution
of ε-CL (1 mL) in toluene (9.91 mL). To this solution was added a
solution of 1 (0.09 mL) in toluene (1.0�10–2 m) using a rubber
septum and syringe. The contents of the flask were vigorously
stirred for 1 min at 25 °C. The polymerization was quenched by the
addition of ethanol with 5% HCl. The precipitated product was
washed with ethanol three times and dried in vacuo at room tem-
perature overnight. The polymer yield was determined gravimetri-
cally.
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