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Novel mixed-metal alkoxide clusters of lanthanide and sodium
[Ln,Nag(OCH,CH,NMe,)12(OH),], which were synthesized in re-
producible high yields and structurally characterized, were found
to be extremely active catalysts for the ring-opening polymerization
of e-caprolactone and trimethylene carbonate.

of alkoxide clusters has proven to be complicated, with the
reaction products depending not only upon the stoichiom-
etries of the reagerftbut also upon those of the central metal
ionso.7o

The formation of mixed-metal clusters with unique chemi-
cal or physical properties might be one of the most interesting
topics in lanthanide alkoxide cluster chemistry because these

Inorganic clusters continue to attract considerable attentionclusters are of interest for exploring lanthanide-doped materi-

because they are not only the precursors for the-gel
technology but also useful tools for understanding the size-
dependent physical properties of electronic matetial&kox-

ide ligands, because their electronic and steric environment

can easily be modified, are ideal for cluster design/stabiliza-
tion involving the large oxophilic lanthanide metal iohs.
Numerous structurally characterized lanthanide alkoxide
clusters have been reported by chloritfed, oxo-/<>¢ and
hydroxd®"driven formation. However, the rational synthesis

of clusters is still a steady challenge because the chemistry
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of mixed-metal alkoxide clusters of lanthanide and alkali
metals is relatively limitedé4c¢.6a810

Here we report the synthesis of a novel mixed-metal
alkoxide cluster of lanthanide and sodium jNag(OCH,-
CH:NMe,)15(OH),] using hydroxo-driven formation. The
new synthetic strategy presented here is to use a definite
amount of sodium hydroxide as the hydroxo driving force.
The method has proven to provide the products in reproduc-
ible high yields and to be available to the lanthanide metals
from light to heavy. Moreover, the clusters were found to
be extremely active catalysts for the polymerization of
e-caprolactone-CL) and trimethylene carbonate (TMC).

The metathesis reaction of anhydrous Ng@ith 3 equiv
of Na(OCHCH,NMe;,) in tetrahydrofuran (THF) at room
temperature gave the cluster [Mbg(OCH,CHNMey)12-
(OH);] (1) as blue crystals in less than 2% yield, which was
characterized by conventional techniques and single-crystal
X-ray diffraction (Scheme 1).

Scheme 1

3NaOCHCH,NMe, + NdCl, —

Figure 1. (a) Molecular structures df, 2, and4. (b) ORTEP diagram of
[NdzNag{ (OCH,CH,NMey)},(OH),] 1, 2, and4 with all of the CHCH,NMe; groups omitted for clarity (atomic

displacement parameters set at the 30% level). Selected bond distances (A)
Yield = 2% and angles (deg):1, Nd1-04 2.2779(18), NdtO3A 2.2935(19),
Nd1—-02A 2.3635(18), Nd+O1 2.3717(18), O4Nd1-03A 116.23(7),
The hydroxo groups in the product are likely to be gZAl*gg}\*gézé?g)-GZS(G);}bergl;?;g-Zé%sé), fn&?/ié%gé(l%)),
H H H ml— . y m . y ml— . y
introduced as a contaminant in the Na(OLHNMe,) 02A—Sm1-O1 165.04(11)4, Hol-O4 2.181(3), HoLO3A 2.198(3),
reagent used. Therefore, the shortage of both NaOH andHo1-02a 2.274(3), Ho+O1 2.282(3), O4Hol-03A 110.46(13),

Na(OCHCH,NMe,) might be considered to be the reason 02A—Ho01-01 167.96(11).

for the low yiqld. Really, the yield of clust_el can be layer. The central core, |.Na;Os, has been capped on two
Irzggijovrﬁ%rﬁ))rl])&daedrgibr:y freon;iizr; tNanJS:/Oa;mﬁe;i Zggﬁ%:; opposite sides by N&; units. Each lanthanide ion is
3 eq)Ljiv of Ng(OCHCgHzNI\SI]ez) to the reaction mixture coordinated to two OCH,CHNMe groups, t-thz-O-CHZ-
Sch 2 To testitv to th liditv of thi h th CH,NMe; groups, and tvv_gue-OH groups, forming a distorted
(Scheme 2). o tes ify to € validity of this approach, the€ ,ctanedron. Such persistence suggested that the structure
analogous reactions of Lngkith 6 equiv of Na(OCHCH,- framework here is particularly stable.
NMe,) and 1 equiv of NaOH were conducted, and the The average bond lengths of -OCH,CH,NMe; [2.286-
corresponding lanthanidesodium clusters [LsNag(OCH,- (18) A for 1, 2.252(3) A for2, and 2.190(3) A ford] and
CHNMez)1o(OH)] [Ln = Sm @), Y (3), Ho @] were | oCH,CH,NMe, [2.368(18) A for1, 2.333(3) A for
successfully isolated in high yields (Scheme 2). 2, and 2.278(3) A for4] are comparable with each other
Scheme 2 V|-\|/hen the diffderendce_?rin t(;](e)gi;o,&nif radiifamﬁg_%ggéé_rr, and
o are considered. The 0. arger for -
6NaOCHCH;NMe, + LnCl; + NaOH— NMe; in comparison with that of Lpe,-OCH,CH,NMe; is
0.5[Ln,Nag{ (OCH,CH,NMe,)} ,5(OH),] + 3NaCl reasonable, and it is also observed in other alkoxide clus-
ters® The coordination environment around sodium ions can
Ln = Nd (I, 73%), Sm g 79%), Y 3,76%), Ho @ 65%) be divided into two classes. Na(1), Na(1)A, Na(3), and
Single-crystal X-ray analyses fdr 2, and4 established Na(3)A are six-coordinated in a distorted octahe_dron with
that all clusters have the same structural motif. Figure 1 four Oxygen atoms and two nitrogen atoms, while Na(2),
shows the molecular structures2, and4, and the figure ~ Na(2)A, Na(4), and Na(4)A are five-coordinated in a
caption gives the list of significant bond lengths and angles. distorted trigonal bipyramid with four oxygen atoms and one
As shown in Figure 1, each cluster contains 2 lanthanide Nitrogen atom.. _
metals, 8 sodium metals, and 12 OKHH,NMe, groups in The catalytic activity of these c_Iusters for the pqumen-
addition to 2 OH groups. All of the metals are connected 2&tion ofe-CL and TMC was examined, and the preliminary
together by twoue-OH groups. A double-cubane frame- esults are summarized in Table 1. .
work as a central core is constructed by two lanthanide ions, All Of the clusters are extremely active catalysts. Taking
four sodium ions, and six oxygen atoms with one face of a clusterl as an example, the polymerization proceeded rapidly

Ln,Na,O, cubane cluster capped by an additional,Gta and was cqmpleted in less than 1 min at_°2_Deven when
15 000 equiv o&-CL was charged. The activity dfreaches

(10) Schumann, H.; et akZ. Naturforsch. B: Chem. Scl991, 46, 896. as high as 1.03 1 kg/mol-h. To our best knowledge,
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Table 1. Polymerization ofe-CL and TMC Initiated byl—42

My b con M, activity
entry init (mole ratio) (%) (x10% PDI (kg/mokh)
1 1 8000 100 8.1 147 5.4% 10
2 1 10000 100 85 152 6.84 10
3 1 15000 100 9.0 158 1.081C°
4 1 8000 20 21 177
5 1 10 000+ 10 000 100 17.9 1.42
6 2 8000 77 3.1 156 4.2%10*
7 2 6000 100 40 161
8 3 6000 18
9 3 3000 100 48 157 2.0510
10 4 3000 83 47 155 1.78 10
119 NaOR 200 0
129 Nd(OR) 1500 0
13 6000 96 35 174 35310
41 8000 94 44 179 4.6% 10
15 1 6000 62 26 204

aConditions: [I]= 0.01 mol/L, toluene as the solvent, 1 min, 20.
b [M]/[I] (mole ratio): number of moles of monomer/number of moles of
cluster ([I] represents [cluster]j.Conv %: weight of polymer obtained/
weight of monomer used.Measured by GPC calibrated with standard
polystyrene sample§.THF as the solvenf.Polymerization of 10 000 equiv
of e-CL in toluene at 20°C for 1 min followed by the addition of 10 000
equiv ofe-CL for another 1 min¢ Time = 60 min, OR= OCH,CH;NMex.
h Conditions: monome+= TMC, [I] = 0.01 mol/L, toluene as the solvent,
time = 1 min, temperature= 20°C, [TMC] = 1 mol/L. ' THF as the solvent.

this is the highest activity for the polymerization eiCL
ever found in the literaturg. This is in striking contrast with
the reaction of either Na(OGBH,NMe;,) or Nd(OCHCH,-

NMe,)s. In both cases, no reactions were observed under
the same conditions (Table 1, entries 11 and 12), although

Y(OCH,CH,NMe,)3 was reported to be an efficient initiator
for this polymerizatiort? All of the gel permeation chro-

matography (GPC) curves of the resulting polymers are

unimodal with relatively narrow molecular weight distribu-
tions Mw/M, around 1.5), although the molecular weights

of the resulting polymers are lower than those expected from
the monomer-to-cluster ratio, suggesting that transfer reac-
tions may take place. The results clearly indicate that the
heterometallic cluster was really used as a single-componen
catalyst here. The polymerization system was still active even
after complete consumption of the substrate. For example,

cluster1 produced a polymer in 100% yield within 1 min
when the second 10 000 equiv efCL was added to a
completed polymerization solution efCL (10 000 equiv)
(Table 1, entries 2 and 5). The molecular weight of the
polymer obtained was about twice that obtained from the
initial polymerization solution, and the molecular weight
distribution remained almost unchanged (Figure 2). More-
over, the activity of the clusters depended profoundly on
lanthanide metalg} < 3 < 2 < 1 (Table 1). Such an “ionic
radius effect” on the catalytic activity was also observed
previously in the lanthanide-catalyzedL polymerizationt3
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Figure 2. GPC curves of PCL (a) before and (b) after chain extension:
(@) [M)/[1] = 10 000; (b) [M)/[1] = 10 000+ 10 000.

A strong solvent dependence of the polymerization was
also observed. Both the yield and the molecular weight of
the resulting polymer in toluene are much higher than those
obtained in THF (Table 1, runs 1 and 4). In addition, cluster
1 is also an extremely active catalyst for the ring-opening
polymerization of TMC. Almost complete conversion of the
monomer into PTMC was achieved within 1 min at 20
for a monomer-to-cluster ratio of up to 8000. The effect of
the solvent on the polymerization is the same as that found
in the case ot-CL; the polymerization in toluene is better
than that in THF for the polymer yield and the molecular
weight of the resulting polymer (Table 1, entries 13 and 15).
Such a high activity for the mixed-metal cluster may
reasonably be attributed to the cooperation of lanthanide and
sodium metals resulting from the coordination of monomer
to both metals concomitantly. In order to elucidate the
polymerization mechanism, an oligomer ©fCL was pro-
duced by the oligomerization efCL with a [e-CL]/[cluster]
of 30 and terminated by isopropyl alcohol. THd NMR
spectroscopy of the oligomer revealed the presence of an
end group of OCKLCH,NMe; at 2.36, 2.92, and 4.18 ppm,
which indicates that the acybxygen bond cleavage and the
coordination-insertion mechanism should be supported. This
result, together with the dependence of activity on the
lanthanide metal, provides support for the suggestion that

th—OR bonds may be the active species.

In summary, some novel mixed-metal alkoxide clusters
of lanthanide and sodium were synthesized in reproducible
high yields by a new synthetic strategy, which is available
to the lanthanide metals from light to heavy. These mixed-
metal clusters were found to be extremely active single-
component catalysts for the ring-opening polymerization of
€-CL and TMC. These results indicated that the mixed-metal
clusters might have great potential in the homogeneous
catalysis as single-component catalysts.
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