
pubs.acs.org/Macromolecules Published on Web 10/22/2010 r 2010 American Chemical Society

9328 Macromolecules 2010, 43, 9328–9336

DOI: 10.1021/ma101901y

Polymerization of Naturally Renewable Methylene Butyrolactones
by Half-Sandwich Indenyl Rare Earth Metal Dialkyls with
Exceptional Activity

Yangjian Hu,† Xin Xu,‡ Yuetao Zhang,† Yaofeng Chen,*,‡ and Eugene Y.-X. Chen*,†

†Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523-1872, United States , and
‡State Key Laboratory of Organometallic Chemistry, Shanghai Institute of Organic Chemistry, Chinese
Academy of Sciences, 354 Fenglin Road, Shanghai 200032, PRC

Received August 18, 2010; Revised Manuscript Received September 25, 2010

ABSTRACT: Four discrete half-sandwich dialkyl rare earth metal (REM) complexes incorporating a
disilylated indenyl ligand, (1,3-(SiMe3)2C9H5)M(CH2SiMe3)2(THF) (M = Sc, Y, Dy, Lu), have been
investigated for the coordination-addition polymerization of naturally renewable methylene butyrolac-
tones, R-methylene-γ-butyrolactone (MBL) and γ-methyl-R-methylene-γ-butyrolactone (MMBL). Initial
screening for the polymerization of methyl methacrylate highlighted several differences in catalytic behavior
between these half-sandwich REM catalysts and well-studied sandwich REM catalysts in terms of reactivity
trend, polymer tacticity, and solvent dependence. Most significantly, all four catalysts herein exhibit
exceptional activity for polymerization of MMBL in DMF, achieving quantitative monomer conversion
in <1 min with a 0.20 mol % catalyst loading and giving a high turnover frequency of >30 000 h-1. Slower
polymerizations occur in CH2Cl2, allowing for establishment of the activity trend within this REM series,
which follows: Dy (largest ion)gY>Lu> Sc (smallest ion). The most active and effective Dy catalyst has
been examined in detail, demonstrating its ability to control the polymerization for producing PMMBLwith
high Tg (221 �C) and with molecular weight ranging from a medium Mn of 1.89 � 104 Da to a high Mn of
1.63 � 105 Da, programmed by the [MMBL]/[Dy] ratio. Kinetic experiments have revealed a first-order
dependence on [monomer] and a second-order dependence on [REM]. These kinetic results, coupled to
catalyst efficiencies, NMR studies, as well as with chain-end group analysis byMALDI-TOFmass spectrom-
etry, have yielded a chain initiation mechanism that involves both alkyl groups on each metal center and a
bimolecular chain propagation that involves two metal centers in the rate-limiting C-C bond forming step.
The Dy catalyst response to enolizable organo acids, externally added as chain-transfer agents, has also been
examined.

Introduction

Typically employed in their neutral forms, rare earth metal
(REM) catalysts for the coordination-addition polymerization
of conjugate polar vinylmonomers offer twounique features over
the more extensively investigated isoelectronic, cationic early
transition-metal (group 4 in particular) catalysts: they require no
cocatalysts and thus display no counteranion or ion-pairing
effects on polymerization activity and stereochemistry.1 The
scope of polar vinyl monomers readily polymerizable by REM
catalysts, especially bis(η5-cyclopentadienyl) and related sandwich
lanthanocene catalysts that often exhibit high polymerization
activity and control,2 has included methacrylates, in particular
methyl methacrylate (MMA), acrylates, acrylamides, and acrylo-
nitrile.1 Compared with the prototypical sandwich REM cata-
lysts, half-sandwich REM catalysts, despite their remarkable
versatility demonstrated in the polymerization and copolymeri-
zation of olefins, especially styrene and isoprene, leading to a
series of new polymeric materials,3 have been studied to a much
less extent for polymerization of polar vinyl monomers.1 Notably,
Yasuda and coworkers investigated theMMApolymerization by
Cp*La[CH(SiMe3)2]2(THF) in toluene at various temperatures
and found that at -78 �C the resulting PMMA syndiotacticity
was high (91% rr), but the activity, measured by turnover

frequency (TOF = mol of substrate (monomer) consumed per
mol catalyst (initiator) per h) and catalyst (or initiator) efficiency
(I* = Mn(calcd)/Mn(exptl)) were low, with TOF = 3 h-1 and
I* = ∼4%.4 Upon increasing the reaction temperature to 0 and
25 �C, the activity drastically increased to 100 and 200 h-1 TOF,
but the syndiotacticity dropped to 80 and 74% rr, respectively.
Several other research groups have also reported the use of REM
complexes incorporating half-sandwich-type ligands for polym-
erization of polar vinyl monomers, including linked Cp-amido
ligands for acrylate and acrylonitrile polymerization by Okuda,5

linked Cp-amino ligands for MMA polymerization by Cui,6

linked fluorenyl-amido ligands for MMA polymerization by
Carpentier,7 boron-bridged indenyl-carboranyl ligands for MMA
polymerization by Xie,8 and nonlinked Cp-β-diketiminate
ligands for MMA polymerization by Shen9 and Schuchardt.10

However, frompolymerization control and syndiospecificity points
of view, none of the above systems rivals the simple Cp*-based
system reported by Yasuda.4

As petroleum resources continue to be depleted, there exists an
imminent challenge of gradually replacing existing petroleum-
based polymeric materials with those derived from naturally
occurring, renewable resources in a technologically and econom-
ically competitive fashion.11 In this context, naturally renewable
methylene butyrolactone monomers, such as R-methylene-γ-
butyrolactone (MBL) and γ-methyl-R-methylene-γ-butyrolactone
(MMBL), are of particular interest in exploring the prospects of
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substituting the petroleum-based methacrylate monomers for
specialty chemicals production.12MBL, or tulipalin A, is a natural
substance found in tulips, and the MBL ring is an integral build-
ing block ofmany (∼10%known) natural products,13whereas its
γ-methyl derivative, MMBL, is readily prepared via a two-step
process from the cellulosic biomass-derived levulinic acid.14 As
the cyclic analog ofMMA,MBLexhibits greater reactivity in free
radical polymerization15 thanMMA, attributable to the presence
of both the nearly planar five-membered lactone ring (which
provides a high degree of resonance stabilization for the active
radical species) and the higher energy exocyclic CdC double
bond (as a result of the ring strain and the fixed s-cis conforma-
tion)16 (Scheme 1). The cyclic ring in MBL also imparts signif-
icant enhancements in the materials properties of the resulting
PMBL due to the conformational rigidity of the polymer chain
through incorporationof the butyrolactonemoiety. For example,
the glass-transition temperature (Tg) of PMBL produced by the
radical polymerization is 195 �C,17 which is ∼90 �C higher than
that of atactic PMMA. Additionally, compared with PMMA,
PMBL exhibits increased optical properties as well as resistance
to solvent, heat, and scratch.18

Polymerization of MBL has been investigated predominately
using various free-radical polymerization mechanisms,15-17,19

but several other types of mechanisms, including group-transfer
polymerization,20 anionic polymerization,17 and coordination
polymerization by metallocene complexes,21 have also been ex-
plored.MBL has been copolymerized with various comonomers15

such as MMA,22 styrene,19c,23 methoxystyrene,24 and vinyl thio-
phenes.25 In comparison, the polymerization ofMMBL has been
studied to a much lesser extent. Nevertheless, MMBL has also
been free radically copolymerized with styrene and MMA,26

polymerized by free-radical emulsion polymerization27,28 as well
as polymerized by free-radical, anionic, and group-transfer poly-
merization methods, which required long reaction times (2 to
44 h), often at low temperatures, achieving low to high but never
complete conversions with unknown polymerization and poly-
mer molecular weight (MW) characteristics.29 Most recently, we
found that the coordination polymerization ofMBL andMMBL
in DMF by the divalent Cp*2Sm(THF)2 catalyst is fast (TOF ≈
3000 h-1), efficient (I* approaching 100%), and controlled,
leading to PMBL and PMMBL with relatively narrow MW
distributions (MWDs) as well as their diblock copolymers with
MMA or with each other.21 We also recently reported the high-
speed and living polymerization of MBL and MMBL by a bi-
functional silicon catalyst system consisting of both the nucleo-
philic silyl ketene acetal initiating moiety and the electrophilic
silylium R3Si

þ catalyst.30 Atactic PMMBL produced exhibits a
Tg of 225 �C, representing aTg enhancement of∼120 �C over the
Tg of the typical atactic PMMA.

In light of the above overviewed remarkable activity and
control demonstrated by metal and metalloid catalysts for the
polymerization of renewable (M)MBL, especially by sandwich
lanthanocene catalysts, we were intrigued by the prospects of
half-sandwich REM catalysts for (M)MBL polymerization for
two reasons: (a) they have not been examined for this type of
polymerization and (b) they have shown some unique catalytic
behavior in polymerization of other monomers, particularly
olefins andMMA(vide supra). Accordingly, the central objective
of this study was to examine the characteristics of (M)MBL
polymerizations using the following discrete half-sandwich REM
dialkyl catalysts incorporating the disilylated indenyl ligand
(Scheme 1): (1,3-(SiMe3)2C9H5)M(CH2SiMe3)2(THF) (M= Sc,31

Y,32 Dy,32 Lu32).

Experimental Section

Materials and Methods. All syntheses and manipulations of
air- and moisture-sensitive materials were carried out in flamed
Schlenk-type glassware on a dual-manifold Schlenk line, a high-
vacuum line, or in an argon or nitrogen-filled glovebox. HPLC-
grade organic solvents were sparged extensively with nitrogen
during filling of the solvent reservoir and then dried by passage
through activated alumina (for Et2O, THF, and CH2Cl2),
followed by passage through Q-5-supported copper catalyst
(for toluene and hexanes) stainless steel columns. HPLC-grade
DMFwas degassed and dried over CaH2 overnight, followed by
vacuum transfer (no distillation). NMR solvents CDCl3 and
DMSO-d6 were dried over activated Davison 4 Å molecular
sieves, and NMR spectra were recorded on a Varian Inova 300
(FT 300 MHz, 1H; 75 MHz, 13C), a Varian Inova 400 MHz, or
an Inova 500MHz spectrometer. Chemical shifts for 1H and 13C
spectra were referenced to internal solvent resonances and are
reported as parts per million relative to tetramethylsilane.

Monomers MBL and MMBL were purchased from TCI
America, whereas MMA, 3-methyl-2-butanone (MBO), and
methyl isobutyrate (MIB) were purchased from Aldrich. These
chemicals were degassed and dried over CaH2 overnight, fol-
lowed by vacuum distillation, while MMA was further purified
by titration with neat tri(n-octyl)aluminum (StremChemical) to
a yellow end point,33 followed by vacuum distillation. Butylated
hydroxytoluene (BHT-H, 2,6-di-tert-butyl-4-methylphenol) was
purchased from Aldrich and was recrystallized from hexanes
prior to use. Activator [Ph3C][B(C6F5)4] (TPB)

34 was obtained
as a research gift from Boulder Scientific and used as received.
Literature procedures were employed to prepare the following
compounds: (1,3-(SiMe3)2C9H5)M(CH2SiMe3)2(THF) (M=Sc,31

Y,32 Dy,32 Lu32), [(1,3-(SiMe3)2C9H5)Sc(CH2SiMe3)(THF)x]
þ-

[B(C6F5)4]
-,31 and trityl[tris(tetrachlorobenzenediolato) phos-

phate(V)] [Ph3C][rac-TRISPHAT] (TTP).35

General Polymerization Procedures. Polymerizations were
performed either in 25mL flame-dried Schlenk flasks interfaced
to the dual-manifold Schlenk line for runs using external
temperature bath or in 30 mL glass reactors inside the glovebox
for ambient temperature (ca. 25 �C) runs. In a typical polymer-
ization procedure, a predetermined amount of REM catalyst
(11.7 μmol for runs with a [MMA]/[catalyst] ratio of 400 or
10.2 μmol for runs with a [MMBL]/[catalyst] ratio of 400) was
dissolved in a solvent (4.5 mL of toluene or 3.0 mL of DCM,
DMF and THF). With vigorous stirring, monomer (MMA,
0.50 mL, 4.68 mmol; MBL, 0.33 mL, 3.77 mmol; or MMBL,
0.44 mL, 4.08 mmol) was quickly added to the above catalyst
solution via syringe to start the polymerization. For polymer-
izations by the in situ generated cationic Sc catalyst, the neutral
Sc complex and the trityl activator, TPB or TTP, was premixed
in toluene for 10min before addition ofmonomer. For polymer-
izations with an added chain-transfer agent (CTA), the mono-
mer and CTA were premixed before the mixture was added to
the catalyst solution. For (M)MBL polymerizations in DMF,
THF, and DCM, toluene (289 μL, 2.72 mmol) was added as an

Scheme 1. Renewable Methylene Butyrolactone Monomers (M)MBL
and Polymers P(M)MBL versus MMA and PMMA As Well As

Structures of Half-Sandwich REM Dialkyl Catalysts
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internal standard to the reaction mixture. After the measured
time interval, a 0.2 mL aliquot was taken from the reaction
mixture via syringe and quickly quenched into a 4 mL vial
containing 0.6 mL of undried “wet” CDCl3 stabilized by 250
ppm of BHT-H; the quenched aliquots were later analyzed by
1H NMR to obtain the percent monomer conversion data. The
polymerization was immediately quenched after the removal of
the aliquot by the addition of 5 mL of 5% HCl-acidified
methanol. The quenched mixture was precipitated in 100 mL
of methanol, stirred for 1 h, filtered, washed with methanol, and
dried in a vacuum oven at 50 �C overnight to a constant weight.

The ratio of [MMA]0/[MMA]t at a given time twas determined
by integration of the peaks for MMA (5.2 and 6.1 ppm for the
vinyl signals; 3.4 ppm for theOMe signal) and PMMA (centered
at 3.4 ppm for the OMe signals) according to [MMA]0/[MMA]t=
2A3.4/3A5.2þ6.1, where A3.4 is the total integrals for the peaks
centered at 3.4 ppm (typically in the region 3.2 to 3.6 ppm) and
A5.2þ6.1 is the total integrals for both peaks at 5.2 and 6.1 ppm.
For (M)MBL polymerizations, we calculated monomer percent
conversions by comparing the integration of the vinyl protons of
the unreacted monomer with the methyl protons of toluene
added as internal standard.

1H NMR (CDCl3, 300 MHz, 23 �C) for PMMA: δ 3.60 (s,
OMe), 2.05 (d, CH2), 1.99-1.90 (m, CH2), 1.82 (s, CH2), 1.48 (d,
CH2), 1.22 (s, CH3,mm), 1.02 (s, CH3,mr), 0.85 (s, CH3, rr).

1H
NMR (DMSO-d6, 300MHz, 100 �C) for PMBL: δ 4.34 (b.s, 2H,
OCH2), 2.24-1.99 (m, 4H, CH2, CH2).

13C NMR (DMSO-d6,
125 MHz, 100 �C) for PMBL: δ 179 (CdO), 64.36 (OCH2),
44.22, 43.90, 43.74 (quaternary carbon, rr,mr,mm), 41.89-40.58
(main-chainCH2, unresolved tetrads), 30.47 (β-CH2).

1HNMR
(DMSO-d6, 300 MHz, 100 �C) for PMMBL: δ 4.64 (b.s, 1H,
CH), 2.31 (b.s, 2H, CH2), 1.99 (b.s, 2H, CH2), 1.39 (b.s, 3H,
CH3).

13C NMR (DMSO-d6, 125 MHz, 100 �C) for PMMBL:
δ 178 (CdO), 72.65 (OCH), 46.48, 46.15, 45.80 (quaternary
carbon, rr, mr, mm), 43.05 (β-CH2), 40.53, 39.19, 37.69 (main-
chain CH2, rr, mr, mm), 19.46 (CH3). DEPT experiments were
used to remove theDMSO signals in the 13CNMRexperiments.

PolymerizationKinetics.Kinetic experiments were carried out
in a stirred glass reactor at ambient temperature (ca. 25 �C)
inside an argon-filled glovebox using the procedure already
described above and with [MMBL]0/[Dy]0 ratios of 200:1,
400:1, 800:1, 1200:1, and 1600:1, where [MMBL]0 = 1.09 M
and [Dy]0= 5.47, 2.74, 1.37, 0.912, and 0.684mM in 3.73 mL of
CH2Cl2 þ MMBL þ toluene (internal standard) solutions. At
appropriate time intervals, 0.2 mL aliquots were withdrawn
from the reactionmixture using syringe and quickly quenched in
1 mL septum-sealed vials containing 0.6 mL of undried “wet”
CDCl3 mixed with 250 ppm BHT-H. The quenched aliquots
were analyzed by 1H NMR to obtain monomer conversions.
Apparent rate constants (kapp) were extracted by linearly fitting
a line to the plot of ln([MMBL]0/[MMBL]t) versus time.

PolymerCharacterizations.The low-molecular-weight PMMBL
sample was analyzed bymatrix-assisted laser desorption/ionization
time-of-flight mass spectroscopy (MALDI-TOF MS); the ex-
periment was performed on an Ultraflex MALDI-TOF mass
spectrometer (BrukerDaltonics) operated inpositive ion reflector
mode using a Nd/YAG laser at 355 nm and 25 kV accelerating
voltage. A thin layer of a 1%NaI solutionwas first deposited on
the target plate, followed by 1 μL of both sample and matrix
(2,5-dihydroxy benzoic acid, 10 mg/mL in 50% CAN, 0.1%
TFA). External calibration was done using a peptide calibration
mixture (four to six peptides) on a spot adjacent to the sample.
The raw data were processed in the FlexAnalysis software
(version 2.4, Bruker Daltonics).

Polymer number-average molecular weights (Mn) andmolec-
ular weight distributions (MWD=Mw/Mn) were measured by
gel permeation chromatography (GPC) analyses carried out at
40 �C and a flow rate of 1.0 mL/min, with CHCl3 as the eluent
for PMMAor with DMF for PMBL and PMMBL, on aWaters
University 1500 GPC instrument coupled to a Waters RI
detector and equipped with four PLgel 5 μm mixed-C columns
(Polymer Laboratories; linear range of MW= 200-2 000 000).
The instrument was calibrated with 10 PMMA standards, and
chromatograms were processed withWaters Empower software
(version 2002). Glass-transition temperatures (Tg) of the poly-
mers were measured by differential scanning calorimetry (DSC)
on a DSC 2920, TA Instrument. Polymer samples were first
heated to 150 at 20 �C/min, equilibrated at this temperature for
4 min, then cooled to 30 at 20 �C/min, held at this temperature
for 4 min, and reheated to 300 at 10 �C/min. All Tg values were
obtained from the second scan after the thermal history was
removed. 1H NMR spectra for the analysis of PMMA micro-
structures were recorded in CDCl3 at 50 �C and analyzed accord-
ing to the literature methods,36 whereas tacticities of PMBL15,20

andPMMBL29weremeasuredby 13CNMRinDMSO-d6 at 100 �C.

Results and Discussion

Characteristics ofMMAPolymerization.We first screened
the activity of the four half-sandwich REM dialkyl catalysts
toward MMA polymerization at RT with a fixed catalyst
loading of 0.25 mol % and reaction time of 24 h in different
solvents (toluene, DCM, THF, and DMF), the results of
which were summarized in Table 1. Three polymerization
features are noteworthy when compared with those of the
prototype sandwich lanthanocene catalyst Cp*2LnMe-
(THF) or [Cp*2SmH]2. First, in relatively nonpolar toluene
(ε = 2.38), the smallest Sc catalyst achieved the highest
monomer conversion of 42.5%, producing PMMA with an
appreciable syndiotacticity of 81.0% rr (run 1), whereas
other REM catalysts exhibited either only marginal (Dy,
run 3) or low (Y, run 2; Lu, run 4) activity. This observation

Table 1. Selected Results of MMA Polymerization by REM (Sc, Y, Dy, Lu) Dialkyls (0.25 mol %)a

run no. REM cat. solvent conv. (%)b 104Mn (g/mol)c MWD (Mw/Mn)
c I* (%)d [rr] (%)b [mr] (%)b [mm] (%)b

1 Sc TOL 42.5 2.35 1.44 73 81.0 18.5 0.5
2 Y TOL 12.4 1.97 1.49 26 40.9 25.0 34.1
3 Dy TOL <1 n.d. n.d. n.d. n.d. n.d. n.d.
4 Lu TOL 8.6 n.d. n.d. n.d. 46.5 23.5 30.0
5 Sc DCM 49.6 2.05 1.37 97 82.4 15.7 1.9
6 Sc THF 0
7 Sc DMF 78.8 4.61 1.69 69 67.3 32.5 0.2
8 Y DMF 80.1 6.87 2.09 47 61.2 34.6 4.2
9 Dy DMF 84.0 8.64 2.14 38 58.4 38.1 3.5
10 Sc/TPB TOL 28.2 2.87 1.47 40 74.1 22.7 3.2
11 Sc/TTP TOL 17.1 2.44 1.68 28 66.6 19.9 13.5
aConditions: 4.5 mL (TOL: toluene, DCM: CH2Cl2) or 3.0 mL (DMF: dimethylformamide, THF: tetrahydrofuran) of solvent, 0.50 mL of MMA

(4.68 mmol); 11.7 μmol REM complex (except for runs 10 and 11, where equimolar activator TPB: [Ph3C]
þ[B(C6F5)4]

- or TTP: [Ph3C]
þ-

[rac-TRISPHAT]- was added); [MMA]/[REM] 400/1; ∼25 �C; 24 h; n.d. = not determined. bMonomer conversions and polymer methyl triads
measured by 1H NMR. cDetermined by GPC relative to PMMA standards. d Initiator efficiency (I*) = Mn(calcd)/Mn(exptl), where Mn(calcd) =
MW(monomer) � [monomer]/[catalyst] � conversion% þ MW of chain-end groups (88.2), assuming one chain initiation per metal center.
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was unexpected because the MMA polymerization activity
of prototype lanthanocene catalystsCp*2LnMe(THF) typically
increases with an increase in ionic radii of the Ln metal.37

Second, moving to more polar (ε = 8.93), noncoordinating
DCMnoticeably enhanced theMMA conversion (to 49.6%),
catalyst efficiency (I* = 97%), and the PMMA syndiotacti-
city (82.4% rr), run 5. This level of syndiotacticity for the
PMMA produced at RT is noteworthy because it is higher
than the syndiotacticity of the PMMAproduced by arguably
the best lanthanocene catalyst, [Cp*2SmH]2 or Cp*2SmMe-
(THF), at 25 �C and equals that produced at 0 �C.37 Third,
unlike lanthanocene catalysts such as Cp*2SmMe(THF),
which can tolerate polar, coordinating solvents such as
THF (ε= 7.58) without noticeably altering the polymeriza-
tion results,37 the half-sandwich Sc catalyst was completely
inactive forMMApolymerization in THF (run 6) but exhib-
ited good activity in more polar DMF (ε= 36.7), achieving
78.8% conversion, at the expense of lowered syndiotacticity
(67.3% rr). Intriguingly, while being only marginally active
in toluene, the Dy catalyst achieved the highest conversion
(84%, run 9) in DMF within this catalyst series. All PMMA
producedby thesehalf-sandwichREMcatalysts, under various
conditions, showed unimodal MWDs with Mw/Mn values
ranging from 1.37 to 2.14, typical for single-site catalysts.

Prompted by the unique catalytic behavior of the cationic
half-sandwich REM catalysts observed for olefin polymer-
ization,3 we also examined the MMA polymerization by the
cationic half-sandwich Sc complex31 derived from in situ
activation of the corresponding neutral Sc complex with the
activator [Ph3C]

þ[B(C6F5)4]
-. Compared with the neutral

catalyst, the cationic catalyst achieved 14% lower monomer
conversion (run 10 vs run 1) and also produced PMMAwith
7% lower syndiotacticity (run 10 vs run 1). The cation derived
from activation with another trityl activator, [Ph3C]

þ-
[rac-TRISPHAT]-, was even worse in all polymerization chara-
cteristics (run 11). However, monitoring of the MMA poly-
merizations by the neutral and cationic Sc catalysts revealed
that both systems incurred nearly total catalyst deactivation
after achieving their respective near maximum conversions
(∼43% for the neutral catalyst and ∼25% for the cationic
catalyst) over a short reaction time period (∼10 and∼20min,
respectively, Figure 1), upon which time there was no signif-
icant further increase inmonomer conversion, evenup to 24h.

Overall, except for the impressive PMMA syndiotacticity
achieved by the Sc catalyst inDCMatRT, these half-sandwich
REMcomplexes are relatively poor catalysts forMMApoly-
merization, as evidenced by their inability to achieve high
monomer conversions because of substantial catalyst deacti-
vation under the current conditions (RT, 0.25mol%catalyst

loading). On the other hand, the current REM catalysts are
highly active for polymerization of MMBL, achieving quanti-
tative monomer conversion in 1 min (vide infra), which pre-
sumably reflects the relative stability of the propagating REM
enolate species toward β-alkoxide elimination, the most com-
mon type of termination involved in group 4 catalysts.1,38

Characteristics of MBL and MMBL Polymerizations.
Next, we investigatedMBLpolymerization by these four half-
sandwich REM catalysts. Owing to insolubility of the result-
ing PMBL in common organic solvents other thanDMF, the
polymerizations were carried out in DMF, the results of
which were summarized in Table 2. It can be seen from the
Table that the polymerization (0.27 mol % catalyst loading,
RT) was sluggish for the Sc and Lu catalysts, achieving only
38.4 (run 12) and 39.9% (run 15) monomer conversion after
24 h, respectively. Y and Dy catalysts achieved relatively high
conversions of 87.7 (run 13) and 88.1% (run 14), respectively.
Qualitatively, the activity trend seems to follow the ionic
radii of these metals: the larger Dy and Y metals exhibited
considerably higher activity than those smaller Lu and Sc
metals. A unique feature demonstrated by these half-sandwich
REMdialkyl catalysts in the polymerization ofMBLwas the
observed much-greater-than 100% catalyst efficiency (from
116 to 333%), indicating that both alkyl groups on the metal
participated in chain initiation or there existed internal chain
transfer; further discussion will follow in the next section.

Excitingly, all four REM catalysts are exceptionally active
for polymerization ofMMBL inDMFatRT.With a catalyst
loading of 0.25 mol %, all catalysts achieved near quantita-
tivemonomer conversion in 1min, thus giving a highTOFof
24 000 h-1 (runs 16-19, Table 3). In fact, the polymerization
byDywith a lower catalyst loading of 0.20mol% still requires
<1 min to achieve a quantitative monomer conversion,
giving a TOF at least >30 000 h-1 for this catalyst system,
which is 10 times higher than the sandwich samarocene cata-
lyst Cp*2Sm(THF)2.

21 This drastic effect of γ-methyl substi-
tution to the MBL ring on monomer activity is remarkable;
because MBL is generally regarded as being more reactive
than MMBL (larger monomer), the drastically higher acti-
vity of theMMBLpolymerization than that of theMBLpoly-
merization seen here must contribute to electronic effects
(i.e., being more electron-rich, MMBL binds to REM more
strongly) and substrate-catalyst structural matching (i.e.,
these sterically more accessible half-sandwich catalysts can
more easily accommodate larger monomers). The MWD of
the resulting PMMBL is respectable (e1.87). Improved
solubility of PMMBL in other common organic solvents,
due to the methyl substitution, allowed us to investigate this
polymerization in DCM and THF. The polymerization in
DCM was slower, but all catalysts achieved a 100% mono-
mer conversion in 20min (Y, run 21;Dy, run 22), 30min (Lu,
run 23), or 120 min (Sc, run 20). These results reaffirmed the
activity trend seen in the MBL polymerization (i.e., Dy g
Y > Lu > Sc): the largest Dy and Y metals are also most
active for MMBL polymerization, whereas the smallest Sc

Figure 1. Conversion versus time plots of MMA polymerization in
toluene at RT by the neutral Sc catalyst (2, run 1) and by the cationic Sc
catalyst (9, run 10).

Table 2. Results of MBL Polymerization by REM (Sc, Y, Dy, Lu)
Dialkylsa

run
no.

REM
cat.

conv.
(%)

103Mn

(g/mol)
MWD

(Mw/Mn)
I*
(%)

12 Sc 38.4 8.40 1.87 167
13 Y 87.7 9.60 1.67 333
14 Dy 88.1 15.4 1.84 208
15 Lu 39.9 12.5 1.78 116
aConditions: 3.0 mL of DMF, 3.77 mmol MBL, 10.2 μmol REM

complex, [MBL]/[REM] 370/1, ∼25 �C, 24 h. See the footnotes under
Table 1 for other explanations.
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catalyst is the least active, with the Lu catalyst lying some-
where in the middle. The Tg values of the syndio-rich atactic
PMMBL (42.4% rr, 44.8%mr, 12.8%mm, run 22) produced
herein are in the range of 217 to 222 �C (Figure 2), which are
expected for typical atactic PMMBL.30 Also consistent with
theobservationmade in theMBLpolymerization, theMMBL
polymerization gave generally >100% catalyst efficiency
(up to 165%).

In contrast with the inactivity of the Sc catalyst for MMA
polymerization in THF, the polymerization of MMBL in
THF by this catalyst is rapid (Table 4), effecting a quantita-
tive monomer conversion in 30 min (0.5 mol % catalyst,
run 24), 6 h (0.25 mol% catalyst, run 25), or 20 h (0.167 mol%
catalyst, run 26). We also examined the degree of control
over polymer MW by varying the [MMBL]/[Dy] ratio from
200 (0.5mol%catalyst) to 1600 (0.0625mol%catalyst). The
polymerizations in DCM at all ratios achieved a 100%
monomer conversion in short times, ranging from 1 min to
4 h, depending on the catalyst loading (runs 28-32). A plot
of Mn of PMMBL versus the [MMBL]/[Dy] ratio gave a
straight line (R2 = 0.986, Figure 3), demonstrating a high

degree of control over Mn by adjusting the monomer-to-
catalyst ratio. Hence, PMMBL with a mediumMn of 1.89�
104 andMWDof 1.99 (run 28) to a highMn of 1.63� 105 and
MWD of 1.65 (run 32) can be readily prepared. Attempts to
prepare stereoregular PMMBLby lowering the polymerization
temperature were unsuccessful because the resulting polymer
tacticity was not significantly affected by the polymerization
temperature (from 25 �C, run 33, to-65 �C, run 35, Table 5).

Kinetics and Mechanism of MMBL Polymerization. Hav-
ing established the Dy catalyst as the most active and
effective in this series, we subsequently examined theMMBL
polymerization by this catalyst in more detail, specifically
concerning the degree of control and kinetics of the polym-
erization. We chose DCM as the solvent because the polym-
erization in DMF is too rapid to be suitable for kinetic
profiling by analyzing the reaction aliquots using NMR
techniques (e.g., with a 0.25 mol % catalyst loading, the
polymerization in DMF takes <1 min to achieve a quanti-
tative monomer conversion).

Table 6 summarizes selected kinetic results of the MMBL
polymerization with two different [MMBL]/[Dy] ratios at
25 �C in DCM (selected out of five different ratios ranging
from 200 to 1600): a medium ratio of 400 (0.25 mol %

Table 3. Selected Results of MMBL Polymerization by REM (Sc, Y, Dy, Lu) Dialkyls
a

run no. REM cat. solvent time (min) conv. (%) 104Mn (g/mol) MWD (Mw/Mn) I* (%) Tg (�C)

16 Sc DMF 1 98.2 5.33 1.87 84 n.d.
17 Y DMF 1 100 3.22 1.56 139 n.d.
18 Dy DMF 1 100 3.69 1.64 122 n.d.
19 Lu DMF 1 100 3.47 1.84 129 n.d.
20 Sc DCM 120 100 3.55 1.99 127 217
21 Y DCM 20 100 2.77 2.36 162 218
22 Dy DCM 20 100 3.16 2.62 143 221
23 Lu DCM 30 100 2.72 2.73 165 222
aConditions: 3.0mL of solvent, 4.08mmolMMBL, 10.2 μmolREMcomplex, [MMA]/[REM] 400/1, toluene (0.29mL, 2.72mmol) added as internal

standard, ∼25 �C. See the footnotes under Table 1 for other explanations.

Table 4. Results of MMBL Polymerization by REM Dialkyls at Different [MMBL]/[REM] Ratiosa

run no. REM cat. solvent [MMBL]/[REM] time (min) conv. (%) 104Mn (g/mol) MWD (Mw/Mn) I* (%)

24 Sc THF 200 30 100 2.69 1.62 84
25 Sc THF 400 360 100 4.58 2.07 98
26 Sc THF 600 1200 100 5.61 2.02 120
27 Sc THF 800 1440 83.3 7.22 1.89 104
28 Dy DCM 200 1 100 1.89 1.99 119
29 Dy DCM 400 20 100 3.16 2.62 143
30 Dy DCM 800 40 100 6.80 2.27 132
31 Dy DCM 1200 150 100 10.7 1.91 126
32 Dy DCM 1600 240 100 16.3 1.65 110
aConditions: 3.0 mL of solvent, 4.08 mmol MMBL with varied amounts of REM specified by the [MMBL]/[REM] ratio, 0.289 mL of toluene as

internal standard, ∼25 �C. See the footnotes under Table 1 for other explanations.

Figure 2. DSC plots of PMMBL (Y,Mn= 2.77� 104, run 21, Table 3;
Sc, Mn = 3.55 � 104, run 20, Table 3; Dy, Mn = 3.16 � 104, run 22,
Table 3; and Lu, Mn = 2.72 � 104, run 23, Table 3).

Figure 3. Plot ofMn of PMMBL versus the [MMBL]/[Dy] ratio for the
polymerization ofMMBL by the Dy catalyst in DCM at 25 �C, achiev-
ing a 100% monomer conversion for all runs (runs 28-32, Table 4).
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catalyst loading) and a high ratio of 1200 (0.083 mol %
catalyst loading). As can be seen from this Table, theMMBL
polymerization with a catalyst loading of 0.25 mol % is
rapid, achieving a quantitative monomer conversion in 20
min. The I* values were greater than unity (∼120-150%) at
all conversions (runs 36-46), whereas theMn of the resulting
PMMBL increases linearly with the MMBL conversion
(R2 = 0.996, Figure 4). This ability of the catalyst to control
the polymer MW was also reaffirmed in the polymerization
with a lower catalyst loading of 0.083 mol % (runs 47-55),
showing again a linear relationship between the polymerMn

and monomer conversion (R2 = 0.974, Figure 5).
Kinetic experiments employed the [MMBL]0/[Dy]0 ratios

ranging from 200 to 1600 (i.e., eight-fold catalyst concentra-
tion variations, while keeping the monomer concentration
constant), showing a first-order dependence on [MMBL] for
all ratios investigated (Figure 6). Furthermore, a double
logarithm plot (Figure 7) of the apparent rate constants
(kapp), obtained from the slopes of the best-fit lines to the

plots of ln([MMBL]0/[MMBL]t) versus time as a function of
ln[Dy]0 was fit to a straight line (R2 = 0.99) with a slope of
1.98. Therefore, the kinetic order with respect to [Dy], given
by the slope of∼2, reveals that the polymerization is second

Table 5. Results of MMBL Polymerization by Dy Dialkyl at Varying Temperature
a

run no. temp (�C) time (min) conv. (%) 104Mn (g/mol) MWD (Mw/Mn) I* (%) [rr] (%) [mr] (%) [mm] (%)

33 25 1 100 3.69 1.64 122 36.3 55.6 8.1
34 0 240 100 5.95 1.82 76 30.4 57.5 12.1
35 -65 240 63.4 13.5 1.86 21 34.0 50.4 15.6
aConditions: 3.0 mL of DMF, 4.08 mmol MMBL, 10.2 μmol Dy complex, [MMBL]/[Dy] 400/1.

Table 6. Selected Kinetic Data for MMBL Polymerization by Dy
Dialkyl in DCM at 25 �C

run
no.

[Dy]
(mmol/L)

[MMBL]0/
[Dy]0

time
(min)

conv.
(%)

103Mn

(g/mol)
MWD

(Mw/Mn)
I*
(%)

36 2.74 400 0.33 23.2 8.30 2.65 126
37 0.78 33.2 11.1 2.98 135
38 1.17 40.4 13.2 3.03 138
39 1.50 45.1 14.5 2.95 140
40 2 51.6 16.3 3.04 142
41 3 59.8 18.2 3.07 147
42 4 67.2 20.3 2.89 148
43 5 71.1 21.8 2.96 146
44 7 80.2 24.5 2.80 147
45 15 93.2 29.9 2.58 121
46 20 100 31.6 2.62 143
47 0.912 1200 1 8.2 16.6 5.32 67
48 3 12.8 29.1 4.20 60
49 6 26.8 39.6 3.55 91
50 10 36.2 54.3 2.92 90
51 15 45.3 62.4 2.75 98
52 20 51.3 69.8 2.60 99
53 30 62.0 84.2 2.34 99
54 40 77.8 95.9 2.18 109
55 90 96.3 107 1.90 121

Figure 4. Plots ofMn versusMMBLconversion. Conditions: [MMBL]0/
[Dy]0 = 400, DCM, 25 �C.

Figure 5. Plots ofMn versusMMBLconversion. Conditions: [MMBL]0/
[Dy]0 = 1200, DCM, 25 �C.

Figure 6. First-order plots of Ln([M]t/[M]0) versus time for theMMBL
polymerization by Dy in CH2Cl2 at 25 �C and varied catalyst concen-
trations: [MMBL]0 = 1.09 M; [Dy]0 = 5.47 (b), 2.74 (9), 1.37 (2),
0.912 ([), and 0.684 mM (0).

Figure 7. Plot of ln(kapp) versus ln[Dy] for the MMBL polymerization
by Dy in CH2Cl2 at 25 �C.
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order in catalyst concentration; these kinetics results suggest
a bimolecular propagation, analogous to the bimetallic
mechanism established for the nonbridged group 4 metallo-
cene catalysts,39 for the MMBL polymerization by this half-
sandwich complex, as proposed in Scheme 2. The propaga-
tion “catalysis” cycle in this mechanism involves Michael
addition of REM-centered ester enolate propagating species
A to the MMBL coordinated to (activated by) a second
REM center, followed by the release of the coordinated
REM catalyst to the ester oxygen of the polymer chain in
B by the incoming monomer to regenerate the propagating
species A and the activated monomer. If the release of the
catalyst from the polymer chain to the incoming monomer
was fast relative to the addition step and the equilibrium
favored the formation of the activated monomer, then
application of the steady-state approximation of the inter-
mediate B would result in first-order kinetics with respect to
the concentration of active species A and the activated
monomer (i.e., second-order in [REM]) but zero-order kinetics
in monomer concentration. However, the first-order depen-
dence of monomer concentration we observed (Figure 6)
implies that coordination of the REM catalyst to the ester
group of the polymer chain and to the monomer is compe-
titive. Hence, the concentration of the activated monomer
now depends on monomer conversion, and there is a first-
order dependence on monomer concentration, similar to
what we previously observed in the MMA polymerization
system by lithium ester enolates in combination with a bulky
aluminum Lewis acid.40 It seemed counterintuitive for such
sterically open half-sandwich catalysts to adopt a bimetallic
propagation pathway, but it made sense considering more
than one growing chain per metal center and each chain end
presumably also coordinated to the same metal serving as a

bulky chelating ligand. Propagation through oxygen-bridged
dinuclear intermediates is also a possibility.

To identify the initiation and termination chain-end groups
of the resulting PMMBL (therefore the chain initiation and
termination pathways), a low-molecular-weight PMMBL
sample produced by the Dy catalyst in a [MMBL]0/[Dy]0
ratio of 20:1 was analyzed byMALDI-TOFmass spectrom-
etry (Figure 8). There are two series of mass distributions,
both of which have mass differences between the peaks re-
presenting the molar mass of the MMBL repeat unit (112 g/
mol). A plot ofm/z values of the major series of peaks in the
MALDI-TOF mass spectrum versus the number of MMBL
repeat units (n) yielded a straight line with a slope of 112.2
and an intercept of 111.96 (Figure 9). The slope corresponds
to the mass of theMMBLmonomer, whereas the intercept is
a sumof themasses ofNaþ (from the addedNaI) and the chain-
end groups, which correspond to a formula of C4H12Si.
Hence, this analysis shows that the polymer has a structural
formula of Me3SiCH2-(MMBL)n-H, where the initiation
chain end (Me3SiCH2-) was derived from the initiating
trimethylsilylmethyl group within the Dy catalyst and the
termination chain end (H) from the HCl-acidified methanol
during the workup procedure. A plot of m/z values of the
minor series of peaks in the MALDI-TOF mass spectrum
versus the number of MMBL repeat units (n) yielded the
same slope of 112.2 but a different intercept of 59.77 (or plus
112.2), the structure of which is currently unknown but
presumably derived from chain transfer processes.

Figure 8. MALDI-TOF mass spectrum of the low-molecular-weight PMMBL produced by the Dy catalyst in DMF at 25 �C with [MMBL]0/[Dy]0
20:1. The sample analyzed was quenched and unpurified, and the polymer chain-end structure corresponds to the major series of the peaks.

Scheme 2. Proposed Propagation “Catalysis” Cycle for MMBL
Polymerization Catalyzed by the Dy Catalyst

Figure 9. Plot ofm/z values of themajor series fromFigure 8 versus the
number of MMBL repeat units (n).
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One notable feature about the (M)MBL polymerization
by these half-sandwichREMcatalysts is the observed greater
or much greater than 100% catalyst efficiencies for most of
the polymerization runs (vide supra), suggesting that both
alkyl groups on the metal participate in chain initiation.
However, the observed first-order dependence on monomer
implies that only one chain on the metal can grow at a time.
The relatively broad MWDs observed for the polymers
produced herein seem consistent with this scenario. Further-
more, the NMR-scale reaction of the Lu catalyst (the Dy
catalyst is paramagnetic) with 10 equiv of MMBL at RT
in CD2Cl2 showed the immediate formation of PMMBL
and complete disappearance of the methylene resonances
(-1.18 ppm, AB quartet) in Lu-CH2SiMe3 (which moved
by∼1.2 ppm to downfield now overlapping with other TMS
resonances centered at ∼0 ppm), consistent with MMBL
addition into both Lu-CH2SiMe3 bonds for the reaction
carried out at RT. When the same reaction was monitored
starting at -70 �C (no reaction) and gradually warming to
-60 �C, the reaction went slowly, and the intensity of the
CH2SiMe3 signal decreased as the polymer peaks started to
grow.However, therewas no further decrease in theCH2SiMe3
signal intensity after being reduced by 20.5%, although the
monomer continued to be consumed and converted to polymer.
These results imply that under this controlled polymeriza-
tion condition at low temperatures, once initiated, the
monomer is added preferentially to the Lu-enolate bond-
derived from chain initiation involving nucleophilic attack
of the alkyl ligand to the coordinated monomer1 while
leaving a large amount of the catalyst unconsumed. This
scenario would then substantially inflate the polymer MW,
thus giving rise to much lower catalyst efficiencies. This
analysis is consistent with the polymerization results carried
out at various temperatures (Table 5): when the polymerization
temperature decreased from 25 to 0 and -65 �C, the catalyst
efficiency decreased from 122 (run 33) to 76 (run 34) and 21%
(run35), respectively. Impressively, thecatalyst efficiencyof21%,
calculated based on the measure Mn (relative to the calculated
Mn) of the polymer produced at -65 �C, matches well with the
NMR result on the percentage of the catalyst participated in the
polymerization at this temperature (20.5%).

Attempted Catalytic Polymerization of MMBL in the Pre-
sence of Organo Acids. To render catalytic production of
polymer chains in the coordination-addition polymeriza-
tion catalyzed by metal complexes, a suitable CTA added
externally must effectively cleave the growing polymer chain
from the active center, and the resulting new species contain-
ing part of the CTA moiety (typically in its deprotonated
form) must efficiently reinitiate the polymerization.1 It has
been shown that organic acids such as alkyl thiols and
enolizable ketones are effective CTAs to transform the living

MMA polymerization by Cp*2SmMe(THF) into a chain
transferpolymerization for the catalytic productionofPMMA,
although the effectiveness for the catalytic polymer produc-
tion by this system is still limited (turnover number, TON=
5), even with a [CTA]/[Sm] ratio as high as 29.41 We pre-
viously showed that among the three organic acids investi-
gated to promote the catalytic polymerization of MBL by
Cp*2Sm(THF)2, MBO is most effective (TON = 10 with
20 equiv of MBO per metal), followed by MIB, whereas
dimethyl malonate (DMM) completely halts the polymeriza-
tion,21 similar to the zirconocenium-catalyzed MMA poly-
merization in the presence of DMM.42

In light of these prior findings, we initially focused on
MBO. It can be seen from Table 7 that the addition of MBO
to theMMBLpolymerization catalyzed by theDy catalyst in
a fixed [MMBL]/[Dy] ratio of 400/1 did not significantly alter
the catalyst efficiency (I* values) upon variations of equiv of
MBO per metal from 0 to 10, 30, and 50 in DMF (runs
56-59) or in DCM (runs 60-64), except for the sharp drop
in activity with an increase in equiv of MBO added to the
system.Next, we switched toMIB, but it performed similarly
toMBO. Specifically, the catalyst efficiency remained nearly
constant (I* = 118-124%, runs 64-67) for the MMBL
polymerization in the presence of 0, 10, 30, or 50 equiv of
MIB. Overall, these two organo acids investigated herein,
which had been shown to be effective in promoting catalytic
polymerization by the prototype sandwich REM catalyst,
are ineffective for the half-sandwichDy catalyst, attributable
to either the inability of the two current CTAs to cleave the
metal-polymer bond or the inefficient reinitiation of the
species that resulted from such bond cleavage. These results
further highlight the differences in catalytic behavior between
sandwich and half-sandwich REM catalysts.

Conclusions

While beingmediocre catalysts for polymerizations ofMMAand
MBL, all four half-sandwich REM dialkyl catalysts investigated
herein are extremely active for polymerization ofMMBL in DMF.
Specifically, these catalysts can achieve a quantitative monomer
conversion in DMF in <1 min with a catalyst loading of
0.20 mol %, giving a high TOF > 30 000 h-1 for this catalyst
system, which is at least 10 times higher than the sandwich REM
catalystCp*2Sm(THF)2.Thepolymerization inDCMis slower, but
all catalysts can achieve a quantitative monomer conversion in 20
(Y,Dy), 30min (Lu), or 120min (Sc). The activity trend ofDygY
>Lu>Sc is the same for bothMBLandMMBLpolymerizations:
the largestDy andYmetals aremost active, whereas the smallest Sc
catalyst is least active, with the Lu catalyst lying somewhere in the
middle. The PMMBLs produced are syndio-rich atactic materials
with high Tg values ranging from 217 (by Sc) to 222 �C (by Lu).

Table 7. Results of MMBL Polymerization by Dy Dialkyl in the Presence of CTA
a

run no. solvent organo acid (CTA) [MMBL]/[CTA]/[Dy] time (min) conv. (%) 104Mn (g/mol) MWD (Mw/Mn) I* (%)

56 DMF none 400/0/1 1 100 3.69 1.64 122
57 DMF MBO 400/10/1 20 100 3.42 1.74 131
58 DMF MBO 400/30/1 1440 77.0 2.57 1.96 135
59 DMF MBO 400/50/1 1440 32.8 1.35 1.49 109
60 DCM none 400/0/1 20 100 3.16 2.62 143
61 DCM MBO 400/10/1 60 100 4.35 2.23 103
62 DCM MBO 400/30/1 1440 93.1 3.09 3.85 135
63 DCM MBO 400/50/1 1440 74.8 3.06 4.15 109
64 DMF none 500/0/1 1 100 4.74 1.79 118
65 DMF MIB 500/10/1 15 100 4.60 1.75 122
66 DMF MIB 500/30/1 480 100 4.72 1.79 119
67 DMF MIB 500/50/1 480 100 4.53 1.74 124
aConditions: 3.0 mL of solvent, 4.08 mmol MMBL, 10.2 μmol Dy complex for a [MMBL]/[Dy] ratio of 400/1 or 8.16 μmol Dy complex for a

[MMBL]/[Dy] ratio of 500/1, 25 �C; CTA: 3-methyl-2-butanone (MBO) or methyl isobutyrate (MIB).
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The ability of such half-sandwich REM dialkyl catalysts to
control the resulting polymerMW has been demonstrated by the
Dy catalyst, the most active and effective catalyst within this
series, as evidencedby linear relationships betweenMn ofPMMBL
and the [MMBL]/[Dy] ratio (from 200, 0.5 mol % catalyst, to
1600, 0.0625 mol % catalyst) and between Mn of PMMBL and
monomer conversion at a give ratio. Hence, PMMBL with a
mediumMn of 1.89� 104 Da andMWD of 1.99 to a highMn of
1.63 � 105 Da and MWD of 1.65 have been readily prepared.
Kinetic experiments using the Dy catalyst have revealed a first-
order dependence on [MMBL] but a second-order dependence on
[Dy], indicating a bimolecular propagation involving two Dy
metal centers in the rate-limiting C-C bond forming step
(Scheme 2). Each metal center can carry more than one polymer
chain and grow only one at a time, which originated from initia-
tion with both alkyl groups on the metal and the first-order
dependence on the monomer. The polymer chain end groups
have been characterized by MALDI-TOF mass spectrometry,
whereas the more-than-one-chain-per-metal scenario has been
evidenced by the results of NMR studies and by typically greater
or much greater than 100% catalyst efficiencies.

Enolizable organo acids, MBO and MIB, both of which are
effective CTAs in promoting catalytic polymerization by the
prototype sandwich REM catalysts, are ineffective for the half-
sandwich Dy catalyst. These results further highlight the large
differences in catalytic behavior between sandwich and half-
sandwich REM catalysts.
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