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Many methods have been described that bring about the
controlled polymerization of acrylate monomers!!! including,
for example, classical anionic techniques,?! screened anionic

polymerization

(SAP),l  group-transfer polymerization

(GTP),™ catalytic chain transfer (CCT),! reversible addi-
tion — fragmentation chain transfer (RAFT),l atom transfer
radical polymerization (ATRP),”) TEMPO-mediated free
radical polymerization (TEMPO =2,2,6,6-tetramethyl-1-pi-
peridinoxyl),®! and coordination polymerization systems
based on electrophilic metal centers such as samarium,
zirconium,!'”) and aluminum.["! There continues to be great
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academic and commercial interest in the development of
systems for the controlled polymerization of acrylate mono-
mers, especially robust, commercially viable systems that will
enhance the syndiotactic content to give higher softening
temperatures in commodity polymers such as poly(methyl-
methacrylate) (PMMA).[2]

For polymerizations mediated by electrophilic metals such
as Sm, Zr, and Al, there is good evidence that metal enolates
are the propagating species and, in the case of samarium,
Yasuda and co-workers have isolated and structurally char-
acterized a key enolate intermediate.l”) Enolate species are
also believed to play a central role in aluminum-mediated
polymerizations, although direct evidence has been less
forthcoming, and in general they appear to form less readily
than their rare earth relatives.

In ground-breaking work on aluminum, Inoue and co-
workers demonstrated that the porphyrin complex
[Al(tpp)Me] (tpp = 5,10,15,20-tetraphenylporphyrnato),
upon irradiation with visible light, forms a living (or “immor-
tal”) polymerization system.['!l The visible radiation has been
shown to assist the formation of the active aluminum enolate
intitiator. However, the potential drawbacks of this system are
twofold: 1)the use of a ligand that carries an intense
chromophore can impart serious discolorations to the poly-
(acrylate) products; and 2) the requirement for a light source
to facilitate the efficient formation of an enolate species in the
case of [Al(tpp)Me]! restricts potential commercial appli-
cations.

Here we describe a remarkably active and robust aluminum
initiator system based upon the tetradentate 'N,O,’ Schiff
base ligand frame (’N,O, =N,N’-ethylenebis(salicylidene-
imine)) [Eq. (1)] and a novel nickel-catalyzed approach to

| [Ni(acac),] 07 “ome
MMA

MAD

Table 1. Results of MMA polymerizations.?

generating the active aluminum enolate centers. The Schiff
base ligand system was chosen for three principal reasons:
1) in general, Schiff base compounds are easily prepared by
simple condensation procedures that are readily amenable to
ligand backbone modification; 2) the resultant aluminum
Schiff base complexes are significantly less colored than their
porphyrinato analogues; and 3) the aluminum centers are
anticipated to be more electrophilic in the Schiff base
derivatives due to replacement of two nitrogen atoms by
two oxygen atoms in the ligand core, which possibly offers
polymerization centers of enhanced activity. Complexes of
this type have been the focus of interest in other areas of
catalysisl!'l and alkoxyaluminum derivatives have recently
been exploited!™ ] in the stereoselective ring-opening poly-
merization (ROP) of lactide monomers.

The nickel-catalyzed approach to active enolate centers
builds on the observation by Jeffery et al.l'”} that [Ni(acac),]
can be used to catalyze the reaction of trimethylaluminum
with «,f-unsaturated carbonyl species to give aluminum
enolates in high yield. In this study, we focus on the Schiff
base methylaluminum complex [Al(rBusalen)Me] (1)
(tBugsalen =3,3',5,5'-tetra-tert-butyl-salen), a derivative with
particularly good solubility in a range of solvents.'®! The
results of polymerization studies on methylmethacrylate are
summarized in Table 1.

On its own, compound 1 is not a good initiator for MMA
polymerization (entry 1), affording only 8 % conversion after
20 h, to give PMMA of high molecular weight and broad
molecular weight distribution. Bis(2,6-di-fert-butyl-4-methyl-
phenoxide)aluminummethyl (MAD) is widely used as a Lewis
acid activator for MMA polymerizations,['""! and addition of
three equivalents of MAD to 1is found to increase the rate of
reaction and conversion (entry 2), but it also dramatically
increases the molecular weight of the resultant PMMA.
Entries 3 and 4 show that neither MAD nor [Ni(acac),] on
their own are capable of initiating the polymerization of
MMA, although in combination these reagents give a highly
active, albeit not well-controlled, polymerization system
(entry 5). When [Ni(acac),] is combined with 1 in the absence
of MAD, a poor initiating system is again obtained (entry 6).

Entry 1 MAD [Ni(acac),] Time % Yield M, M, /M, % rrldl % mmll
1 1 0 0 20h 8 184000 2.54 69 3
2 1 3 0 20h 87 2 x 10° 2.86 72 3
3 0 3 0 20h 0 - - - -
4 0 0 1 20h 0 - - - -
5 0 3 1 <2 min 95 118300 1.63 72 2
6 1 0 1 20h 7 229400 1.85 71 2
7 1 3 1 <2 min 92 24700 1.17 69 3
8lel 1 3 1 <2 mins 90 26000 1.18 68 2
olf] 1 3 1 1h 77 23000 1.14 72 1

10l 1 3 1 1h 22 15600 1.17 71 1

111el 1 3 1 2h 46 25700 1.17 72 2

121e] 1 3 1 3h 54 27300 1.25 71 2

13l 1 3 1 35h 60 30400 1.26 71 1

14l 1 3 1 4h 75 35700 1.22 72 1

[a] Unless stated otherwise, conditions employed are: 1.00 g MMA (200 equiv, target M, 20000) in 2 mL CH,Cl,. [b] Yield after workup, polymer
precipitated from acidified MeOH, washed 3 times with MeOH, then dried for 12 h (60°C, 5 Torr). [c] Determined by GPC using monodisperse poly(styrene)
standards. [d] Determined by '"H NMR spectroscopy. [e] Reaction carried out in toluene. [f] Reaction carried out in THF. [g] 2.00 g MMA (400 equiv, M,

targeted at 100 % conversion =40000) in 4 mL THF.
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It is only when [Ni(acac),] is combined with 1 and MAD in a
three-component system that a highly active and well
controlled polymerization results, affording PMMA of pre-
determined molecular weight and narrow molecular weight
distribution (entries 7 and 8). These observations suggest that
the MAD reagent plays a dual role, one of activating the
MMA monomer, the other of generating the active nickel
catalyst responsible for enolate formation (see below).

Upon addition of the MMA solution (CH,Cl, or toluene) to
a 1:1:3 ratio of 1, [Ni(acac),], and MAD, there is an immediate
color change from pale green to bright orange, associated with
the formation of a new nickel species along with the active
aluminum initiator. There is a large exotherm and the reaction
is complete inside two minutes, after which the solution color
rapidly changes from orange to dark brown; the system is then
no longer active. The syndiotactic (r) content of the resultant
PMMA is ca. 70% in all cases, and can be raised to 84 %
(< 1% mm) by carrying out the polymerization at —20°C.
Pentad analyses on the carbonyl carbon signals in the
3C NMR spectrum (triad test: — 4[rr][mm]/[mr]?=0.7 and
2[rr]/[mr]=4.7) suggests that the PMMA is formed by a
chain-end control mechanism (see Supporting Information
for more details).

Experiments in which the concentration of [Ni(acac),] is
varied from 0.05 to 2 equivalents relative to [Al(sBugsalen)-
Me] show no effect on the molecular weight or molecular
weight distribution of the resultant PMMA, which confirms
that the nickel component plays a catalytic role and that the
polymerization is not nickel-centered. There is a linear
relationship between M, and [mon]/[1] (Figure 1a), narrow
molecular weight distribution PMMA being formed in each
case, and varying the amount of MAD activator does not
affect the molecular weight of the polymer formed, only the
rate of reaction. This provides good evidence that the
polymerization is centered at the Schiff base ligated alumi-
num, rather than the aluminum center of the activator.!'’!

The polymerization is significantly slower in THF (entry 9),
attaining only 77 % conversion after 1 h, presumably due to
competition for the active site between monomer and THF.
On reaching 100% conversion in THF, darkening of the
solution is not observed, the system remains active and
displays living characteristics. A plot of M, versus percentage
conversion (Figure 1b, Table 1, entries 10-14) reveals a
linear relationship and narrow distribution product. A pre-
polymer solution generated in this manner can be used to
bring about the formation of block copolymers. For example,
addition of 200 equivalents of MMA to the initiator system
followed by 141 equivalents of n-butylmethacrylate affords a
PMMA-b-PBMA copolymer. Figure 2 shows the GPC traces
for the PMMA prepolymer and the PMMA/PBMA block
copolymer. A small amount of “dead” prepolymer can be
seen as a low molecular weight tail to the GPC trace of the di-
block product indicating that a small proportion of the
prepolymer chains have died before re-initiation with BMA.

In order to probe further the role of [Ni(acac),], its reaction
with the efficient alkylating agent [Me,Al(OEt)] was studied.
Upon mixing the aluminum and nickel species in CH,Cl,, an
immediate reaction was observed to give a brown solution
reminiscent of the decomposition reaction following polymer-
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Figure 1. a) Plot of M, versus [mon]/[tBu,SalenAlMe] (CH,Cl, solution,
[Ni(acac),]: [Al(rBu,salen)Me|:MAD:MMA = 1:1:3:x, where x =100, 200,
400, 500, 800); b)plot of M, versus % conversion (THF solution,
[Ni(acac),]:[Al(rBu,salen)Me|:MAD =1:1:3).
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Figure 2. GPC traces for the PMMA prepolymer and the PMMA-PBMA
di-block copolymer.

ization. When the same reaction was carried out in the
presence of PPh;, the known complex [Ni(acac)(Me)-
(PPh;) ] was formed, indicating that a key function of the
activator is to abstract an acac ligand and to alkylate the
nickel center which, in the presence of PPhs, is stabilized as
the phosphane adduct (acac = acetylacetonato). The reaction
with MAD, though more difficult to follow by NMR, is also
believed to result in alkylation of the nickel center. In the
absence of phosphane it is presumed that MMA will bind to
the nickel center (Scheme 1), where it is then available to
insert into the Ni—C(methyl) bond to give a carbon-bound
enolate species. This species is apparently stable only in the
presence of excess MMA. It is, therefore, probable that an
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Aluminum enolate

O = 'NyOj Schiff base ligand

Scheme 1. Postulated mechanism for the role of nickel in the catalyzed formation of

aluminum enolates.

additional equivalent of MMA binds to the nickel center,
possibly in place of the carbonyl group (Scheme 1). To
account for the catalytic dependence of the reaction on
[Ni(acac),] and the fact that the polymerization is centered at
the Al(rBuysalen) component, transfer of the enolate from
nickel to aluminum with concomitant transfer of the methyl
group from aluminum to nickel is proposed (Scheme 1). This
generates the active aluminum enolate species for polymer-
ization and reforms the “[Ni(acac)Me]” catalyst. In a separate
study we have successfully synthesized the aluminum enolate
species, [Al(rBuysalen){OC(OfBu)=CMe,}], and shown that
this is an efficient initiator for MMA polymerization. These
results will be reported in due course.
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