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Introduction

Kim and coworkers demonstrated that nickel(Il) catalysts
incorporating o-diimine ligands and iron(I) and cobalt(IT)
catalysts incorporating tridentate bis-imine ligands produced
syndiotactic poly(methyl methacrylate) (PMMA).'* Groups
VI-VII transition metal derivatives and organoaluminium
compounds have been reported to be effective catalysts for
the polymerization of various polar vinyl monomers because
of their remarkably functional group tolerant and high elec-
trophilicities. However, coordinative homo- and copolymer-
ization of polar monomers with these transition metals are
still one of the challenging topics, because simple coordina-
tion of the functional group to the metal may block monomer
access to vacant coordination sites.

Production of functionalized olefinic polymers with polar
groups by direct synthesis is one of the most challenging
research goals never successfully achieved by conventional
industrial chemical process. Aiming at the synthesis of
polyolefins functionalized with polar groups by ethylene/
MMA copolymerization, the polymerization of MMA with
a series of sterically modulated bis(salicylaldiminate) cobalt
(II) complexes in combination with methylaluminoxane
{MAO) has been preliminarily examined.

Experimental

General Methods and Materials. All reactions were
performed under inert atmosphere.” Methyl methacrylate
(Aldrich) washed twice with aqueous sodium hydrioxide
(10 wt%) and twice with water, followed by drying over
MgSO, and finally distilled over calcium hydride under N,
atmosphere at reduced pressure. Solvents were dried under
nitrogen using standard reagents. MAO (8.4 wt% total Al
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solution in toluene) was obtained from Akzo Chemical. 2,6-
Dimethylaniline, 2,6-diethylaniline, 2,6-diisopropylaniline
and salicylaldehyde purchased from Aldrich were used as-
received. Cobalt(Il) acetate tetrahydrate (Aldrich) was used
without further purification. (2,6-Dimethylphenyl)salicyla-
ldimine, (2,6-diethylphenylsalicylaldimine and (2,6-diiso-
propyl-phenyl)salicylaldimine ligands were prepared accord-
ing to the literature.”

Characterization. The molecular weight and its distribu-
tion of PMMA were determined by gel permeation chroma-
tography (GPC) using a Hewlett Packard Model 1100 series
system in tetrahydrofuran (THF} at 25 °C as calibrated with
polystyrene standards. The triad tacticity of PMMA was
determined by using "H-NMR spectra recorded on a Varian
Unity Plus 300 (300 MHz) spectrometer in CDCl; at 25 °C,
using tetramethylsilane as the internal reference. Both 'H NMR
spectra (300 MHz) of compounds and "C-NMR spectra (75
MH?z) of the triad tacticity of PMMA were recorded on a
Varian Unity Plus 300 spectrometer in CDCl;, using fetra-
methylsilane as an internal reference. FT-IR spectra of the
samples were recorded on KBr pellets by a Bruker IFSS5
FT-IR spectrometer. Element analysis was carried out using
Vario EL.

Synthesis of Complexes. Bis(salicylaldiminate)-cobalt(Il)
complexes were prepared according to a general method
employed for the preparation of bis(salicylaldiminate)nickel(IT)
complexes (Scheme 1).°

Bis(2,6-dimethylphenylsalicylaldiminate)Cobalt(II)
|Co(dmps),j. (2,6-Dimethylphenyl)-salicylaldimine (120 g,
5.33 mmol) in THF was added slowly at 50 °C to a solution
of cobalt(Il) acetate tetrahydrate (0.65 g, 2.62 mmol) in
THF and stirred vigorously for 8 h. Bright violet solid was
slowly precipitated from the solution. After treating with
20 mL of n-hexane, the resulting slurry was filtered, washed
with s-hexane, and finally dired in vacuo. Co(dmps), was
obtained as a violet powder (yield = 67.8%). FT-IR (KBr):
1574 em™ (ve-n) and no peaks representing Vo {cf. 1634
em” (Vo) and 3462 em™ () for ligand). Anal. Caled. for
CypHpCoN,O,: €, 71.00; H, 5.56; N, 5.52. Found: C, 70.93;
H, 5.51; N, 5.56.

Bis(2,6-diethylphenylsalicylaldiminate)Cobalt(1I)
[Co(deps),}. Co(deps), complex was prepared by reacting
(2,6-diethylphenyl)salicylaldimine ligand with cobalt(II)
acetate tetrahydrate according to similar procedures above
(vield = 64.2%). FT-IR (KBr): 1574 em™ (voy) and no peaks
representing vo.u (cf. 1634 cm™’ (ve—y) and 3460 cm! (Vo)
for ligand). Anal. Caled. for C3HiCoN:O»: C, 72.46; H, 6.44;
N, 4.97. Found: C, 72.43; H, 6.50; N, 4.93.

Bis(2,6-isopropylphenylsalicylaldiminate)Cobalt(1I)
[Co(dipps),]. Co(dipps), complex was prepared by reacting
(2,6-diisopropylphenyl)salicylaldimine ligand with cobalt(IT)
acetate tetrahydrate according to similar procedures above



B. K. Bahuleyan et al.

(yield = 68.3%). FT-IR (KBr): 1576 cm™ (ve—) and no peaks
representing Vo (cf. 1632 em™ (vey) and 3460 co™ (v ) for
ligand). Anal. Caled for C33HyCoNyO,: C, 73.65; H, 7.16;
N, 4.52. Found: C, 73.50; H, 7.20; N, 4.49,

Polymerization of MMA. All the polymerizations were
carried out in a Schlenk tube (50 mL) with a connection to a
vacuum system.'?

Results and Discussion

The syntheses of salicylaldiminate ligands bis-ligated com-
plexes of nickel were previously reported.”” (2,6-Dial-
kylphenyl)salicylaldimine ligands were conveniently pre-
pared in high yield (> 90%) by Schiff base condensation of
the appropriate aniline and salicylaldehyde. Bis(salicylaldi-
minate)cobalt(Il) complexes were also prepared in good
yields (64.2-68.3%) by treating the salicylaldiminate ligands
with Co(OAc),4H,0 (Scheme I). Similar bis-ligated ana-
logue compound of nickel have been noted and the bis-
ligated complex was not an active catalyst for ethylene
polymerization. In this sense, it was assumed that bis-liga-
tion has an important implication in catalyst stability and
lifetime.” However, bis(salicylaldiminate)-cobalt(IT) com-
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Scheme I. Preparation of Bis(salicylaldiminate)-cobalt(II) com-
plexes.

plexes were highly active catalysts for ethylene oligomer-
izations, producing up to 8.13 x 10° g-oligomer mol-Co™ h'!
atm™ with Co(dmps),, 8.11 x 10° g-oligomer mol-Co™ h'
atm™ with Co(deps),, and 9.12 x 10° g-oligomer mol-Co™ h
atm™ with Co(dipps), in the presence of MAO at 30 °C. This
activity is attributed to the lability of the salicylaldiminate
ligand, resulting in its ready displacement by the reaction
with MAO to generate active sites.

In order to check the oxophilicity of the active sites gener-
ated by bis-ligated cobalt complexes combined with MAO,
MMA polymerizations were performed by an array of
bis(salicylaldiminate)cobalt(I) complexes prepared by
modulating the steric bulk of the ortho substituents of the
N-aryl ring. Table I shows the results of the solution poly-
merizations of MMA. The Co(dmps), catalyst containing
methyl substituents in the aryl rings showed the highest
activity and the Co(dipps), complex containing relatively
bulkier isopropyl groups the least activity in an hour of
polymerization. MAO alone showed no activity.

The earlier reports for the stereoselective polymerizations
of MMA utilized a variety of main group organometallic
catalysts, specifically those based on lithium and magne-
sium, and to a lesser extent, aluminum. These catalysts were
considered to operate via anionic mechanisms, and the
development of well-defined organometallic complexes devel-
oped later might be a logical extension of the earlier cata-
lysts.! Both anionic and coordinative pathways are proposed
to propagate through metal enolate species, and the differ-
ence between the two mechanisms may be simply recog-
nized by means of the degree of dissociation of the enolate/
anion. Many transition metal complexes were examined
experimentally and theoretically to elucidate their active
species formed during olefin polymerizations via UV/VIS
spectroscopy.'”'*

These attempts on several zirconocene/MAOQO systems
and o~diimine-[N,N]NiBry/MAO system'* for olefin poly-
merization have contributed to understand the successive
elementary steps involved in the formation of cationic

10-13

Table I. Polymerization of Methyl Methacrylate by Bis(salicyladiminate) Cobalt(Il) Complexes Combined with Methylaluminoxane.
T=25°C, [Co] =15 pmol, and [MMA]y/[MAO]y/[Co},=3100:200:1

Run no. Catalyst T(i}rlr)le Y(ioe/‘l) ;1 ’ R’ 3{[664 MM, m:lrlad Frac;(r)nsd ) -
1 Co(dmps), 1 19.8 10239 4.5 14.9 0.8 25.7 73.5
2 Co(deps), 1 18.6 9611 42 15.7 0.5 2.7 76.8
3 Co(dipps). 0.5 3.64 11266 4.6 6.96 1.1 21.7 772
4 Co(dipps), 1 12.6 6511 42 15.9 0.9 211 78.0
5 Co(dipps), 2 17.9 4271 5.4 11.7 1.1 21.7 77.2
6 Co(dipps), 5 214 5107 5.9 8.5 1.3 214 77.3

“Yiel’d defined a mass of dry polymer recovered/mass of monomer used. *Rate of polymerization expressed as g of polymer/(mol-Co x h). “De-
termined by GPC eluted with THE with polystyrene calibration. “Observed in *C-NMR spectra of -Me resonance; from low to high field in the

spectra (6= 16.94-21.3 ppm).
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Figure 1. UV/VIS spectra of Co(deps),/methyl methacrylate
(MMA)/methylaluminoxane (MAOQ) system: (a) MAO alone, (b)
Co(deps),/MAO, (c¢) Co(deps), alone, (d) Co{deps),/MMA, (e)
Co(deps),MMA/MAOQO (1/100/30, molar ratio), (f) Co{deps),/
MMA/MAO (1/100/60), () Co(deps)/ MMA/MAO (1/100/150),
and (h) Co(deps)’MMA/MAO (1/100/250).

active species.

On this background, an investigation of cobalt salicylaldi-
mine complex Co(deps)’MAOQ in the presence of MMA
was made to get an idea about the active species involved in
these polymerization reactions. The formation of various
types of cobalt species upon incremental addition of MAO
has been identified in this process. As can be seen in Figure 1,
MAO alone has no characteristic absorption between 400 to
1,000 nm (curve a) while Co{deps),/MAO gave two absorp-
tion peaks around 500 and 800 nm (curve b). From the Fig-
ure I{curve c¢) it is clear that Co(deps), complex alone has
an absorption maximum around 500 nm. Note that addition
of a small quantity of MMA to Co(deps), alone makes no
difference in the patiern of the spectrum. Hence the new
peaks around 800-900 nm may be related to the formation
of active species. Increasing the amount of MAO (JAl]/[Co]
= 60), there is a considerable change in the spectral pattern.
The absorption at 500 nm almost disappears and the absorp-
tion around 900 nm dominates. Further addition of MAO
makes this absorption considerably broadened, most proba-
bly due to the increase of population density of active spe-
cies in the system.

Considering both the results obtained in this study and the
reported results, addition of the propagating PMMA can be
proposed (Scheme II). Oxygen-metalated enolate species
(as opposed to carbon-bound keto tautomers) undergo 1,4-
addition of a coordinated monomer, in a similar manner to
the Michael addition, leading to the formation of the back-
bone carbon-carbon bond and the generation of a new eno-
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Scheme I1. Polymerization of methy! methacrylate using bis(sal-
icylaldiminate)cobalt(Il¥methylaluminoxane catalysts.

late ligand capable of repeating the insertion.

As indicated in Table I, the molecular weights of all poly-
mers are moderately high (say, M, = 45,000 for Co(dmps),/
MAOQ); however, no clear trends can be found according to
the steric bulk of substituents. Considering the fact the same
catalyst yields only low molecular weight products like
butenes and hexanes in the ethylene polymerizations, the
increase of steric bulk of the ortho substituents of the N-aryl
ring is not a necessary condition to achieve high molecular
weight PMMA and, unlike ethylene polymerizations using
the same catalysts, chain transfer reactions in MMA poly-
merization is quite slow relative to chain propagation, and
thus, high molecular weight polymer is produced. In MMA
polymerization, the functional groups themselves may pro-
vide alternative mechanisms that facilitate propagation
through intermediates unique to their structures (Scheme
II). The most plausible termination process is an intramolec-
ular cyclization with concomitant formation of metal meth-
oxide species which is permanently inactive as shown in

eq. (1).°

o o
o] Qo Me Me]l Me
L M=Me N Gyeone A Vel

MeO” A /:/L——O . MeO . 9, Co-OMe (1)
< = s
o : ﬁMeq o OY/ 11.OMe
0= Me [Coj Ohde
OMe

Steric bulk of MMA monomer results in sterically hindered
chains, preventing them from susceptible cyclo-termina-
tion.'®

The data in Table I show that all catalysts produce PMMA’s
with Jarge MWD values, indicating multiple active species.
It is premature to conclude the reason for this only with the
data collected here; however, it is said that MMA polymer-
izations with the present bis-ligated Co(l1yMAO catalyst
are proceeded through complicated propagation and termi-
nation procedures.

The microstructure of PMMA was investigated by using
BC-NMR."” As summarized in Table 1, all catalysts produce
predominantly syndiotactic PMMA. The sterical modula-
tion of the catalyst made no dramatic effect on the syndio-
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tacticity (as »r triad) of PMMA, even though the value
decreases in the order of Co(dipps), > Co(deps), > Co(dmps),.
In addition the variations of experimental parameter like
temperature and [Al]/[Co] ratio made no mentionable dif-
ferences in the sindiotacticity (not shown). Triad tests may
be a good clue to differentiate between enantiomorphic site
control and chain-end control."” In the former case, 2(mm)/
myr should equal one, and in the latter, 4(zr)(mm)/(mr)* is
theoretically unity. All catalysts of the present study yield
polymers that cannot be described exactly as having been
formed under a specific control mechanism, enantiomor-
phic site control or chain-end control.'®

Recently, the possibility of free radical polymerization
mechanism or coordination-insertion mechanism has been
proposed for transition metal catalyzed polymerization of
acrylates.'”** Novak and coworkers have reported for neu-
tral Pd catalysts in acrylate polymerization that an efficient
radical inhibitor, galvinoxyl, can completely inhibit the pro-
cess of polymerization, suggesting that the polymerization
occurs via a radical mechanism.” Li and coworkers
reported that the syndiospecific polymerization of MMA
catalyzed by the neutral nickel complexes bearing ketoam-
ino ligands did not occur via a radical mechanism, as the
adding galvinoxyl as a free radical inhibitor cannot inhibit
the polymerization.® Since MAO can react with galvinoxyl,
this test is not reliable which may lead to wrong conclu-
sion.?! It was reported that the polymerization of MMA by
Ni(acac),” and salicylaldiminate nickel complexes®* with
MAO proceeds by a coordination-insertion mechanism.
However, we evaluated the effect of radical inhibitor on the
polymerization of MMA for Co(deps) system. Under stand-
ard conditions and adding 5 equivalent (per metal) of
TEMPO as a free radical inhibitor, polymer yield and cata-
lyst productivity remained substantially the same, thus
strongly suggesting that the polymerization of MMA cata-
lyzed by the cobalt(II) complexes did not occur via a radical
mechanism,

Conclusions

A series of sterically modulated bis(salicylaldiminate)
cobalt(Il) complexes were synthesized and applied to the
polymerization of MMA in the presence of MAO as a
cocatalyst. All catalysts showed moderate activities and
yielded syndiotactic-rich PMMA with syndiotacticity more
than 73.5%.
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