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Summary

We have studied the polymerization of methyl methacrylM#A) using biscy-
clopentadienylcalcium (C@a) and bis(pentamethylcyclopentadienyl)calcium
(Cp,Ca) as initiators. Polymerizations initiated with ,CR produced polygethyl
methacrylate) PMMA, with %rr = 80. This polymeration was ondwted in 1,2-
dimethoxyethane at ; monomer conversion was 57% after 19 h. Létidsind
co-workers reported a much higher syndaticity for the @me initiabr. While
80%irr is higher than a free radl polymerization oMMA at the sme temperature,
the broad polydispersity and low conversions make this polygateon mehod un-
attractive. Use of the more soluble initiator ,C@ significantly increases ano-
mer conversion but producB8IMA with lower g/ndictacticity.

Introduction
Syndiotactic PMMA
The control of tacticity is an iportant prokem in polymer synthesis. Polymer tac-
ticity can have a large impact on tphyscal propeties. For example, estimates for
the T, of 100% synditactic poly(methyl methacrylatePMMA) rangefrom 135-145
°C. A typical sample o0PMMA produced by free rachl polymerization(rr:rm:mm =
62:34:4) displays &, of 105C.(1)

The literature contains numas studies dacted at controlling tacticity in
PMMA. Early work has been reviewed.(2jterature results of particular relevance
to this report are given in Table 1. Thecsaiss of Group IVBnetallocene catalysts
for the stereoregular polynigation of propylene has not been digated for methyl
methacrylate IMA). Some of the best work in this area has been that 8inS@and
co-workers;(3) entry 1 in Table 1 shows the dbods and initiating system used.
The observed syndiacticity is moderately higher th&#MMA produced by free radi-
cal polymerizatbn. Soga and co-workers(4) have also studied the poiyatien of
MMA with zirconocenes. Entry 2 in Table 1 shows the system of Hatada and co-
workers(5) which produces highly synthatic: PMMA but only after bng eaction
times at low temperatures. Yagla and co-workers(6) have used organolanthanides
to produce highly syndtactic PMMA (entry 3 in Tablel). The organolanthanides
were active initiating species over a wide temperature rangep@alicedPMMA
with narrow polydispersity. Marks and co-workers(7) have studied the influence of
catalyst structure oRMMA tacticity in theorganolanthanide sgsm. All of the po-
lymerization mehods in entries 1-3 in Table 1 conttatticity via a chain-end control
mechanism.

The impetus for the research reported here was provided by the result shown
in entry 4. Lindsell and co-evkers(8) reported the prepdion of PMMA with rr =
94% at OC using biscyclopentadienylcalcium (Ca). To us, this prowative lit-
erature report was worth further investigpn. Lind®ll and co-verkers studied other
organaalcium conpounds and eemined the influence of temperature and solvent.
Conversion was always less than 100% and often less than 50%. For titeoiend
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in entry 4, only 8% conversion was tamed. Mnpolar solvents and highéem-
peratures reduced synthaticity. Initiator efficiencies were very low and the mo-
lecular weight distributions werbroad M /M, = 3-12). The ame researclyroup
also reported a study ®fIMA polymerization using triphenylmethylcalcium halide
initiators(9) In summary, organcalcium initiators produced highly syndtactic
PMMA but the polymerations were not controlled and ggweor conversions.

Table 1. Literature Examples of Syndiotactic PMMA Preparations®

No. Initiating System Pzn. Conditions % 1  Ref.
1 Cp,ZrMe,/ 0 °C, 60 min, CH,Cl, 80)° 3
[Cp,ZrMe(THF)][BPh ]
2 t-BuLi/R Al -78 °C, toluene, 24 h 96 5
3 [Cp,*SmH], -95 °C, toluene, 40 min 95 6
4 Cp,Ca 0°C,DME, 12 h 94 8

* Cp = cyclopentadienyl, Cp* = pentamethylcyclopentadienyl. * %r = §0.

Our research goal was to investigate Lindselbskwand potetially optimize
organealcium structure and polymerizatioanditions.

Organocdcium Chemistry

While the chemistry of Grignard cgounds is wll known, the organoetallic com-
pounds of Ca, Sr, and Ba are leamiliar because they are more ionic and generally
less soluble in organic solventsal€ium and other alkaline-earth ions are similar to
divalent lanthanide ions with regard to their elepbstive nature and ionic rad{iL0)

For example, CpCa and CpYb are found to be bent sandwich structures with
similar centroid angles (Scheng(11) Onemajor difference between orgasacium
compounds and organolanthanide compounds is the numberadéld® oxidation
states.

Scheme 1 Cp* Cp*
\ Y
154° ( Ca 158° Yb
/ /
Cp* Cp*
Ca*? radius = 1.00 A Yb*? radius = 1.02 A

Results and discussion
Synthesis of Organottaum Conpounds
In this report, we have focused on the polyimegtion chemistry of twoorganaal-
cium compounds, C@a and CpCa. In early work, we used thmethod of Lind-
sell and co-wrkers(12) to prepare @pa. This method involved thesaction of cy-
clopentadiene with elemental calcium in THF af@5The product is dhined as
THF solvate with a Cfa:THF stoichiometry of 1:2. We were not able to purify this
compound and found that samples from this synthesis produced variable results.
Our preferred method of synthesis for both@pand CpCa was the reac-
tion of Cal with the sodium salt of theocresponding cyclopentadienyl anion.(13)
With considerable féort, we were able to recrialize CpCa and compare the be-
havior of this purified sample with unrectglized CpCa. We synthesized C@a
to improve the solubty in THF and toluene.
We also synthesized bigfbrenycalcium and attempted the polymerization of
MMA but only oltained low onversions after 20 h; thus, we did not study this com-
pound further.

Cp,Ca initiated polymerization of MMA
Table 2 summarizes theMA polymerization results when CPa was used as the
initiator. The ta isfor polymeization in DME because QPa was sparingly solu-
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ble in THF. We did not perform nhecular weight analysifor all samples since our
principle figure of merit was conversion and %rr. In THF, we observed low conver-
sions and lower syndiacticity.

Table 2. Polymerization of MMA in DME.

No. [Cp,Ca(THF),l, mM [MMA],M T,°C ¢t % % 1T
Conv.

1 2.7 0.85 0 22 7 = 96
2 4.4 1.51 0 19 10 76°°
3 4.4° 1.51 0 19 S 80¢
4 10.6 7.8 0 0.08 80 61
5 2.7 0.85 -10 22 4 80
6 4.4 1.51 -10 20 35 80
7 5.3 1.56 -10 olp) 35 80°

o L 120°C ° M (exp)=24.5k g/mol, M,/M_ =1.47, imtiator efficiency =
14%. (14) Recrystalllzed Cp,Ca(THF),. * M (exp)—25 8k g/mol, M /M =1.73,
initiator efficiency = 76%. ° T, = 125°C.

We observed good conversions in shimtes onlyfor high monomer con-
centrations (entry 4); however, syntdioticity was lower. Purified C@a (entry 3)
afforded a higher itiator efficiency. The effect of temperature was negligible for
the small range studied (0 vs. ¢@). The best result in Table 2 is entry 3 where
polymer with 80% rr was dhined. Collins and co-erkers (3) observedimilar
tacticity at the same temperature but they obtained compdeteersion of monomer
in1h.

The most important conclusion from Table 2 is that we did not reproduce the
results of Lindsell. Lindsell morted PMMA with 94% rr after 19h at @ using
[Cp,Cal = 1.9 mM and MIMA], = 1.87 M. Entry 2 in Table 2 represents the best
duplication of Lindsell's experimentalorditions; similar onversions were ob-
served but the polymer syndlaticity was significantly lower. We repeated many
of the experiments in Table 2 and never obseg#ed greater thar80. We can not
account for the difference in our results compared to leilidseport.

Cp, Ca initiated polymerization of MMA

Table 3 summarizes the resultsr the polymeization of MMA using Cp Ca.
Cp,Ca was soluble in a greater range of solvents including THF and toluene. The
greater solubility was accompanied bypimvements in onversions (for polymeri-
zations at €C). Low conversions were observedenperatures belowG.

Table 3. Polymerization of MMA by Cp,*Ca(THF),*

No. Solvent T°C t,h % Conv. M_(exp)’ %Init. Eff. % rr

1 DME 0 1 82 38k 51 57
2 DME -30 9 0 - - -
3 THF 0 2 81 34k 57 37
4 THF -20 4 11 28k 9 43
5 THF -30 9 0 - - -
6 Toluene 20 8 23 38k 14 23

*[MMA], =0.92M, [Cp,Ca(THF),], =3.85 mM. " M /M =3-5; distributions
were generally multimodal.

Organolanthanide catalysts with the "Cuuxiliary ligand produced syndio-
tactic PMMA (80% rr at 0°C). However, lanthanides bearing the less bulky Cp li-
gand produced polymer with high syntioticity only at low temperaturésunlike
lanthanide compounds, Opa did not produce syndactic PMMA at 0 °C. For
polymerization in DME at @, %rr = 57. This result isimilar to free radical po-
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lymerization. In the less polar solvent THF, the symdaticity of PMMA decreased
further, %rr = 37.

We briefly studied the polymerization ofoutyl methacrylate using Cia.
We obtained100% conversion in 1 h for polymeation in THF at 6C. However,
the initiator efficiency was only 4% and r66%.

Conclusions

CpCa and CpCa polymerizeMMA with low conversions at €. We obtained
PMMA with 80% rr using purified Ca. This result contrasts the report of Lind-
sell and co-wrkers where they reported a much higher syadiicity using the
same catalyst. Lowerysdiotacticity was obtained with C£a. Even though the
80% rr observed with C@a is higher than a free radigatocess at the same tem-
perature, the poor conversions and broademdar weight distributions observed
with organealcium conpounds makes them attractive. We are wrently study-
ing the mechanism of the polymerization.

Experimental section

Materials 1,2-Dimethoxyethane, THF and toluene were dried and deoxgtgenby
distillation from sodium benzophenone ketyl. Anhydrous ,Calyclopentadienyl
sodium, and pentamethylcyclopentadienyl sodium wenrehased from Aldrich and
used as received. Methyl methacrylate waschased from Aldrich and purified by
the method of Aen, Long and McGrath.(15) Alleactions were péormed under
dry argon using standard Schleekhniques.

Synthesis of C@a and CpCa. CpCa and CpCa were prepared ac-
cording to theliterature:® Anhydrous Cal (4.67 g, 15.9 mmol) and cyclopentadi-
enyl sodium (17.6 mL of a 2M THF solution, 35.2 mmol) were added to a 250 mL
flask containing 75 mL THF. The aldy reaction mixture was stirred overnight
and was then filtered. The precipitate was washed twice with 30 mL THF. Re-
moval of the solvent afforded crude ,Cp(THF). The crude product was recrys-
tallizedfrom DME.

An analogous procedure was used foy Ca.

Polymerization of MMAMMA polymerization was carried out in a 50 mL
round-bottomed flash equipped with a meago stir bar. A typical polymerization
procedure is as follows. 2 mMMA was added to 10 mL DME. The polyniza-
tion was started by injection of 2 mL of a 30 mM,Ca DME solution. Theeac-
tion was quenched with methanol and the polymer precipitated into methanol fol-
lowed by drying in a vacuum oven.

Characterization. Syndidacticity was determined by analysis 81 NMR
spectrum which was recorded on a Variaentni 200 MHz sgctrometer. Mo-
lecular weight analysis was determined by gel permeatloontatography which
was performed with &Vaters501 pump, 2 PLgel (Polymer Laboratories) mixed-D
columns (5 micron), and &/aters410 differenial refractometer. The eluent was
THF and the flow rate = 1 mL/min. Molecular weights were calibrated by compari-
son to narrow mlecular weightPMMA standards (Polymer lbaratories).
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