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GENERAL INTRODUCTION

Background

       Specificity in Polymerization. Chain-growth or addition

polymerizations of vinyl monomers (CH2=CHR) give, in most cases, linear

polymers where hundreds and sometimes thousands of repeat units (-CH2-CHR-)

are connected with each other in a regular fashion -[CH2-CHR]n- (Figure 1).

Numerous addition polymerizations are now known, readily giving high polymers

in quantitative yield simply by mixing a monomer with an initiator, and this very

fact might give an impression that they are easy chemical reactions which do not

require serious efforts to control. On the contrary, if one carefu11y inspects the

architectures of any seemingly trivial addition polymers, -[CH2-CHR]n-, one will

soon realize that their formation is in fact a result of a chemical process of

extremely high specificity and precision.

       The linear polymers structure usually consists of a linear chain (or a

backbone) of repeat units and terminal groups placed at both ends of the main chain.

                Regiospecificity
                        ;
     Terminal Stereospecificity Terminal
     Structure R Structure
                        R AR RR :,Ky

  R
     R"
                R
         -l
Molecular VVeight
(Chain Length)

   Figure 1
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For such a regular backbone to form, the following specificities, among others,

should be required:

       (a) Chemospecificity: The specificity for propagation over any chain-

breaking side-reactions, such as chain transfer and termination, which in turn

regulates the molecular weight and the molecular weight distribution of the

products, along with the structure of the terminal groups. By definition,

propagation specificity should be high for high polymers to form, but chain-

breaking reactions do occur in most of conventional addition polymerizations. A

most important chemospecific chain-growth is generally called as "living

polymerization", where the propagation step is free from chain transfer, termination,

and any other chain-breaking reactions.1

       (b) Stereospecificity: The specificity for the configuration of repeat

units along a backbone, resulting from the stereochemistry of propagation

reactions; i.e., the specificity for isotactic, syndiotactic, and heterotactic

enchainments in the triad expression (Scheme 1).2 A typical example is an iso-

 tsotactic
      /C[lllli7qi'C":IIIi]7ci.{::l7cCor:i!llli7c•[?,C("iis/2Nsier,C("i!s/2Ns{.I[,C("iis/2NsÅq.r,C("gs/2Ns:{.A

Syndiotactic
    /C21i?qC:"i/NgxfEICS:i?cÅq•e:"i/Ng{(Ilzlgs/"2NcÅq,,C"j/N'cf6:li?Åq.:"j/xct@'r

Heterotactic
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 Schemel. CommonPolymerTacticitiesforMono-SubstitutedPolymer.
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                                                     General Introduction

specific polymerizations.3

       (c)Regiospecificity: The specificity for the way by which repeat

units are connected to each other, resulting from which position of a monomer the

growing end attacks: e.g., head-to-head versus head-to-tail structures for a

monosubstituted alkene monomer (CH2=CHR);4 1,2- versus 1,4- structures for a

linear3,5 or cyclic diene6 monomer (CH2=CH-CH=CHR) (Scheme 2).

   2

        3

Butadiene

-----••---•.-- ),p
  --•-•---•-.--))
    -•--m-----ny'-'l)"'

Scheme 2.
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       3n
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       Specificity Control in Cationic Polymerization. Among chain-

growthladdition polymerizations of alkenes and related monomers, cationic

polymerization seems interesting to the author, because the acid-catalyzed process

still involves uncharted frontiers in terms of the precision control of the

specificities discussed above.

       In 1984 the first examples of Iiving cationic polymerizations of vinyl

monomers were reported (cf. the next section),7 and since then a series of similar

living cationic processes have been developed for almost all of the monomers for

carbocationic growth to provide powerfu1 methodologies to synthesize polymers of

controlled molecular weights, narrow molecular weight distributions, and well-

defined terminal groups.8 That implies that high chemospecificity can be attained

in cationic polymerization.

       In contrast, precision control of stereospecificity and regiospecificity has

been particularly difficult in cationic polymerization, except that in almost all cases
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head-to-tail stmctures forrn. The current status of these two areas will be

reviewed and discussed in each relevant chapter of this thesis, but a brief general

overview will follow herein.

        Stereospecificity in Cationic Polymerization. In the early phase of

research in cationic polymerization, rather accidentally, Schildknecht obtained

highly crystalline poly(isobutyl vinyl ether)9 that, if property analyzed, would have

been the first example of stereoregular synthetic polymers. The polymer was

synthesized by a heterogeneous polymerization with boron trifluoride etherate at

low temperature, and detailed structure analysis by the original authors and also

Natta revealed, shortly after the discovery of isotactic polypropylene,10 that the

crystalline poly(IBVE) is in fact highly isotactic.11 Since then extensive research

was canied out in homogeneous12 and heterogeneousi3 cationic polymerizations,

in part for attaining high stereospecificity and also in relation to the propagation

mechanism.14

       These studies revealed, as in other ionic polymerization,15 that (a)

lowering polymerization temperature facilitates stereospecificity;12 and that (b)

isotactic propagation is preferred in nonpolar solvent or other systems where ion-

pair intermediates are supposed to prevail.14 Despite such general understanding,

none of the known cationic polymerization systems can achieve such a high and

often exclusive stereospecificity for any monomers as in the most sophisticated

olefini6 and anionic polymerizations.i7

       Regiospecificity iR Cationic Polymerization. Because, almost

without exception, cationic polymerization gives regular head-to-tail polymers

from mono-substituted monomers, regiospecificity control is to be considered

primarily in diene polymerization, namely, the specificity for either the 1,2- or the

1,4-main-chain structures originating from a conjugated allylic carbocation as the

propagating species (cf. Scheme 2).18 As in the stereospecificity control, the

general trend in cationic polymerization is similar to those in other ionic

counterparts, and the use of nonpolar media at low temperature leads to a moderate

4-



                                                     General Introduction

specificity towards the 1,4-structure for 1-phenylbutadiene19 and other diene

monomers.18

       Another area of interest in terms of regiospecificity control is the cationic

polymerization of cyclopentadiene (CPD), a cationically polymerizable cyclic

diene that gives polymers of potential applications consisting of thermally stable,

completely hydrocarbon cyclic repeat units (Scheme 3). Research in cationic

CPD polymerization dates back to 1926 when Staudinger and Brusin reported the

formation of 1,2- and 1,4-structures.20 Subsequently some Lewis acids have been

reported to polymerize the cyclic monomer into ill-defined polymers.21

                                                         14i04
2cpD3

      R 6,i},4 =
- pd....it
         23                                   n
                         1,2-Addition

   Scheme3. CationicPolymerizationofCPD.

         n
1 ,4-Add ition

       Overall, however, for neither Iinear nor cyclic diene very high 1,2-/1,4-

regiospecificity has been achieved in cationic polymerization.

       Precision Control of Cationic Polymerization via Counteranions.

One of the most notable and attractive features in cationic polymerization is the

existence of a counteranion accompanying the growing carbocation (Scheme 4).

Because the counteranion, by definition, accompanies closely with the growing

cationic site, it can affect the course of the propagation reaction, in terms of

reactivity (rate), chemospecificity, stereospecificity, and regiospecificity, among

other aspects. This, in turn, means that the specificity of propagation reactions

can be controlled by designing the counteranions, for example, electronically and

sterically.

       As illustrated in Scheme 4, a well-defined counteranion can be generated

by a combination of a protonic acid (HB; initiator) and a Lewis acid (MXn;

                                -5-
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                   MXn eewwCH2--(?H-B - wwCH2-9H"i",B,,iMX.

     Dormant Activated
   Scheme4. LivingCationicPolymerization.

 catalyst). The initiator first adds across the double bond of the monomer to form

 an adduct carrying a covalently attached anionic part (B) of the acid. This linkage

 is ionically dissociated by the Lewis acid or,the catalyst, and thereby a

 counteranion (-B-MXn) is formed. Thus, the nature of the growing species

 (•--••-CH2-CHR+ -'B-MXn) will be governed by the substituent R from the

 monomer, the anionic part B from the initiator, and the Lewis acid (MXn) as the

 catalyst; note that the last two components give the counteranion -B-MXn.

        In fact, the fine chemospecificity control, or living cationic polymerization,

 has been achieved by such two component initiating systems (HBmxn) (see

 above), and, in these examples, the nucleophilicity of the counteranions is

 considered the most critical factor for the chemospecificity.8 Unfortunately,

 however, none of such general principles have been found for precision control of

 stereo- and regiospecificity in cationic polymerization.

 Objectives: Stereo- and Regiospecific Cationic Polymerizations

     From these backgrounds, the author focused his research on the

 "stereospecific" and "regiospecific" cationic polymerizations. As described above,

' there have few reports to prepare high-stereoregular polymers or regiospecific
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        ' General lntroduction
polymers in cationic polymerization. He believed that some particular designed

initiating system should be required for the control. In view of these, two-

component initiating systems [a protonic acid (HB) and a Lewis acid (mxn)] will

be suitable to achieve such selectivities via the design of counteranion from steric

and electronic viewpoints (Scheme 5).

           e
.wvwwvCH2---CHm
           t
          OR

1/1{):OR

                    Counteranion

     (A) Stereospecific
        Cationic Polymerization ?
        (Vinyl Ethers)

 Scheme 5. Environment around.Growing Carbocationic Species in Cationic

             Polymerization of VE and CPD. .

       Therefore, the first object of this study is concemed with stereospecific

cationic polymerization of vinyl ethers by a systematic search of the three factors:

Lewis acids, monomer substituents, and initiators. Especially, modification of

Lewis acid is most interesting, because it can be sterically and electronically

designed to give unique environment in the growing end. Thus, the author

employed various bulky titanium compounds in place of conventional Lewis acids

or metal halides for the cationic polymerization to examine the pessibility of

stereoregular cationic polymerization. For this purpose, he selected alkyl vinyl

ethers (VEs) as monomers, which show high-reactivity in cationic polymerization

and then even the weaker designed Lewis acids with some substituents can be used

as well. The effects of alky1 group of monomer were also examined due to

possibilities of the interaction between oxygen of monomer and central metal of

           ///sgi,]Z,

         t      ..epJtt e ".
          BiisMX.,

           ffi
                Counteranion

(B) Regioselective /Living
   Cationic Polymerization?
   (Cyclopentadiene; CPD)
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Lewis acid. Along with these efforts, he also surveyed the bulky protonic acids as

initiators.

    Secondly, in connection with regioselectivity, the author noted the cationic

polymerization of cyclopentadiene (CPD) because the growing species is most

1ikely a resonating allylic carbocation and thus leads to the regioselectivity, namely

1,2- and 1,4-adducut. To this end, he examined effects of the various factors on

regioselectivity. Prior to the examination of the regioselecitivity, he decided to

develop the living or controlled cationic polymerization of CPD which has never

been achieved.

Outline of This Study

       The present thesis consists of two parts: Part 1 (Chapters 1-3) deals with

the stereospecific cationic polymerization with designed counteranions derived

from a protonic acid (initiator) and a Lewis acid (activator/catalyst). Effects of

monomer substituents are also discussed. Part II (Chapters 4-6) discusses the

controlled and regiospecific cationic polymerization of cyclopentadiene (CPD)

terms of molecular weight and microstructure. The initiating systems were then

applied for the syntheses of various CPD-based precision polymers.

       Chapter 1 presents the iso-specific cationic polymerization of isobutyl

vinyl ether (IBVE) with designed bulky titanium compounds. A series of titanium

dichloride [TiCi2(OAr)2] were also employed where the metal center carries two

substituted phenoxy groups, and a pronounced dependence of isotacticity was

observed on the bulkiness, positions, and structure of ring-substituents on OAr

(Scheme 6). Overal1, isopropyl groups at 2,6-positions on the phenyl group Ar led

to the highest isotacticity, whereas bulkier or planer-like groups such as tert-butyl

or phenyl were less effective, suggesting that not only bulkiness but three-

dimensional shapes of Lewis acids are critical in stereoregulation in cationic

-- 8-



                                                General Introduction

C,l:,i,al.1'B.-vC,iii/liiSi2i':ies:t"o'rl2C"3-oE'l:•U,'i"tim/'iC.i,i`,O.:i.'k-'--'-""---"'VE fitg,'e.osy"'a"

-oAr
 -o@ -2Cb -oP -ob -oP -o.De (8.0

Scheme6. CationicPolymerizationoflBVEwithBulkyLeWisAcids.

polymerization.

       Chapter 2 focuses on the substituents on the vinyl ether monomers with

the titanium compounds described in Chapter 1. The tacticities depend on the

substituents, where isobutyl and isopropyl vinyl ethers gave highly isotactic

polymer (mm = 839e), whereas tert-buty1 vinyl ether (TBVE) resulted in a lower

isotactic content (mm = 499o) similar to that with a precursor, ' TiC14. The

statistical analysis revealed that the high isospecificty is achieved not by the chain

end but by the catalyst or the counteranion derived therefrom.

      In Chapter 3 the author focused on the tacticity control by designed bulky

counteranions derived from initiators (HB or B-) for IBVE cationic polymerization.

Therefore, phosphoric acid derivatives [(RO)2POOH] coupled with SnCl4 gave

                              6e ,BC.",2="g/I,ym'OP(O")2-S!'!S2!!L)C -'4CH3-g,l.[i;:(g6--•iP,(,:,,,R.)2,,,2VE fiSelyre.o.re,gu,ar

   HOOP(OR)2       -R:vv, o, -cH,o, vl([)/v, ma

  Scheme7. CationicPolymerizationofIBVEwithBulkyPhosphoricAcids.
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highly isotactic poly(IBVE)s, where those with bulky substituent (R),

[C4HgCH(C2Hs)CH20]2POOH and (n-ClcH21)2POOH, led to the highest

isotacticity (m = 869o) (Scheme 7). In contrast, isospecificity was lower with

IBVE-HCI and CF3COOH under the same conditions.

       Chapter 4 presents the first example of a precision cationic

polymerization of cyclopentadiene (CPD) that forms controlled poly(CPD) with

narrow molecular weight distributions (MWDs). With the use of HCI-adduct of

CPD or a vinyl ether (initiator), SnC14 (Lewis acid as catalyst), and n-Bu4NCI

(additive), the number-average molecular weights of the polymers increased in

direct proponion to monomer conversion, as well as to the monomer-to-initiator

mole ratio, and the MWDs were narrow throughout the reactions (Mw/Mn =

1.2-1.3), clearly narrower than those in the additive-free systems (Mw/Mn År 2)

(Scheme 8). The prepared poly(CPD) carried the initiator fragment at the or-end

(nearly one per chain).

                        CPD
Rny-ciSn-C-..Li4e

R,,,2isnci4-iSZIR 6.ee toptD

                             ""'" Additivelnitiator                              e                              clsnc14

    R-cl, Qct; cH3-gH-cl

                mp

    Addltive: n-Bu4NCI, Et20, CH3C02Et2

        Scheme 8.

R

    -n -
  1,2-Unit 1,4Unit
Controlled Molecular VVeight
Narrow MVEtD

Cl

m

                     Controlled Cationic Polymerization of CPD.

       Chapter 5 focuses on the regiospecific polymerization of CPD with the

binary initiating systems consisting of a protonic acid and a Lewis acid. The

reaction parameters, e.g., solvents, additives, and temperatures, did not

dramatically affect regioselectivity, giving 55-609o 1,4-contents almost invariably.

On the other hand, a Lewis acid has dramatic effects on the selectivity, where weak

                              -1O-



                                                      General Introduction

Lewis acids such as ZnX2 (X = Cl, Br, I) gave the highest [1,4]--contents (64, 70,

769o, respectively) (Scheme 9). in particular, the CPD-HCVZnBr2 system

induced controlled polymerization to give poly(CPD)s with narrow molecular

weight distributions (MWDs) (Mw/Mn = 1.3-1.5) and relatively high

regiospecifTicity ([1,4] = 709o).

                            5
                                      O 12 12 t2
     '2o-i-//•e'`'i{,-.,v,,,,.fuxÅr'L-'Q,, ,.;T-'VVWIiiiE]S,Ii]$Iiiil:1, ,

                                  eo: -                     , 2'3 "'"ftMXn - M
      MXn: SnX4 {X = Cl, Br), TiX4 (X = Cl, BrÅr, TiC12(O-Pr)2, AIBr3, BCI3, ZnX2 (X = Cl, Br, 1)

    Scheme9. RegioselectivityofCPDPolymerizationwithLewisAcids

       Chapter 6 is directed toward the syntheses of a series of CPD-based

polymers and copolymers by the controlled systems showed in chapter 4 (Scheme

10). With HCI-adducts of vinyl ethers carrying pendant functional substituents as

initiators, end-functionalized poly(CPD) was synthesized in conjunction with

SnCla. The system led to controlled cationic polymerizations of CPD to give

controlled ct-end-functionalized poly(CPD)s with almost quantitative attachment of

the functional groups (Fn -- 1). Additionally, diblock copolymers of 2•-chloroethyl

vinyl ether (CEVE) and 2-acetoxyethyl vinyl ether with CPD were also synthesized

by sequential polymerization of CPD and these vinyl ethers. ABA-Type triblock

copolymer of CPD (A) and CEVE (B) was also prepared with the use of a

bifunctional initiator.

-11-



X-R-Cl/SnC141n-Bu4NCI

CPD

R-Cl/SnCI4/n•Bu4NCI

CPD

:.-t-KE ;5iS5-

CI-R-CUSnCl`Vn-Bu4NCI

Scheme 10.

VE + CPD

xrCOCoo oo oo ocoo
End Functionalized Poly(CPD)

  CPD unit VE unit
eocoococeeeeeeee
Diblock Copolymer

  CPD unit VE unit CPD unit
cocx nmDeeeeeeeex )cam)cD
Triblock Copotymer

 cPD'-N rVE
cmoeocee )eeoooee
Random Copolymer

Syntheses of CPD-Based Polymers and Copolymers

       In conclusion, this thesis presents the control of stereo- and

regioselectivity in cationic polymerization by designed counteranions, intensively

Lewis acids. Also the controlled polymerization of CPD and its application are

discussed. The author hopes that this thesis contributes to further developments in

not only cationic polymerization but also novel controlled organic reactions via

cationic intermediates.

REFERENCES
 .(1) For Recent Reviews, see: (a) Szwarc, M. Carbanions, Living Polymers, and

    Electron-TransferProcesses,Interscience,NewYork,1968. (b)Webster,O.

    W. Science 1991, 251, 887, (c) Aida, T. Prog. Polym. Sci. 1994, 19, 469.

 (2) IUPAC Pure Appl. Chem. 1996, 68, 2287.

 (3) Coates, G. W. Chem. Rev. 2000, IOO, 1223.

 (4) (a) Doi, Y. Macromolecules 1979, 12, 248. (b) Pino, P.; Mulhaupt, R.

    Angew. Chem., Int. Ed. Engl. 1980,19, 857. (c)Park, J. R.; Shino,T.; Soga,

    K. Macromolecules 1992, 25, 521.

-12-



General Introduction

 (5) Watanabe, H.; Masuda, N. In Catalysis in Precision Polymerization,

     Kobayashi, S.; Wiley, Chichester, England, Chapter 2, 1997.

 (6) (a) Natori, I. Macromolecules 1997, 30, 3696. (b) Natori, I.; Imaizumi, K.;

     Yamagishi, H.; Kazunori, M. J. Polym. Sci. Part B: Polym. Phys. 1998, 36,

     1657.

 (7) Miyamoto, M.; Sawamoto, M.; Higashimura, T. Macromolecules 1984, 17,

     265.

 (8) For recent reviews on living cationic polymerization, see: (a) Sawamoto, M.

    Prog. Polym. Sci. 1991, 16, 111. (b) Kennedy, J. P.; Ivan, B. Designed

    Polymers by Carbocationic Macromolecular Engineering: Theory and

    Practice; Hanser: Munich, 1992. (c) Matyjaszewski, K., Ed.; Cationic

    Polymerizations, Marcel Deklcer: NY, 1996.

 (9) Schildknecht, C.E.; Zoss, A. O.; McKinley, C. Ind. Eng. Chem. 1947, 39,

     180.

(10) Natta, G.; Pino, P.; Corradini, P.; Danusso, F.; Mantica, E.; Mazzanti, G.;

    Moraglio G. J. Am. Chem. Soc. 1955, 77, 1708.

(11) Natta, G. J. Polym. Sci. 1960, 48, 219.

(12) (a) Higashimura, T.; Yonezawa, T.; Okarnura, S.; Fukui, K. J. Polym. Sci.

    1959, 39, 487. (b) Yuki, H.; Hatada, K.; Ota, K.; Kinoshita, I.; Murahashi,

    S.; Ono, K.; Ito, Y. J. Polym. Sci., A-1 1969, 7, 1517. (c) SiklÅqema, D. J.;

    Angad-Gaur, H. Makromol. Chem. 1980, 181, 2259. (d) Angad-Gaur, H.;

    Sikkema, D. J. Makromol. Chem. 1980, 181, 2385. (e) Ohgi, H.; Sato, T.

    Macromolecules 1993, 26, 559. (b Ohgi, H.; Sato, T. Macromolecules

    1999, 32, 2403.

(13) Okamura, S.; Higashimura, T.; Watanabe, T. Makromol. Chem. 1961, 50,

    137.

(14) Kunitake, T.; Aso, C. J. Polym. Sci.,A-1 19'70, 8, 665.

(15) Hatada, K.; Kitayama, T.; Ute, K. Prog. Polym. Sci. 1988, 13, 189.

-13-



(16)

(17)

(18)

(19)

(20)

(21)

For recent reviews, see: (a) Ziegler Catalysts; Fink G., MUIhaupt R.,

Brinzinger H. H., Eds,; Springer-Verlag: Berlin, 1995. (b) Brinzinger, H.

H.; Fischer, D.; Mtilhaupt, R.; Rieger, B.; Waymouth, R. M. Angew. Chem.

Int. Ed. Engl. 1995, 34, 1143.

For a recent review, see: Hatada, K.; Kitayama, T. In Macromolecular

Design ofPolymeric Materials; Hatada, K., Kitayama, T., Vogl, O., Eds.;

Marcel Dekker: New York, 1997; p. 139.

For a review on cationic polymerization of conjugated dienes; see: Kennedy,

J. P. Cationic Polymerization of Olefins: A Critical Inventory, Wiley-

Interscuence, New York, 1975, p. 154.

Radzitski, P.; Wilde, M. C.; Smets, G. J. Polym. Sci. 1954, 13, 477.

Staudinger, H.; Bruson, H. A. Ann. 1926, 447, 110.

(a) Sigwalt, P.; Vairon, J. P. Bull. Soc., Chim. France 1964, 482. (b)

Momiyama, Z.; Imanishi, Y.; Higashimura, T. Chem. High Polymers, 1966,

23, 56. (c) Aso, C.; Kunitake,T.;Ishimoto,Y. J, Polym. Sci. PartA-1 1968,

6, 1163. (d) Aso, C.; Kunitake, T.; Ishimoto, Y. J. Polym. Sci. PartA-1 1968,

6, 1175.

-14-



DESIGN OF INITIATING SYSTEMS

     STEREOSPECIFIC
 CAT1ON1C POLYMER1ZAT1ON



Chapter1

Design of Counteranions
         with Bulky Titanium
Lewis Acids as Catalysts

ABSTRACT
      Highly isotactic-specific cationic polymerization has been achieved for

isobutyl vinyl ether (IBVE) with bis[(2,6-diisopropyl)phenoxy]titanium dichloride

[TiC12{OC6H4(i-Pr)2(2,6-)}2 (2)] as a Lewis acid catalyst (activator) to be coupled

with the IBVE-HCI adduct (initiator). The polymerization, homogeneous and

quantitative, was carried out in n-hexane at -78 eC in the presence of a bulky

pyridine (2,6-di-tert-butyl-4-methylpyridine) to give isotactic-rich polymers with a

meso dyad (m) = 90-929o (Mn - 20ooO). Under similar conditions unsubstituted

counterparts (TiCla, SnC14, etc.) gave nearly atactic products (m = 689o). With

catalyst 2, the isotactic content m increased at lower temperature, in less polar

solvents, and with the added pyridine (m = 64-929o). To design Lewis acids for

stereoregulation, a series of titanium dichloride [TiCI2(OAr)2] were also employed

where the metal center carries two substituted phenoxy groups, and a pronounced

dependence of isotacticity was observed on the builciness, positions, and structure

of ring-substituents on OAr. Overall, isopropyl groups at 2,6-positions led to the

highest isotacticity, whereas bulkier or planer-like groups such as tert-butyl or

phenyl were less effective, suggesting that not only bulkiness but three-

dimensional shapes of Lewis acids are critical in stereoregulation in cationic

polymerization.
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Chapter1

INTRODUCTION

      Stereoregularity is a factor that seriously affects physical properties of

polymers. Thus stereospecific polymerizations have extensively been explored

and are indeed possible for various monomers. Examples include coordination

polymerization of olefins with Zieglar-Natta or metallocene catalystsl and anionic

polymerization of methacryIates with t-BuMgBr and t-BuLYalkyl aluminum.2

      in cationic polymerization, however stereoregularity control has been

difficult, particularly in homogeneous systems, although nearly complete control of

molecular weight has been achieved by various living systems.3 Effects of

catalysts or counteranions, substituents of monomers, solvent polarity, and

temperature on tacticity have in fact been investigated rather extensively in cationic

polymerization of vinyl ethers (VE), and mechanisms have been proposed for the

forrnation of isotactic and syndiotactic enchainments,4,5 but very high

stereospecificity is still beyond reach thus far.

      For example, it has been reported that BF30Et2,6 AIEtC12,7 and AIEt2C17

give more or less isotactic poly(VE) in less polar solvents at low temperature, but

the stereoregularity is not very high (mm r 709o). Vinyl ethers with bulky

substituents like benzy18 and tert-buty19 were polymerized with BF30Et2 to afford

polymers of relatively high isotacticity [mm = 869o (benzyl) and 799o (tert-butyl)].

Allyl vinyl ether has also been polymerized by SbCls into isotactic polymer with m

= 809o.10 In addition, heterogeneous systems with aluminum sulfate and suifUric

acid give crystalline stereoregular poly(VE), where the control of stereoregularity

has been made by the orientation and absorption ofmonomers on the surface ofthe

catalysts.11 However, the tacticity of the polymers was unknown because of the

lack of NMR analysis at that time.

      More recently, Sawamoto, Kamigaito, and their co-workers have developed

a series of living cationic polymerizations of vinyl ethers, styrene derivatives, and

related monomers (eq 1), which are almost invariably initiated by binary systems
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CH2-(?H =t CH3--(?H-B
     OiBu OiBu
  IBVE (lnitiator)

  IBVE H CH2

 (Activator)
                 oe-tn CH3-(?H,"m"BMXn
                OiBu

-CH  l
  OiBu

C"2-8,:.llll'"BMXn II5{5"/,"SI.,

              n

B: l, Br, CI, OCOCF3, etci

MX.: ZnC12, SnBr4, TiCl2(OiPr)2, etc.

(1)

consisting of' a protonic acid (HB; initiator) and a Lewis acid (MXn). Lewis acid

acts as a catalystiactivator that interacts with the terminal covalent bonds (---C-B)

derived from initiator HB and thereby induces its reversible dissociation into a

growing carbocation. Via this dissociation, in turn, the Lewis acid combines with

the anionic part(B) of the terminal to form the counteranion B-MXn-, which

associates with the growing carbocation, by one way or another, and thus affects

the nature of the active species. In the course of these studies, they have in fact

noted that the judicious choice of the Lewis acids is crucial in,achieving living

cationic polymerization, or precise control of the propagation process. In

particular, a series of titanium chlorides and alkoxides, Ti(OR)nCla-n (R = allcy1 or

aryl) are quite usefu1 in that, by changing the number (n) and the stmcture of the

alkoxyl or aryloxyl substituents (OR), one can systematically control (and thus

design) their Lewis acidity and in turn the nucleophilicity of the counteranions.12

For vinyl ethers, the dichlorides such as TiC12(Oi-Pr)2 and TiCl2(OPh)2 proved

most efficient and of suitable Lewis acidity to effect living cationic polymerization.

      From these findings the author then notes, relative to the stereoregulation of

cationic polymerization, that such feature of the HBIMXn binary initiating systems

would be advantageous, because one could control the stereochemical environment

of the growing carbocation through designing the Lewis acid components that

-19-



Chapter1

determine the bulkiness, topology, and electronic nature of the associating

counteranion. To his knowledge, such a Lewis acid-based approach to the

counteranion design is unpreceded, neither in efforts for stereoregulation of

cationic polymerization nor in fundamental studies of its stereochemistry. For

example, in their now classical work, Higashimura4 and Kunitake5 were indeed

aware of the importance of counteranions in determining, at least in part, the steric

course of vinyl ether polymerizations, but their primary attention was apparently

directed to the ionic radii and average charge density of counteranions. Therefore,

they mostly employed simple spherical counteranions derived from a series of

metal halides where the central metals alone were systematically varied.

However, these studies Ied to important knowledge that isotactic propagation is

preferred in ion-pair growing ends, i.e., in nonpolar solvent and with suitably bulky

counteranlons.

      In this chapter, first of this thesis, the author therefore examined the

possible stereoregulation of cationic polymerization by employing a series of

titanium dichlorides [TiC12(OAr)2] for which the bulkiness, topology (spatial

shape), and electronic nature of counteranions can be manipulated by designing the

structure of the aromatic substituents OAr (eq 2). Herein he employed a series of

bulky titanium compounds, 2,6-disubstituted TiC12(OAr)2, for the cationic

polymerization of isobuty1 VE (IBVE) in conjunction with adduct 1 (eq 2). His

preliminary results show that the tacticity of poly(IBVE) depends on the

CH3-(?-Cl
 t OiBu
 (;nitiator)

-OAr:

TiCl2(OAr)2

(Activator)

-oO

CH3-

 Cl".O
 CI

gl-umgfici2(oAr)2

    Counteranion

-o

  IBVE

-o
"

e

Stereoregular
Polymer?

-O
N

o
o

(2)
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substituents of the titanium compounds13. The author reports here that bis(2,6-

diisopropylphenoxy) titanium dichloride gives highly isotactic poly(IBVE) (m =

90-929o, mm = 839o) in n-hexane at -78 OC in the presence of a bullcy pyridine

additive (2,6-di-tert-bury1-4-methylpyridine: DTBMP).

RESULTS AND DISCUSSIONS

1. Cationic Polymerization of IBVE with Substituted TiCl2(OAr)2

     IBVE was polymerized with various 2,6-disubstituted phenoxy

titaniumaV) dichlorides [TiC12(OAr)2] in conjunction with the HCI-adduct of

IBVE (1) in toluene at -78 eC. The ring substituents have been selected in terms

of their bulkiness and shape, along with their electronic nature. Figure 1 shows

       -oCcbl (R.cl) Tlcl2ÅqOÅéR)2

    1OO

eXO

E
-o
9 50
g
g
o

o
o

liliiiiii

-oe

   30
Time,min

60

iPr

Mn
Mw/IVIn

13400
2.13

3830e
3.54

50300
3.84

T!,9tlza,10 10 10Mw(pso
                 EV(mL)

Figure 1. Polymerization of I]BVE with 1/TiC12(OAr)2 in toluene

-78 OC: [M]o = O.38 M; [1]o = 5.0 mM; [TiC12(OAr)2]o =

mh. 2,6-substituent (R) on OAr: R = Cl (O); iPr (e); Ph (M)

at

10
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conversion-time curves of the polymerizations and size-exclusion chromatograms

(SEC) of the polymers obtained with various titanium compounds. The

polymerization rate depends on the substituents; with the 2,6-dichlorophenoxy

titanium compound, which has electron-withdrawing chloro atoms on the phenoxy

group, the polymerization occurred very fast and completed in 1 min. On the

other hand, the polymerization was very slow with the corresponding 2,6-

diphenylphenoxide, which has two bulky substituents on the phenoxy group.

These results show that the nature of 2,6-substituents on the phenoxy groups of the

titanium compounds has great effects upon the polymerizations.

      The number-average molecular weights (Mn) were 1arger than the

calculated values, and the molecular weight distributions (MWDs) were broad.

These titanium compounds with substituted phenoxide groups were not effective in

living polymerization. Such substituents on the phenoxy group near the titanium

center may prevent effective interaction between the terminal chloride and the

metal due to the steric hindrance, which results in slow interconversion between

the dormant and the active species and broad MWDs.

2. Steric Structure of Poly(IBVE) with TiC12(OAr)2

      As shown in the representative 13C NMR spectrum of a sample obtained

with TiC12{OC6H3i-Pr2(2,6-)}2 (2), the dyad disuibutions of poly(IBVE) can be

determined from the peak intensity ratios of the main-chain methylene carbons

[-CH2-CH(OiBu)-] around 3942 ppm where the meso (m) and racemo (r) dyads

are weil resolved (Figure 2).14 The absorptions of the methylene carbons

[-OCH2-CH(CH3)2] around 76-77 ppm can be used for the detemination of triad

distributions, but the signals of CDC13 at 77 ppm prevent the precise integrations of

these peaks. Spectra of some samples were thus recorded in C6D6 especially for

the determination of triad distributions (see below).

      Figure 3 compares the partial 13C NMR spectra for the main-chain

methylene signals for a series of poly(IBVE) samples obtained in toluene with

                                -22-
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     PPM
42 40 38

PPM

se BO 70 60 sc co 30 eo to

Figure 2. 13C NMR spectrum (67.9 MHz) of poly(IIBVE) in CDC13 at 55 OC.

Polymerization conditions: [M]o = O.38 M; [1]o = 5.0 mM;

[TiC12{OC6H3i•-Pr2(2,6-)}2]o = 10 mM, in toluene at -78 OC.

titanium tetrachloride and four TiC12(OAr)2 derivatives with 2,6-disubstituted

phenoxy groups [OAr = O-C6H3Y2(2,6-); Y = C6Hs, tert-Bu, Cl, i-Pr]. Except

for the difference in Lewis acids, all of the samples were prepared under the same

conditions (see Figure 1, caption). The dyad meso/racemo (m/r) peak ratios and

the peak width clearly changed with the Lewis acids. Namely, in all cases the

meso signal is predominant over the racemo counterpart, but meso dyad was rather

low (72 9o) of the unsubstituted form (TiC14) and even for the derivatives with very

bulky ring-substituents (Y = C6Hs, tert-Bu) (Figure 3, A-C). Thus, the

introduction of bulky groups on the 2,6-positions of the OAr seems not generally

effective, relative to TiC14, in controlling stereochemistry of the vinyl ether

propagation.

      In contrast, the isopropyl form (Y = i-Pr; Figure 3, E), whose 2,6-

substituents are less bulkier than phenyl or tert-butyl, gave clearly 1arger and
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m

(A)

-('6H2-CHd)Tn

    OiBu

TiC14

(BÅr Tici2Åqo[[lli:)1

,,,

 Tic'2-(('fo)ii.,/'ii`•t,,,.,,,..,,/t"""V

       cip) Tici2 o9
       ,Cl

m= 720/.

(,) T,ci,-(oEillil))1

m= 7201o

m= 7401o

m= 830/o

42 41 40 39 PPM

Figure 3; 13C NMR spectra (67.9 or 125.8 MHz, CDC13, 55 eC) around 39-42

ppm of poly(IBVE) obtained with 1/MX. at -78 eC: (A); [M]o =

O.38 M, [1]o = 5.0 mh, [TiCla]o = 2.0 mh, in toluene, (B)-(E);

[M]o = O.38 M, [1]o = 5.0 mM, [MX.]o = 10 mM, in toluene.
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sharper rneso signals to give m = 839o, the highest among the seven TiC12(OAr)2-

type Lewis acids employed herein under these conditions (see below also). When

compared with those for TiCla and the phenyl or tert-butyl counterparts, the

spectral changes are much clearer than that in the rather insensitive numerical meso

values: the three meso signals for the isopropyl form are sharper; the mmm peak is

particularly predominant; and the racemo peak is very small.

     These trends demonstrate that the 2,6-disubstituted phenoxy rings are

effective in facilitating the meso propagation but that the bulkiness of the

substituent Y [in -OC6H3Y2(2,6-)], or the OAr groups in general, is not a primary

Lewis Acid Activator

,,,,,

(oBIIIIi),

,,,,,

(ob),

TiC12
(OO)2

TiCl2

(.c,b,),

meso

83e/e

780/o

750/o

740/o

TiCl2

TiCl2

TiCl

Lewis Acid Activator

OÅr2

oge

TiCl4

/o
2XO

o
D

2

Åíwi..C.k•

meso

720/o

720/o

720/o

7oo/.

Figure 4. Meso dyad contents of poly(BVE) obtained with 1/MXn in

toluene at -78 eC and computer-generated molecular models of

titanium compounds. Polymerization conditions: [M]o = O.38

M; [1]o = 5.0 mM; [TiC12(OAr)2]o = 10 mM (2.0 mM only for

TiC14).
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factor. This point can be better illustrated in Figure 4, which shows the computer-

generated space-fi11ing molecular models of the seven TiC12(OAr)2 derivatives and

their parent form TiCla, along with the meso contents of the polymer samples

obtained from them (under the same conditions as for those in Figure 3). The

models are generated by a molecular mechanics program (MM2) where the

conformation is optimized in bond length and bond angle so as to minimize strain

energy. in the figure they are shown edge-on in terms of the dihedral plane for

the Cl-Ti-Cl bonds; the Ti center is seen behind the two chlorines. In all cases

the TiC12 part is fairly well exposed for the interaction with the teminal chlorine in

generating the carbocationic growing species (cÅí Scheme 1).

      Obviously, the titanium center becomes more sterically hindered with

bulkier 2,6-substituents (Y) are attached on the phenoxy groups. Rather

unexpectedly, however, the highly bulky forms with Y = phenyl or tert-buty1

resulted in rather low meso contents (m = 729e) without appreciable changes from

the results for the least bulky parent TiC14. Along with another bulky derivative

with a bridged bisphenoxy group (m = 709o), these crowded Lewis acids appear to

form counteranions too bulky for effective stereoregulation. Note that they in fact

induced very slow polymerizations only (cf. Scheme 1), probably too bulky to

effectively interact with the terminal chlorine, either.

      The diisopropyl form (2), which gave the highest meso content among the

seven acids, appears less bulky (Figure 4, top left). However, inspection of its

molecular model indicates that the isopropyl groups are twisted relative to the

aromatic ring, and because of this the space around the titanium center is even

more sterically hindered than in the tert-buty1 or phenyl derivatives. Apparently

simi1ar steric environment can be seen for the 2-tert-butyl-6-methyl form, which

also gave relatively high meso value (789o).

      These results suggest that stereoregulation is affected by not only overall

bulkiness of the Lewis acid or its substituents but other factors, such as the spatial

shape and symmetry around the Lewis acid's metal center from which the
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counteranion is formed by attaching a chlorine of the dormant terminal. The

latter spatial factor is therefore expected to affect the bulkiness and spatial shape of

the resulting counteranions, which interact with the cationic growing site and is

directly responsible for stereoregulation. Further studies are needed in this line.

3. Highly Isotactic Poly(IBVE): Effects of Reactien Conditions

      The steric course of propagation will be affected by interaction of the

counteranion with the growing carbocatien, and the interaction, in turn, will be a

function of not only the counteranion structure but also reaction conditions such as

solventpolarity and temperature. The author thus examined the effects' of these

conditions on the IBVE polymerization with the Lewis acid 2 [TiC12{OC6H3i-

Pr2(2,6-)}2] which proved most isotactic-selective among the seven Lewis acids so

Table 1. Effects of Solvent Polarity, Additive, and, Temperature

        on Cationic Polymerization of BVE with 2a

entry temp.

       eC

solvent additive conv. • Mn

          9o

MwlMn meso
         9e

1

2

3

4

5

6b

7

8

-78

-78

-78

-78

-78

-78

-15

-15

CH2C12

toluene

n-hexane

toluene

n-hexane

n-hexane

CH2Cl2

CH2C12

none 98
none 99
none 93
DTBMP 95
DTBMP 95
DTBMP 80
DTBMP 98
DTBMP 98

1O,1OO

38,300

23,800

36,400

47,400

19,400

 5,800

12,1OO

2.56

3.54

3.43

2.32

1.93

2.56

1.28

1.12

82

83

86

89

90

92

64

71

a [M]o= O.38 M; [1]o = 5.0 mM; [2]o = 10 mM; [DTBMP]o =O or 2.0 mM.

b The polymerization was carried out via addition of IBVE into the mixture of

1, 2, and DTB}vff' in n-hexane at -78 eC.
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Figure 5. 13C NMR spectra (67.9 or 125.8 MHz, CDC13, 55 eC) around

3942 ppm of poly(IBVE) obtained with 1/2 at -78 eC: (A); [M]o

= O.38 M, [1]o = 5.0 mM,' [2]o = 10 mM, in CH2C12, (B); [M]o =

O.38 M, [1]o = 5.0 mM, [2]o = 10 mM, in toluene, (C); [M]o =

O.38 M, [1]o = 5.0 mM, [2]o = 10 mM, in n-hexane, (D); [M]o =

O.38 M, [1]o = 5.0 mM, [2]o = 10 mM, [DTBIvfi?]o = 2.0 mM, in

n-hexane.
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far discussed. The results are summarized in Figure 5 (13C NMR; the main-chain

methylene region) and Table 1 (meso dyad data).

      As in the usual cationic polymerization, the meso contents increased with

decreasing solvent polarity (CH2C12 Åq toluene Åq n-hexane; Figure 5, A-C; Table 1,

entries 1-3), and the value for hexane exceeded that for toluene (869o versus 839o).

This is due to the suppression of ionic dissociation of the growing carbocation.

      Addition of 2,6-di-tert-butyl-4-methylpyridine (D'IBMP), known as a

hindered base or as a proton trap, increased the meso dyad value, especially 909o in

n-hexane (Table 1, entry 5 and Figure 5D). The effects of DTBMP is probably

ascribed to the suppression of the initiation from the adventitious water that

would generate hydroxide-based less nucleophilic counteranions or to possible

interaction between DTBMP and the growing species.

      All the polymerizations thus far investigated were initiated by the addition

of2 into the solution of monomer and 1 in n-hexane at -78 "C. To diminish the

polar effects of the vinyl ether monomer, the author also examined the

polymerization initiated by slow addition of IBVE into the solution of 1 and 2 in n-

hexane at -78 eC (Table 1, entry 6). This procedure gave higher meso content

(929o). The triad distribution (mm) was 839o, the highest value for poly(IBVE) to

our knowledge.

      Effects of temperature were investigated where the polymerizations were

carried out at -15 OC in the presence of DTBMP (Table 1, entries 7 and 8). The

stereoregularity is decreased by increasing the temperature as in usual ionic

polymerizations. However, the molecular weight distributions were narrower,

and the molecular weight increased with conversion, which suggests occurrence of

living polymerization.

4. DSC Analysis of the Isotact-Rich Poly(IBVE)

     The formation of isotact-rich poly(IBVE) with m 2 909o promoted him to

investigate the thermal property of the polymer by differential scanning
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calorimetry (DSC). The author thus used the isotact-rich polymer (Table 1, entry

6: m = 909o, Mn = 321oo, Mw/Mn = 2.12) and the atactic polymer (m = 689e, Mn =

332oo, Mw/Mn = 1.16) obtained by the living cationic polymerization

1/SnC14nBu4NCI systems at -15 OC in CH2C12,15 where both the Mn were about 3

Å~ 104. Both samples showed an endothermic bias at --14 eC due to glass transition,

whereas another endothermic peak, probably arising from melting, was different in

the two; the isotact-rich poly(BVE) showed this peak at 131eC whereas the atactic

poly(IBVE) at 47 eC. There is also difference in appearance, where the former

was stiff film and the Iatter was soft semisolid. These results show that soft and

adhesive character of poly(VE) can be changed by tacticity of polymers, which

may lead to new character of poly(VE) as materials.

      In conclusion, control of stereoregularity in cationic polymerization can be

achieved by the Lewis acid-type activators based on their substituents. Especially,

bis(2,6-diisopropylphenoxy)titanium dich!oride (2) gave isotact-rich (m 2 909o)

poly(IBVE) in n-hexane at -78 eC in the presence of DTBMP in conjunction with

1.

EXPERIMENTAL

Materials

      IBVE (Tokyo Kasei; purity År 999o) was washed with 109o aqueous sodium

hydroxide and then with water, dried ovemight over potassium hydroxide (pellets),

and distilled twice over calcium hydride before use. Toluene, n-hexane, and

CH2C12 (solvents) and carbon tetrachloride (an internal standard for gas

chromatography) were purified by the usual methods and distilled twice over

calcium hydride before use. TiC14 (Aldrich, År 999o) was used as received. 2,6-

diisopropyl phenol (Tokyo Kasei, År 989o), 2,6-di-tert--buty1 phenol (Wako, År 989e),
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2,6-dichloro phenol (Aldrich, År 999o), 2,6-diphenyl phenol (Aldrich, År 989o), 2-

tert-butyl-6-methyl phenol (Tokyo Kasei, År 959o), and 2,2'-methylene-bis (6-tert-

butyl-4-ethyl) phenol (Aldrich, År 909o) were used as received for the preparation of

TiC12(OAr)2 as below. All the 2,6-disubstituted phenoxy titaniumaV)

dichlorides [TiC12(OAr)2] except TiC12(OPh)2 were prepared as below.

TiC12(OPh)2 was prepared and purified as aiready reported.12

Preparation of TiCl2(OAr)2

      All the procedures were carried out under dry argon in baked glassware

equipped with three-way stopcocks. All the solvents were used after purification

and disti11ation. All the 2,6-disubstituted phenoxy titaniumaV) dichlorides

[TiC12(OAr)2] were prepared by stirring titanium(IV) chloride and corresponding 2

equivalent 2,6-disubstituted phenol under argon flow to remove the produced HCI

gas. For example, 2 was prepared as below. Titanium(IV) chloride (2.6 mL,

23.7 mmol) was added dropwise to a solution of 2,6-diisopropyl phenol (8.8 mL,

47.2 mmol) via a dry syringe in CH2C12 (30 mL) at -30 eC. On addition ofTiCla,

HCI gas was generated, which was trapped by bubbled into 109o NaOH solution.

After stirring at -30 OC for 10 min, the mixture was stirred at room temperature for

1 h. After the solution was evacuated by vacuum puinp, the reddish brown liquid

remained and then dissolved in toluene. The solution was sealed in brown

ampules and stored in the dark in a freezer. 2 was also prepared by another

method where equimolar TiCla and Ti(OAr)4 was mixed together.

Synthesis of HCI-IBVE Adduct (1)

      The HCI-IBVE adduct 1 was synthesized by bubbling dry HCI gas through

a solution of IBVE (9.0 mL IBVE in 60 mL n-hexane; 1.0 M) at -78 OC. The gas

was generated by dropping concentrated sulfuric acid into powdery sodium

chloride, and dried by passing it through a column packed with calcium chloride.

After 30 min, the excess HCI in the reaction mixture was removed by bubbling dry
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nitrogen gas at 0 °C for 30 min, and the clean and quantitative formation of adduct

1 was confirmed by 1H NMR spectroscopy. The concentration of 1 was

determined by titrating the chloride by the Volhard method; the observed value (­

1 M) further confIrmed the quantitative formation of 1 from IBVE.

Polymerization Procedures

Polymerization was carried out under dry nitrogen in baked glass tubes

equipped with a three-way stopcock. A typical example for the polymerization

procedure in toluene is given below: The reaction was initiated by sequential

addition of prechilled solutions of 1 (in n-hexane; 0.30 mL) and titanium complex

(in toluene, 0.30 mL) via dry syringes into a monomer solution (in toluene; 2.4

mL) containing IBVE (0.15 mL) and CCl4 (0.15 mL). After predetermined

intervals, the polymerization was terminated with prechilled methanol (2.0 mL)

containing a small amount of ammonia. Monomer conversion was determined

from its residual concentration measured by gas chromatography with CCl4 as an

internal standard. The polymer yield by gravimetry was in good agreement with

the gas-chromatographic conversion of the monomer.

The quenched reaction mixture was washed with dilute hydrochloric acid,

aqueous sodium hydroxide solution, and then with water to remove initiator

residues, evaporated to dryness under reduced pressure, and vacuum dried to give

the product polymers.

Measurements

The MWD, Mn, and MwlMn ratios of the polymers were measured by size­

exclusion chromatography (SEC) in chloroform on three polystyrene gel columns

(Shodex K-805L x 3) that were connected to a Jasco PU-980 precision pump and a

Jasco 930-RI refractive index detector. The columns were calibrated against 11

standard polystyrene samples (Pressure Chemicals; Mn = 580-1547000; MwlMn :::;;

1.1) as well as the monomer. IH and 13C NMR spectra of the produced polymers
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were recorded in CDC13 or CCI41C6D6(911 v/v) at 55 OC on a JEOL LNM-LA500

or a JEOL JNM-GSX270 spectrometer, operating at 500.2 or 270.2 MHz (IH) and

125.8 or 67.9 rmz (13C), respectively. The DSC measurements were performed

on a Thermal analyzer system WSoo2 (MAC Science, Tokyo) equipped with a

TAPSIooOS control unit and a DSC31ooS module. Polymer solid samples (ca. 8

mg) were measured in an aluminum container under a dry nitrogen flow at a

heating or cooling rate of 10 OC/min. ct-Alumina was used as a standard.

The Computer-Generated Molecular Models of the Titanium Compounds

      Molecular mechanics were canied out using the CAChe system (CAChe

Scientific) to optimize the titanium compounds. MM2 parameters were used as

force field parameters, and optimization was done by conjugate gradient method

unti1 the convergence energy became less than O.oo1 kcaYmol. The molecular

model with the lowest energy was determined by generating an exhaustive

potential energy map computed from dihedral search labels for all the single bonds

searching between --180e and 1200 in 5 steps and all the double bonds searching

between -180e and 90e in 3 steps, followed by picking up 10 conformers from the

one with the lowest energy and further optimization of them.
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Chapter 2

Effects of Monomer Structure
   on Stereospecificity

ABSTRACT
      Stereoregulation in cationic polymerization of various alkyl vinyl ethers

was investigated with bis[(2,6-diisopropyl)phenoxy]titanium dichloride

[TiC12{OC6H4(i-Pr)2(2,6-)}2] (1; catalyst) in conjunction with the HCI-adduct of

isobuty1 vinyl ether (IBVE) as an initiator in n-hexane at -78 eC. The tacticities

depend on the substituents of the monomers. Isobutyl and isopropyl vinyl ethers

gave highly isotactic polymers (mm = 839o), whereas tert-butyl and n-buty1 vinyl

ethers resulted in lower isotactic contents (mm - 509o) simiIar to those with TiCla,

a conventional Lewis acid, thus indicating that the steric bulkiness of the

substituents is not the critical factor in stereoregulation. The statistical analysis

revealed that the high isospecificty is achieved not by the chain end but by the

catalyst 1 or the counteranion derived therefrom.
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INTRODUCTION

      The synthesis of stereoregular polymers has been one of the most important

and attractive objects in polymer chemistry, and near perfect stereoregularity has

been achieved in coordinationi and anionic2 polymerizations. in cationic

polymerizatibn, however, such fine stereoregulation has been difficult in

homogeneous systems, partly because of the lack of designed catalysts or

counteranions that can control the stereochemistry of carbocation.

      Despite these backgrounds, as shown in Chapter 1, the author has found

that a designed titanium Lewis acid, bis[(2,6-diisopropyl)phenoxy]titanium

dichloride [TiC12{OC6H4(i-Pr)2(2,6-)}2 (1), in conjunction with the HCI adduct of

isobutyl vinyl ethet (HCI-IBVE) (initiator) induces isospecific cationic

polymerization of IBVE (m 2 909o; m is the content of meso dyad) (Scheme 1).3

Simi1ar 2,6-disubstituted phenoxy derivatives also led to fairly high (-70-809o)

isotacticity but cannot exceed the value for 1. Therefore, it has not been revealed

why only this titanium compound gives highly isotactic poly(IBVE) among various

titanium compounds.

      The steric stmcture of polymers is, in general, determined not only by

catalysts but also by the structure of the growing carbocation (i.e., monomers). In

cationic polymerization, for example, the tacticity of poly(aikyl vinyl ethers)

depends upon the substituent or the alkyl group of the monomers and increases in

the following order: alky1; tert-butyl År isobuty1 År methyl År isopropyl År ethyl.4 On

the other hand, Kunitake et al. reported that the size of the counterion (catalyst) or

the tightness of the growing ion pair is a critical factor.5

      in this chapter, the author has therefore investigated the cationic

polymerization of various alky1 vinyl ethers with 1 in conjunction with IBVE-HCI

in n-hexane at -78 eC and discussed the effects of monomer substituent on the

tacticity (Scheme 1). Additionally, a mechanism for the isospecific cationi'c
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polymerization is discussed on the basis of a statistical analysis of their tacticity

data.

Resuks and Discussion

     1. Cationic Polymerization of Various Alkyl VEs with 1. Cationic

polymerization of various alky1 VEs [alkyl = n-C4Hg (NBVE), t-C4Hg (TBVE), i-

C3H7 (IPVE) n-C3H7 (NPVE), C2Hs (EVE), CH3 (MVE)] was conducted with 1

in conjunction with the HCI-IBVE as an initiator in the presence of 2,6-di-tert-

buty1-4-methylpyridine (DTBMP) in n-hexane at -78 eC, where the highly isotactic

poly(BVE) is obtained.3

     As shown in Figure 1, the polymerization rates with IABVE-HCI system

depended on the monomers.6 For example, the VEs with a branched substituent

(IPVE, TBVE, and IBVE) were polymerized much faster than those with a linear

substituent (NPVE and NBVE). EVE was much less active, and.no polymers

formed from MVE under the same conditions. These results are probably due to

that when the monomer's alkyl group is less bulky, the catalyst 1 can interact (form
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Figure 1.
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Time-conversion curves for the polymerizations of various

alkylVEs with IBVE-HCVI/DTBMP in n-hexane at -78 OC: [M]o

= O.38 M; [IBVE-HCIIo = 5.0 miM[; [1]o = 10 mM; [DTBMP]o =

2.0 mh. VE: (O) IPVE; (O); TBVE; (e) IBVE; (O) NBVE;

(A) NPVE; (A) EVE; (-) MVE

a complex) more easily and thus less available for the dissociation of the terminal

C-Cl bond into the growing cation. Similar results were also obtained with TiC}4

in place of 1, where no polymers were formed even from EVE (see Table 1 entry

11). Such reduced rates are also due to the strong interaction between the highly

oxophilic titanium meta1 and oxygen of VE. These results suggest that the Lewis

acid catalysts can also interact with the oxygen attached to the substituent and that

such interaction may affect the stereoselectivity of the growing species as

described below.
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     2. Steric Structure of Poly(VE)s. The tacticity of the poly(VE)s thus

obtained was measured by 13C NMR spectroscopy in C6DelCCla (911 v/v) at 55 eC.

Regardless of the pendant alkyl groups, the spectra gave well-resolved main-chain

methine or methylene signals that are split due to the steric structures (the

asterisked carbons in Figure 2).4 For example, the dyad tacticity of poly(IBVE)

was detemined from the main-chain methylene carbons [-CH2-CH(Oi-Bu)-]

around 39-42 ppm and the pendant methylene carbons [-OCH2-CH(CH3)2]

around 76-77 ppm (the spectrum not shown) gave the corresponding triad data.

For the other poly(alkyl VE)s, the tacticity was determined similarly. Table 1

summarizes these tacticity data along with the number-average molecular weights

(Mn) and the molecular weight disnibution (Mw/Mn).
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Figure 2. 13C NMR spectra [67.9 or 125.8 MHz, CDC13 or CCI4/C6D6 (9/1

v/v), 55 OC] of poly(VE)s obtained with IBVE-HCYI/DTBMP in

n-hexane at -78 OC: see Figure 1 forreaction conditions.
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      (a) Effects of Pendant Alkyl Groups. Tke tacticities of the poly(VE)s

clearly depended on the alkyl groups in the monomers. IBVE and IPVE, the

pendant groups of which are branched near the ether oxygen, gave relatively high

isotacticity (m = 88--909o, Table 1; entry 1 and 7). In contrast, VE with linear

(NBVE, NPVE, and EVE) or highly bulky ('I13VE) substituents gave less isotactic

contents (Table 1; entry 3, 9, 10, and 5). Especially, the poly(EVE) and

poly(TBVE) had lower isotacticity (m = 64 and 699o, respectively). The tacticity

is thus detei mined not by the stereo bulkiness but the structure (or branching) of

the alkyl substituents, in contrast to the results for the conventional cationic

polymerization with BF30Et2, where the bulkiest t-buty1 derivative ("Il]VE) gave

the highest isotacticity.8,9 When combined with our previous results with

different Lewis acids,3 the observed trend implies that the factor determining the

tacticity with the 1/HCI-IBVE initiating system is not only the bulkiness of the

counteranion from Lewis acid but also the structure of the pendant groups, or the

interaction between the Lewis acid and the pendant ether oxygen of VE.

      (b) Effects of Lewis Acids (Catalysts). Some of the samples showed

13C NMR signals of the carbons adjacent to the ether oxygen, from which triad

tacticity can be determined, and these resonances depended on the Lewis acids, as

well as the alkyl groups. Figure 3 compares these peaks for poly(IBVE),

poly(NBVE), poly(TBVE), and poly(IPVE) samples obtained with 1 and TiCla

(see also Table 1). In all four systems, 1 led to higher isotacticity than TiCla did.

in panicular, the difference is distinct (839o vs 469o) in poly(IBVE) and

poly(IPVE). Though less pronounced, a simi1ar difference is found for

poly(NBVE) and poly(TBVE). Note that, with TiC14, isotacticity is almost

independent for the those buty1 polymers, in contrast to the clear dependence with

bulkier 1 as a catalyst. Such a high dependence suggests some interaction

between 1 and the substituents. As for poly(IPVE), a relative high isotacticity

was obtained with TiC14, though still lower than that with 1 (699o vs 839(o).
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 Figure 3. 13C NMR spectra [67.9 or 125.8 MHz, CDC13 or CCI41C6D6 (911

           v/v), 55 eC] of poly(VE)s obtained with IBVErHCUI/DTBMP or

           IBVE-HCVriCla in n-hexane at -78 OC: (A), (C), (E), and (G)

           [M]o = O.38 M; [IBVE-HCI]o = 5.0 mM; [1]o = 10 mh4;
           [DTBMP]o = 2.e mM, (B), (D), (F), and (H) [M]e = O.38 M;

           [IBVE-HCI]o = 5.0 mM; [TiCla]o = 2.0 mM.

      (c) Tacticity Statistics. To elucidate the polymerization mechanism or

the transition state of the growing carbocation, the author fUrther examined the

statistics of the triad disnibutions. First, if he assumes the chain end model,

namely the one-parameter model proposed by Bovey, the triad distribution [I

(isotactic; mm), H (heterotactic; mr), S (syndiotactic; rr)] is expressed as:10

                      I= o,2 (1)
                      H= 2(o, -o,2) (2)
                      S= (1-6, )2 (3)
where the parameter 61 is the probability that a monomer adds a polymer chain to

give the isotactic (dyad meso) configuration as that of the preceding unit. In
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Figure 4, the probability (P, 9(e) of each tacticity is plotted against 61 obtained by

eg 1. The solid lines are theoretical (the Bovey plot, eq 1-3) for the chain-end

control. The plots of H and S for NBVE/TiC14 (-) and TBVE/TiC14 ("), which

gave the lower isotaciticity (Table 1), seem to follow this model. In contrast, the

plots for IBVE/1 (O), and IPVEII (A), and IPVE/TiC14 (A), which gave the higher

I value, clearly deviate from the calculated lines. This suggests that the stereo

chemistry of these systems follows some statistics other than chain-end control.

Figure 4.
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Relationship between 61 and triad tacticity of poly(VE)s with

IBVE-HCVI/DTBMP or IBVE-HCIITiCla in n-hexane at -78 OC;

(O) IBVE/1; (e) IBVEITiCi4; (A) IPVE/1; (A) IPVE/TiCin; (M)

NBVEII;(1)NBVEITiC14;(O)TBVE/1;(")TBVEITiC14. The
curves indicate the theoretical values calculated from the Bovey's

model.
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     On the other hand, for a system if tacticity is controlled by the catalyst; i.e.,

the so-called enantiomorphic-site control, the following equations hold:

                  I=1-3(6,-o,2) (4)
                  H= 2(o, -6,2) (5)
                  S= 6,-o,2 (6)
where the pararneter 62 represents the persistence probability that a monomer adds

a polymer chain in either configuration detemined by the catalyst (or the

Figure 5.
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Relationship between 62 and triad tacticity of poly(VE)s with

IBVE-HCVI/DTBMP or IBVE-HCIITiC14 in n-hexane at -78 OC;

(O) IBVEII; (e) IBVEITiCla; (A) IPVEII; (A) ll)VE/TiC14; (a)

NBVE/1;(-)NBVE/TiC14;(Q)TBVE/1;(")TBVEITiCl4. The
curves indicate the theoretical values calculated from the
enantiomorphic catalyst sites model.
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counteranion therefrom).11 Figure 5 shows the plots for the observed probability

(P, 9o) against 62 as defined by eq 4. The solid lines are drawn according to the

equations 4-6. In contrast to Figure 4, the plots of H and S for IBVEII (O),

IPVEII (A), and IPVEII (A) agree well with the calculated lines, whereas the plots

for NBVE and TBVE seem inconsistent with the calculated lines.

      These results show that the high isospecificity (m -- 909o) in the

polymerizations of IBVE and IPVE with IBVE-HCVI is due to not the chain-end

control but the catalyst control, most probably originated from 1 or the

counteranion therefrom. Although the enantiomorphic site control has aiready

been applied to the cationic polymerization of methyl vinyl ether with

heterogeneous catalysts, there have been no examples for homogeneous systems

even for isospecific cationic polymerization of BF30Et2.12 However, 1 is not

effective for all the alky1 vinyl ethers for example, the TBVE system seems to

follow the chain-end control (Q in Figure 4) even with the use of 1, probably due to

the bulky t-butyl substituent. The polymerization of NBVE with TiC14 is

controlled by chain end (- in Figure 4), but one with 1 can involve the

enantiomorphic-site (catalyst) control (M in Figure 5). Thus, the Lewis acid, 1

can effectively control the tacticity in the cationic polymerization of alkyl vinyl

ethers, although the controllability also depends on the substituents of monomer.

      Considering these results, the author proposes a new transition state [(A) in

Scheme 2] for the IBVE-HCYI system, where the Lewis acid interacts with the

anion from the initiator chloride and most probably with the ether oxygen of the

incoming monomer. When this monomer-counteranion interaction operates, 1

can effectively control the direction of the incoming monomer's approach to the

growing cation to result in stereoregulation. Other transition states for

conventional cationic polymerization have been proposed elsewhere [(B) and (C) in

Scheme 2],13 which do not involve interaction between the counteranion and the

incoming monomer. Apparently, these two transition states cannot be applied for

our systems with high isospcificity.
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     In conclusion, 1 proved effective in isospecific cationic polymerization ef

IBVE and IPVE in conjunction with IBVE-HCI, to give relatively high isotactic

content (mm = 839o or m - 909o) that has not been attained by other cationic

catalysts. The author proposed that this is most probably due to the effective

interaction between 1 and the incoming monomer via the enantiomorphic-site

control.

EXPERIMENTAL

Materials

     IBVE, NBVE, EVE (Tokyo Kasei; purity År999o), TBVE (Aldrich; 999o),

IPVE, and NPVE (Nippon Carbide Ind. 9991o) were washed with 109o aqueous

sodium hydroxide and then with water, dried overnight over potassium hydroxide

(pellets), and disti11ed twice from calcium hydride before use. The initiator

(HCI-IBVE)14 and the catalyst, TiC12[OC6H3i-Pr2(2,6-)]2 (1),3 were prepared as

reported. Toluene (Wako; År999o) as solvent was dried ovemight over calcium

chloride, disti11ed from sodium benzophenone kety1. Carbon tetrachloride

(internal standard for gas chromatography; År999o) were dried overnight over
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calcium chloride, distilled twice from calcium hydride. TiCla (Aldrich; År999o)

and DTBMP (Aldrich; 989o) was used as received.

 Polymerization Procedures

- Polymerization was carried out under dry nitrogen in baked glass tubes

 equipped with a three-way stopcock. A typical example for the polymerization

 procedure of IBVE is given below: The reaction was initiated by sequential

 addition of prechilled solutions of IBVE-HCI (in n-hexane; O.30 mL) and mixture

 of 1 and DTBMP (in toluene, O.30 mL) via dry syringes into a monomer solution

 (in toluene; 2.4 mL) containing IBVE (O.15 mL) and CC14 (O.15 mL). After

 predetemined intervals, the polymerization was terminated with prechi11ed

methanol (2.0 mL) containing a small amount of ammonia. Monomer conversion

 was determined from its residual concentration measured by gas chromatography

 with CCth as an internal standard. The polymer yield by gravimetry was in good

 agreement with the gas-chromatographic conversion of the monomer.

       The quenched reaction mixture was washed with dilute hydrochloric acid,

 aqueous sodium hydroxide solution, and then with water to remove initiator

residues, evaporated to dryness under reduced pressure, and vacuum dried to give

the product polymers.

Measurements

      The MWD of the polymers were measured by size-exclusion
chromatography (SEC) in chloroform at 40 eC on three polystyrene gel columns

[Shodex K-805L (pore size: 20-1ooO A; 8.0 nm i.d. Å~ 30 cm) Å~ 3; flow rate 1.0

mUmin] that were connected to a Jasco PU-980 precision pump and a Jasco 930-

RI refractive index detector. The columns were calibrated against 11 standard

polystyrene samples (Pressure Chemicais; Mn = 580-1547ooO; MwlMn s 1.1) as

well as the styrene monomer. IH NMR and 13C NMR spectra of the produced

polymers were recorded in CDC13 or CC141C6D6 (9/1 v/v) at 55 OC on a JEOL
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LNM-LA5oo or a JEOL JNM-GSX270 spectrometer, operating at 5oo.2 or 270.2

MHz (IH) and 125.8 or 67.9 MHz (13C), respectively.
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Chap ter 3

Design of Counteranions
   with Bulky Phosphoric
        Acids as Snitiators

ABSTRACT
     In cationic polymerization of isobutyl vinyl ether (IBVE) with binary

initiating systems consisting of a protonic acid as an initiator and a Lewis acid as

an activator/catalyst, phosphoric acid derivatives [(RO)2POOH] coupled with

SnCla gave highly isotactic poly(IBVE)s, where those with a bulky substituent (R),

[C4HgCH(C2Hs)CH20]2POOH (7) and (n-CloH21)2POOH (8), led to the highest

isotacticity [meso dyad (m) = 869o]. ln contrast, isospecificity was lower with

ll3VE-HCI and CF3COOH under the same conditions. From the effects of

polymerization temperature (-78 to O OC), it was concluded that the high

isospecificity with 7 and 8 is due to an enthalpic factor.

-51-



Chapter3

INTRODUCTION

      For high stereoregulation in cationic polymerization, which has been

difficult,1-5 the author has recently employed a binary system6 consisting of a

protonic acid (HB) as an initiator and a Lewis acid (MXn) as an activator.7

Obviously, not only stability or reactivity but also the stereochemistry of the

growing species can be affected by steric and electronic interaction with the

counteranion (BMXn-) to be generated from the anionic part (B-) of HB and the

catalyst INOÅqn. This implies that design of the initiator HB or the catalyst MXn (or

both) might lead to stereospecific cationic polymerization. For example, the

combination of a bulky Lewis acid, bis[(2,6-diisopropyl)phenoxy]titanium

dichloride [TiC12{OC6H4(i-Pr)2(2,6--)}2 (1)], with the HCI-adduct of isobutyl vinyl

ether (HCI-IBVE; 2) leads to highly isotacitc poly(IBVE) (m 2 909o; m = meso

dyad) (Scheme 1).7 Altematively, aromatic acetals with sterically hindered

substituents as initiators also give fairly high isospecificity (m •- 819o).8 Similar

approaches have been reported by Aoshima9a and Hashimoto,9b who employed

hindered esters (as additives; m = 62-669o) and hindered carboxylic acids

(initiators; m = 66-699o), respectively.

      From these backgrounds, the author focused our attention on the tacticity

control by designed bulky counteranions derived from initiators (HB or B-) for

CH3-(?H-Cl
    O-Bu
     2

TiCl2

   t

o

2

CH2=(?H
     O-Bu
  IBVE

Toluene or n-Hexane, -78 OC

Isotactic
poty(IBVE)
mÅr 900/.

Scheme 1

-52-



                                                   Design oflnitiators

IBVE cationic polymerization (Scheme 2). This approach is considered

complementary with the previous one, as presented in Chapter 1, via sterically

designed Lewis acids [TiC12(OAr)2; Ar = substituted phenyl]. The protonic acids

include HCI,10 CF3COOH,11 and a series of phosphoric acids [(RO)2POOH] with

bulky substituents R (4-8).12 The author reports herein new highly isospecific

cationic polymerization of IBVE with selected (RO)2POOH (7 and 8).

       (Initiator) (Activator) Counteranion
     Protonic Acid Levvis Acid i
           ;;           el           et CH2=.C,I,iirfB'..C"3-8,7.E.B.M'XnCH3-.Ogy.-':`gMXnk'"E iiSs,'e.o.s,e.ec,i,ttc...

   IBVE

   HB:HCi (CH3-g7.E.Ci,), HOg,CFg

      HOP, (OR)2
      -.9- .-.v, o, --,,,o, --.[[C.v, ww

   Mxn znci2, snci4, EtAiCi2, TiCi4, T{lii2-(OEIIIII))2

                           Scheme 2

Results and Discussion

     1. Various Combinations of HB and MXn. (a) Effects of Acid Anions

(B-). IBVE was polymerized in toluene at -78 OC with three protonic acids

(initiators) 2-4 carrying simple but different anions in conjunction with various

]V[Xn, ZnC12, SnC14, EtAICI2, TiC14, and 1; in the latter, the first four are

conventional metal halides for cationic polymerization, whereas 4 is a designed
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Lewis acid to give high isospecificity with Cl- anion (m År 909o).7a The results

are summarized in Table 1.

Table 1. Polymerization of IZBVE by HBmxna

entry MXn HB time conv,

 9o

Mn Mw/Mn m(dyad),
            9o

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

ZnC12

SnCla

EtAIC12

TiC14

1

2

3

4

2

3

4

2

3

4

2

3

4

2

3

4

 1.5 h

5 days

4 days

 1 min

1 min

1 min

5 min

1 min

25 sec

1 min

30 sec

5 min

  lh
30 sec

 20 h

 87

 83

 97

 99

1oo

 97

1oo

1oo

 97

 93

1oo

99

 87

 98

 86

  6,3oo

  7,9oo

  3,4oo

  8,9oo

  9,5oo

 24,1oo

 21,Ooo

 34,2oo

 55,OOO

 13,9oo

 1 ,40oo

1,OOOO

 96,9oo

 88,4oo

457,Ooo

1.33

1.71

1.68

lrll

5.21

2.03

2.41

2.01

1.83

1.66

2.15

2.49

3.05

4.06

1.93

70

69

69

74

75

80

76

78

78

72

79

79

82

77

76

a [M]o = O.38 M; [HB]o = 5.0 mM; [MX.]o = 5.0 mM (10 mM only for ZnC12); in

toluene at -78 OC..

     In addition to variation of polymerization rate and polymer molecular

weight, the stereoregularity of the products depended on the combination of HB

and lvPÅqn. Figure 1 shows some 13C NMR spectra of the main-chain methylene'
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        lnltiator CH3-il/iHi..BT[iJ2 CF3C030H (n"BuOl;POOH

                     m                  " Leiil-IISx.":;C"d,ii,ll:':Le,,,,;fin,,tmMm.i/IIin/liiiiliil(M,,,M,,,.1,1[,.!s,ilil,9ei:,.,,,•i'i..w.,,y"iiiisii,,.,,....,,(ii/li,IA,',,,,,,rA,,,,,,,,•"fillliiiill'L,,L,,,.,

                      tt t   snci4 (afl( ..../,iix,,..,,,..s,i,lrii,,Till,,,,,,,... (E7)50!e yit.-.....v•/ii,/ii,..,....... .si/III/IltLO .,stL"Nriii,/ii!t.-.,.e...

"C

l2'((illll:))12(k/%,,v.,,ii,f2,,liipt,,,.(H!.i,illl:l,f:,i'X,`.z,,."vk/iilli•,,,s,,g,zi,,.nyi,ti,III:Ls;;",tsin:,ta,ke""":ii;i'l'•n,;",,,,

Figure 1. 13C NMR spectra [125.8 MHz, CC14/C6D6 (911 v/v), 55 OC]

           around 39Zl2 ppm of poly(IBVE)s obtained with HB/MXn in

           toluene at -78 OC: [M]o = O.38 M; [HB]o = 5.0 mM; [MXn]o =

           5.0 and 10 (only for ZnC12) mM.

region [-CH2-CH(Oi-Bu)-] for poly(IBVE)s obtained with some specific

combination, and the meso (m) and the racemo (r) dyad contents were calculated

from the integration ratios (see also Table 1).13 Although all these polymers are

more or less isotactic, the signal patterns and the isospecificity (m) therefrom

clearly depended on the HB/MXn combinations. For example, ZnC12 led to a

lower isotacitic content (m - 709o) irrespective of the acids anions (Table 1, entry

1-3; Figure IA-IC), probably due to the smaller size of the counteranion. With

SnCla, TiCla, and 4, the meso content was higher and dependent on the initiators

(Table 1, entry 4-6, 10--12, and 13-15; Figure IDLII). Thus, the tacticity of

poly(IBVE) obtained with the binary system was influenced with not only Lewis

acid but also the anionic part of the initiator. In particular, a phosphoric acid

deriyative, 4, gave a high isotacticity (m = 809o) in conjunction with SnCla, which
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is comparable to that for the 2/1 pair (m = 829e; entry 13 in Tablel). Nameiy,a

bulky protonic acid (4) seems as effective as a bulky Lewis acid (1) for high

isospecificity. However, the combination of bulky two components, 4 (initiator)

and 1 (MXn) resulted in a lower m content (m = 769o; entry 15 in Tablel). Thus,

bulldness is not a single factor for stereoregulation and some shape or structural

factor should also be considered, and phosphoric acids seem interesting initiators.

      (b) Effects of SnCl4 Concentration. A factor critical in the

stereoregulation in ionic polymerization is the ionic dissociation of the growing

carbocation,14 and this can be modulated not only by the structural variation of the

cations (monomers) and the counteranions (initiating systems) but also by the

concentration of the carbocationic species. For the HB/MXn systems, the latter

factor is in part controlied by the concentration of the MXn catalyst. Thus, effects

Table 2. 'Effects of SnCl4 Concentration on Cationic Polymerization of

             MVE with HBISnCl4a

entry HB
[SnCk]o,

  mM time

conv,

 9o Mn MwlMn

m (dyad),

   9o

1

2

3

4

5

6

7

8

9

2

3

4

10

 5.0

 1.0,

10

5.0

 1.0

10

 5.0

 1.0

25 sec

1 min

3 min

25 sec

1 min

  2h
25 sec

1 min

  2h

 99

 99

 94

 99

1oo

 57

 98

97

93

 7,100

 8,900

 8,700

 6,200

 9,5oo

10,ooO

11,ooO

24,1OO

15,ooO

1.25

1.11

1.11

1.61

5.21

3.95

1.40

2.03

2.06

71

74

77

72

75

79

77

80

84

a[M]o=O.38M;[B]o = 5.0 mM in toluene at -78 eC'
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of SnC14 concentration were examined on polymerization with the three initiators

(2--4), where the [SnC14]o was varied in the range 1.0-10 mM (Table 2). The

number-average molecular weights (Mn) and molecular weight distributions

(MWDs) were clearly dependent on the combination and the concentration.

Controlled Mn and narrow MWDs were obtained with 1 irrespective of [SnCla]o.

On the other hand, 2 and 3 resulted in less controlled molecular weights and

1rwDs even at low [SnC14]o, probably due to slow initiation and interconversion

between the dormant and the active species.

     Figure 2 shows 13C NMR spectra of the poly(IBVE)s obtained at 10 and 1.0

mM of SnC14 (see also Figure ID-F for 5.0 mM SnCI4). With all initiators, the

lower [SnCla]o is, the stronger the meso signals, and therefore the m values

monotonously increased at lower catalyst concentration (Figure 3). Similar

effects were observed in the cationic polymerization of tert-butyl VE with

H20/BF30Et2 system.15 Because the lower [SnC14]o coricentration means

           CH3SHtl CF3COOH ("BuO}2POOH

    PPM 43 42 41 `sc) 39 43 42 4t 40 39 43 42 41 40 39

 Figure2. 13C NMR spectra [125.8 MHz, CC14/C6D6 (9/1 v/v), 55 eC]

            around 39--43 ppm of poly(IBVE)s obtained with HBISnC14 in

            toluene at -78 OC: [M]o = O.38 M; [HB]o = 5.0 mM; [SnCla]o = 10

            and 1.0 mM.
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dilution of a weak electrolyte solution, which in turn facilitates the ionic

dissociation of the growing cation, the enhanced isospecificity seems inconsistent

with the notion that less dissociated or ion pair species•is favorable for isotactic

propagation. The author suspects that the rather complicated action of SnCla

upon interaction of cationogen (initiator like 2) might be responsible for this

opposite trend in stereoregulation (see below).16

                90

Figure 3.

85

;otiÅqo

 . 80
E

75

   70

                   [SnCi4]o, mM

Relationship between [SnCla]o and meso con.tent (m, 9o) of

poly(IBVE) with HBISnC14 in toluene at -78 OC: [M]o = O.38 M;

[HB]o = 5.0 mh; [SnCla]o = 10, 5.0 and 1.0 rnM.

      Perhaps more important, the

affording isotactic poly(BVE) than 1

SnCla concentration.

phosphoric acid 3 proved more effective in

 and 2, to give 849o meso dyad at the lowest
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      2. Phosphoric Acid/SnCI4 Systems: Isospecific Bulky Anions. (a)

Polymerizations. The formation of iso-rich poly(IBVE) with 4/SnCla system

promoted him to investigate a series of phosphoric acids [(RO)2POOH] (4-8) with

bulky substituents as initiators in conjunction with SnCla at a low concentration

(1.0 mh) (Scheme 1).

      Figure 4 shows time-conversion curves of the polymerizations and the

MWDs of the obtained poly(IBVE)s. All the polymerizations proceeded

quantitatively, and the rates were dependent on the initiators, in contrast to that

with similar systems coupled with ZnC12 at -15 eC, where they were almost

independent of the substituents.12 This may be due to an anion exchange reaction

between the acid and SnCla, as considered later.

                                     Time Mn
                                     Conv ILqN/Mn
                                   5
                                     O.5h 10,300
                                     96e/. 3.05

1OO

oxo

.-
.9
9 so
g
g
o

o

Figure 4.

6

4

7

8

2h
930/o

1O,400
 1.71

15,OOO
 2.06

27,900
 3.04

     Time,h                           lo6 lo5 lo4 lo3 (pSt)

Time-conversion curves and MWD curves for the polymerizations

of IBVE with (RO)2POOH/SnCla in toluene at -78 OC: [M]o =

O.38 M; [(RO)2POOH]o = 5.0 mM; [SnC14]o = 1.0 mM.
(RO)2POOH: (O) 5; (O) 6; (A) 7; (e) 4; (") 8.

64,eoo
 2.00

    MW
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Ho?, (oR)2 / snc14

  O-R

   5

-CH20
  6

tsE,

gE

.-..-t-'N..t

  4

--(-.-

(A)

(B)

(c)

(D)

 1BVE2•--HCE1TIC12(OEI:li)1

                                 (F)
'Zl31-TT-EETrrTZIi"'iTTM--E5-42 41 4o 3gppm

Ftgure 5. 13C NMR spectra [125.8 MHz, CC141C6D6 (9/1 v/v), 55 OC]

around 39-43 ppm of poly(IBVE)s obtained with
(RO)2POOH/SnCla in toluene at -78 OC: [M]o = O.38 M;

[(RO)2POOH]o = 5.0 mM; [SnCla]o = 1.0 mM. The spectrum
(F) with 2/1 is from ref 8a.
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      (b) Stereoregularity. The meso dyad of the poly(IBVE)s with 5-8 were

examined by 13C NMR (Figure 5). All of those initiators gave high isotacticity,

among which the phosphates with a long and bullry alkyl group (7 and 8) induced

the highest isotacticity (m = 869o; Figure 5D and E). These isotactic polymers

formed hard films similar to those obtained with the bulky Lewis acid 1 (m = 909o;

see also Figure 5F).7a

Table 3. Effects of Temperature on Cationic Polymerization of

                 BVE with HB/SnCl4a

entry HB
temperature,

    eC time

conv,

 9o Mn Mw/Mn

m (dyad),

   9o

1

2

3

4

5

6

7

8

9

10

7

2

-78

-60

40
-20

  o

-- 78

-60

40
-20

  o

   2h
30 sec

 1 min

 3 min

10 min

 3 min

 1 min

 1 min

 1 min

 1 min

 98

 98

 99

 99

 92

 94

 99

1oo

1oo

1oo

27,900

26,800

32,700

14,ooO

 6,600

 8,700

 9,300

 8,700

7,400

7,300

3.04

2.39

2.64

2.64

2.50

1.11

1.08

1.11

1.43

3.74

86

81

78

74

70

77

76

73

69

68

a [M]o = O.38 M; [HB]o = 5.0 mM; [SnCl n]o = 1.0 mM in toluene.

      (c) Effects of Polymerization Temperature. Finally, effects of

polymerization temperature were examined in the polymerization with 7 coupled

with SnC14; the same set of experiments were carried out with the chloride 2 for

comparison (Table 3). Unexpectedly, polymerization rate with the• 71SnCla

system showed a complicated temperature dependence: -60 eC -- -40 eC År -20 eC
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År o ec År -78 eC. in contrast, the polymerization rate with 2/SnCla simply

increased at higher temperature.

      Figure 6 shows the temperature dependence of the poly(IBVE) tacticity,

according to the Fordham equation:17

             ln(mlr) = (ASm* -- ASr*)/R -(zVlmi - AEIr*)/RT

where ASm* - ASr* is the difference in activation entropy and AHmi - NIrt is that

•in activation enthalpy between isotactic (m) and syndiotactic (r) enchainment, R is

the gas constant (8.3145 J/mol•K), and T is the absolute temperature. In both

systems, a good linear relationship holds between the ln(m/r) and the reciprocal of

the temperature, whereas the slope and the intercept were quite different between

Figure 6.

cE
:.

2.5

2nO

1.5

1.0

O.5

AH•i-A/Lt i

Asl-Asi

AH.t

Ast

-5320 J/mol

-12.4 J/mol K

AHi
ASt

7/sncl4

wsncl4

-2720 J/mol

-3.60 J/mol K

   o
    3-O 3e5 4•O 4n5 5-O 5i5 6-O
                  1/1' x 1o3, K-i

Relationship between 11T and ln(m/r) of poly(ll3VE)s obtained

with 2/SnCla and 7/SnC14 in toluene at -78, -60, 40, -20, or

O OC: [M]o = O.38 M; [HB]o = 5.0 mM; [SnCla]o = 1.0 mM.
System: 2/SnCla (A); 7/SnCk (e).
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the two systems. The phosphoric acid system obviously involves a high enthalpy

difference, consistent with its high isospecificity.

      The high isoselectivity by the phosphoric acids is probably due to exchange

reaction with SnC14 to generate a bullcier Lewis acid e.g., SnC13[OP(O)(OR)2], as

previously reported for simi1ar systems.12 The tin metal has higher coordination

number, and hence a bulkier counteranion can be formed to induce isospecificity.

The new bulkier Lewis acid might further interact with the phosphate-capped

dormant end --••-C-OP(O)(OR)2 to form a bulkier counteranion carrying two

bulky phosphates. ln contrast, with the use of a series of acetic acids as an

initiator, such an exchange reaction does not occur and resulted in lower

isospecificity.18

      In Part I, the author demonstrates an effective isospecificity enchainment by

a bulky protonic acid and/or a bulky Lewis acid from which the counteranion

forms.

EXPERIMENTAL

Materials

      IIBVE (Tokyo Kasei; År999o) was washed with 109o aqueous sodium

hydroxide and then with water, dried overnight over potassium hydroxide (pellets),

and disti11ed twice from calcium hydride before use. Toluene (Wako; År999o)

were dned overnight over calcium chloride, distilled from sodium benzophenone

ketyl. Carbon tetrachloride (internal standard for gas chromatography; År999e)

were dried overnight over calcium chloride, disti11ed twice from calcium hydride.

The protonic acids (initiators) and the Lewis acids except for 1 were obtained

commercially and used without further purification: CF3COOH (3; Wako; År999o),

(n-BuO)2POOH (4; Tokyo Kasei; År979o), (PhO)2POOH (5; Aldrich; 999o),
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(PhCH20)2POOH (6; Tokyo Kasei; År989o), [C4HgCH(C2Hs)CH20]2POOH (7;

Tokyo Kasei; År979o), (n-CIOH21)2POOH (8; Tokyo Kasei; År959o), ZnC12

(Aldrich; 1.0 M solution in Et20), SnC14 (Aldrich; 1.0 M solution in CH2C12),

EtAIC12 (Kanto Chemicals; 1.0 M solution in n-hexane), TiCl4 (Aldrich; År999o).

The titanium compound 17 and the HCI-IBVE adduct 219 were synthesized as

already reported.

Polymerization Procedures

      Polymerization was carried out under dry nitrogen in baked glass tubes

equipped with a three-way stopcock. A typical example for the polymerization

procedure is given below: The reaction was initiated by sequential addition of

prechilled solutions of HB (O.O15 mmol; O.30 mL of O.050 M in toluene) and MXn

(O.O15 mmol; O.30 mL of O.050 M in toluene) via dry syringes into a monomer

solution (in toluene; 2.4 mL) containing IBVE (1.14 mmol; O.15 mL) and CCla

(O.15 mL). The total volume of the reaction mixture was thus 3.0 mL. After

predetermined intervals, the polymerization was teminated with prechilled

methanol (2.0 mL) containing a small amount of ammonia. Monomer conversion

was detemined from its residual concentration measured by gas chromatography

with CCI4 as an internal standard. The polymer yield by gravimetry was in good

agreement with the gas-chromatographic conversion of the monomer.

      The quenched reaction mixture was washed with dilute hydrochloric acid,

aqueous sodium hydroxide solution, and then with water to remove initiator

residues, evaporated to dryness under reduced pressure, and vacuum dried to give

the product polymers.

Measurements

     The INrwD of the polymers were measured by size-exclusion

chromatography (SEC) in chloroform at 40 eC on three polystyrene gel columns

[Shodex K-805L (pore size: 20-1000 A; 8.0 nm i.d. Å~ 30 cm) Å~ 3; flow rate 1.0
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mlVmin] that were connected to a Jasco PU-980 precision pump and a Jasco 930-

RI refractive index detector. The columns were calibrated against 11 standard

polystyrene samples (Pressure Chemicals; Mn = 580-1547ooO; MwlMn s 1.1) as

well as the styrene monomer. 13C NMR spectra of the produced polymers were

recorded in CC141C6D6 (9/1 v/v) at 55 OC on a JEOL LNM-LA500 spectrometer,

operating at 5oo.2 rvfiIz (IH) and 125.8 MHz (13C), respectively.
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Chapter4

Design
        for

of lnitiating Systems
Control of Molecular
Weight of Poly(CPDD

ABSTRACT
      Precise control of molecular weights and their distributions (MWD) in

cationic polymerization of cyclopentadiene (CPD) has first been achieved with

three-component initiating system, the HCI-adduct of CPD or a vinyl ether

(initiator), SnC14 (Lewis acid as catalyst), and n-Bu4NCI (additive), in

dichrolomethane at -78 OC. The number-average molecular weights of the

polymers increased in direct proportion to monomer conversion, as well as to the

monomer-to-initiator mole ratio (up to 2oo), and the Mwns were narrow

throughout the reactions (Mw/Mn = 1.2-1.3), clearly narrower than those in the

additive-free systems (Mw/MnÅr 2). Weak bases such as diethyl ether and ethyl

acetate also proved effective as additives, whereas THF inhibited CPD

polymerization. The poly(CPD) carried the initiator fragment at the ct-end

(nearly one per chain), and consisted of nearly the same contents of the 1,2- and

1,4-repeat units; free from other enchainments.
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INTRODUCTION

      Hydrocarbon polymers with rigid cyclic repeat units have attracted much

attention as new materials of attractive thermal, mechanical, and electronic

propenies such as high glass-transition temperature and low dielecuic constant.

A majority of such polymers have been obtained via addition (vinyl)

polymerization of cyclic olefins,1,2 cyclopolymerization of ct,tu-dienes,2 and ring-

opening metathesis polymerization of bicyclic olefins.3 Among the three

methods, the frrst gives the most rigid backbones where cyclic units are directly

connected each other without spacers, whereas the second and the third methods

generate polymers with one and two spacer carbons, respectively, in the rpain chain.

The monomers for the addition polymerization include cyclic dienes, which afford

rigid main chains of directly linked, unsaturated rings that may be hydrogenated

into more stable saturated structures.4

      Cyclopentadiene (CPD) is a representative cyclic diene that is easily

obtained by the retro Diels-Alder reaction of dicyclopentadiene, and can be

polymerized via cationic addition mechanism with conventional Lewis acids (metal

halides) and stable carbocation salts (eq 1).5 The growing species therein is most

likely a relatively stable allylic carbocation and thus leads to 1,2- and 1,4-

enchainments in the main-chain cyclic units. Despite its long history of research

dating back to the 1920s,6-10 the precise control of CPD cationic polymerization

has not'been attained, in terms of molecular weights, main-chain microstructure

(1,2- vs. 1,4-); occasional formation of insoluble products renders research more

difficult. The poor controllability is also seen in the transition metal-catalyzed

coordination polymerizations developed more recently.11,12

                                           nn
    CPD t, 2-Addition 1, 4-Addition
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      One of the most effective techniques to control polymer molecular weight

and stmctures is living polymerization. Living cationic polymerization13 has

been achieved for various vinyl monomers, such as vinyl ethers, styrene derivatives,

isobutene, indene, N-vinylcarbazole, and l]7pinene, where the obtained polymers

have controlled molecular weights and narrow molecular weight distributions

(MWDs).14 Most of living cationic polymerizations can be achieved by binary

system that consists of a protonic acid (HB) or its derivative as an initiator and a

Lewis acid (MXn) as an activator (eq 2). The Lewis acid activates the C-B bond

in the initiator and polymer terminals to give a growing cationic species (--C+)

accompanied by a counteranion (BINOÅqn-). The choice of initiators, Lewis acids,

and additives is crucial in achievement of living polymerization.14

cH2=

:l/iH-t!!ti-.cH3-Rc/H-B At/tiVxantOrcH3-:eli/H""""gMx.Cwrt'llilH ;s{viisn2ster

              Initiator
(2)

      Given these backgrounds, the author became interested in precision control

of CPD cationic polymerization for at least two reasons: There are few or no living

cationic polymerizations of linear and cyclic aliphatic dienes; no general methods

are available for controlling the 1,2- and 1,4-structures in the CPD main chain,

despite that the selective formation of such units would be important in the

chemistry of allylic-type growing carbocations and would also give interesting

materials (see above). This study was thus to develop living cationic

polymerization of CPD with HB/Lewis acid initiating systems; the effects of

additives and solvent polarity were also examined for optimization of reaction

control. This chapter reports the first example, to his knowledge, precise control

of polymer molecular weights and MWDs in cationic CPD polymerization, with

use of the HCI-CPD adduct (1)/SnC14 initiating system in the presence of an

additive such as n-Bu4NCI, diethyl ether, and ethyl acetate.
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     Activator
      snCl4

initiator

         CPDRstm""mCISnCt4 = R
         .         Additives

                                  1, 4-Addition

R-clQcl,cH3-s/III]&1,cH3tlt-H-3cl,cH3-oc+ci

Additives: n•Bu4NCI, Et20, -Pr20, ()O, CH3C02Et

   -n
1 , 2-Addition

Cl

(3År

RESULTS AND DISCUSSIONS

1. Search of Initiators

     As potential initiators for living cationic polymerizations of CPD, we frrst

examined hydrogen chloride adducts of CPD (1), 2-chloroethyl vinyl ether (2), ct-

          1OO

Figure 1.

oxo

s
$ 50

g•

o

                Time, min

Time-conversion curves for the polymerization of CPD with

R.CVSnCla in toluene at -78 OC: [M]o = O.50 M; [RrCl]o = 5.0

mM; [SnCla]o = 50 mM. R-Cl: (e) 1; (A) 2; (1) 3; (O) 4.
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methylstyrene (3), and styrene (4). The use of these adducts means that, in eq 2,

the anion B- is invariably the chloride, while the carbocationic parts differ in

structure and reactivity. The polymerizations were carried out in toluene at -78

OC with SnC14 as the activator (MXn) in eq 2: [CPD]ol[lnitiator]of[SnCi4]o =

500/5.0/50 mM. All systems induced polymerization, whereas the rate depended

upon the initiators (Figure 1). The CPD adduct 1 induced a fast and quantitative

polymerization. The polymerizations with 2 and 3 proceeded at nearly the same

rate as with 1 at the initial stage but slowed down subsequently. in contrast, 4

resulted in a much slower and incomplete polymerization.

                 (A) llSnC14 (B) 2tSnCl4
             Time Mn Time Mn             Cenv. IEAkftrlivan COnv• hKv/Mn

             3min 4200 3min 41oo             4sel. 1.84 4801o 1.43

 30 min 7800 9501o 1.59
                 MW
  Io5 lo4 lo3 (PSt)

     (c) orSnC14

Time MnConv. A4fif/Mn

5min 640e4301. 2.01
gl9,.mi i,Ol,9,9

                 MW
 Io5 lo4 lo3 (PSt)

 45 min 63oo sool. 1.88
  lo5 lo4 lo3 (PSt)

      (D) avsnc14

Conv. tL4NIMn

58el. 2.65
                6700
                 2.92

                  MWMIO loieSt)

Figure 2. MWD curves of poly(CPD) obtained with R-CYSnCth in toluene

at -78 OC: [M]o = O.50 M; [R-Cl]o = 5.0 mh4; [SnCla]o = 50 mM.

R-Cl: (A) 1; (B) 2; (C) 3; (D) 4.
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   Figure 2 shows the MWDs of the obtained polymers, as measured by size-

exclusion chromatography (SEC) with a polystyrene calibration. The SEC curves

with 1 were relatively narrow and shifted to higher molecular weights with

increasing CPD conversion. The adducts 2 and 3 also gave relatively narrow

MWDs unti1 •-509o conversion, however, they became broader at higher conversion.

The MWDs with 4 were much broader due to slow initiation from 4, which has a

stronger and less active C--Cl bond than the others. Thus, 1 proved most suitable

for controlling cationic polymerization of CPD with SnCla.

2. Effects of Solvents

      In general, cationic polymerization is affected by solvent polarity and the

effects of solvents were then examined in the CPD polymerization with 11SnCla at

-78 eC. As shown in Figure 3, the higher the polarity of solvent is, the faster the

Figure 3.

CH2CI2

exe

=
s9
9
g
g
o

Time, min
   60

oluenelCH2Cl2
(3Il vlv)

20 30
Time, h

120

 Solv.

CH2C12

Time
Conv.

toluenelCH2Cl2
(311 vAt}
      15 min
      9601e

toluene

      2h
      9iOle

 Mn
WMn
8600

 3.ss

7200
1.57

7500
1.62

 MCH
      49h osOO      4701o 2.17
MW
(PSt) lo5 lo4 lo3

Time-conversion and MWD curves for the polymerization of CPD

with 1/SnCla at -78 OC: [M]o = O.50 M; [1]o = 5.0 mM;

[SnC14]o = 5.0 or 50 (only for MCH) mh. Solvent: (A) CH2C12;

(O) toluene/CH2C12 (3/1 v/v); (e) toluene; (-) MCH.
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rate of polymerization. Addition of CH2C12 to toluene (toluenelCH2C12 = 3/1

v/v) made the polymerization faster, where conversion reached 969o in 15 min.

The polymerization in CH2C12 was very fast and completed within 1 min to give

products of multimodal SEC curves. On the other hand, the polymerization in

methylcyclohexane (MCH), a less polar solvent, was much slower even with 10

times more SnCI4 (50 mM) than in CH2C12. These results show that the

polymerization of CPD 'highly depends on solvent polarity. The MWDs of the

polymers were fairly narrow in toluene or its mixture with CH2C12. The

multimodal MWD in CH2C12 is probably due to a highly active, dissociated

growing carbocation, which can attack a double bond in another polymer chain to

generate comb-like and partially cross-linked polymers. In contrast to the

polymerization with SnC14 alone in CH2C12 reported previously,8 no insoluble gels

formed with the 11SnCla system. Overall, therefore, less polar media are better

suited for control of CPD polymerization.

3. Effects of Additives: Control of CPD Polymerization

      Control of polymerization in polar media like CH2C12 may be possible by

addition of an ammonium salt or a base, as demonstrated in cationic

polymerizations of vinyl ethers15-i7, styrene derivatives18, and isobutene19,20.

These additives are expected to affect the nature of the growing carbocation by

suppressing ionic dissociation or stabilizing the growing carbocation. As shown

in Figure 4, addition of a chloride, n-Bu4NCI, retarded the polymerization in

CH2C12 and gave poly(CPD)s with much narrower MWDs (Mw/Mn •- 1.2) than

those in the salt free systems.

   The number-average molecular weights (Mn) of the polymers increased in

direct proportion to monomer conversion and agreed well with the calculated

values assuming that one polymer chain forms per CPD-HCI adduct molecule,

although they were based on a polystyrene calibration (Figure 5). Therefore, n-

Bu4NCI proved an effective additive for control of molecular weights and MWDs
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         1OO

       ;osce
       s
        ! oo

       8•

          6

 Figure 4.

  none Additi.eTciom.e.. jvavM,t"M,

           with n-Bu4NCI s6oO
                            tooel. 3.33

                      n-Bu4NCI

                                      57oo
                            84ele 1.23
                                          MW

        Time, min

Effects of added n-Bu4NCI on CPD polymerization with 1/SnCla

in CH2C12 at -78 OC: [CPD]o = 5oo mM; [1]o = 5.0 mM; [SnCla]o

= 5.0 nh; [n-Bu4NCI]o = 5.0 mM. Additive: (O) none; (e) n-

Bu4NCI.

                    IrsnC14/n-Bu4NCI 2tSnCl41n-Bu4NCI

                 Time : 'Mn Time Mn                 Conv. i Mi,IM. CenV-                                             M"Mn
           ol                        i                 2o sec 36eo 2o sec 2soo         O s6ele , 1.lg 44elo 1.22                        ,

  8      lnitiator
     e, A: t
     O, A:2  6

R= .S. 8401. Il 1.23            oS  2                         1.6 i                         1•4 2min i 6seO
                         1.2 g4o/e i S.29

          Conversion, olo . Ie5 lo4 lo3 {PSt)

Figure5. Mn,Mw/Mn,

          [CPD]o = 5oo mM; [1 or 2]o = 5.0 mM;

          Bu4NCI]o = 5.0 mM. The diagonal
          calculated Mn assuming the

          molecule.
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Controlled Polymerization of CPD

in cationic polymerization of CPD. Another initiator 2, also gave polymers with

controlled molecular weights and narrow MWDs in conjunction with n-Bu4NCI.

To his knowledge, these are the first examples of control molecular weights and

MWDs ofpoly(CPD).

      A series of oxygen-based nucleophiles such as diethyl ether (Et20),

isopropyl ether (i-Pr20), ethyl acetate (EA), and tetrahydrofuran ( [HF) were also

employed for the control of the polymerization with 11SnCla in CH2C12 at -78 OC

(Figure 6).16,17 Addition of Et20 and EA retarded the polymerization

moderately, where the conversion reached 959o in 2 h and 939o in 16 h,

respectively. With both additives, the MWDs were as narrow as those obtained

with n-Bu4NCI. The Mn increased linearly with conversion and agreed with the

-Pr20

1OO

oxe

i
.9
.co50

g
8
o

o

not effective

o 4   812Time, h
16

Time
Conv.

5 min
32e/,

Et20
 Mn Time
IL4WMn Conv.

1900
 128

EA
 Mn
ILqvlMn

 1800
 1.36

120min 7100 16h 66009501o i•33 93ele 1.30
Io5 lo4 lo3 (PSt)lo5 lo4 lo3

Figure 6. Time-conversion and MWD curves of poly(CPD) obtained with

11SnCla in the presence of additives in CH2C12 at -78 OC:

[CPD]o = 500 mM; [1]o = 5.0 mM; [SnC14]o = 10 mM, Additive

lvo19o ([Et20]o = 96 mM, [EA]o = 100 mM, [i-Pr20]o = 71 mh,

[THF]o = 120 rnM). Additive: (O) Et20; (e) EA; (") i-Pr20;

(1) THF.
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calculated values. The polymerization with i-Pr20, a weaker and hindered base,

was fast and uncontrolled, simi1ar to that in the absence of additives. In contrast,

no polymers were obtained with THF, a stronger base. Thus, the 1/SnC14

initiating system afforded poly(CPD) with controlled molecular weight and narrow

MWDs in the presence of bases such as n-Bu4NCI, Et20, and EA.

      Figure 7 is to demonstrate further control of molecular weights and the

distributions by the ratio of monomer to initiator ([M]of[initiator]o). Thus, in the

1/SnC14/n-Bu4NCI initiating system, the amount of 1 was fixed ([1]o = 5.0 mM),

whereas the initial monomer concentration was varied ([M]o = 250, 5oo, and 1ooO

15

9.10

g
E=

  5

o
o     50

Conversion, Olo
1oo

  Time
  Conv.
2oo mer

  3 min
  8701e

1oo mer

  2 min
  9401o

 se rner

2 min
950/o

 Mn
lbKv/Mn

12800
1.37

6500
i.29

Time Mn
Conv. M"vlMn

10sec 3000
33el. 1.33

20sec 3600
5601o 1.19

3ooo 10 seg looo1.23 4401e 124
                   MW
 lo5 lo4 lo3 ÅqPSt)

Figure 7. Mn, Mw/Mn, and MWD curves of poly(CPD) obtained with
1/SnCla in the presence of n-Bu4NCI in CH2Cl2 at -78 OC:

[cpD]o = looo (e), soo ("), 2so (A) mM; [1]o = s.o mM;

[SnC14]o = 5.0 mM; [n-Bu4NCI]o = 5.0 mh. The diagonal bold

line indicates the calculated Mn assuming the fermation of one

polymer chain per 1 molecule.
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mM; DPn = 50, 1oo, and 2oo, respectively) (Figure 7). The Mn increased linearly

to monomer conversion and agreed well with the respective calculated values.

These results also show that 1 in fact serves as an initiator to form polymer with

controlled molecular weights.

      The living nature of the polymerization with the 1 /SnCla initiating system

in the presence of n-Bu4NCI or Et20 was then examined in monomer-addition

experiments; thus CPD was polymerized with these systems and a fresh feed of

CPD was added to the reaction mixture when the initial charge had almost been

consumed. Although a second-phase polymerization proceeded, it was slower

than the frrst and terminated at 50--709o conversion of the added CPD, to give

products of a bimodal SEC curve with a small shoulder of lower molecular weights.

This indicates that a part of the growing carbocations reacts with the double bond

of a polymer chain, not that of monomer, to be inactivated at the latter stage of the

first-phase polymerization where most of the monomer has been consumed. Thus,

the cationic polymerizations of CPD with these systems can not be defined as

"living polymerization", despite that the observed molecular weight increase and

the narrow MWDs show a long lifetime of the intermediate and the near absence of

side-reactions.

5. Polymer Analysis

      The srmcture of the poly(CPD) obtained with 21SnC14/n-Bu4NCI in CH2C12

was examined by IH NMR spectroscopy (Figure 8). The vinyl ether adduct 2 was

used herein for easy detection of the initiator fragment. The poly(CPD) shows

1arge characteristic signals of main ch4in repeat units, i.e., olefinic (e) and aliphatic

protons (f-i). The aliphatic protons consist of roughly four parts due to 1,2- and

1,4-structures, as known in conventional cationic polymerization of CPD.21 The

1,2-unit content was 469o based on peak areas [(1 - fle) Å~ 1oo].21 The

stereoselectivity was almost the same in both salt-present and salt-free systems.

This point is discussed in Chapter 5 in detai1.
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Figure 8.

    b
CH3-CH
cHL•o

CH d
  )ÅqCl

Mn (SEC) = 29oo

Mn (NMR, ct-end) = 3ooO

IH NMR spectmm (5oo MHz, CDC13) of poly(CPD) (Mn = 29oo,
Mw7Mn = 1.15) obtained with 2/SnCla in the presence of n-Bu4NCI

in CH2C12 at -78 OC: [CPD]o = 500 mM; [2]o = 5.0 mM; [SnC14]o

= 5.0 mM; [n-Bu4NCI]o = 5.0 mM.

      ln addition to these major peaks, there appeared minor absorptions

assignable to the initiator fragment (a--d). The Mn aNMR) was determined from

the relative peak area of the main-chain repeat units (e) to the initiator moiety (b-d),

and was very close to that by SEC [Mn(NMR, ) = 30oo, Mn(SEC) = 29oo]. This

also suggests that 2 serves as the initiator that forms one living polymer chain per

molecule.

      The poly(CPD) obtained with 1/SnC141n-Bu4NCI and 2/SnC14/n-Bu4NCI

was further analyzed by mauix-assisted laser-desorption-ionization time-of-fiight

mass spectroscopy (MALDI-TOF-MS) (Figure 9). Both spectra consist of a

series of sharp peaks separated by a 66 Da interval each, corresponding to the

molecular weight of CPD monomer. These indicate the virtual absence of
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                          66 662
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                         Mass (m/z)

 MALDI-TOF-MS spectrum of poly(CPD) obtained with 11SnC14

 (A) and 2/SnCl4 (B) in the presence of n-Bu4NCI in CH2C12 at

 -78 OC: [CPD]o = 500 mh; [1 or 2]o = 5.0 mh; [SnCla]o = 5.0

 mM; [n-Bu4NCI]o = 5.0 MM. (A): Mn = 37oo, Mw/Mn = 1.14 (B):

 Mn = 29oo, MwlMn = 1.15.

  reactions such as chain-transfer. Furthermore, there is 41 Dasignificant side

difference between the sharp peaks in the two spectra, which agrees with the mass

difference between 1 and 2. This result also iRdicates that one initiator generates

one polymer chain and that every polymer chains contains the initiator moiety at

the ct-end. The terminal structure predicted from the absolute mass was olefin

structure, which is due to chlorine elimination induced by laser similar to the Cl-

terminated polymers obtained with transition metal-catalyzed living radical

polymerization or due to hydrogen chloride elimination during the work-up

      22process.

      In conclusion, the author has demonstrated the synthesis of poly(CPD) with

controlled molecular weights and narrow MWDs via cationic polymerization of
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CPD with the 1 or 2/SnCl4 initiating system in the presence of n-Bu4NCI, Et20 or

EA in CH2C12 at --78 OC. To his knowledge, this is the first example of precise

control of molecular weights and the distributions in cationic polymerization of

CPD.

EXPERImsNTAL

Materials

      Unless otherwise specified, all of the chemicals were purchased from Wako

company, Japan. CPD was obtained by the retro Diels-Alder reaction of

dicyclopentadiene (Tokyo Kasei; År959o) at 165 eC over calcium hydride and

disti11ed from calcium hydride. It was stored at -84 eC and used within one ,

month. The purity and the absence of dicyclopentadiene in CPD was confirmed

by NMR before use (purity År999o). CH2C12 (År999o) was dried overnight over

calcium chloride, disti11ed from phosphorous pentoxide and then from calcium

hydride before use. Methylcyclohexane (MCH) (Tokyo Kasei; År999o), carbon

tetrachloride (internal standard for gas bhromatography; År999o), ethyl acetate (EA)

(År999o) and 1-phenylethyl chloride (4; År979o) were dried overnight over calcium

chloride, distiIled twice from calcium hydride. Toluene (År999o), diethyl ether

(Et20) (År999o), and tetrahydrofuran (THF) (År999o) were dried overnight over

calcium chloride, disti11ed from sodium benzophenone ketyl. SnCla (Aldrich; 1.0

M solution in CH2C12), n-Bu4NCI (Tokyo Kasei; År98%) and isopropyl ether (i-

Pr20) (Aldrich; anhydrous; 999o) were used as received.

Synthesis of HCI Adduct 1-3

      The HCI adducts 1-3 were synthesized by bubbling dry HCI gas into a

solution of the respective vinyl compounds (CPD, CEVE, and ctMeSt).23 Thd
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synthesis of HCI-CPD adduct 1 as a typical example was done below. Dry HCI

gas was bubbled into 1.0 M toluene solution (36 mL) of CPD (3.0 mL; O.036 mol)

at -78 OC. The gas was generated by dropping concentrated sulfUric acid into

powdery sodium chloride, and dried by passing it through a column packed with

calcium chloride. After 30 min, the excess HCI in the reaction mixture was

removed by bubbling dry nitrogen gas at O OC for 30 min, and the clean and

quantitative formation of adduct 1 was confirmed by IH NMR spectroscopy. The

concentration of 1 was determined by titrating the chloride by the Volhard method.

The observed value (O.89 M) further confirmed the quantitative formation of 1

from CPD.

Polymerization Procedures

      Polymerization was canied out under dry nitrogen in baked glass tubes

equipped with a three-way stopcock. A typical example for the polymerization

procedure in CH2C12 is given below: The reaction was initiated by sequential

addition of prechilled solutions of 1 (O.02 mmol; O.40 mL of O.050 M in CH2C12)

and SnCla (O.02 mmol; O.40 mL of O.050 M in CH2C12) via dry syringes into a

monomer solution (in CH2C12; 3.2 mL) contaming CPD (2.0 mmol; O.165 mL) and

CCk (O.165 mL). The total volume of the reaction mixture was thus 4.0 mL.

For polymerization in the presence of additives, these were dissolved in SnCla

solution prior to initiation. After predetermined intervals, the polymerization was

terminated with prechilled methanol (2.0 mL) containing a small amount of

ammonia. 3-tert-Butyl-4-hydroxy-5-methylphenyl sulfide (O.O14 mmol; O.oo5 g)

was then added as an antioxidant immediately after quenching reaction.

Monomer conversion was detemiined from its residual concentration measured by

gas chromatography with CC14 as an internal standard. The polymer yield by

gravimetry was in good agreement with the gas-chromatographic conversion of the

monomer. The quenched reaction mixture was washed with dilute hydrochloric
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acid and with water to remove initiator residues, evaporated to dryness under

reduced pressure, and vacuum dried to give the product polymers.

Measurements

      The MWD of the polymers were measured by size-exclusion

chromatography (SEC) in chloroform at 40 OC on three polystyrene gel columns

[Shodex K-805L (pore size: 20-100() A; 8.0 nm i.d. Å~ 30 cm) Å~ 3; flow rate 1.0

mUmin] that were connected to a Jasco PU-980 precision pump and a Jasco 930-

RI refractive index detector. The columns were calibrated against 11 standard

polystyrene samples (Pressure Chemicals; Mn = 580-1547ooO; Mw/Mn s 1.1) as

well as the styrene monomer. IH NMR spectra of the produced polymers were

recorded in CDC13 on a JEOL LNM-LA5oo spectrometer, operating at 5oo.2 MHz.

MALDI-TOF-MS spectra were measured on a Perseptive Biosystems Voyager-DE

STR equipped with a 2-m linear flight tubes and a 337-nm nitrogen laser (pulse

width, 3 ns), along with a delayed extraction capability. All experiments were

carried out at an accelerating potential of 20 kV. In general, mass spectra from'

256 laser shots were accumulated summed to produce a final spectmm.

Angiotensin I (human; MW = 1296.5) (BACHEM) and insulin (bovine pancreas

28.3; MW = 5733,50) (nacalai) were used as internal standards to calibrate the

mass scaie. Samples for MALDI-TOFMS analysis were prepared by mixing the

poly(CPD), a matrix (1,8-dihydroxy-9(10H)-anthracenone; dithranol), and a

cationizing agent (silver trifluoroacetate) in TH[F. For example, a poly(CPD)

sample (approximately 10 mglML) was dissolved in THF. The matrix and the

cationizing agent were also dissolved separately in 'I HF (30 mgtmL and 10 mg/ML,

respectively). A 30 pL portion of the poly(CPD) solution, 90 pL of the matrix

solution, and 30 pL of the cationizing agent were mixed in a glass vial. Then O.5

pL portions of the mixture were deposited onto 10-20 wells of the gold-coated

sample plate and dried in air at room temperature. .--
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Chapter 5

   Design of lnitiating Systems
for Control of Regiospecificity
             in CPD Polymerization

ABSTRACT
    The control of regioselectivity in cationic polymerization of cyclopentadiene

(CPD) was examined with initiating systems consisting of HCI-adduct of CPD (1;

initiator) and a Lewis acid (activator/catalyst), and among a series of metal halides

as catalysts, weak Lewis acids such as ZnX2 (X = Cl, Br, I) gave the highest

[1,4]-contents (64, 70, 769o, respectively). In particular, the 11ZnBr2 system

induced controlled polymerization to give poly(CPD)s with narrow molecular

weight disuibutions (MWDs) (Mw/Mn = 1.3-1.5) and relatively high

regiospecificity ([1,4] = 709o). In contrast, SnC14, TiC14, and other strong Lewis

acids resulted in less controlled microstructures ([1,4] = 45-509o). Other reaction

parameters, e.g., solvents, additives, and temperatures, did not dramatically affect

regioselectivity, giving 55-609o 1,4contents almost invariably.
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INTRODUCTION

    Cyclopentadiene (CPD) is one of the most representative and inexpensive

cyclic dienes, and its polymer is a candidate for new hydrocarbon-polymeric

materials with rigid cyclic repeat units. CPD can be polymerized by cationic

catalysts to give two 'rigid main-chain cyclic units, 1,2- and 1,4-enchaiBments, due

to the allylic growing carbocation.1 Despite the Iong research history that dates

back to 1920s,2-6 fine control of molecular weights and microsrmctures of the

polymers is difficult, and the products thus far reported are invariably of low

molecular weights and poorly controlled architectures.

    As shown in Chapter 4, however, the author has succeeded in controlling

molecular weights and molecular weight distributions (MWDs) in cationic

polymerization of CPD by using an initiating system consisting of an HCI-adduct

(1 or 2; initiator) and SnCih (activator/catalyst) in the presence of an additive such

as n-Bu4NCI, diethyl ether, or ethyl acetate (eq 1).7 These polymerizations are

considered to proceed via the allylic carbocation (3) reversibly generated from its

dormant, chlorine-capped species, to give polymers with controlled molecular

weights and narrow MWDs (Mw/Mn = 1.2-1.3).

          ,--,ftCs'A"cai40',ol,,.2,,,,,,gCPD, .,s, .op,D

                                        ---" Additive          lnitiator                                         e                                         clsnc14
                                                           (1)

                   tla) ti
                   "-" 81snci4 -" - m
                 3 1,2-Unit l,4-Unit
                                Controlled Molecular VVeight
                                NarrowMWD

           R-Cl: CÅr-Cl; CH3-(?H-Cl Additive:t)-Bu4NCI,Et20,CH3C02Et2

                       cU)
                  12
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    However, even these systems failed to control another critical factor of CPD

cationic polymerization, the regioselectivity for the main chain, giving nearly equal

amounts of 1,2- and 1,4-units as do conventional systems.6 Another problem in

cationic CPD polymerization is the formation of irregular main-chain structures

(due to cation rearrangement) and insoluble products (due to the in-chain double

bonds).2,6,8,9 Thus, the regiospecific cationic polymerization of CPD has not

been attained yet, which is in contrast to that some metal-catalyzed coordination

polymerizations of cyclopentene generate crystalline, highly isotactic cis-1,3-

polymers.10-16

    Thus, this chapter is directed to develop regiospecific cationic polymerization

of CPD with the binary initiating systems [1/MXn (Lewis acid)], in relation to the

effects of reaction conditions such as solvents, temperatures, additives, and Lewis

acids (Scheme 1). As with other vinyl monomers,17-19 these reaction paiameters

may affect the nature of the growing CPD (allylic) carbocation and, in turn, the

regiospecificity in propagation. For example, in cationic polymerization of

isobutyl vinyl ether, the meso dyad contents (isotacticity) can be varied between 60

Regioselectivity:

  5
1 oof4
 o.e"i'

2 e3
   xMXn

 1, 2-Addition

1, 4-Addition

5

   Ve
    t,..O.Q

xMXn
5

Solvent: toluene, CH2CI2, methylcyclohexane (MCH)
Additive: nBu4NCI, Et20, CH3C02Et2, -Pr20, Ph3CCI, W,

MX.: SnX4 Q( = Cl, Br), TiX4 (X = Cl, Br), TiC12(O-Pr)2, AIBr3, BCI3,

                           Scheme 1

        xMXn

Ni[::r, fiI)illB"

 ZnX2 (X = Ci, Br, 1)
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and 909o with designed Lewis acids (see Chapter 1).19 None of such

stereochemical control via catalyst design, however, are found in cationic

polymerization of CPD and related cyclic or linear conjugated dienes.

    In this chapter, the author reports that 1,4-enchainment can be varied between

51 and 769o with the use of various catalysts and that especially 11ZnBr2-system

induces controlled cationic polymerization to give poly(CPD)s with controlled

molecular weights, narrow MWDs (MwlMn = 1.2-1.3), and relatively high

regiospecificity ([1,4] = 709o).

RESULTS AND DISCUSSIONS

1. Effects ofSolvents, Additives,.and Temperature.

   (a) Solvents. in cationic polymerization of vinyl monomers, the steric

stmcture of its polymers depends on solvent polarity, which affects the ionic

dissociation of the growing carbocation.i9'-2i Therefore, CPD polymerization

                    Conv. - 90elo (except for MCH)

                   Solvent M/M

                   toluene 1.62

Figure 1.

       CH2CI2 3.33

            lo5 lo4 lo3 (PSt)

Effects of solvents on the MWD curves of poly(CPD) obtained

with 1/SnC14 at -78 eC: See Table 1 for reaction conditions.
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was carried out with the 1/SnCla initiating system at -78 eC in various solvents,

toluene, methylcyclohexane (MCH), and CH2C12 (Table 1, entry 1-3 and Figure 1,

A-C). The higher the solvent polarity, the faster the polymerization, and the

molecular weight and MWDs of the polymers depended on the solvents.

    The microstructures of the obtained poly(CPD) was analyzed by IH NMR

spectroscopy. Figure 2 shows the representative IH NMR spectrum of a sample

obtained with 1/SnC14 in toluene at -78 eC (for entry 3, Tablel). Characteristic

signals appear in two regions, one for the olefinic ptorons (D; al,2 and al,4) around

5.5-6.0 ppm and the other for the aliphatic ptorons (bl,2, cl,2, dl,2, bl,4, and cl,4)

around 1.5-3.0 ppm. The latters consist of well--resolved three parts; i.e., 1.4-1.8

al,2

al,4

D

 dl,2
      -a1,2

1 , 2--Structure

i
l
i
i
i
l
l
l
i
i
i
l
i
l
:

     cf,4

bl, bls4
     al,4
1, 4--Structure

c
bi•4 l'

bl,2 i
    i
    i
    i
    t   1,?  c    l
    i
    l
    l
    i
    i/

    I

B
  i
  i
  f
  l
  i
  i
d12
  lt

  i
  ]/

  i
  l
  i
  ,
  i

A
c

1,4

 l
 lt

 lt

 lt

 l
 i
 l
 i
 1/

 i
 l
 l

l
 l
 ,

lntegration
Ratio

6 5 4 3 2 1 ppm

Figure 2. IH NMR spectra (500 MHz, CDCI3) of poly(CPD)s (Mn = 75oo,

Mw/Mn = 1.62, [1,2]1[1,4] = 45/55) obtained with 1/SnCla in toluene

at -78 eC: [CPD]o = O.50 M; [1]o = 5.0 mM; [SnCla]o = 5.0 mM;

entry 3, Table 1.
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ppm (A; cl,4), 1.8-2.2 ppm (B; dl,2), and 2.2-2.8 ppm (C; cl,2, bl,2, and bl,4).

The 1,2- and 1,4-contents (hereafter, [1,2] and [1,4], respectively) can be calculated

from their integrated signal intensities by the following two methods:3

             Me thod 1 : [1,2], 9o = [(B + C- A)1(A +B+ C)] Å~100

             Method2: [1,2], 9o = [1-(AID)]Å~1oo

where A, B, C, and D represent the peak intensities of the four signals.

    If a poly(CPD) sample consists of the two "regular" main-chain units, 1,2-

and 1,4-units, olefinic/aliphatic protons ratio D/(A+B+C) should be O.5. If the

ratio deviates from O.5, the polymer contains other structures, such as those from

the isomerization of the growing carbocation and saturated units via chain transfer

or termination. The observed ratios for all of the poly(CPD) are close to O.50,

which indicates the absence of such side reactions under our reaction conditions

with 1/SnC14. The regioselectivity did not depend on the solvents, either, where

the [1,2] contents were around 459o.

    (b) Additives. The effects of additives, which would interact with growing

carbocation22 or Lewis acid activator,23 were also examined with use of the

1/SnCla system in CH2C12 at -78 OC (Table 1, entry 4-11 and Figure 3, A-H). In

addition to n-Bu4NCI,7 weak Lewis bases including diethyl ether, and ethyl acetate,

Ph3CCI and 2,6-di-tert-buty1-4-methylpyridine proved effective in controlling

molecular weights and MWDs (Mw/Mn = 1.3-1.4) (Figure 3, A-E). However,

diisopropyl ether, 2,4,6-trimethylpyridine, and 1-butylimidazole gave broader and

muhimodal MWDs (Figure 3, F-H), though some of them were effective in living

cationic polymerization of styrene. in contrast, none of the additives affected the

regiospecif7icity; i.e., al1 polymers showed about 459o-[1,2] and 559o-[1,4]

contents (Table 1). Thus, control of stereospecificiry in cationic polymerization

with 1/SnCla was difficult by changing solvent polarity or by adding salts and

Lewis bases.

    (c) Temperature. The regiospecificity was not affected by polymerization

temperature (O to -78 eC), either. Rather unusual in cationic polymerization, the
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     Additive WMn Additive It,Kv/Mn
  (A) nBu4NCt 1.29 (E) W 1.41

  (B) N-o-1 1.33 (F) År-o-Åq 3.67
  (C) CH3C02C2Hs 1.30 (G) NIIIilC 2.s4
                                       nBu
  (D) e6-Ci t2g (H) KNj 2.44
  (PSt) lo5 •lo4 lo3 (PSt) lo5 lo4 lo3

 Ftgure3. Effects of various additives on the MWD curves of poly(CPD)

          obtained with 1/SnC14 in CH2C12 at -78 eC: See Table 1 for

          reaction conditions.

overall polymerization rate with 1/SnC14 in toluene did not clearly depend on

temperature (conversion: 509o in 15 min; 80--1oo9o in 120 min), though there were

some differences in time-conversion profiles for the temperatures. The

olgfinic/aliphatic protons ratios was also close to O.50; a slight decrease at O eC

(479o) might indicate some side reaction at higher temperature, however the

regioselectivity also unchanged, 55-609o [1,4] units.

    2. Effects of Lewis Acids. Apart from external reaction parameters like

solvent and temperature, the author employed various Lewis acids (MXn) in

conjunction with 1 in toluene or CH2C12 at -78 OC. The Lewis acids were: SnX4

(X = Cl, Br), TiX4 (X = Cl, Br), TiC12(Oi-Pr)2, AIBr3, BC13, and ZnX2 (X = Cl, Br,

I). The results are summarized in detail in Table 2.
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    (a) Molecular Weight Control. Entry 1-5, Table 2, show the data for the

polymerization in nonpolar toluene solvent. Strong Lewis acids such as TiX4 (X

= Cl, Br) and AIBr3 induced rapid polymerizations (909o conversion within 10

rnin) to give broad MWDs. On the other hand, with a weak Lewis acid (BC13), a

slower polymerization occurred (759o in 30 min, 1oo9o in 5 h) and resulted in

broader MWDs. Other weak Lewis acids such as SnBr4, TiC12(Oi-Pr)2, and

ZnX2 (X = Cl, Br, I) were hot active enough in toluene.

    Marked effects of Lewis acids were observed in polar CH2C12 solvent (Figure

4 and entry 6-12, Table 2). Strong Lewis acids like TiX4 (X = Cl, Br) and AIBr3

gave insoluble gels due to crosslinking as previously reported for cationic

polymerization with them in the absence of 1. In contrast, weaker Lewis acids

such as SnBr4, TiC12(Oi-Pr)2, and ZnX2 (X = Cl, Br, I), which were not active in

8'5M.e.

    pm
1e?:k".

TiCl2(Oi-Pr)2

 Mn
lkeKv/Mn

1 day
870/o

8600
3.33

8700
1.99

4 min
770/o

31OO
4.93

MW

i
:

i
:,

i
:

l
:
:

i
:

i
:
:
:
:

i
:

i
:

l
:
:

i
i
:
:

i
:

E
t

    @
5 days
 g2e/.

    @
14 days
 870/o

1o6 1o5 1o4 to3 (pst)

Mn
/M

4800
1.37

8700
1.47

11200
15.26

  MW
1o5 1o4 lo3 (pst)

Figure 4. MWD curves of poly(CPD) obtained with

-78 OC: [CPD]o = O.50 M; [1]o = 5.0 mM;

1oo mM (for ZnX2) .

1/MXn

[MXn]O
mCH2C12 at

5.0 mM or
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Figure 5.

s
s
2.0

1.5

1.0

Time
Conv.

 8h
 51O/o

1 day
8201o

5 days
 g2e/.

i
i
l
i
t

 Mn
Mw/Mn

5300
 1.28

7500
1.34

8700
1.47

                               -MW
         50 lo5 lo4 lo3 (PSt)
     Conversion, O/o

Mn, Mw/Mn, and MWD curves of poly(CPD) obtained with 1/ZnBr2

in CH2C12 at -78 OC: [CPD]o = O.50 M; [1]o = 5.0 mM; [Znl3r2]o =

1oo mM.

toluene, induced polymerizations in CH2C12, despite the sti11 low activity with

some systems. Most of the Lewis acids gave bimodal or multimodal SEC curves,

but ZnC12 and ZnBr2 led to narrow MWDs that are simi1ar to that for the controlled

CPD polymers with 1/SnC14/n-Bu4NCI system (Figure 3, trace A)7.

    Especially with ZnBr2, a quantitative polymerization occurred to give

polymers with narrow MWDs (Mw/Mn = 1.3-1.5) (Figure 5). Also, the Mn

increased in direct proponion to monomer conversion, as in the polymerization

with 1/SnC14/n-Bu4NCI in CH2C12 at -78 eC.7 Thus, 1/ZnBr2 proved effective in

controlling molecular weights in cationic polymerization of CPD in a saltiadditive

free solvent.

    (b) Regiospecificity vvith Lewis Acids. Table 2 also summarizes the 1,2-

and 1,4-microstructures of poly(CPD) samples obtained with a series of Lewis

acids at -78 OC. The olefiniclaliphatic protons ratios [D/(A+B+C)] are nearly
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         MXn [1,4]
               [1,21 [1,2]
   (A) sncl4

   (B) SnBr4

   (C) BC13

   (D) TiCl2(OkPr)2

   (E) zncl2

   (F) ZnBr2

             '   (G) Zn12

Figure 6.

[1,41

[1,2]
[1,21

450/o

460/o

440/o

41O/o

36e/.

3oo/.

240/o

[1,4]

550/o

540/o

560/o

590/o

640/o

7oo/.

760/o

      3.0 2.5 2.0 1.5 PPM

IH NMR spectra (5oo MHz, CDC13) around 1.3-3.2 ppm of

poly(CPD) obtained with various Lewis acids coupled with 1 in

CH2C12 at -78 eC. See Table 2 for reaction conditions.

     '
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independent of the catalysts and close to O.50, as expected for the main chains

exclusively with the regular 1,2- and 1,4-units.

    In sharp contrast, Lewis acids clearly and markedly affected the

regiospecificity ([1,4] content) in both toluene and in CH2C12. For example,

Figure 6 shows the main-chain aliphatic proton regions of IH NMR spectra of

poly(CPD) obtained in CH2C12 (see also Table 2, entry 6-12); a similar trend can

be seen for the samples in toluene solvent (Table 2, entry 1-5). The 1,4-unit

contents for CH2C12, detemined from these spectra, are compared more visually in

         System

   CH3S03H

1/SnC14 (toluene)

t/SnCI4 (CH2CI2)

t/SnCl4/n-Bu4NCI

     1 /TiCl4

 1rriC12(OiLPr)2

    f/znCl2

    t/ZnBr2

     1rznI2

Figure 7.

-51

          O 50 55 60 65 70 75 80
                         [1, 41, O/o

1,4-contents of poly(CPD) obtained under various conditions.

Table 1 and Table 2 for reaction conditions.

See
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Figure 7 as a function of Lewis acids.

    As already discussed, strong Lewis acids such as SnCla and TiC14 give more

or less conventional poor regioselectivity around 559o, irrespective of solvent

polarity, additives, and molecular weight control (the so-called living nature of the

relevant polymerizations). A similarly low 1,4-content (519o) can be found with

CH3S03H, a protonic acid sometimes employed for CPD cationic
polymerization.24

    With weaker Lewis acids (the bottom 4 entries in Figure 6 and Table 2),

importantiy, the signals of the 1,2-units clearly weaken and, in tum, those of the

1,4-units increasingly become sharper and stronger in the order of (SnCk Åq TiCla

Åq) TiC12(Oi-Pr)2 Åq ZnC12 Åq ZnBr2 Åq Znf2. in particular, Znl2 led to a 769o 1,4-

content, perhaps the highest, to his knowledge, reported thus far for cationically

prepared poly(CPD). Another finding of interest is that ZnBr2 gives a relatively

high 1,4-content (709o), the second highestjust below the iodide version, and that

the bromide also allows a fine molecular weight control in salt-free CH2C12 solvent

(see the previous section). Thus, given these dual controllability in both MWD

and 1,4-content, the 1/ZnBr2 initiating system.might lead to a regiospecific and

living cationic polymerization of CPD, though optimum reaction conditions have

not yet specified. The regiospecificity with weak Lewis acids is most probably

due to formation of tight ion pairs in comparison to strong Lewis acids. However,

it is not sti11 clarified why the 1,4-enchairment is predominant with their catalysts.

    4. DSC Analyses of Poly(CPD)s. The success in the controlled

polymerization of CPD in terms of molecular weight and main-chain

microstructure promoted him to investigate the thermal property of,the polymers

by differential scanning calorimetry (DSC) (Figure 7). The author employed

three poly(CPD) samples with contrglled molecular weights and naiTow MWDs

but low regiospecficity (Mn = 27oo, 66oo, 101oo; [1,4] = 559o each) obtained with
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 Figure 8. Dependence of molecular weight arid main-chain microstructure

           on Tg of poly(CPD). The three samples (e: Mn = 27oo, Mw/Mn

           = 1.17; Mn = 6600, Mw/Mn " 1•26; Mn " 101oo, MwlMn = 1.33)

           with 459o-[1,2] and 559o-[1,4] were obtained with 11SnClofn-

           Bu4NCI in CH2C12 at -78 OC: [CPD]o = O.25, O.50, or 1.oo M;

           [1]o = 5.0 mh; [SnC14]o = 5.0 mM; [n-Bu4NCI]o = 5.0 mM.

           The sample (A: Mn = 5100, Mw/Mn = 1.35) with 309o-[1,2] and

           709o-[1,4] were obtained with 11ZnBr2 in CH2C12 at -78 OC:

           [CPD]o = O.50 M; [1]o = 5.0 mM; [ZnBr2]o = 1oo mM.

11SnClaln-Bu4NCI, and another sample (Mn = 5100; [1,4] = 709o) with a higher

regiospecifTicity with 11ZnBr2 in CH2C12 at -78 eC.

    Every sample showed an endothermic bias due to glass transition, and the

glass transition temperature (Tg) was dependent on Mn and microstructure (Figure

                            -101-
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7). The larger the Mn, the higher the Tg for the three samples with the same 1,4-

content. When the molecular weights are simi1ar (6100 vs 5100), Tg decreased

sharply with increasing 1,4-content, most 1ikely due to a increase in the more

flexible five-membered ring in the main chain.

    In conclusion, enchainments in cationic polymerization of CPD with the

1/LeWis acid system can be affected not by solvents, additives, and temperatures

but dramatically by Lewis acids. Specifically, weak Lewis acids such as

TiC12(Oi-Pr)2 and ZnX2 (X = Cl, Br, I) induced regiospecific polymerization with

relatively high 1,4-contents, among which the highest content was obtained with

Znl2 ([1,4] = 769o).

EXPERIMENTAL

Materials

    Unless otherwise specified, all of the chemicals were purchased from Aldrich.

CPD was obtained by the retro Diels-Alder reaction of dicyclopentadiene (Tokyo

Kasei; År959e) over calcium hydride and distiIIed from calcium hydride.7 It was

stored at -84 eC and used within one month. The purity and the absence of

dicyclopentadiene in CPD was confirmed by NMR before use (purity År99qo).

CH2C12 (Wako; År999o) was dned overnight over calcium chloride, distilled from

phosphorous pentoxide and then from calcium hydride before use.

Methylcyclohexane (Tokyo Kasei; År999o), carbon tetrachloride (Wako; internal

standard for gas clrromatography; År999o), ethyl acetate (Wako; År999o) and 1-

butylimidazole (989o) were dried overnight over calcium chloride, distilled twice

from calcium hydride. Toluene (Wako; År999o) and diethyl ether (Wako; År999o)

were dried ovemight over calcium chloride, distilled from sodium benzophenone
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ketyl. The following materials were used as received: SnC14, SnBr4 and BC13 (all

1.0 M solution in CH2Cl2); TiCla (År99.99o); TiBr4 and ABr3 (both År99.999o);

ZnC12 (1.0 M solution in Et20); ZnBr2 and Znl2 (both År99.9999o); CH3S03H

(Nacalai Tesque; 999o); n-Bu4NCI and Ph3CCI (both Tokyo Kasei; År989o); 2,6-di-

tert-butyl-4-methylpyridine (989o); 2,4,6-trimethylpyridine (999o); and isopropyl

ether (anhydrous; 999o). TiC12(Oi-Pr)2 was prepared and purified as aiready

reported.25 The HCI adduct 1 was synthesized by bubbling dry HCI gas into a

solution of CPD as already reported.7,26

Polymerization Procedures

    Polymerization was carried out under dry nitrogen in baked glass tubes

equipped with a three-way stopcock. A typical example for the polymerization

procedure with the 1/ZnBr2 system is given below: The reaction was initiated by

sequential addition of prechi11ed solutions of 1 (O.O15 mmol; O.30 mi. of O.050 M

in CH2C12) and ZnBr2 (O.3 mmol; O.30 mL of 1.0 M in Et20) via dry syringes into

a monomer solution (in CH2C12; 2.4 mL) containing CPD (1.5 mmol; O.124 mL)

and CC14 (O.124 mL). The total volume of the reaction mixture was thus 3.0 mL.

For polymerization in the presence of an additive, it was dissolved in the Lewis

acid solution prior to initiation. After predetermined intervals, the polymerization

was terminated with prechilled methanol (2.0 mL) containing a small amount of

ammonia. 3-tert-Butyl-4-hydroxy-5-methylphenyl sulfide (O.O14 mmol; O.O05 g)

was then added as an antioxidant immediately after quenching reaction.

Monomer conversion was determined from its residual concentration measured by

gas chromatography with CC14 as an internal standard. The polymer yield by

gravimetry was in good agreement with the gas-chromatographic conversion of the

monomer. The quenched reaction mixture was washed with dilute hydrochloric

acid and with water to remove initiator residues, evaporated to dryness under

reduced pressure, and vacuum dried to give the product polymers.
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Measurements

    The MWD of the polymers were measured by size-exclusion chromatography

(SEC) in chloroform at 40 OC on three polystyrene gel columns [Shodex K-805L

(pore size: 20-1000 A; 8.0 nm i.d. Å~ 30 cm) Å~ 3; flow rate 1.0 mL/min] that were

connected to a Jasco PU-980 precision pump and a Jasco 930-RI refractive index

detector. The columns were calibrated against 11 standard polystyrene samples

(kessure Chemicals; Mn = 580-1547000; Mw/Mn s 1.1) as well as the styrene

monomer. IH NMR spectra of the produced polymers were recorded in CDC13

on a JEOL LNM-LA5eo spectrometer, operating at 5oo.2 MHz. The DSC

measurements were performed on a Thermo Plus 2 Series (Rigaku, Tokyo)

equipped with a DSC8230L module. Polymer solid samples (ca. 6 mg) were

measured in an aluminum container under a dry nitrogen flow at a heating or

cooling rate of 10 deg/min. ct-Alumina was used as a standard.
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Chapter 6

Synthesis of EndNFunctionalized
CPD Polymers and

Copolymers of CPD'

ABSTRACT
    A series of cyclopentadiene (CPD)-based polymers and copolymers were

synthesized by a controlled cationic polymerization of CPD. End-functionalized

poly(CPD) was synthesized with the HCI-adducts [initiator:
CH3CH(OCH2CH2X)Cl; X = Cl (2a), acetate (2b), methacrylate (2c)] of vinyl

ethers carrying pendant functional substituents X in conjunction with SnC14 (Lewis

acid as catalyst) and n-Bu4NCI (additive) in dichloromethane at -78 eC. The

system led to controlled cationic polymerizations of CPD to give controlled ct-end-

functionalized poly(CPD)s with almost quantitative attachment of the functional

groups (Fn -- 1). With the 2a or 2blSnCl4/n-Bu4NCI initiating systems, diblock

copolymers of 2-chloroethyl vinyl ether (CEVE) and 2-acetoxyethyl vinyl ether

(AcOVE) with CPD were also synthesized by sequential polymerization of CPD

and these vinyl ethers. ABA-Type triblock copolymer of CPD (A) and CEVE (B)

was also prepared with the use of a bifunctional initiator. Copolymerization of

CPD and CEVE with 2a/SnC14/n-Bu4NCI afforded random copolymers with

controlled molecular weights and narrow molecular weight distributions (Mw/Mn =

1.3-1.4).
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INTRODUCTION

  R-clS"-C14921sncl,tiR o.os,, toptD R

                                              -n                             "-"" Additive  lnitiator                               e                               ciSnC14
     R-cl: Qcl; cH3-gH-cl

                 9wo
            t 2a
    Thisi chapter is directed to demonstrate the synthetic

CPD polymerization. The first purpose was thus the

functionalized poly(CPD)s (3) with the use of the

functional vinyl ethers as initiators (eq 2).

initiators in living cationic polymeri'zation of vinyl ethers2, s

P-pinene4 to give ct-end-functionalized polymers.

converted into the corresponding hydroxy group by

group.
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     As discussed in Chapter 4, the author has succeeded in controlling polymer

molecular weight and its distribution in cationic polymerization of cyclopentadiene

(CPD),1 even though conventional cationic systems for CPD usually result in

oligomers ofill-defined molecular weights and stmctures. CPD is an inexpensive

and attractive monomer that gives rigid polymers of cyclic hydrocarbon repeat

units with attractive thermal, mechanical, and electronic properties such as high

glass-transition temperature and low dielectric constant. The new CPD

polymerization is achieved with an initiating system consisting of an initiator, an

activator (catalyst), and an additive (eq 1). The initiator may be the HCI-adduct

of CPD (1) or 2-chloroethyl vinyl ether (CEVE) (2a) (initiator); the catalyst is a

Lewis acid such as SnCl4; typical additives include n-Bu4NCI, diethyl ether, and

ethyl acetate. As in living polymerization, one initiator generates one polymer

chain where the initiator moiety is attached to the ct-end (eq 1).

                       CPD

                         -'- m
              1, 2-Addition 1, 4-Addition

Additive: n-Bu4NCI, Et20, Ethyl Acetate

l (1}

                                         capability of the new

                                           synthesis of end-

                                   HCI-adducts (2b and 2c) of

                            These adducts are effective functional

                                        tyrene derivatives3 and

                                      Specifically, 2b can be

                                    deprotection of the acetoxy

Macromonomers with a methacryloxy group can be obtained from 2c.



CH3-(?H-Cl

xwo

X-:CH3

 SnCl4

n-Bu4NCI

-c-o-;
 Il
o
th

CH2-(i Kii)-O-

  H3c e
     2c

End-Functionalized Polymers and Copolymers

     The second objective was to synthesize

CPD with vinyl ethers. For this pair of monomers, the CPD unit can be regarded

as a hard segment, whereas the vinyl ether segment as a soft segment with polar

ether substituents. Structural formulae 4-7 illustrate the target polymers. AB-

block polymers (4 and 5) involve 2-chloroethyl vinyl ether (CEVE) and 2-

acetoxyethyl vinyl ether (AcOVE). Upon hydrolysis,5 the acetoxyethyl moiety in

5 may lead to new amphiphilic block copolymers of CPD. The ABA-type

triblock copolymer (6), consisting of hard and soft segments, is also obtained from

a bifunctional initiator. In addition, the controlled random copolymerization of

CPD and CEVE was investigated (cf. Formula 7).

XwO h-fin 'm (2)
             3
2b . End-Functionalizedpoly(CPDJ
       (DH EndJ
2c . Poly(CPDJ Macromonomer

       (Methactylate TypeJ

          block and random copolymers of

--
(cH,-8i H

     (
     Cl

n -m
4

l

o
Cl

HtH2Z
) n't 1

,.
((6

6

H2-CH
 s6c.".,, -m

H2-CH
e,

5

-1

        7

   Formulae 4-7

n

CH2--CH
  (g,

-m
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RESULTS AND DISCUSSIONS

1. End-Functionalized P6Iy(CPD)s

     As shown in eq 2, end-functionalized poly(CPD)s (3b and 3c) were prepared

with 2b and 2c, respectively, in CH2C12 at -78 eC. lnitiators 2b and 2c induced

slow and incomplete polymerizations under the conditions ([SnCla]o = [n-

Bu4NCI]o = 5.0 mM) suitable for the controlled polymerization with 2a.1 This is

probably due to the ester groups in 2b and 2c, which may interact with SnC14 and

weaken its Lewis acidity. However, a lower concentration of n-Bu4NCI (4.0

mM) pemitted quantitative polymerizations, though slower than that with 2a

(Figure 1).

                       Time, min
                     Ol 2 3 4                  1OO

Figure 1.

oxe

.g

$ 50
8o

": ta
e: 2b
A: 2c

        o          O 30 60 90 120
                  Time, min

Time-conversion curves for the polymerization of CPD with

R-CYSnClzifn-Bu4NCI in CH2C12 at -78 OC: [M]o = O.50 M;

[R-Cl]o = 5.0 mM; [SnC14]o = 5.0 mM; [n-Bu4NCI]o = 4.0 mM.

R-Cl: (") 2a; (e) 2b; (A) 2c.

    Figure 2 shows the number-average molecular weight (Mn) and molecular

weight distributions (MWDs) of the obtained polymers obtained from 2b and 2c, as
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   50
Conversion, ele

MW(PSt)
::::-:1ltr---txro lo

Mn, MwlMn, and MWD curves of poly(CPD) obtained with

R-CllSnC14/n-Bu4NCI in CH2C12 at -78 OC: [M]o = O.50 M;

[R-Cl]o = 5.0 mM; [SnC14]o = 5.0 mM; [n-Bu4NCI]o = 4.0 mM.

R-Cl: (e, O) 2b; (A, A) 2c.

measured by size-exclusion chromatography (SEC) with a polystyrene calibration.

The Mn increased in direct proportion to monomer conversion, and the MWDs

were narrow throughout the reactions (Mw/Mn = 1.2-1.5). Thus, both the acetoxy

and methacryloxy-functionalized initiators led to CPD polymers with controlled

molecular weights and narrow MWDs.

     The end-groups of these polymers were analyzed by IH NMR spectroscopy.

Figure 3A shows the spectrum of the poly(CPD) (3b) obtained from initiator 2b.

The sample shows large characteristic signals of the main chain olefinic (d and h)

and aliphatic protons (a-c and e-g). Additionally, small absorptions appeared,

assignable to the initiator fragmeRt (i-m). The Mn (NMR) was thus determined

from the relative peak area of the main-chain repeat units (d and h) to the initiator

moiety (l). The value for the sample was close to that by SEC [Mn(NMR) = 21oo,

Mn(SEC) = 2600], indicating that 2b forms one polymer chain per molecule.

     Figure 3B shows the IH NMR spectrum of the methacryloxy-end poly(CPD)

(3c) from 2c. The spectrum is very similar to Figure 3A except for the
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Figure 3.

                  6 5 4 3 2 IPPM
IH NMR spectra (5oo MHz, CDC13) of poly(CPD)s [(A) Mn =

26oo, Mw/Mn = 1.18, (B) Mn = 2500, Mw/Mn = 1.20] obtained

with 2b (A) and 2c (B). See Figure 2 for reaction conditions.

absorptions of the methyl (n) and the vinyl proton (o) of the methacryloxy group.

The Mn (NMR) was also close to that by SEC [Mn(NMR) = 2400, Mn(SEC) =

25oo]. Thus, the functionalized initiators derived from the corresponding vinyl

ethers proved effective in the synthesis of end-functionalized poly(CPD)s.

2. Bleck Copolymerization of CPD with Vinyl Ethers

2-1. Diblock Copolymers

    The AB-block copolymer 4 was synthesized by sequential polymerization of

VE and CPD with the HCI-vinyl ether adductiSnC14/n-Bu4NCI system. The frrst

step was the living cationic polymerization of CEVE with 2a in CH2C12 at -78 eC.

CPD equimolar to the CEVE was then added. In this system, the living CEVE

polymer can be regarded as a macroinitiator with a C-Cl terminal, similar to 2a.
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MWD curves of (A) poly(CEVE),

copoiymer 4, (C) poly(AcOVE),

copolymer 5. Poly(CEVE)
2alSnC14/n-Bu4NCI in CH2C12 at -78 OC:

O.50 M; [2a]o = 5.0 miV[; [SnC14]o

mM. Poly(AcOVE) and5
CH2C12 at -78 OC: [AcOVE]o

mM; [SnCla]o = 20 mM.

        Conv. Mn        Time tlq-flMn
                   Poly(AcOVE)
       AcOVE
        9201. 12700        16h 1.06 (C}
                  AcOVE`CPO
                  BIock Copotymer
   Cl CPD        +g4el. mooo  l +gdays 1•17 p)
         -MW          lo5 lo4 to3 (PSt}

        (B) CEVE-CPD block

   and (D) AcOVE-CPD block

  and 4 were obtained with

         [CEVE]o = [CPD]add =

    = 10 mM; [n-Bu4NCI]o = 9.0

were obtained with 2b/SnCla in

= [CPD]add = O.50 M; [2b]o = 5.0

The polymerization of CEVE proceeded in a living fashion to form a poly(CEVE)

prepolymer with a very narrow MWD (Mw/Mn = 1.07) (Figure 4A). The

subsequent polymerization of CPD proceeded smoothly and the SEC curve of the

product shifted to higher molecular weight relative to the CEVE prepolymer and
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Figure 5. IH NMR spectra (5oo MHz, CDC13) of (A) poly(CEVE) (Mn =

10600, Mw/Mn = 1.08), (B) CEVE-CPD block copolymer (Mn =

19500, Mw/Mn = 1.20), (C) pOIY(ACOVE) (Mn = 12800, Mw/Mn =

1.06), and (D) AcOVE--CPD block copolymer (Mn = 20100, Mw/Mn

= 1.23).
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the MWD curves stayed narrow (Mw/Mn = 1.20) (Figure 4B). These indicate the

formation of an AB-block copolymer of CEVE and CPD.

     Block copolymer (5) of AcOVE and CPD was also synthesized in a sirnilar

way. AcOVE was first polymerized with initiator 2b. The polymerization was

living even in the absence of an additive (Figure 4C), because of the ester moiety

in the monomer.6 This in tern requires a higher concentration of SnCla (20 mM)

for quantitative polymerizations. In the second step, CPD polymerized in a

controlled fashion from the living AcOVE and under the additive free condition, to

give a block copolymer with a narrow MWD (Mw/Mn = 1.17). Thus, the ester

group in AcOVE unit serves as an effective basic additive for controlling the

polymerization of CPD as well.

     Figure 5A shows the IH NMR spectrum of the prepolymer of CEVE after

quenching with methanol, where small absorptions originating from the ct- (a) and

to-end groups if and g) are observed in addition to signals of the main chain repeat

units (b-e). The spectrum of the final product (Figure 5B) exhibits the typical

signals of CPD repeat units, olefinic (k and o) and aliphatic protons (h-j and l-n),

along with the absorptions of poly(CEVE) prepolymer. The terminal methine

proton (f) of CEVE prepolymer is absent in the spectmm of 4 (Figure 5B). These

indicate that every CEVE polymer chain initiated the intended block copolymer.

The ratio of CEVE and CPD units [n/(m+1)] in 4 was 100/84 [by NMR;

(c+d+e)/(k+o)], in good agreement with the cal'culated value 1oo/89, based on the

initial feed ratio and conversion.

     A similar NMR analysis also confirmed the formation of the AcOVE-CPD

block polymers (Figure 5C and 5D). The AcOVE/CPD units ratio nl(m+1) [=

e/(l+p) by NMR] was 97185 close to the calculated 97/94.

2-2. Synthesis of Triblock Copolymer

     The clean formation of AB-type diblock copolymers of VE and CPD was

then extended to ABA-type triblock copolymers. In particular, CPD-VE-CPD
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CFR---Cl:
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            8
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Scheme 1.
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       CPD-CEVE-CPD Tribtock Copolymer (7)

Synthesis of CPD-CEVE•-CPD Triblock Copolymer

Bifunctional Initiator

    Conv. Mn    Time 1 MkAf/Mn
               Poly(CEVE)
   CEVE
    97el. 9800    20 min 120                      (A)

1

Cl

           CPD-CEVE-CPD
         rri-BIock Copolymer (6)
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+ 930/. 28000
                  (BÅr

  lo5 lo4 lo3 (PSt)

with a

Figure 6. MWD curves of (A) poly(CEVE) and (B) CPD-CEVE-CPD

triblock copolymer (6) obtained with 81SnC14/n-Bu4NCI in

CH2C12 at -78 OC: [CEVE]o = O.50 M; [CPD]add = 1.0 M; [8]o =

5.0 mM; [SnCI4]o = 20 mh; [n-Bu4NCI]o = ,18 mM.
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triblock copolymer can be a thermoplastic elastomer. The author examined the

synthesis by sequential polymerization from VE to CPD via a bifunctional initiator

(8) (Scheme 1).

    The polymerization of CEVE with 8 gave a bifunctional living prepolymer of

CEVE with a narrow MWD (Mw/Mn = 1.20) (Figure 6A). After the consumption

of CEVE, a double molar amount of CPD to that of CEVE was added to the

reaction mixture. CPD was smoothly polymerized (939o conversion in 5 h), and

the SEC curve of the product shifted to higher molecular weight (Mw/Mn = 1.34),

and the prepolymer seems absent (Figure 6B).

    Figure 7A shows the IH NMR spectmm of the two-amied prepolymer of

CEVE before the CPD addition. Key signals include these of the aromatic

protons (b and c) from 8 and the terminal methine (l) and methoxy (m) protons.

The arm number (Fn) of the polYmer was 2.0, calculated from the peak intensity

   poly(cEvE) prepoiymer t: l'kli
   (,akh-,{ifI:w;e"Q:t:slAlr,Sf;lsADcMfe], yv"

                             p5iemt. .ppmrlY'"I:,;"I,
     b: c:l= 4.oo; 4.05: 2.os {peak intensity rat io)

                                                    a,h
                                                         (A)

,,,C,P." ti(li"Iie'/'O,C}s./•kkOpolyMer`6' .LM,:"'2"kA,,y,,,,,i.,t

     n:(m+i)=ioo:iso(NMR) ti[,v.SB}
                             8 7 6 54 3 2 fPPM

Figure 7. IH NMR spectra (5oo MHz, CDC13) of (A) poly(CEVE) (Mn =

          97oo, Mw/Mn = 1.22) and (B) CPD-CEVE-CPD triblock

          copolymer (6) (Mn = 289oo, Mw/Mn = 1.32). See Figure 6 for

         reaction conditions.
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ratio of the terminal methine (l) to the aromatic protons (b and c). This result

shows that the initiator 8 gave two-armed living poly(CEVE).

     The final product (Figure 7B) after the CPD addition exhibit the signals of

olefinic (q and u) and aliphatic protons (n-p and r-t), characteristic to CPD, and the

terminal methine (b disappeared. The CEVE/CPD units ratio [nl(m+1) =

(iti'+k)/(q+u)] was 1oo/180 (calcd.,1oo1186). These results demonstrated the

formation of the CPD-CEVE-CPD triblock copolymer (6). The product was

sticky 1ike an uncrosslinked rubber and different from the respective

homopolymers and the CEVE-CPD diblock copolymer (4).

3. Random Copolymerization of CPD and CEVE

    An equimolar mixture of CPD and CEVE was polymerized with 2a/SnCl41n-

Bu4NCI in CH2C12 at -78 OC (Scheme 2). As seen in Figure 8, both monomers

were consumed almost simultaneously, more slowly than in the respective

homopolymerizations.

                    CH2eCH                        6

CH3-CHK l        snC14
  (       n-Bu4NCI
2a Cl

O ' (cl(CEVE} CH3-CH
   6

( f n -m
H2K H
 ?Cl

")i]-Ci

(1 :1) Cl

CPD-CEVE Random Copolymer (7)

Scheme 2

    'Ihe Mn of the products increased with the yield. The MWDs were

unimodal and relatively narrow throughout the reactions (MwlMn = 1.3-1.4).

Thus, the controlled random copolymerization of CPD and CEVE proved possible

with 2alSnC141n-Bu4NCI, where copolymer composition is nearly close to the

initial mole ratio of the monomers, even at low conversion.

    The copolymer was apparently random as examined by IH NMR (Figure 9).

The spectmm of the product (Figure 9C) was different from those of the
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  Homopolymn
     CEVE
 1OO
        Homopoymn omopolymn
           CPD CEM
                    omopolym;oÅqo

                      CPDg
'it 50

g
o

o
o

Figure 8.

  Conv.
CPD/CEVE

Mn
/M

4200
1.32

8100
1.31

                                        12300
                        87/830/o 1.43
                          .MW2 4 6 s le lo5 lo4 lo3 (PSt)
    Time, min

Copolymerization of CPD (A) and CEVE (e) and
homopolymerization of CPD (-) and CEVE (") with 2a/SnClofn-

Bu4NCI in CH2Cl2 at -78 OC: [CPD]o = [CEVE]o =O.50 M; [2a]o

= 5.0 mM; [SnCla]o = 10 mh; [n-Bu4NCI]o = 9.0 mM.

homopolymers (Figure 9A and 9B), their blend (Figure 9D), and the CEVE-CPD

block copolymer (Figure 5B). The peaks of the copolymer (7) were broader than

those of the others for both CPD and CEVE units, which supports the random

sequence of the two units. The ratio of CPD and CEVE units [(n+m)A)] was

44/36 (calculated 44/42).
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IH NMR spectra (5oo MHz, CDC13) of (A) poly(CPD) (Mn = 7000,

Mw/Mn =1•44), (B) POIY(CEVE) (Mn = 86oo, Mw/Mn = 1•07), (C)

CPD-CEVE random copolymer (Mn = 12600, Mw/Mn = 1.41), and

(D) blend of poly(CPD) and poly(CEVE).

EXPERmsNTAL

Materials

    Unless otherwise specified, all of the chemicals were purchased from Wako

company, Japan. CPD was obtained by the retro Diels-Alder reaction of
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dicyclopentadiene (Tokyo Kasei; År959o) over calcium hydride and distilled from

calcium hydnde. It was stored at -84 eC and used within one month. The

purity and the absence of dicyclopentadiene in CPD was confirmed by NMR

before use (purity År999o). 2-chloroethyl vinyl ether (CEVE) (Nisso Maruzen

Chemical; År 999o) was washed with 109o aqueous sodium hydroxide and then

water, dried overnight with anhydrous sodium sulfate, and distilled twice under

reduced pressure from calcium hydride before use. 2-Acetoxy vinyl ether

(AcOVE)7 and 2-vinyloxyethyl methacrylate (VEM)8 (precursor for 2c) were

prepared by the reaction of CEVE with sodium acetate and sodium methacrylate

respectively, dried overnight with anhydrous sodium sulfate, and distilled twice

under reduced pressure from calcium hydnde before use. CH2Cl2 (År999o) was

dried overnight over calcium chloride, disti11ed from phosphorous pentoxide and

then from calcium hydride before use. Carbon tetrachloride (intemal standard for

gas chromatography; År999o) was dried overnight over calcium chloride, distilled

twice from calcium hydride. SnCh (Aldrich; 1.0 M solution in CH2C12), n-

Bu4NCI (Tokyo Kasei; År989o), and bisphenol A divinyloxyethyl ether

(BPA-DEVE) (Nisso Maruzen Chemical; År 999o; precursor foT 3) were used as

received.

Synthesis of HCI Adduct 2a-2c and 8

     The HCI adducts 2a-2c and 8 were synthesized by bubbling dry HCI gas into

a solution of the respective vinyl compounds (CEVE, AcOVE, VEM and

BPA-DEVE).9 The synthesis of HCI.CPD adduct 2a was canied out as follows.

DrY HCI gas was bubbled into 1.0 M CH2C12 solution (35 mL) of CEVE (4.0 mL;

O.039 mol) at -78 OC. The gas was generated by dropping concentrated sulftrric

acid into powdery sodium chloride, and dried by passing it through a column

packed with calcium chloride. After 30 min, the excess HCI in the reaction

mixture was removed by bubbling dry nitrogen gas at O OC for 30 min, and the

clean and quantitative formation of adduct 2a was conf7irmed by IH NMR
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spectroscopy. The concentration of 2a was determined by titrating the chloride

by the Volhard method. The observed value (1.03 M) further confirmed the

quantitative formation of 2a fi om CEVE.

Polymerization Procedures

     Polymerization was carried out under dry nitrogen in baked glass tubes

equipped with a three-way stopcock. A typical example for the polymerization

procedure for ct-end-functionalyzed polymer is given below: The reaction was

initiated by sequential addition of prechilled solutions of 2b (O.O15 mmol; O.30 mL

of O.050 M in CH2C12) and a mixture of SnCla (O.O15 mmol; O.30 mL of O.050 M

in CH2C12) and n-Bu4NCI (O.O12 mmol; O.30 mL of O.040 M in CH2C12) via dry

syringes into a monomer solution (in CH2C12; 2.4 mL) containing CPD (1.5 mmol;

O.124 mL) and CCla (O.124 mL). The total volume of the reaction mixture was

thus 3.0 mL. After predetermined intervals, the polymerization was terminated

with prechilled methanol (2.0 mL) containing a small amount of ammonia.

Another typical example for the block copolymerization of CEVE-CPD is given

below: The reaction was initiated by sequential addition of prechilled solutions of

2a (O.O15 mmol; O.30 mL of O.050 M in CH2C12) and a mixture of SnCla (O.O15

mmol; O.30 mL of O.050 M in CH2C12) and n-Bu4NCI (O.O15 mmol; O.30 mL of

O.050 M in CH2Cl2) via dry syringes into a monomer solution (in CH2C12; 2.4 mL)

containing CEVE (1.5 mmol; O.153 mL) and CCI4 (O.153 mL). The total volume

of the reaction mixture was thus 3.0 mL. The reaction was run for 1 min, where

CEVE conversion reached 1oo9o. CPD (1.5 mmol; O.124 mL) was then added to

the preformed living poly(CEVE) solution. 3-tert-Butyl-4-hydroxy-5-

methylphenyl sulfide (O.O14 mmol; O.O05 g) was then added as an antioxidant

immediately after quenching reaction containing poly(CPD) or copolymer with

CPD units. Monomer conversion was determined from its residual concentration

measured by gas chromatography with CCla as an internal standard. The polymer

yield by gravimetry was in good agreement with the gas-chromatographic

-122-



End-Functionalized Polymers and Copolymers

conversion of the monomer. The quenched reaction mixture was washed with

diIute hydrochloric acid and with water to remove initiator residues, evaporated to

dryness under reduced pressure, and vacuum dried to give the product polymers.

Measurements

     The MWD of the polymers were measured by size--exclusion
chromatography (SEC) in chloroform at 40 eC on three polystyrene gel columns

[Shodex K-805L (pore size: 20-10oo A; 8.0 nm i.d. Å~ 30 cm) Å~ 3; fiow rate 1.0

mLlmin] that were connected to a Jasco PU-980 precision pump and a Jasco 930-

RI refractive index detector. The columns were calibrated against 11 standard

polystyrene samples (Pressure Chemicals; Mn = 580-1547ooO; MwlMn s 1.1) as

well as the styrene monomer. IH NMR spectra of the produced polymers were

recorded in CDCI3 on a JEOL LNM-LA500 spectrometer, operating at 500.2

MHz.
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