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(3,01, veoteTE: 45 il s Ay
ot her living systens |ﬂ§ hl P% %% oF poorly
answered chal l enge prior to the present invention. It was difficult to
control the nolecul ar weight and the polydispersity to achieve a 20

hi ghly uni form product of desi OFe i cal pol ynerization
processes.

Fie £ the Inventi
The present invention concerns novel (co)polymers and a
novel radical peolymerization process based on transition
5 metal-mediated atom or group transfer polymerization ("atom

transfer radical polymerization").

s i [} e 1)
Living polymerization renders unique possibilities of
10 preparing a multitude of polymers which are well-defined in
terms of molecular dimension, polydispersity, topology,
composition, functionalization and microstructure. Many
living systems based on anionic, cationic and several other
types of initiators have been developed over the past 40 years
15 (see O.W. Webster, Science, 251, 887 (1991)).

However, in comparison to other living systems, living
radical polymerization represented a poorly answered challenge
prior to the present invention. It was difficult to control
the molecular weight and the polydispersity to achieve a

20 highly uniform product of desired structure by prior radical

polymerization processes.
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the other hand, radical polynerization offers the advantages. of being
applicable to polynerization of a wide variety of comrercially inportant
nmononers, many of which cannot be polynerized by other polynerization
processes. 5 Moreover, it is easier to make random copol yners by radi cal
pol yreri zatygdehsddgyy by other (e.g., ionic) polynerizati on HIUSSEEIR
Certain block copolyners cannot be nmade by_other polynerization processes.
Further, radical polynerization processes #an be conducted in bul k, in
solution, in suspension 10 or in an enulsion, in contrast to other

pol ymeri zati on pr Q5 $HRS oth8HShamd NGR@ica1Shbopfityiifl fod &etarsagheal

pol ymeri zati on process which provides (co)polyners having a predeterm ned
nmol ecul ar wei adwantages odwbebhe capplicakilghtol polymelr Statidwon iofna( whde

"pol ydi spersity"), various topolg?ie§-and controll ed, uniformstructures.
Three approacYREiety ofcgampersiably dIRAESANEImERPYeRS s Bany, of) whigh"

radi cal process have been described eszta,et al, Macronol ecul es, 27, 638
(1994)). The ¢anng g’ﬁplp(?gé’ﬂerﬁ€%$ 3%\% (o(%rher polymerization processes.

5 Moreover, it is easier to make random copolymers: by radical
polymerization than by other (e.g., ionic) polymerization
processes. Certain block copolymers cannot be made by other
polymerization processes. Further, radical pblymerization
processes can be conduct;d in bulk, in solution, in suspension

10 or in an emulsion, in contrast to other polymerization
processes.

Thus, a need is strongly felt for a radical
polymerization process which provides (co)polymers having a
predetermined molecular weight, a narrow molecular weight

15 distribution {(low "polydispersity"), various topologies and
controlled, uniform structures.

Three approaches to preparation of controlled polymers in
a "living" radical process have been described (Greszta et al,
Macromolecules, 27, 638 (1994)). The first approach involves

20 the situation where growing radicals react reversibly with
scavenging radicals to form covalent species. The second
approach involves the situation where growing radicals react
reversibly with covalent species to produce persistent
radicals. The thira approach involves the situation where

25 growing radicals participate in a degenerative transfer

reaction which regenerates the same type of radicals.



20 the situation where growi ng radicals react reversibly with scavengi ng

radi cals to form coval ent species. Ihe second approach involves the-

siTuatron where growi ng radicals react reversibly with coval ent species to
produce persistent radicals. The third approach involves the situation

where 25 grow ng radicals participate in a degenerative transfer
reaction mhgﬁgmﬁgﬂﬁnerates the sane type of radicals. WBCTR)SI6NB202
PCT/ US96/ 03 -3- There are sone patents and articles on living/controlled

radi cal polynerization. Some of the best-cedrroll ed pol yners obtained by
"l'iving" radical polynerization are prepared with preforned al koxyam nes or

th dinsitu (US 5  Patent 4 581 429: Ge
Vacr omol ecul oo, o6TRSHR7AYS AR PAKeESS BHR oA Sl 45 a8 41 YRAY) SRR LERR L o

P Erya, W FaxiRiYRBL B B *Sine"od chng BUER-FonBrot IMAChO Enery
acetate) can RpeRifed’ 8¢ '-lfwﬁnfn rildicallfolyméidaidn aBRy pFEPEERA with

initiating system (Mardare et a Macr onol ecul es, 27, 645 (1994)). An
initiating sygdrefobneddabkokyawinds per aredthose pieparedmiaceisue(Wa8. been

used to
5 Patent 4,581,429; Geordes et al, Macromolecules, 26, 2987
(1993)). A Co-containing complex has been used to prepare
nliving" polyacrylates (Wayland, B. B., Pszmik, G., Mukerjee,
S. L., Fryd, M. J. Am. Chem. Soc., 116, 7943 (1994)). A
"1iving" poly(vinyl acetate) can be prepared using an Al(i-

10 Bu),: Bpy:TEMPO initiating system (Mardare et al,
Macromolecules, 27, 645 (1994)). An initiating system based
on benzoyl peroxide and chromium acetate has been used to
conduct the controlled radical polymérization of methyl
methacrylate and vinyl acetate (lLee et al, J. Chem. Soc.

15 Trans. Faraday Soc. I, 74, 1726 (1978); Mardare et al, Polym.
Prep. (ACS), 36(1) (1995)).

However, none of these "living" polymerization systems
include an atom transfer process based on a redox reaction
with a transition metal compound.

20 One paper describes a redox iniferter system based on
Ni(0) and benzyl halides. However, a very broad and bimodal
molecular weight distribution was obtained, and the initiator
efficiency based on benzyl halides used was < 1% (T. Otsu, T.
Tashinori, M. Yoshioka, Chem. Express 1990, 5(10), 801).

25 Another paper describes the polymerization of methyl

methacrylate, initiated by CCl, in the presence of RuCl,(PPh,),.



conduct the controlled radical polynerization of methyl methacrylate and
vinyl acetate (Lee et_al, J. Chem _Soc. 15 _Trans. Earaday Soc. |, 74,
1726 (1978); Mardare et al, Polym Prep. (ACS), 36(1) (1995)). However,
none of these "living" polynerization systens include an atomtransfer
process based on a redox reaction with a transition nmetal conpound. 20

One paper q&@%&%ﬁ%ﬁ a redox iniferter systembased on N (Qcrajsdesdsenzy!
hal i des. However, a very broad and bi nodal nol ecul ar wei ght distribution
was obtained, and the initiator efficiencydbased on benzyl halides used was
< 1% (T. Osu, T. Tashinori, M Yoshioka, Chem Express 1990, 5(10), 801).
25 Anot her paper descrj bes the polynerization of neth

y .
met hacr yl at e BA%RVEFat ER® p§eR ¥ Aoesy nPhePPTas @t methylaluminum

Rud [err] ( PPRsqr L - .
neT! LeB6] 833342‘%[‘3]-')5%%%%’5? by Hendadde) | addeq as an agtivgtor (see M.
met hyl al uni nuwady,s#l, Rasligd£td, Ml \WaRiaaBey) 0f) kR mEadn activator (see
M Kato, M Kamigaito, M Sawanoto, T. H gashinura, Macronol ecul es, 28,
1721 (1995)) Matiromodgcudes; 2&, M2 (1095)). tThis ejetemniki 8iniFarlensel oped
early (Banford, in . )

5 the redox initiators developed early (Bamford, in

Comprehensive Polymer Science (First Supplement), aAllen, G.,
Aggarwal, S. L., Russo, S., eds., Pergamon: Oxford, 1991, vol.
3, p. 123), in which the small amount of initiating radicals
were generated by redox reaction between (1) RCHX, or RCX,

10 (where X = Br, Cl) and (2) Ni(0) and other transition metals.
The reversible deactivation of initiating radicals by oxidized
Ni is very slow in comparison with propagation, resulting in
very low initiator efficiency and a very broad and bimodal
molecular weight distribution. |

15 Atom transfer radical addition, ATRA, is a well-known
method for carbon-carbon bond formation in organic synthesis.
(For reviews of atom transfer methods in organic synthesis,
see (a) Curran, D. P. Synthesis, 1988, 489; (b) Curran, D. P.
in Free Radicals in Synthesis and Biology,- Minisci, F., ed.,

20 Kluwer: Dordrecht, 1989, p. 37; and (c) Curran, D. P. in
Comprehensive Organic Synthesis, Trost, B. M., Fleming, I.,
eds., Pergamon: Oxford, 1991, Vol. 4, p. 715.) In-a very
broad class of ATRA, two types of atom transfer methods have
been largely developaed. One of them is known as atom

25 abstraction or homolytic substitution (see (a) Curran et al,

J. Org. Chem., 1989, 54, 3140; and (b) Curran et al, J. Anm.



Conpr ehensi ve Pol yner Science (First Supplement), Allen, G, Aggarwal, S.
L., _Russo, S eds Pergamon: xford_ 1991 __wvol 3 p 12?\ in which.the

smal | amount of initiating radicals were generated by redox reaction
between (1) RCHX2 or RCX3 10 (where X = Br, d) and (2) N (0) and ot her
transition netals. The reversible deactivation of initiating radicals by
oxi di zed N go¥sda¥y S! OW i n conparison W th propagation, ressgbisedsss Very
low initiator efficiency and a very broad and bi nodal nol ecul ar wei ght

di stribution. 15 Atom transfer radr®al addition, ATRA is a

wel | - known nethod for carbon-carbon bond formation in organic synthesis

F t ' 1 th Cu
b P r%%?ﬁ’és?i* oRR" Aot e a7 o0 o 1 ket Nt enRE SRR, i s

and Blology, gh I 1989 and
(c) Curran, lirrprﬁleonm veoa ga ﬁ%yﬁg&em S, tsFrho? s§9h Zs
Flemng, |., e&anstrrganﬂﬂmmGkﬁﬁmﬁra19ﬁ61e&@ie th & radial kb- §o¥ﬁr¥ méwad

cl ass of ATRA, two types of atomtransfer methods have been |argely

devel oped. One@-bpndhandi a rewwadicaldt dm ascordarixss neicthi SchemehnbeYow e
substitution (see (a) Curran et al, J. Og. Chem, 1989, 54, 3140; and (b)
Curran et al, J. Am

5 Sc e _1°
R+ R=X T R;” + R~X
X = I, SePh, SPh,...

In this respect, iodine atom and the SePh group were
found to work very well, due to the presence of very weak C-I
10 and C-SePh bonds towards the reactive radicals (Curran et al,
J. Org. Chem. and J. Am. Chem. Soc., supra). In earlier work,
the present inventors have discovered that alkyl icdides may
induce the degenerative transfer process in radical
polymerization, leading to a controlled radical polymerization
15 of several alkenes. This is consistent with the fact that
alkyl iocdides are outstanding iodine atom donors that can
undergo a fast and reversible transfer in an initiation step
and degenerative transfer in a propagation step (see Ggaynor et
al, Polym. Prep. (Am. Chem. Soc., Polym. Chem. Div.), 199S,
20 36(1), 467; Wang et al, Polym. Prep. (Am. Chem. Soc., Polym:
Chem. Div.)}, 1998, 36(1), 465).
Another atom transfer method is promoted by a transition
metal species (see (a) Bellus, D. Pure & Appl. Chem. 1985, 57,
1827; (b) Nagashima, H.; Ozaki, N.; Ishii, M.; Seki, K.:;
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Soc., 1994, 116, 4279), in which_a.univalent atam (typically a hal ogen) or
a group (such as SPh or SePh) is transferred froma neutral nolecule to a
radical to forma new [err]-bond and a new radical in accordance with
Schene 1 below, 5 Schenme 1: Rerr] + Rerr]-X[err] Rerr] + Rerr]-X X

=1, SePh\,ABﬁ%w 1 In this respect, iodine atom and the SeEpusssusgzver e
found to e 73/ wel |, due to the presence of very weak C-1 10 and

C- SePh bonds towards the reactive radicalss-<(Curran et al, J. Og. Chem and

J. Am Chem Soc., supra). |In earlier work, the present inventors have

di scovered that al kyl iodides ma\F/‘F I nduce the degenerative transfer process
9

in radical pHerFhiYaBay %y Ttekdi Kg Yo Qr¢orfthed d@9BadP8al 49hi v i zati on
15 of sever, | kenes. , isS. 1§ consisient w he,fagt i hat al kyl

i odi des are §S§gf’§hd‘!}hg§’l 'o_cﬁu}gi’ét gl’n b?\%?b%na\t%aé’gﬁkﬂngéfgb "Fast and
reversi bl e tgagakeral MaD dg¥cidambl, O, SHERy ABkfleeRs! aibyg, t5@NSfgy3;in a
propagation step (see Gaynor et al, Polym Prép. (Am Chem Soc., Polym
Chem Div.), (£995eiffs et I ,1)retdahadiény tuex 4sRohymeFvep(a Am Chem

Soc., Polym Chem Div.), 1995 36(1). 465). Another atomtransfer method
is prontt ed MpgashinasiHibiVakamatsypel; psOzakie Ma) Bshiis, TD: Wakana®eippl .
Chem 1985, ir}?, Tajima, 'r, Itoh, K. J. Org. cném. 1992, 57, 1682; (e)
Hayes, T. K.; Villani, R.; Weinreb, S. M. J. aAm. Chem. Soc.
1988, 110, 5533; (f) Hirao et al, Syn. Lett., 1990, 217; and
{(g) Hirao et al, J. Synth. Org. Chem. (Japan), 1994, 52(3),

10 197; (h) Igbal, J; Bhatia, B.; Nayyar, N. K. Chem. Rev., 94,
519 (1994)). In these reactions, a catalytic amount of
transition metal compound acts as a carrier of the halogen
atom in a redox process, in accordance with Figure 1.

Initially, the transition metal species, M.,", abstracts

15 halogen atom X from the organic halide, R-X, to form the
oxidized species, M,"X, and the carbon-centered radical R°".

In the subsequent step, the radical, R°, reacts with alkene, M,
with the formation of the intermediate radical species, R-M'.
The reaction between M,”"'X and R-M" results in the target

20 product, R-M-X, and regenerates the reduced transition metal
species, M.", which further reacts with R-X and promotes a new
redoxX process.

The high efficiency of transition metal-catalyzed atom
transfer reactions in producing the target product, R-M-X, in

25 good to excellent yields (often > 90%) may suggest that the

presence of an M */M*! cycle-based redox process can



1827; (b) Nagashima, H; Czaki, N ; Ishii, M; Seki, K ; WD 96/ 30421
P - ' , M ltoh K 1 Qg .Chem 1993 58, 464; (c)

Udding, J. H; Tuijp, K J. M; van Zanden, M N A ; Henstra, H

Speckanmp, W N. J. Og. Chem 1994, 59, 1993; (c) Seijas et al,

Tetrahedron, 1992, 48(9), 1637; (d) 5 Nagashi ma, H.; Wakamatsu, H.

Ozaki, N ; | 95& t; Vatanabe, M; Tajima, T.; Itoh, K J.pé&nsesh3desn

1992; 57, 16@ ;Irg Hayes, T. K; Villani, R; Winreb, S. M J. Am Chem
Soc. 1988, 110, 5533; (f) Hrao et al, Syn-slett., 1990, 217; and (g) Hrao
et al, J. Synth. Org. Chem (Japan), 1994, 52(3), 10 197; (h) lgbal, J;
Bhatia, B.; Nayyar, N K. Chem Rev., 94, 519 (1994)). In thqsg reactions,
a catal ytic aﬁﬁéﬁFﬁéﬂeﬁyaﬁgﬂP?EﬁlWﬁﬁhﬂth@o#émehecﬁéﬂt;tﬁrm;nammpnerea&tibws

the tranei ¢1 orbaiieh SheRb8ES Tees SRR, Phecesls. I fragoresionix i3om
car bon. cont er atl T aareal R 21 Lo S 4R ERReSPAElAe Yainit SPREOP TS,
wi th al kene, Mupsa)h the formation of the intermedi ate radical species
M- .5 It is difficult to control the molecular weight and the
polydispersity (molecular weight distribution) of polymers
produced by radical polymerization. Thus, it is often
difficult to achieve a highly uniform and well-defined
product.. It is also often difficult to control radical
10 polymerization processes with the degree of certainty
necessary in specialized applications, such as in the
preparation of end functional polymers, block copolymers, star
(co)polymers, etc. Further, although several initiating
systems have been reported for "living"/controlled
15 polymerization, no general pathway or process for "living"/
controlled polymerization has been discovered.
Thus, a need is strongly felt for a radical
Polymerization process which provides (co)polymers having a
predictable molecular weight and a narrow molecular weight
20 distribution (low "polydispersity"”). A further need is
strongly felt for a radical polymerization process which is
sufficiently flexible to provide a wide variety of products,
but which can be controlled to the degree necessary to provide
highly uniform products with a controlled structure (i.e.,
25 controllable topology, composition, stereoregularity, etc.),

many of which are suitable for highly specialized uses (such



The reaction between Merr]X and R-Merr] results in the target 20

pr oduct,

Merr], which further

R-M X, and regenerates the reduced transition netal species,

reacts with R-X and pronotes a new redox process.

high efficiency of transition netal-catal yzed atomtransfer reactions in

produci ng the target product, RRMX in 25 good to excellent yields
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(often > 9Q¢ uggest that the presence of an M err]/ Mcanishsgaded €- based
R

redox proc
PCT/ US96/ 03302 -7- effectively conpete wdga t he bi nol ecul ar term nation
reactions between radicals (see Curran, Synthesis, in Free Radicals in
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Accordingly, one cbject of the present invention is to
provide a novel method for rﬁdical polymerization of alkenes
based on atom transfer radical polymerization (ATRP), which
provides a high degree of control over the polymerization

process.

A further object of the present invention is to provide a

novel method for radical polymerization of alkenes based on

atom transfer radical polymerization (ATRP), which leads to

more uniform and more highly controllable products (which are

now obtainable only by living ionic polymerization methods).

A further object of the present invention is to provide a

broad variety of novel (co)polymers having more uniform
properties than those obtained by conventional radical

polymerization.

These and other chjects of the present inventibn, which

will be readily understood in the context of the following

detailed description of the preferred embodiments, have been

provided in part by a novel process of atom (or group} radical

transfer polymerization, which comprises the steps of:
polymerizing one or more radically polymerizable

monomers in the presence of an initiator having a radically



preparation of end functional polyners, block copolyners, star
(co)polynmers, etc. Further, although several initiating systens—have—been——
reported for "living"/controlled 15 pol ymeri zati on, no general pathway
or process for "living"/ controlled polynerization has been di scover ed.
Thus, a need is strongly felt for a radical polynerization process which
provi des (co)polyners having a predi ctabl e nol ecul ar wei ghtpcgRfkodlosder I oW
mol ecul ar wW¢ distribution (low "polydispersity"). A further need
is strongly felt for a radical polynerizatign process which is sufficiently
flexible to provide a wide variety of produtis, but which can be controlled
to the degree necessary to provide highly uniformproducts with a

control | ed st rGndrarabié- ate® or VWH[J,OH 2bhRsi LGN Qfta1C GERPSLAAOENA a
stereoreqgularity, etc.), nmany of ich are suitable for highly specialized
uses_ (such MGaa/ 8642drm a (co)polymer, the transition metal compound

PCT/ US96/ 03302 -8- as thernoplastic elastoners, end-functional polyners for

chai n- ext endechaptiingueefhumaia WAX/astand thel Ligapdnbeing amy bt s&ns Foer

pol yrer bl endss_ ec:tocx;\' ain gg coRleglzndT l_vlv%llc%'v%';rrl;l gglordinate in a o-bond or any

5 carbon-containing compound which can coordinate in a 7-bond to
the transition metal, such that direct (i.e., covalent) bonds
between the transition metal and growing polymer radicals are
not formed, and |

isolating the formed (co)polymer;
10 and, in part, by novel {(co)polymers prepared by atom (or

group) radical transfer polymerization.

S (o) FIGURE

Figure 1 shows an atom transfer method in which a

catalytic amount of transition metal catalyst acts as a
15 carrier of the halogen atom in a redox process;

Figure 2 shows a scheme for "living"/controlled radical
polymerization based on a succession of atom transfer radical
additions;

Figure 3 is a graph of the kinetics of methyl acrylate

20 ("MA®*) bulk polymerization at 130°C, initiated with 1~
phenylethyl chloride in the presence of Cu(I)Cl (1 equiv.) and
bipyridine (Bpy; 3 equiv.);

Figure 4 is a graph showing that the experimental

molecular weight, M, ¢/ increases with monomer conversion;



5 Accordingly, one object of the present invention is to provide a
novel method for radical polynerization of al kenes based on atomtransfer
radi cal polynerization (ATRP), which provides a high degree of control over
t he pol ynerization process. 10 A further object of the present

I nvention is to provide a novel nmethod for radical polynerization of

al kenes bagﬁgn tomtransfer radical polynerization (ATEEhussfessol | eads
to nore uni ofﬁpggd nore highly controll abl e products (mh?%% are now

obt ai nable only by living ionic polynerizgi4 on net hods). 15 A
further object of the present. invention is to provide a broad variety of
novel (co)polymers, having nore uniformproperties than those obtained by
conventional radif38YrSoPy A8 RZI¥3RM Shaving Shatotherexpsrimentsdl t he present

Fol 1 owi ng dateTeei S, ¥eboht; . or (AR EPCEDERERRA THon MG L odeT boon
provi ded | n Waidnthy 1. [0Wala RI8ERERg Ot RElerBERYRY T AUMEA g TRNST O
pol yneri zati on, which conprises the“steps of: polynertzi e or nore
radi cal | y potymetriomlolife mdhomer netwvrexsion? t he presence of an initiator
having a radically
5 Figure 6 shows the correlation of the experimental
molecular weights, M, ., with the theoretical molecular
weights, M, ., , for a series of bulk ATRP’s of MA carried out
at 130°C using various monomer/initiator molar ratios and a
constant. ligand/catalyst/initiator molar ratio of 3/1/1;

10 Figures 7A and 7B show the 'H NMR spectra of PSt prepared
at 130°C using 2-chloropropionitrile as an initiator, in the
presence of 1 molar equiv. of CuCl and 3 molar equiv. of Bpy;

Figures 8A and 8B compare the !3)C NMR spectra of the C=0
group and the quaternary carbon atom of PMMA prepared at 100°C

15 using methyl 2-bromoiscbutyrate ("2-MiBBr"), CuBr and Bpy in a
1/1/3 molar ratio (Fig. 8A), and of PMMA prepared using a
classic radical initiator, AIBN (Fig. 8B);

Figure 9 shows the kinetic plots of the ATRP of three
typical monomers (styrene, "St", methyl acrylate, "MA", and

20 methyl methacrylate, "MMA"™) using the 1/1/3 1-PEC1/CuCl/Bpy
initiator system, under the same experimental conditions (in
bulk, at 130°C);

Figures 10 and 11 are graphs comparing the experimental

molecular weight, M, ., with the theoretical molecular weight,

25 M...nr and plotting the polydispersity, M, /M,, as a function of
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traﬂSi£ﬁiﬂﬂJLJﬂJHnJH_4yJMuQP_amLLanSLLLDn_EELaL_QQﬂpOund and_a_ligand to

forma (co)polyner, the transition nmetal conpound having a formil a

Merr]X [err], and the ligand being any N, 0-, P- or S containing
conpound whi ch can coordinate in a [err]-bond or any 5 car bon-cont ai ni ng
conpound whi glg oga3sy2£00rdinate in a [err]-bond to the transipéposssmsmk, such
that direct (i.e., covalent) bonds between the transition nmetal and grow ng
pol ymer radicals are not formed, and isol attAg the fornmed (co)pol yner; 10
and, in part, by novel (co)polyners prepared by atom (or group) radical
transfer polynerizatio DESCRI PTI ON OF THE FI GURES Figure 1 shows an
at om t r ansf er "BPRDH ‘F?f‘mstiﬁ“awegf’a?‘y?l’é' amsint("GL ATBRY; tFimh MQ)aland

catal yst actsyfgnaxld xr LHJS & o . g gtomin a redox process;
Figure 2 shows a schene for #lélng ?gohpﬁg 1ed’radi cal pol ynerization

based on a successFigurés alzard sABG BlotadbEal @Q‘M'@Sa u
graph of the kinetics of nethyl acryFé?e 20 n Nﬁ ) bulﬁﬁéglggggﬁgatlon

at 130[ err] C, 1nfks'Pat we. V\lnh[Qquaanyamhyri(l(;m’prvsianﬂﬂplyqo Pf 1S €5 ATHP
Cu(l)d %1 equlv and bi eulchne (Bpy; 3 equiv.);

balk at 1

Figures 13A~C are graphs showing the effects of [CuCl], on
the initiator efficiency and the molecular weight distribution
for St ATRP in bulk at 130°C;

Figures 14A~B are graphs demonstrating similar results

10 for MA ATRP;

Figure 15 is a scheme showing an overall two-electron
change in which Cu(I)Cl cleaves a carbon-halogen bond to
generate a Cu(III) species, followed by insertion of the
alkene into the carbon-copper(III) c-bond and halogen ligand

15 transfer (reductive elimination);

Figure 16 shows a putative insertion process;

Figure 17 shows a putative process involving metal
coordinated radicals; and

Figures 18A and 18B show two different mechanisms for the

20 generation of free radicals by reacting an organic halide with
a transition metal compound, involving either halogen atom
transfer (Figure 18A) or outer-sphere electron transfer

(Figure 18B).



Figure 4 is a graph show ng that the experinental nolecular weight, Merr],
i ncreases with npnoner converS|on, ~ WD 96/ 30421
PCT/ US96/ 03302 -10- Figure 5 is a graph showi ng that the experlnental
nol ecul ar weight, Merr], matches the theoretical nolecular weight, Merr],
and plotti ngSt he pol ydi:spersity, Merr]/Merr], as a function of nonomner
conver si on; i gure 6 shows the correlatlon of t soaent al
m)lecular_\W;‘?ﬁ‘ﬁ’E"é21 Merr], with the theoretical nolecularb%?gm Merr],
for a series of bulk ATRP's of MA carrietldut at 130C using various

nononer/initiator nolar ratios and a constant. Iigand/catal yst/initiator
mol ar ratio of 3/1/1; 10 [err] H NVR

spectra of PSt prepar e RS2 I St SHtFile as an
initiator, in th o] Ia qui v. of
Bpy; Figures 8A grr?gé %%%cg%?%ar&g&?ﬂ%%(%ﬁ\bstggg%ra o?ﬁepﬁe C=0 g?:gﬁp and the
quaternary Cgrdom Atfilile RMY-Yripw1edngt £260 @l ATRA teacgiont by

2- bronoi sobutyrate ("2-MBr"), CuBr and Bpy in a 1/1/3 nolar ratio (Fig.

g@g and of BHAMigEiepElyedeastigeatovards cheadirensitionimetal M\ B HiZg.

5 the alkene monomer is in excess, a number or sequence of atom
transfer radical additions (i.e., a possible "living®/
controlled radical polymerization) may occur, as is shown in
Fig. 2.

By analogy to ATRA, the present Inventors have termed
10 this new class of radical polymerization "atom (or group)
transfer radical polymerization" (or "ATRP"), which describes
the involvement of (1) the atom or group transfer pathway and
(2) a radical intermediate.
Living/controlled polymerization (i.e., when chain
15 breaking reactions such as transfer and termination are
substantially absent) enables control of various parameters of
macromolecular structure such as molecular weight, molecular
weight distribution and terminal functionalities. It also
allows the preparation of various copolymers, including block
20 and star copolymers. Living/controlled radical polymerization
requires a low stationary concentration of radicals, in
equilibrium with various dormant species.
The present invention describes use of novel initiating
systems leading to living/controlled radical polymerization.
25 The initiation system is based on the reversible formation of

growing radicals in a redox reaction between various



Figure 9 shows the kinetic plots of the ATRP of three typical nononers

(styrene, "St" _nethyl acrylate, "NMA" __and 20 net hyl nethacrylate
"MVA") using the 1/1/3 1-PEC/Cud /Bpy initiator system under the sane
experimental conditions (in bulk, at 130[err]C); Figures 10 and 11 are
graphs conparing the experinental nolecular weight, Merr], with the

t heoreti cal 2r weight, 25 Merr], and plotting thkermsesnssoz

pol ydi spersity, err]/Merr], as a function of WO 96/ 30421

PCT/ US96/ 03302 mononer conversion when X =X~ = d ("d ATRP'; Fig. 10) and
when X = X = Br ("Br ATRP"; Fig. 11); Figures 12A-C show plots of

| n(k[err]) vs rr, [ ]an VeSys 4 d

I ng k% err]) vstr%?%ié%j;/ﬁ?gﬁrﬁ% ngo)n gto hﬁé%&Pg’gJ dn |1%%J?&gggdi%%ﬁ#%€%£%ygur es
13A-C are gragbatshowi Dimited elo)ealkyfhdiddd,[ aralikol hALides tdat OF
efficiency and the nol ecul ar weight distribution for St ATRP in bul k at
130[err] C FiQale%lhxﬂ¥1§tﬁﬂ§-gr§pﬂ99dbﬂmhﬁnykﬁﬁﬁ%} ch&brfderestvmﬁ?ﬂihs.a for
MA ATRP; Figure_ 15 |s.a schene show ng an_ overa t wo- el ectron change in
whi ch Cu(| )?:1 "‘eﬁéivb’él"gi%%‘?%oﬁﬁﬁél 88ch. MARIL tGptalyst and bipyridine (Bpy)

5 as a model ligand, a "living" radical bulk polymerization of
styrene at 130°C affords the predicted molecular weight up to
M, = 10° with a narrow molecular weight distribution (e.gq.,
MJ/M, < 1.5).
A key factor in the present invention is to achieve rapid
10 exchange between growing radicals present at low stationary
concentrations (in the range of from 10° mol/L to 107 mol/L,
preferably 10" mol/L to 10 mol/L) and dormant chains present
at higher concentrations (typically in the range 10 mol/L to
1 mol/L, preferably 102 mol/L to 10 mol/L). It may be
15 desirable to "match" the initiator/catalyst/ligand system and
monomer (s) such that these concentration ranges are achieved.
Although these concentration ranges are not essential to
conducting polymerization, certain disadvantageous effects may
result if the concentration ranges are exceeded. For example,
20 if the concentration of growing radicals exceeds 10 mol/L,
there may be too maﬁy active species in the reaction, which
may lead to an undesirable increase in the rate of side
reactions (e.g., radical-radical guenching, radical
abstraction from species other than the catalyst system,
25 etc.). If the concentration of growing radicals is less than

10" mol/L, the rate may be undesirably slow.



generate a Cu(lll) species, followed by insertion of the al kene into the
carbon-copper(l11) [err]-bond and_hal ogen ligand 15 _transfer (reductive
elimnation); Figure 16 shows a putative insertion process; Figure 17 shows
a putative process involving netal coordinated radicals; and Figures 18A
and 18B show two different mechanisns for the 20 generation of free

radi cal s by reacting an organic halide with a transition gpiRkeshaspound,
i nvol vi ng NQ&P4Ma| ogen atom transfer (Figure 18A) or outer-sphere

el ectron transfer (Figure 18B). WO 96780421

PCT/ US96/ 03302 -12- DESCRI PTI ON OF THE PREFERRED EMBODI MENTS The present

| t tyLal.i th ' ' | - 3
rosuling {7 om e AT Y s EF oboe nettrBE iR Se Mol Molbly 16, poes

transition ngtgh 1d-enfd1@Nd thd) mélechir Aldihe BRNEHEI préaddt POAgHer a

nunber or sequence of atomtransfer radical additions (i.e., a possible
"living"/ comayolnexrbasedidramapbéably; Aisonpadingoteua patentiadhdeasi afFi g.

? control of the polydispersity of the preduct. On the other
5 hand, if the concentration of dormant species is greater than
1 mol/L, the molecular weight of the product may become too
small, and the properties of the product may more closely
resemble the properties of oligomers. For example, in bulk, ‘a
concentration of dormant chains of about 10°? mol/L provides -

10 product having a molecular weight of about 100,000 g/mol.
However, a concentration of dormant chains exceeding 1 M leads
to formation of (roughly) decameric products.

The various initiating systems of the present invention
work for any radically polymerizable alkene, including

15 (meth)acrylates, styrenes and dienes. It also provides
various controlled copolymers, including block, random,
gradient, star, graft or "comb," hyperbranched and dendritic
(co)polymers. {In the present application, " (co)polymer"
refers to a homopolymer, copolymer, or mixture thereof.)

20 Similar systems have been used previously in organic
synthesis, but have not been used for the preparation of well-
defined macromolecular compounds.

In the present invention, any radically polymerizable
alkene can serve as a monomer for polymerization. However,

25 monomers suitable for polymerization in the present method

include those of the formula:



By anal ogy to ATRA, the present |Inventors have termed 10 this new cl ass
of radical polynerjzation "atom (ar groupl transfer radi cal.-—polye-izatienr——
(or "ATRP"), which describes the involvenent of (1) the atom or group
transfer pathway and (2) a radical internmediate. Living/controlled

pol yneri zation (i.e., when chain 15 breaki ng reactions such as transfer
and term nation are substantially absent) enables control ekrNgsén3sR

par anmet ers HNOWEM2 ol ecul ar structure such as nol ecul ar wei ght, nol ecul ar
wei ght distribution and term nal functionais+ties. It also allows the
preparation of various copol yners, including block 20 and star
copolyners. Living/controlled radical polynerization requires a | ow
stationary concentration of radicals, irF%quiF?briun1mﬁth vari ous dor mant
speci es. The present invention describes Yse /of novel initiating systens

| eading to living/controlled radical polyperiization. 25 The initiation
systemi s based on the reversible formatgon o\fR.grovm' ng radicals in a redox
reacti on between various WD 96/ 30421

PCT/ US96/ 03302 -13- transition netal conpounds and an initiator,
exenplified byherein R! and R* are independently selected from, the group

consisting of H, halogen, CN, CF,, straight or branched alkyl
of from 1 to 20 carbon atoms (preferably from 1 to 6 carbon
atoms, more preferably from 1 to 4 carbon atoms), «,f8-

10 unsaturated straight or branched alkenyl or alkynyl of 2 to 10
carbon atoms (preferably from 2 to 6 carbon atoms, more
preferably from 2 to 4 carbon atoms), «,f-unsaturated straight
or branched alkenyl of 2 to 6 carbon atoms (preferably vinyl)
substituted (preferably at the a-bosition) with a halogen

15 (preferably chlorine), C,-C, cycloalkyl, hetercyclyl, C(=Y)R®,
C(=Y)NR'R’ and YC{(=Y)R', where Y may be NR® or O (preferably O),
R® is alkyl of from 1 to 20 carbon atoms, alkoxy of from 1 to
20 carbon atoms, aryloxy or heterocyclyloxy, R® and R’ are
independently H or alkyl of from 1 to 20 carbon atoms, or R®

20 and R’ may be joined together to form an alkylene group of from
2 to 5 carbon atoms, thus forming a 3- to 6-membered ring, and
R® is H, straight or branched C,-C,, alkyl or aryl; and

R and R' are independently selected from the group
consisting of H, halogen (preferably fluorine or chlorine), C;-

25 C; (preferably C,) alkyl and COOR’ (where R’ is H, an alkali

metal, or a C,-C, alkyl group)}; or
R! and R’ may be joined to form a group of the formula

(CH,),. (which may be substituted with from 1 to 2n’ halogen



(but not Iimted to) alkyl halides, aral kyl halides or hal oal kyl esters.

Usi ng 1-phenylethyl chloride (1-PEC) as a nmadel initiator— CuC as a nodel
catal yst and bi pyridine (Bpy) 5 as a nodel ligand, a "living" radi cal

bul k pol yneri zation of styrene at 130[err]C affords the predicted nol ecul ar
weight up to Merr] [err] 10[err] with a narrow nol ecul ar wei ght
distribution (e.g., Merr]/Merr] < 1.5). A key factor in gcrishdsent

i nventi on iWOPO4HNi eve rapid 10 exchange between grow ng radicals
present at | ow stationary concentrations_fgn the range of from 10[err]
nmol/L to 10[err] nmol/L, preferably 10[err| nol/L to 10[err] nol/L) and
dormant chains present at higher concentrations (typically in the range

10[ err] ol / htomslonnt/~C, glefkrgxivups)Oef OHG)-1-C (£0) ¢r wherelrni)is fidomray
be 15 desirable to "match" the initiator/catalyst/|igand system and
mononer s) s@ckot halpreterakidhdefrr 4) i 3P4 rhnife sy AefABAf cdeve AlaMN%bugh

t hese concentratio anges are septi al condqucti ol yneri zati on,
certain di sadvant 8fe ?Eg%fq“@cfsfn%y?esg% i %_?h%r% c?é'n?"_%&BP8 ‘ranges are
exceeded. FOr exaghl fne bntext! oleNEnEOPFERUA dril 18h e bAN Do | 's

exceeds 10[err] nol/ ere may be t00 nmany active species I1n the

reactions whinghkgay, | eglkdrylan anddealkphy I irsferate sbrabght<diaini or de
reactions (e.g., radical-radical quenching, radical abstraction from

speci es ot hebranhehe@hgroupsl {extcepgsfom C2and Cetgraups)l.f t he concentration
of growing radicals is |less than \
Furthermore, in the present application, "aryl" refers to

phenyl, naphthyl, phenanthryl, phenalenyl, anthracenyl,
triphenylenyl, fluoranthenyl, pyrenyl, pentacenyl, chrysenyl,

10 naphthacenyl, hexaphenyl, picenyl and perylenyl (preferably
phenyl and naphthyl), in which each hydregen atom may be
replaced with alkyl of from 1 to 20 carbon atoms (preferably
from 1 to 6 carbon atoms and more preferably methyl), alkyl of
from 1 to 20 carbon atoms (preferably from 1 to 6 carbon atoms

15 and more preferably methyl) in which each of the hydrogen
atoms is independently replaced by a halide (preferably a
fluoride or a chloride), alkenyl of from 2 to 20 carbon atoms,
alkynyl of from 1 to 20 carbon atoms, alkoxy of from 1 to 6
carbon atoms, alkylthic of from 1 to 6 carbon atoms, C,-C,

20 cycloalkyl, phenyl, halogen, NH,, C,-C,~alkylamino, C,-C.-
dialkylamino, and phenyl which may be substituted with from 1
to 5 halogen atoms and/or C,~-C, alkyl groups. (This definition
of "aryl" also applies to the aryl groups in "aryloxy" and
®aralkyl.") Thus, phenyl may be substituted from 1 to 5 times

25 and naphthyl may be substituted from 1 to 7 times (preferably,

any aryl group, if substituted, is substituted from 1 to 3



10[err] nmol/L, the rate may be undesirably sl ow WO 96/ 30421

PCT/ US96/ 03302 -14- Simlarly, if_the concentratien of dornant—cha-hs—is-

| ess than 10[err] nol/L, the nol ecul ar wei ght of the product polynmer may

i ncrease dramatically, thus leading to a potential |loss of control of the
pol ydi spersity of the product. On the other 5 hand, if the concentration
of dormant s eC|es is greater than 1 nol/L, the nol ecul ar petEisnsdozt he
product may 1to0o small, and the properties of the product may nore
cl osely resenble t he propertles of oligoneg§* For exanple, in bulk, a
concentration of dormant chains of about 102 nol/L provides 10 pr oduct
havi ng a nol ecul ar wei ght of about 100,000 g/ nol. However, a concentration
of dormant chainespxeprtiong brMcheaabove subswituentst (Morghdyeteatadaygric
products. The various initiating sXstens of the present invention work for
any radlcalIy"pﬁYyﬁf#¢€§ﬂ§<§QaPhenﬁ + | PRPIEG Pbenyl(ﬁ%b$$%ﬁn§4¢uﬁ§9m 1

t d d t d
el udi no- bl oFR. or ety A BRE LN o ‘Stiethel SnaoRmShy f MR B o,
dendritic (COrpgnY{Bés 3 (dithe's"GiBhCa CHbAPR ! s@Tected 02 PG WK ‘group

5 consisting of alkyl of from 1 to 6 carbon atoms, alkoxy of

from 1 to 4 carbon atoms and phenyl. Most preferably, "aryl"
refers to phenyl, tolyl and methoxyphenyl.

In the context of the present invention, *"heterocyclyl®
refers to pyridyl, furyl, pyrrolyl, thienyl, imidazolyl,

10 pyrazolyl, pyrazinyl, pyrimidinyl, pyridazinyl, pyranyl,
indolyl, isoindolyl, indazolyl, benzofuryl, isobenzofuryl,
benzothienyl, isobenzothienyl, chromenyl, xanthenyl, purinyl,
pteridinyl, quinolyl, isoquinolyl, phthalazinyl, gquinazolinyl,
gquinoxalinyl, naphthyridinyl, phenoxathiinyl, carbazolyl,

15 cinnolinyl, phenanthridinyl, acridinyl, 1,10-phenanthrolinyl,
phenazinyl, phenoxazinyl, phenothiazinyl, oxazolyl, thiazolyl,
isoxazolyl, isothiazolyl, and hydrogenated forms thereof known
to those in the art. Preferred heterocyclyl groups include
pyridyl, furyl, pyrrolyl, thienyl, imidazolyl, pyrazolyl,

20 pyrazinyl, pyrimidinyl, pyridazinyl, pyranyl and indolyl, the
most preferred heterocyclyl group being pyridyl. Accordingly,
suitable vinyl heterocyclés to be used as a monomer in the
present invention include 2-vinyl pyridine, 6-vinyl pyridine,
2-vinyl pyrrole, S-vinyl pyrrole, 2-vinyl coxazole, S5-vinyl

25 oxazole, 2-vinyl thiazole, S5-vinyl thiazole, 2-§inyl

imidazole, 5-vinyl imidazole, 3-vinyl pyrazele, 5-vinyl



refers to a honopol yner, copol yner, or mxture thereof.) 20 Simlar
systens have been used previously in organic synthesis, but-have not been

used for the preparation of well- defined macronol ecul ar conpounds. In the
present invention, any radically polynerizable al kene can serve as a
nmononer for polynerization However, 25 nononers suitable for

pol yneri zation in the present nethod i nclude those of thepbprEdsinaioz WO
96/ 30421 WO96/30421 PCT/ US96/ 03302 -15- [err]

wherein Rlerr] and Rlerr] are independentiyg-sel ected fromthe group
consisting of H halogen, CN, CFerr], straight or branched al kyl of from1-
to 20 carbon atons (preferably from1l to 6 carbon atons, nore preferably
from1l to 4 parbonlatohﬁvlnﬁlﬂ9¥F1PéFFPeoJﬁTVlnMGn§HF&FaFéﬁest?%Nkﬂﬂ or

carbon. at om LSEREOHer FTANN) ARSERIAPREEE £ A AN BYEjRLELAG, YR 1O ©
ek el oor ) RZRSAEED, SLYPUAY pyBspRasfe) e\ sty o, friefgpitan oo
g?'zggg[“erlf] | mosk! BE&rebrea Wiy Qﬂ)winﬂeﬁiﬂ'tﬂﬁ.r] m»cb@aykyhetéﬁ@aysa yl,
5 mentioned above may bear one or more (preferably 1 or 2) C;-C,
alkyl or alkoxf groups, cyanc groups, ester groups or halogen
atoms, either on the vinyl group or the heterocyclyl group,
but preferably on the heterocyclyl group. Further, those
vinyl heterocycles which, when unsubstituted, contain an N-H
10 group may be protected at that position with a conventional
blocking or protecting group, such as a C,-C, alkyl group, a
tris-C,-C; alkylsilyl grodp, an acyl group of the formula R!°CO
(where R*® is alkyl of from 1 to 20 carbon atoms, in which each
of the hydrogen atoms may be independently replaced by halide
15 [preferably fluoride or chloride}), AIkenyl of from 2 to 20
carbon atoms (preferably vinyl), alkynyl of from 2 to 10
carbon atoms (preferably acetylenyl), phenyl which may be
substituted with from 1 to 5 halogen atoms or alkyl groups of
. from 1 to 4 carbon atoms, or aralkyl (aryl-substituted alkyl,
20 in which the aryl group is phenyl or substituted phenyl and
the alkyl group is from 1 to 6 carbon atoms), etc. (This
definition of "heterocyclyl" alsc applies to the heterocyclyl
groups in "heterocyclyloxy" and "heterocyclic ring.")
Mcre specifically, preferred monomers include
25 (meth)acrylate esters of C;-C,, alcohols, acrylonitrile,

cyanoacrylate esters of C,-C,, alcohols, didehydromalonate



C(-Y)NR[err]Rerr] and YC(-Y)R err], where Y'may be NRlerr] or O
(preferably 0), Rerr] is alkyl of fromil to 20 carbon atons,—al koxy of

from1l to 20 carbon atons, aryloxy or heterocyclyl oxy, R[err] and R[err]
are independently Hor alkyl of from1 to 20 carbon atoms, or R err] 20
and Rlerr] may be joined together to forman alkylene group of from2 to 5
carbon atons, thus formng a 3- to 6-nenbered ring, and R

straight or ™MO%%AMILd Clerr]-Cerr] alkyl or aryl: and Rlerr andgﬁ’R[err] are
i ndependently selected fromthe group consisting of H hal ogen (preferably
fluorine or chlorine), Cferr]- 25 Clerr] (preferably C[err]) al kyl and
COOR[err] (where Rerr] is H an alkali petal, aor.,a CJerr] err] al kyl
group): or R ®i93terg) 9f &rfe AdFoBelsoi W @mrdﬁwasgrswa "thtéci‘OrrmI a

(orer 1) Lerrhy eyl Al dT06, PO 1RYRSbhd LA £l Wilkyh' Rl de b fodl o 131008

16- at oms

or (Jerr]-C ef:fi-iﬂicﬁﬂeél NP TIngL fhiddzotdsl,=VinytRé€oes irP WHiGR £ne0 6

(preferably 3 or 4) and Y is as defined above; and at |east two of Rerr],

Rlerr], Rer r&-e&wbd?[ atidm @fetheoalkyl apwup doeshAot Obéexta Hydritgjene atbin
appllcatlon the terns 5 "al kyl ", "al kenyl " and "alkényl" refer to
st r ai ght Schai feed. br‘aﬁnﬁed:;g?mﬂl!;ﬂ‘ekeme# din @hdch] bakll efkydgogansgre

replaced with C,-C, alkyl, halogen, etc., or a vinyl phenyl
ketone in which the phenyl may be substituted with from 1 to 5
C,-C,~alkyl groups and/or halogen atoms), and styrenes which
may bear a C,-C,~alkyl group on the vinyl moiety (preferably at

10 the a-carbon atom) and from 1 to 5 (preferably from 1 to 3)
substituents on the phenyl ring selected from the group
consisting of C,~C,-alkyl, C,-C,~alkenyl (preferably vinyl},
C,-C,~alkynyl (preferably acetylenyl), C,-C,~alkoxy, halogen,
nitro, carboxy, C,~C,-alkoxycarbonyl, hydroxy protected with a

15 C,~C; acyl, cyano and phenyl. The most preferred monomers are
methyl acrylate (MA), methyl methacrylate (MMA), butyl
acrylate (BA), 2-ethylhexyl acrylate (EHA), acrylonitrile (AN)
and styrene.

Suitable initiators include those of the formula:
20 RURIRYC-X

where:

X is selected from the group consisting of ¢l, Br, I, OR"
(as defined above), SR, SeR!*, OC(=0)R!*, OP(=O)R,
OP (=0) (OR!*),, OP(=0)OR, O-N(R!), and S-C(=S)N(R'*),, where R



Furthernore, in the present application, "aryl" refers to phenyl, naphthyl,
phenant hryl, phenal enyl, anthracenyl, triphenyl enyl, fluoranthenyl,

pyrenyl, pentacenyl, chrysenyl 10 napht hacenyl, hexaphenyl, picenyl and
peryl enyl (pref erably phenyl and naphthyl), in whi ch each hydr ogen at om may
be replaced with alkyl of from1l to 20 carbon atons (preferably from1 to 6
carbon atons and nore preferably nethyl), alkyl of from 1 pecani®sasas2bon
atons (pref¥P&IY rom 1 to 6 carbon atons 15 and nore preferably

met hyl) in which each of the hydrogen ate2®~i s i ndependently replaced by a
hal i de (preferably a fluoride or a chloride), alkenyl of from2 to 20
carbon atons, al kynyl of from1l to 20 carbon atons, alkoxy of from1l to 6
carbon at ons,isalayit ﬁFoaoﬁ#‘#%ﬁﬁtl aro bGaESPﬂ%nctéF@r’réPreféF‘F‘]’lI:[%r'F}o)ZO

Jand er]aq‘?‘é&aﬁﬁgﬁlﬁﬁngﬁg o LR Ta 5o o PP e e ¢ o
1 to 5 hal ogq%.%tpgrrﬁa ngﬁ f&rdo Eo2in' A gl.kyg- %P%em‘a’ébba defl nition of
applres e ary

"aryl" al so groups in aryI oxy" and "aral kyl.") Thus,
phenyl nmay beetdrdicycltiedringniin taccordanes With ttmdlefaputlwh eﬁy be

substituted from1l to 7 times (preferably, any aryl group, if substituted,
i s subst$t ut ethetegocyciyl® abowg) DER0421
PCT/ US96/ 03302 R1, R? and R are each independently selected from the
group consisting of H, halogen, C,-C,, alkyl (preferably C,-C,,
alkyl and more preferably C,~C, alkyl), C,-C, cycloalkyl,
C(=Y)R®, C(=Y)NR'R’ (where R*~R’ are as defined above), COCl, OH
10 (preferably only one of R, R and R' is OH), CN, C,-C,
alkenyl or alkynyl (preferably C,-C, alkenyl or alkynyl, and
more preferably vinyl), oxiranyl, glyecidyl, aryl,
heterocyclyl, aralkyl, aralkenyl (aryl-substituted alkenyl,
where aryl is as defined above, and alkenyl is vinyl which may
15 be substituted with one or two C,-C, alkyl groups and/or
halogen atoms [preferably chlorine}), C,-C; alkyl in which from
1 to all of the hydrogen atoms (preferably 1) are replaced
with halogen (preferably fluorine or chlorine where 1 or more
hydrogen atoms are replaced, and preferably fluorine, chlorine
20 or bromine where 1 hydrogen atom is replaced) and C,~C; alkyl
substituted with from 1 to 3 substituents (preferably 1)
selected from the group consisting of C,-C, alkoxy, aryl,
heterocyclyl, C(=Y¥)R® (where R® is as defined above), C(=Y)NR‘R’
(where R® and R’ are as defined above), oxiranyl and glycidyl;

25 such that no more than two of R, R!? and R! are H (preferably

no more than one of R!, R} and R® is H).



-17- times) with one of the above substituents. Mire preferably, "aryl"
refers to_phenyl. napbthyl, phenyl substidtibed-from1 to 5 tires—wh

fluorine or chlorine, and phenyl substituted from1l to 3 tinmes with a
substituent selected fromthe group 5 consisting of alkyl of from1l to 6
car bon atons alkoxy of from1l to 4 carbon atons and phenyl. Most

pref erabl vy, refers to phenyl tolyl and nethoxyphenytnvmﬂmuhe

cont ext of ?ﬁ% present i nventi on, heterocyclyl refers to pyridyl, furyl,
pyrrolyl, thienyl, imdazolyl, 10 pyraaqul pyrazinyl, pyrimdinyl,

pyri dazi nyl, pyranyl, I ndol yl, isoindolyl); |ndazonI benzof uryl,

i sobenzofuryl, benzothienyl, isobenzothrenyl chronenyl xant henyl ,
purinyl, pteridingh, tﬁaldpeéyént Iivatdneety! x wtﬂrﬁéﬁyalm caubpagel i rei-
qui noxal i nyl , napht hyridin phenoxat hi 1 nyl, carbazolyl, 15 ci nnol i nyl,
phenanthridimpm;adnihdrhyitlﬂtdﬂk—gbanaalmyoprcmide|whenazsﬂyW¢rpheaonnannyI

phenot hi azi nyl , oxazol thrazolyl I soxazol yl, isothiazol

|, ,
hydrogenatedrFGFnénPhé¥ oP Q#RRMFHQ§“FEOEE1Yﬂ1§PﬁF§%§Y tPPéf&%Fed

het erocycl yl grou p rrolyl  thien dazol
pyrazol yl , 2 "“89?8 ﬂ?l (Er %}/ﬂtr#&i 1}4{)*)5#) hylm“ﬁyrﬁnér ﬁﬂgl' ?ﬂ)‘?‘ijll

t he nostg pref EEQtBEt§£0ﬁ¥§¥)6r4¥é@¥ﬁdbe'ng pyridyl. Accordingly, surtable
vi nyl heterocy es to be used "as a nononer in the present invention include

2-vinyl pyridine, whew &yl apyyl did¥®loalkyl, or alkyl-substituted aryl

and

group is selected for one of R}, R!? and R, the alkyl group
may be further substituted with an X group as defined above.
Thus, it is possible for the initiator to serve as a starting
10 molecule for branch or star (co)polymers. One example of such
an initiator is a 2,2-bis(halomethyl)-1,3-dihalopropane (e.q.,
2,2-bis(chloromethyl)~1,3-dichloropropane, 2,2-
bis(bfomomethyl)-1,3-dibromopropane), and a preferred example
is where one of R!!, R} and R} is phenyl substituted with from
15 one to five C,-C, alkyl substituents, each of which may
independently be further substituted with a X group (e.q.,
a,a’~dibromoxylene, hexakis(a-chloro- or a-bromomethyl)-
benzene) .
Preferred initiators include l-phenylethyl chloride and
20 1-phenylethyl bromide {e.g., where R! = Ph, R = CH,, R¥ = H
and X = Cl or Br), chloroform, carbon tetrachloride, 2-
chloropropionitrile, C,~C,-alkyl esters of a 2-halo-C,-C;-
carboxylic acid (such as 2-chloropropionic acid, 2-
bromopropionic acid, 2~-chloroisobutyric acid, 2~
25 bromoiscbutyric acid, etc.) and compounds of the formula

CH,(CHY’),, where ¥’ is Cl or Br, x + y = 6 and ¥ > 1. More



2-vinyl pyrrole, 5-vinyl pyrrole, 2-vinyl oxazole, 5-vinyl 25 oxazol e,
2-vinyl thiazole, 5-vinyl thiazole, 2-vinyl imdazole,. &5=vinyl imdazole,
3-vinyl pyrazole, 5-vinyl PCT/ US96/ 03302 WD 96/ 30421 - 18- pyrazol e,
3-vinyl pyridazine, 6-vinyl pyridazine, 3-vinyl isoxazole, 3-vinyl

i sot hi azol es, 2-vinyl pyrimdine, 4-vinyl pyrimdine, 6-vinyl pyrimdine,
and any vinyl pyrazine, the nost preferred being 2-vinyl perhitbéiessozlhe

vi nyl het er¥¥@ye40dzl 5 menti oned above may bear one or nore (preferably 1
or 2) (Jerr]-Cerr] alkyl or alkoxy groups, cyano groups, ester groups or
hal ogen atons, either on the vinyl group'a?'the het er ocycl yl group, but
preferably on the heterocyclyl group. Further, those vinyl heterocycles

whi ch, when waglstblUlf ki AUHAI1RcIEad I Billny 1 thPUP cHRYr DEe PrAl ect ed at

that position with a conventional bl ocking or protécting group, such as a

Cerr]-( err phanytethybupromide, meChgilr 2-chhordprapipnateyl egliyli@~ an acyl
group of the formula Rerr] CO (where err] is alkyl of from1l to 20 carbon
atons, in whichiorapropionake Hymathydn2abvemopRsPinnatedcpEhMen2ty repl aced by

halide 15 (R EEB0tyritd " d, 55 -QichILeokd e, 3,55 8 ineinbky are (ahe®
5 hexakis (a-bromomethyl)benzene.

Any transition metal compound which can participate in a
redox cycle with the initiator and dormant polymer chain, but
which does not form a direct carbon-metal bond with the
polymer chain, is suitable for use in the present invention.

10 Preferred transition metal compounds are those of the formula
M,"X’ , where:

M," may be selected from the group consisting of cul!’,
Cu?*, Fe?*', Fe’, Ru**, Ru*, Cr?*, Cr’, Mo’, Mo’, Mo**, Mo, W,
W3, Rh**, Rh‘*, Co’, Co?*", Re?", Re’, Ni°, Ni*, Mn’, Mn*, v, v*,

15 Zn*, 2Zn*, Au°’, Au?*, Ag' and Ag?**;

X’ is selected from the group consisting of halogen, C,-
Ce~alkoxy, (S0O.)is2r (PO,),;3, (HPO,),,, (H,PO,), triflate,
hexafluorophosphate, methanesulfonate, arylsulfonate
(preferably benzenesulfonate or toluenesulfonate), SeR!*, CN

20 and R!*CO,, where R!* is as defined above and R is H or a
straight or branched C,-C, alkyl group (preferably methyl)
which may be substituted from 1 to 5 times with a halogen
(preferably 1 to 3 times with fluorine or chlorine); and

n is the formal charge on the metal (e.g., 0 < n g 7).

25 Suitable ligands for use in the present invention include

ligands having one or more nitrogen, oxygen, phosphorus and/or



carbon atons (preferably vinyl) al kynyl of from2 to 10 carbon atons

(preferably acetylenyl). phenyl which nay he substituted withfrom-1-+to6-5

hal ogen atons or al kyl groups of from1 to 4 carbon atons, or aralkyl

(aryl -substituted al kyl, 20 in which the aryl group is phenyl or
substituted phenyl and the alkyl group is from1l to 6 carbon atons), etc.
(This definition of "heterocyclyl” also applies to the het gepiydeloydozdr OUpPS
in "heterocN%¥PB%" and "heterocyclic ring.") Mre specifically, preferred
nononers i nclude 25 (meth)acrylate esters of (Jerr]-Cferr] al cohols,
acrylonitrile, cyanoacrylate esters of C[eRef-Clerr] alcohols,

di dehydr onal onat e WO 96/ 30421

PCT] L8961 03302129 Hesid SRS oBhecbbeeleted ol Galoksanihpiby BYLILH nes.

vinyl N-Cferr pyrrofles, VvIiny oxazo viny S

vinyl pyrim dtnesuaﬁdaw%nd J143a0k8S colt AN inL hURCOr RoPl! EArbdiE é’cdin%r bon
atom of the al kyl group does not bear a hydrogen atom 5 (e.g., vinyl

Cerr]-derr] walikenl ci(ntmmsinmmhn:ohthet transiticrgmetaar Ehremmoedt-\mdﬂa,
Cerr]-Cerr] al kg hal o etc., or a vinyl phenyl ketone in which the
phenyl may beaagdb ésm@%dw qth cano Fererdinatety Wﬁﬂ?iEFRVINQﬁ%pS

and/ or haé ogen %Bﬁgﬁ)a yrenes_wc'nmg However, preferred N-, O-, P-
and S~ containing ligands may have one of the following

formulas:

R¥¢~-Z-RY?
R¢-Z=-(R!*~Z) ~R"’
io where:

R! and R are independently selected from the group
consisting of H, C,-C,, alkyj., aryl, heterocyclyl, and C,-C,
alkyl substituted with C,-C, alkoxy, C,-C, dialkylamino,
C(=Y)R®’, C(=Y)RR’ and YC(=Y)R*, where Y, R®, R°, R’ and R® are

15 as defined above; or

R!* and R!” can be joined to form a saturated, unsaturated
or heterocyclic ring as described above for the “heterocyclyl®
group;

Z is 0, S5, NRY.or PRY, where R’ is selected from the same

20 group as R!'* and R,

each R! is independently a divalent group selected from
the group consisting of C,~C, alkylene (alkanediyl) and C,~C,
alkenylene where the covalent bonds to each 2 are at vicinal
positions (e.g., in a 1,2-~arrangement) or at B-positions

25 {e.g., in a 1,3-arrangement), and frem C,-C, cycloalkanediyl,



may bear a CJerr]-C[err]-alkyl group on the vinyl noiety (preferably at 10
the a-carbon atom) and from1l to 5 (preferably from1l to_3) substituents on
t he phenyl ring selected fromthe group consisting of CJerr]-Cerr]-alkyl,
Clerr]-Clerr]-alkenyl (preferably vinyl), Cerr]-Clerr]-alkynyl (preferably
acetylenyl), Cerr]-(err]-al koxy, halogen, nitro, carboxy,

Cerr]-Cerr]-al koxycarbonyl, hydroxy protected with a 15 oh-Clerr]
acyl, cyanwoeedoglenyl. The nost preferred nononers are Png{lﬁy acryl ate
(MA), nmethyl nmethacrylate (MMA), butyl acrylate (BA), 2-ethylhexyl acrylate
(EHA), acrylonitrile (AN) and styrene. S'Lﬁ‘%/'abl e initiators include those of
the formula: 20 Rerr]Rerr]R err]CX where:
X is selecteqg from :CQNSL SL L Li8s , kned
above), SR ee’r']c‘{' X %r%e?\%gé?- 0 hféeﬁk?l,ﬁ@aggqh%g#r’ﬂ@féﬂ Wi elthe
OP(=0) (OR[ er gbyh fért ;bdis=@oOBRER 3  are MitRvacihhll epsditiths; and
SC(=S)N(R[err])[err], where Rerr] WO 96/ 30421

PCT/ US96/ 03302 - 2®-is fxmmylL &o &.strai ght or branched CJerr]-Cerr]
(preferably CJerr]-Clerr]) alkyl

present, the two Rpeﬂqir 5o Eﬁgrgég‘f%?w“%e'f g?ﬁ\l‘\lggg-eéln%i [Qef;dr ]ﬁ‘%gréz
5 can form a ring with the R'® group to which the Z is bound to
form a linked or fused heterocyclic ring system (such as is
described above for "heterocyclyl®). Alternatively, when R!
and/or R are heterocyclyl, Z can be a covalent bond (which
may be single or double), CH, or a 4- to 7-membered ring fused

10 to R and/or RY, in addition to the definitions given above
for z. Exemplary ring systems for the present ligand include
bipyridine, bipyrrole, 1,10-phenanthroline, a cryptand, a
crown ether, etc.

Where Z is PR'’, R! can also be C,-C,,-alkoxy.

15 Also included as suitable ligands in the present
invention are CO (carbon monoxide), porphyrins and
porphycenes, the latter two of which may be substituted with
from 1 to 6 (preferably from 1 to 4) halogen atoms, C,-C, alkyl
groups, C,-Cgs~alkoxy groups, C,-Cg alkoxycarbonyl, aryl groups,

20 heterocyclyl groups, and C,-C; alkyl groups further substituted
with from 1 to 3 halogens.

Further ligands suitable for use in the present invention
include compounds of the formula R¥*R¥C(C(=Y)R°),, where Y and
R® are as defined above, and each of R* and R* is
25 independently selected from the group consisting of H,

halogen, C,-C; alkyl, aryl and heterocyclyl, and R?*° and R* may



heterocyclic ring (in accordance with the definition of 5 "het erocycl yl "
above); and Rlerr]l., Rlerr] and Rlerr] are each independentl|y_selected from

the group consisting of H, halogen, Cerr]-Cerr] alkyl (preferably
Cerr]-Cerr] alkyl and nore preferably Cerr]-Clerr] alkyl), Cerr]-Cerr]

cycloal kyl, C(=Y)Rerr], C(=Y)NR[err]Rerr] (where Rerr]-Rerr] are as
defi ned above cCoCl, OH 10 (preferably only one of R[erl;cmmsggmj and
Rlerr] is C]W,b@ﬂ‘“qerr]-qerr] al kenyl or al kynyl (preferably
Cerr]-Cerr] alkenyl or alkynyl, and nor e, referably vinyl), oxiranyl,
glycidyl, aryl, heterocyclyl, aralkyl, aral'Kenyl (aryl-substituted al kenyl,
where aryl is as defined above, and al kenyl is vinyl which may 15 be

substituted wibehjetneartéVeory @ d,~-€] evichoalkyl gimys wd.}ra&-oaéhaesa at ons
(preferably chlorine]), (err]-Cerr] alkyl in which from1l to all of the

hydr ogen at onsi(-gref tedbeed, ] )nan-arcmpticedrwartinllyyer Eplidfesabuyated)
fluorine or chlorine where 1 or nmore h{dro en atons are reEIaced, and

preferably fl@§PPALIC AF JretRrosyclic ripg keorsighant yishditbgedefinitians

| d d " bt ith f .1 bsti t
(preferapl y 17 TsoPEREC Eh8 Lrenbboctlishh dbStel't dhy 2 WhiFR JeftoBt ey
aryl, heteer ocyclhnk, neioyen] Gidy HeMparenBtcsibst SevteddShitAed '880¥ Cina

C(=Y)NR[err]Rerr] (where R err] and R err] are as defined above), oxiranyl
and gl yci dyl ; pteferablighl ttmt3 my~Cpradkiyllagroups pfc,Regralkoxdy erichipand R err]

are-H (preferably no nore than one of Rlerr], Rerr] and Rerr] is
halogen atoms and/or aryl groups. Preferably, one of R* and
R* is H or a negative charge.
Additional suitable ligands include, for example,

10 ethylenediamine and propylenediamine, both of which may be
substituted from one to four times on the amino nitrogen atom
with a ¢,-C, alkyl group or a carboxymethyl group; aminoethanol
and aminopropancl, both of which may be substituted from one
to three times on the 6xygen and/or nitrogen atom with a C,-C,

15 alkyl group; ethylene glycol and propylene glycol, both of
which may be substituted one or two times on the oxygen atoms
with a C,-C, alkyl group; diglyme, triglyme, tetraglyme, etc.

Suitable carbon-based ligands include arenes (as
described above for the "aryl” group) and the cyclopentadienyl

20 ligand. Preferred carbon-based ligands include benzene (which
may be substituted with from one to six C,-C, alkyl groups
{e.g., methyl]) and cyclopentadienyl (which may be substituted
with from one to five methyl groups, or which may be linked

through an ethylene or propylene chain to a second

25 cyclopentadienyl ligand). Where the cyclopentadienyl ligand



WD 96/ 30421 ' PCT/ US96/ 03302 -21- In
the present initiator, X is preferably C or Br_ C- containing initiators
generally provide (1) a slower reaction rate and (2) higher product

pol ydi spersity than the corresponding Br-containing initiators. Thus, a
Br-containing 5 initiator is nost preferred. Wen an al kyl, cycl oal kyl,

or al kyl - gp ted aryl group is selected for one of R 9ttisodizqr’] and
Rlerr], th ‘i group may be further substituted with an X group as

defi ned above. Thus, it is possible for theg initiator to serve as a
starting 10 nol ecul e for branch or star (co)polyners. One exanple of
such an initiator is a 2,2-bis(halonethyl)-1, 3-di hal opropane (e.qg.

2, 2- bis(chloisnu&éqd)xtlmiydhbhlheopécisﬂuzy Zo02include a counteranion
bls(bronnnethéfg 3-di bronopropane), and a preferred exanple is where one

of Rerr] |inrkhetoansitiophnetal stampound.ed with from 15 one to

five err]-(err bstl uepts, each of which may i ndependently be
further substitut%ﬁé%ﬁ%%?qa 93Pgapinclyde Hﬂ%ﬁ?ﬁtlﬂPﬁ?ﬁnﬁW®l%%Rﬁtit“ted

RSk [T RO i SRR o S L S S
Rlerr] 3 Ph bfﬁf%idinedjﬂfﬂ’ﬁh,dEQinﬁed:iﬂéve for "heterocyclyl“),
acetonitrile, (R'°0),P, PR',, 1,10-phenanthroline, porphyrin,
cryptands such as K,,; and crown ethers such as 18-crown-~6.
The most preferred ligands are bipyridine and (R!°0),P.
In the present polymerization, the amounts and relative
10 proportions of initiator, transition metal compound and ligand
are those effective to conduct ATRP. Initiator efficiencies
with the present initiator/transition metal compound/ligand
system are generally very good (at least 50%, preferably >
80%, more preferably > 90%). Accordingly, the amount of
15 initiator can be selected such that the initiator
concentration is from 10* M to 1 M, preferably 103-10" M.
Alternatively, the initiator can be present in a molar ratio
of from 10™:1 to 10°':1, preferably from 10%:1 to 5 x 10°%:1,
relative to monomer. An initiator concentration of 0.1-1 M is
20 particularly useful for preparing end-functional polymers.

The molar proportion of transition metal compound
relative to initiator is generally that which is effective to
polymerize the selected monomer({s), but may be from 0.0001:1
to 10:1, preferably from 0.1:1 to 5:1, more preferably from

25 0.3:1 to 2:1, and most preferably from 0.9:1 to 1.1:1.

Conducting the polymerization in a homogeneous system may



and X = d or Br), chloroform carbon tetrachloride, 2-
chLoropropionitrile Cerr]-Cerr]l-alkyl esters of a 2-halo-Cerr]- CIerL}&_____
carboxylic acid (such as 2-chl oropropionic acid, 2- bronopropionic acid,

2-chl oroi sobutyric acid, 2- 25 bronnisobutyric acid, etc.) and conpounds

of mefmmﬂaqu]WarHG{aﬂYﬁ[aﬂ,\maeY'isd or Br, x +y =

6 and Yy [err % WO 96/ 30421 PCT/US96/03302

PCT/ US96/ 03382 “?gg preferred initiators include 1-phenylethyl chloride, 1-
phenyl et hyl brom de, nethyl 2-chloropropionate, ethyl 2- chloropropionate,

met hyl 2-br onopropi onate, ethyl 2- bronoi s&Jatyrate, [err]"-dichloroxyl ene,
[err]'-di bronoxyl ene and 5 hexakis(a-bronnnethyl)benzene Any transition

T or oPOUnGh 53" raACRAG! L Alrbat el Bl % WA AR WaEa1 aha 21 OF

and dormant pol yner & orma tal
bond with the pjaniesuechatRati €nhé Hd1a grBBBrH§5h'6¥téﬁ%ﬂQﬁ%ﬁ%ﬂthEXEnt'On'
10 Preferred transition netal conpounds are those of the fornu

Merr] X [err] ,conpauand Npelin}tbmibd.sselseabwdaérmmam.group consi sting of
Culerr], Cul[err], Felerr] err], Ru[err], Ruferr], Cferr], Crlerr],
Mo[err]. M[err]. ﬁpég.pfiywb @molw grpportion of ligand relative to

5 transition metal compound is generally that which is effective

to polymerize the selected monomer(s), but can depend upon the
number of coordination sites on the transition metal compound
which the selected ligand will occupy. (One of ordinary skill
understands the number of coordination sites on a given

10 transition metal compound which a selected ligand will
occupy.) The amount of ligand may be selected such that the
ratio of (a) coordination sites on the transition metal
compound to (b) coordination sites which the ligand will
occupy is from 0.1:1 to 100:1, preferably from 0.2:1 to 10:1,

15 more preferably from 0.5:1 to 3:1, and most preferably from
0.8:1 to 2:1. However, as is also known in the art, it is
possible for a solvent or for a monomer to act as a ligand.
For the purposes of this application, a monomer is treated as
being (a) distinct from and (b) not included within the scope

20 of the ligand.

The present polymerization may be conducted in the

absence of solvent ("bulk" polymerization). However, when a
solvent is used, suitable solvents include ethers, cyclic
ethers, C,-C,, alkanes, C;-C; cycloalkanes which may be

25 substituted with from 1 to 3 C,~-C, alkyl groups, aromatic

hydrocarbon solvents, halogenated hydrocarbon solvents,



Werr], Rh[err], Rh[err], Co[err], Co[err], Re[err], Re[err], Nerr],
Ni[err], Miferr], Mferr], Merr], _Verr], 15 Zn[ert]l,. Zn[err], Auferr],
Aul[err], Ag[err] and Ag[err]; X is selected fromthe group consisting of
hal ogen, C[err]- (err]-alkoxy, (SOerr])[err], (PJerr])[err],

(HPq err])[err], (Herr]PJerr]), triflate, hexafl uorophosphate,

nmet hanesul fonate, aryl sulfonate (preferably benzenesul fon 3302

t ol uenesul fWﬁaf’é‘)‘n SeR[err], CN 20 and Rlerr]CJerr], vvheregw err] is as
defined above and Rlerr] is Hor a straighfgor branched Clerr]-Cerr] alkyl
group (preferably methyl) which may be substituted from1l to 5 tines with a
hal ogen (preferably 1 to 3 times with fluorine or chlorine); and n is the
formal char geacetdrienides| dimethylfbxmamiben pixtiyrey .ofSuch solventsf abl e

|l igands for use in the present invention include Ilgands having one or nore
ni trogen, oxydsh 5%&5%#-89%%#‘(#“5 (Wachepr80994 C,-C, alkanes in which

PCT/ US96/ 03302 %g %8 ions VWH an co rd| ate to the transition
nmet al t hrough %V ge® ?ﬁ%%d% athend- DPIRE car bon at ons
whi ch can co ?Hx?éﬁ ibRe L d Iy d&hﬁbt&&ri?ﬂ e AS%n
| i gands whi c(r)\{,c n coor lnatg t e transition rnetgél:@:fJ n{hrggg X

[err]-bosd orswsgetigilono admlstbmemi prigcibitacio polymerizatidnS-
containing |ligands may have one of the follow ng
processes.

Suitable ethers include compounds of the formula R*0OR?*?,
in which each of R*? and R is independently an alkyl group of
from 1 to 6 carbon atoms which may be further substituted with

10 a C,-C,~alkoxy group. Preferably, when one of R* and R® is
methyl, the other of R*¥ and R?» is alkyl of from 4 to 6 carbon
atoms or C,~C,-alkoxyethyl. Examples include diethyl ether,
ethyl propyl ether, dipropyl ether, methyl t-butyl ether, di-
t-butyl ether, glyme (dimethoxyethane), diglyme (diethylene

15 glycol dimethyl ether), etc.

Suitable cYclic ethers include THF and dioxane. Suitable
aromatic hydrocarbon solvents include benzene, toluene, o-
Xylene, m-xylene, p-Xylene and any iéomer or mixture of
isomers of cumene. Suitable halogenated hydrocarbon solvents

20 include CH,Cl,, 1,2-dichloroethane and benzene substituted from
1 to 6 times with fluorine and/or chlorine, although one
should ensure that the selected halogenated hydrocarbon
solvent(s) does not act as an initiator under the reaction
conditions.

25 Keys to controlling the polymerization reaction may

include (1) matching the reactivity of the groups in the



formulas: Rerr]- Z-Rerr] Rerr]-Z-(Rerr]-2Z)[err]-Rerr] 10 wher e:
Rlerr] and Rlerr] are jndependen 544

H Cerr]-Cerr] alkyl, aryl, heterocyclyl, and (Jerr]-Cerr] alkyl
substituted with Clerr]-Clerr] al koxy, Cerr]-Clerr] dialkylamno,
C=Y)Rerr], C=Y)Rerr]Rerr] and YC(=Y)R[err], where Y, Rerr], Rerr],
Rl err] and e&éﬁ are 15 as defined above; or R err] angriiseésesboxcan be
joined to P MM at ur at ed, unsaturated or het erocyclic ring as descri bed
above for the "heterocyclyl" group; Z is.@g-S, NRerr] or PRlerr], where
Rlerr] is selected fromthe same 20 group as R err] and R err], each
Rl err] is independently a divalent group selected fromthe group consisting
of derr]-C dnitiatey| &3, (RIf kand R'Y) Wit theegrpupfe) ron dihe monomerwher e

e covalont BONRS, 3uiPEh Al Yool Bk dRELL OF HGelientil o)
and f10m 0 el aCherilng Ve WesaitTupboies HRPS Wthknt polymer chains)

PCT/ US96/ 033
and transition metal species (as discussed elsewhere in the

5 specification). Matching the reactivities of the initiator
with the nonomér depends to some degree on the radical
stabilizing effects of the substituents. Thus, where the
monomer is a simple alkene or halogenated alkene (e.g.,
ethylene, propylene, vinyl chloride, etc.), one may select an

10 alkyl halide initiator (e.g., where two or three of R!!, R!? and
R are C,~C; alkyl). On the other hand, if one wishes to
polymerize an arene- or ester-stabilized monomer (e.g.,.a
(meth)acrylate, acrylonitrile or styrene), one may select an
initiator which is stabilized by a similar group (wherein one

15 of R!, R!? and R¥ is aryl, heterocyclyl, alkoxycarbonyl, CN,
carboxyamido [C(=0)NR°R’}, etc.). Such "matching" of
substituents on the initiator and monomer provides a
beneficial balance of the relative reactivities of the
initiator and monomer.

20 Preferably, the monomer, initiator, transition metal
compound and ligand are selected such that the rate of
initiation is not less than 1,000 times (preferably not less
than 100 times) slower than the rate of propagation and/or
transfer of the X group to the polymer radical. (In the

25 present application, "propagation"” refers to the reaction of a



Cerr]-Cerr] cycloal kenediyl, arenediyl and heterocyclyl ene where the
coval ent bonds to each Z are at_vicinal positions; and mis from1l to 6. In
addition to the above |igands, each of Rerr]-Z and Rerr]-Z 5 can forma
ring wwth the Rlerr] group to which the Z is bound to forma |inked or
fused heterocycl Ic ring system (such as is described above for

“heterocyclyl”). Aternatively, when Rlerr] and/or R err] peffshedssszocyclyl,
Z can be aW@9%H%¥: bond (which may be single or double), CH2 or a 4- to

7-menbered ring fused 10 to Rlerr] andhgr Rlerr], in addition to the
definitions given above for Z. Exenplary ring systens for the present

| i gand i nclude bipyridine, bipyrrole, 1,10-phenanthroline, a cryptand, a
crown et her, peilyme¥eadidal il @ mphompr td foum & pPolymer-monomer

derr]- C[err] al koxy. 15 Al so included as suitable ligands in the
present mverﬂddéﬁtarédw:ft)ar bon monoxi de), porphyrins and porphycenes, the

latter two of whi na refe froml
to 4) hal ogen at oﬁ'\g, E%g?ﬂ'é °S‘l e%%%tr%}’hm%% Eo i téFerﬂr.']BaPty e
groups, ( er rdyClalr halsgow@.r,bwlpasarmb gﬁeuﬁ&om& in habeqasy@kafée
groups, and err|-Clerr] alkyl groups further substituted with from1l to 3
hal ogenss Furgvear al ibgands the tcdtiad yistr whiehi has Heeqn gxeniionslyncontactesd ude

conpounds of the formula R err]Rerr] ( Y)R[err])[err] where Y and
Rlerr] are asviddrf ithed inpsiatonrRndddy CSR[ énr3 septed ,e,sFeilsor in an

autoclave. Polymerizing may be conducted at a temperature of
from -78° to 200°, preferably from 0° to 160° and most
preferably from 80° to 140°. The reaction should be conducted

10 for a length of time sufficient to convert at least 10%
(preferably at least 50%, more preferably at least 75% and
most preferably at least 90%) of the monomer to polymer.
Typically, the reaction time will be from several minutes to 5
days, preferably from 30 minutes to 3 days, and most

15 preferably from 1 to 24 hours. Polymerizing may be conducted
at a pressure of from 0.1 to 100 atmospheres, preferably from
1 to 50 atmospheres and most preferably from 1 to 10
atmospheres (although the pressure may not be measurable
directly if conducted in a sealed vessel).

20 One may also conduct a *reverse" ATRP, in which the
transition metal compound is in its oxidized state, and the
polymerization is initiated by, for example, a radical
initiator such as azobis(isobutyronitrile) ("AIBN"), a
peroxide such as benzoyl peroxide (BPO) or a peroxy acid such

25 as peroxyacetic acid or peroxybenzoic acid. The radical



25 I ndependently selected fromthe group consisting of H hal ogen,
Clerr]-Cerr] alkyl, aryl and he

96/ 30421 PCT/ US96/ 03302 - 25- be
joined to forma (Cerr]-Cerr] cycloalkyl ring or a hydrogenated (i.e.,
reduced, non-aromatic or partially or fully saturated) aromatic or

het erocycl i %Qrgﬁggggconsi stent with the definitions of "arypétrassn3so

"het erocycly ve), any of which (except for 5 H and hal ogen) nay be
further substituted with 1 to 5 and preferghly 1 to 3 (Jerr]-Clerr] alkyl
groups, ([err]-Cerr] al koxy groups, halogen atons and/or aryl groups.
Preferably, one of Rerr] and R err] is Hor a negative charge. Additional
sui tabl e | i gainditiatoruds, bédieved i dnitlate BréayérsetiATRMdnatte

propyl enedi am ne, both of which may be substituted fromone to four tines
on the am no ¥Rkkidg Za8RiaRth a Cerr]-Jerr] al kyl group or a

car boxynet hyl group; am noet hanol and am nopropanol, both of which nay be
substituted fromone to three tines on the oxygen and/or nitrogen atomwth
a CJerr]-Cerr] 15 al kyl group; etfqiyl ene gbygol and propylene glycol,
both of which may be substituted one or two tinmes on the oxygen atons with
a (err]-Cferr] alkyl group; drglymeso riaryrex +egraglynme, etc.

5 I+ M —> I-N
I-M" + M™X, = I-M=X + MX .,
> I-M,.,°
I-M,,," + ™K, "0 I-M,,-X + M"X,,

I-M" "+ n M

where "I" is the initiator, M."X,, is the transition metal
10 compound, M is the monomer, and I-M=-X and M.,"X,, participate in
"conventional” or "forward" ATRP in the manner described
above.
After the polymerizing step is complete, the formed
polymer is isolated. The isolating step of the present
15 process is conducted by known procedures, and may comprise
precipitating in a suitable solvent, filtering the
precipitated polymer, washing the polymer and drying the
polymer.
Precipitation can be typically conducted using a suitable
20 és-c.-alkane or C,~C,~cycloalkane solvent, such as pentane,
hexane, heptane, cyclohexane or mineral spirits, or using a C,~
C,~alcohol, such as methanol, ethanol or isopropanol, or any
mixture of suitable solvents. Preferably, the solvent for

precipitating is hexane, mixtures of hexanes, or methanol.



Sui t abl e carbon-based |igands include arenes (as descri bed above for the

"aryl" group) and the cycl opentadi enyl 20 ligand. Preferred

car bon- based |igands include benzene (which may be substituted with from
one to six (Jerr]-Cerr] alkyl groups {e.g., nethyl]) and cycl opent adi enyl
(which may be substituted with fromone to five nmethyl groups, or which may
be lIinked through an ethyl ene or propylene chain to a secg@S 3302
cycl opent ad¥@ #i gand). \Where the cycl opentadi enyl |igan WD 96/ 30421
PCT/ US96/ 03302 -26- is used, it may not bgynecessary to include a
counteranion (X ) in the transition netal conpound. Preferred |igands

I ncl ude unsubstituted and substituted pyridines and bi pyridines (where the

substituted pyridrmePprewipitatedi (9] phlneracanabedéilverad! kyb gravisy
"heterocyclyl"), acetonitrile,

®) P, P ;
1,1g-phenantRFO?Yn%écﬁﬁﬂqﬁ{}FFﬁFgg$§L{%. %é%%ﬂcﬁssifé;4T°¥Rufﬁﬁnﬁﬁﬁ ethers
such as 18-cr,owp- 6. ' | | di
(Rlerr]Ofer r(ngf nu%ﬂ'gq 5@?&%&@%3?&%&?# Iza | %?1’ Q%ﬁé@%ﬁ%{ nt Isqg‘neg%%ellygtefve 10
proportions ghni fhéh A& washed&ithotnaticl vt RdeadeaNsréd Githt¥ enehose

effective to conduct ATRP. Initiator efficiencies
5 polymer, if desired. The steps of precipitating, filtering
and washing ma§ be repeated, as desired.

Once isolated, the (co)polymer may be dried by drawing
air through the (co)polymer, by vacuum, etc., in accordance
with known methods (preferably by vacuum). The present

10 (co)polymer may be analyzed and/or characterized by size
exclusion chromatography, in accordance with known procedures.

Polymers produced by the present process may be useful in
general as molding materials (e.g., polystyrene containers)
and as barrier or surface materials (e.g., poly (methyl

15 methacrylate), or PMMA, is well-known in this regard as
PLEXIGLAS™). However, the polymers produced by the present
process, which typically will have more uniform properties
than polymers produced by conventional radical polymerization,
will be most suitable for use in specialized applications.

20 For example, block copolymers of polystyrene and
polyacrylate (e.g., PSt-PA-PSt triblock copolymers) are useful
thermoplastic elastomers. Poly(methyl methacrylate)-
polyacrylate triblock copolymers (e.g., PMMA-PA-PMMA) are
useful, fully acrylic thermoplastic elastomers. Homo- and

25 copolymers'of styrene, (meth)acrylates and/or acrylonitrile

are useful plastics, elastomers and adhesives. Either block



with the present initiator/transition netal conpound/ligand system are

generally very good (at least 50%_preferably [err] 80% nore preferably
[err] 90% . Accordingly, the amount of 15 initiator can be sel ected such
that the initiator concentration is from1l0[err] Mto 1 M preferably
10[err]-10[err] M Alternatively, the initiator can be present in a nolar
rati o of fron110|err]:1 to 10[err]:1, preferably from 10[ ergdrnisebiaadz X
10[err]: 1, eP to monomer. An initiator concentration of 0.1-1 Mis 20
particularly useful for preparing end-funeggenal polyners. The nol ar
proportion of transition netal conpound relative to initiator is generally
that which is effective to polynerize the sel ected nononer(s), but may be
from 0. 0001: 19Forapdam ¢orglamemsy of r §hYvene and, as:(rethpagrytateremd|y from

25 0.3:1tQ 2: d. host_ _preferabl rom0.9:1.to 1.1:1. Conducting the
polynerizatio%cfxignﬁgﬁﬁggﬂE@ﬁ§m§V§FgH¥n%@grm°ahﬁsééf38i2§t°mersrhaVL“Q
PCT/ US96/ 03308 jgR /so Pt Irdidtanig .t he concentration of transition netal
and ligand such™that the nolar proportion of transition netal compound to
initiator is as | oFurthdérntie,l blSck tapbyymére i whichr eRérbiock®f | i gand
relative to ' ’

5 alternate between polar monomers and non-polar monomers

produced by the present invention are useful amphiphilic
surfactants or dispersants for making highly upiform polymer
blends. Star polymers produced by the present process are
useful high-impact (co)polymers. (For example, STYROLUX™, and
10 anionically-polymerized styrene-butadiene star block
copolymer, is a known, useful high-impact copolymer.)
The (co)polymers of the present invention may have a
number average molecular weight of from 1,000 to 500,000
g/mol, pfeferably of from 2,000 to 250,000 g/mol, and more
15 preferably of from 3,000 to 200,000 g/mol. When produced in
bulk, the number average mclecular weight may be up to
1,000,000 (with the same miniﬁum weights as mentioned above).
The number average molecular weight may be determined by size
exclusion chromatography (SEC) or, when the initiator has a
20 group which can be easily distinguished from the monomer(s) by
NMR spectroscopy (e.g., when l-phenylethyl chloride is the
initiator and methyl methacrylate is the monomer).
Thus, the present invention also encompasses novel block,
multi-block, star, gradient, random hyperbranched and

25 dendritic copolymers, as well as graft or "comb" copolymers.



5 transition netal conpound is generally that which is effective to

pol ynmeri ze the sel ected nononer(s). but can depend upan-the nunber of
coordination sites on the transition nmetal conpound which the sel ected
ligand will occupy. (One of ordinary skill understands the nunber of
coordi nation sites on a given 10 transition nmetal conpound which a
selected ligand w |l occupy.) The amount of |igand may be pgghRddidshasuch
that the r ?3ﬂ¥”’keﬂ coordination sites on the transition nmetal conpound
to (b) coordination sites which the ligand will occupy is fromO0.1:1 to
100: 1, preferably fromO0.2:1 to 10: 1, 1534 npre preferably from0.5:1 to
3:1, and nost preferably fromO0.8:1 to 2:1. However, as is also known in
the art, it BIcROSEItHE thidbeasPEyRElt Xyded o2 BBPOTPhel® AN &8 2 | gand.
For the purposes of this application, a nononer is treated as being (a)

di stinct frodeseridd herieundekuded within the scope 20 of the ligand.
The present polynerization nmay be conducted in the absence of sol vent
("bul k" pol yneri ZBesanpe ATHRedsra Uhbvning’ssolynerizatien, itiicasbbe sol vents

Ly oG e et AR o MALES S, @) e
al kyl g1g0ups oo Y REBt hodied! 2eRhlRE AL VAIHCE1dAaL0gERaD R HlAARY Lo

sol vent s,

initiate a further polymerization. Thus, in one embodiment,
once the first monomer is consumed in the initial polymerizing
step, a second monomer can then be added to form a second
block on .the growing polymer chain in a second polymerizing

10 step. Additional polymerizations with the same or different
monomer (s) can be performed to prepare multi-block copolymers.

Furthermore, since ATRP is radical polymerization, blocks
can be prepared in essentially any order. One is not
necessarily limited to preparing block copolymers where the

15 segquential polymerizing steps must flow from the least
stabilized polymer intermediate to the most stabilized polymer
intermediate, such as is necessary in ionic polymerization.
(However, as is described throughout the application, certain
advantageous reaction design choices will become apparent.

20 However, one is not limited to those advantagecus reaction
design choices in the present invention.) Thus, one can
prepare a multi-block copolymer in which a polyacrylonitrile
or a poly(methjacrylate block is prepared first, then a
styrene or butadiene block is attached thereto, etc.

25 Furthermore, a linking group is not necessary to join the

different blocks of the present block copolymer. One can



WD 96/ 30421 PCT/ US96/ 03302 - 28-
acetonitrile dinethylformanide. mixtures of such solvents,_and

supercritical solvents (such as CJerr], Cerr]-Clerr] alkanes in which any
H may be replaced with F, etc.). The present polynerization may al so be
conducted in accordance with known 5 suspensi on, enul sion and
precipitatign pol ri zation processes. Suitable ethers ingcyaRedgasgaounds
of the formiY% rlOR[err], in which each of Rerr] and Rerr] is

i ndependently an al kyl group of from 1l tQa§._carbon atons which may be
further substituted with 10 a CJerr]-(err]-al koxy group. Preferably,
when one of Rerr] and Rerr] is nethyl, the other of Rerr] and R err] is

al kyl of fromifmply @ddashovess brs moﬁbesrto@a‘m]sxfddé@&)i@bhbtlocfsanpl es
i ncl ude di et hyl ether, ethyl propyl ether, gmopyl et her, methyl t-butyl
ether, di- t tyhleret h§r Sgﬂﬁm F(%Srﬁ?ﬂnox?e@h egomelicgispse aduratageeus) 15

gl ycol dj nmet gt hi %rﬁ i g éd I c ethers include THF and
di oxane. Sui tShiFdTEFoAEPFRT ?\ﬁlr PB ¥UEE| PEATUced RYuFdepBreERBRt ATRRene,
o- xyl ene, eréx! £ ' ' ; S f
curmne. | Sui { BTG ehal oSak EERE TR RELKRECLLEK 4B HtiRsBhan " ORbReS
CH err] G [ er ndsink, 3- di€besewet it atost /Ba8E SeiRfdnt Yited raeBhi £Re 6
times with fluorine and/or chlorine, although one
reactivity of the growing polymer chain with the new monomer).
In such a case, the product polymer acts as the new initiator
for the further polymerization of the additional monomer.

Thus, the present invention also encompasses block

10 copolymers of the formula:

RLLRRRIJC_ (ul) p- (“2) q_x
RURMRVC= (M}) = (M?) .~ (M) ,~X

RURIRIC (ML) ;= (M) o= (M) =+« . = (M*) =X

wherein R, R, R and X are as defined above; M*, M?, M?,...

15 up to M‘ are each a radically polymerizable monomer (as defined
above) selected such that the monomers in adjacent blocks are
not identical (although monomers in non-adjacent blocks may be
identical) and p, q, r,... up to s are independently selected
such that the number average molecular weight of each block is

20 from 1,000 to 250,000 g/mol. After an appropriate end group.
conversion reaction (conducted in accordance with known
methods), X may also be, for example, H, OH, N,, NH,, COOH or
CONH, .



shoul d ensure that the sel ected hal ogenated hydrocarbon sol vent (s) does not
act as an initiator under the reaction conditions. 25 ___ Keys to
controlling the polynmerization reaction may include (1) matching the
reactivity of the groups in the WO 96/ 30421

PCT/ US96/ 03302 -29- initiator (Rerr], Rerr] and R[err}) wi th the group(s)

on the nmononer (Rlerr]-Rerr]), and (2) nmatching the ener ggiusssdsozoond

br eaki ng aNP84#L1f or mi ng i n dormant species (e.g., dormant pol ymer chai ns)
and transition netal species (as discusseglgel sewhere in the 5
specification). Mtching the reactivities of the initiator with the
nononmer depends to sone degree on the radical stabilizing effects of the
substituents. Thushemmerhe RIR'TRIID anoups of Shepiritlakare contpingganat ed

al kene (e.g., ethylene, propylene, vinyl | ori de, et sel ect an

10 al kyl BEFPRR TH! tg=A4R. (t@.egbp%e?%&l’%e&s {“me’e’gé%é %legr‘%ﬁ?éhﬁ[ err]
d - lkyl). On th th hand, if i sh t
and R err] a%géggerﬁéoggéggggga yl) e ot her han I f one wishes to

pol ynmeri ze a % -'stabilized nononmer (e.g., a (nmeth)acrylate,
acrylonitrile or styrene), one may select an initiator which is stabilized
by a simlar group (wherein one '

X- (MZ) q- (Ml) P- (R11R12R11c) - (Ml) R (Mz) q_x
5 X= (M?) = (M?) q= (M") o (RMR?R¥C) - (M)~ (M?) T (M) -X
X= (M) g= o o o= (M) .= (M?) o= (M}) = ("HRVRVC= (M) = (M) = (M) o~ o o = (M¥) =X

wherein R!!, R¥?, R¥, X, M}, M), M,... up to M*, and p, q, ¥,..-
up to s are as defined above.
The present invention is also useful for making

10 essentially random copolymers. By "essentially random"
copolymers, the copolymers are as close to statistically
random as is possible under radical polymerization conditions.
The presént ATRP process is particularly useful for producing

. random copolymers where one of the monomers has one or two

15 bulky substituents (e.g., 1,1-diarylethylene,
didehydromalonate C,-C,, diesters, C,-C,, diesters of maleic or
fumaric acid, maleic anhydride and/or maleic diimides (where Y
is NR* as defined above], etc.), from which homopolymers may be
difficult to prepare, due to steric considerations. Thus, the

20 present invention also concerns a random copolymer of the

formula:

RURVRIC- (M =-M?) - (M?-M') - (M=M?) ;= oo = (MV=MY) =X

or



15 of Rerr], Rerr] and R err] is aryl, heterocyclyl, alkoxycarbonyl,
CN, carboxyamdo (C (=O NRerr]Rerr]]. _etc. ). Such "matchi.ng’ of -
substrtuents on the Initiator and nononmer provides a beneficial bal ance of
the relative reactivities of the initiator and nononer. 20

Preferably, the nononer, initiator, transition netal conpound and |igand
are selected such that the rate of initiation is not |ess pdrisobinsded ti nes
(preferabl ywﬂgfm?‘é’ss than 100 tinmes) slower than the rate of propagation
and/or transfer of the X group to the potymer radical. (In the 25

present application, "propagation" refers to the reaction of a WO

96/ 30421 1imizmis - . . PCT/ US96/ 03302 - 30-

pol yner radical witH#Ra St MY de M " YWOley M MdwTomer (Madlde=% adi cal . )
The present polynerization may be conducted in bulk, in the gas phase
(e.g., by passing the nononmer in the gas phase 5 over a bed of the
catal yst whi gHeP@SRBEERF2Prvi Hud |y axenagChigdined Nedi &rdidlicdkOEopdtymer
ligand), in a seal ed vessel or in an autoclave. Polynerizing may be
conduct ed at akove,P¢r andr M airel differ¥8htrrjdianll@cpelyner pzabbe aldnonexsm O

to 160[err] and nost
{as defined above), and M’ is one of M! and M’ and M¥ is the

5 other of M! and M*. However, p, g, r,... up to s are
independently selected such that the number average molecular
weight of the copolymer is from 1,000 to 1,000,000 g/mol,
preferab{y.from 2,000 to 250,000, and more preferably.frcm
3,000 to 150,000 g/mol. The ratio of (1) the total number of

10 "blocks" of statistically random units to (2) the total number
of monomer units is preferably at least 1:5, more preferably
at least 1:8, and most preferably at least 1:10. The present
random copolymer can also serve as a block in any of the

present block copolymers.

15 Preferably, at least one of M! and M? has the formula:
R! R?
\ /
C=C
{ \
20 R R*

wherein at least one of R'® and R? is CN, CF,, straight or
branched alkyl of from 4 to 20 carbon atoms (preferably from 4
to 10 carbon atoms, more preferably from 4 to 8 carbon atoms),
C,-C, cycloalkyl, aryl, heterocyclyl, C(=Y)R®, C(=Y)NR‘R’ and
25 YC(=Y)R*, where aryl, heterocyclyl, ¥, R®, R®, R’ and R® are as

defined above; and



preferably from80 to 140. The reaction should be conducted 10 for a
|l ength of tinme sufficient to convert at |least 10% (preferably at |east 50%

more preferably at |east 75% and nost preferably at |east 90% of the
nononer to polynmer. Typically, the reaction tine will be from several
mnutes to 5 days, preferably from30 mnutes to 3 days, and nost 15
preferably from1l to 24 hours. Polynerizing may be condu ressure
of from 0. IWP863AMB at npspheres, preferably from1 to 50 a?n%%g?sggpand
nost preferably from1l to 10 atnospheres (al though the pressure may not be
measurable directly if conducted in a sedl LN vessel ). 20 One may

al so conduct a "reverse" ATRP, in which the transition nmetal conpound is in

its oxidized statgs gndl gshgr@Ohy '@ Zidd Qboke;igktiated by, for exanple, a
radical initiator such as azobis(isobutyronitrile) ("AIBN'), a peroxide

such as benzoyl p&:oxndeR) BP®) joined p=y Gormaai greup o he farmpdaogyaoptic
acid or peroxybenzoic acid. The radical WO 96/ 30421
PCT/ US96/ 03302-C(3R) ,i mherat ¥ris asaddfdned aboveitiate "reverse” ATRP in the

foll ow ng fashion;
oo g fashio More preferred monomers for the present include styrene,

5 acrylonitrile, C,~C, esters of (meth)acrylic acid and 1,1~
diphenylethylene.

The present invention is also useful for forming so-
called "star" polymers and copolymers. Thus, where the
initiator has three or more "X" groups, each of the "X" groups

10 can serve as a polymerization initiation site. Thus, the
present invention also encompasses star (co)polymers of the

formula:

(RERIZRI'C) =[ (M) ,=X],
(RIWRIZRI'C) = [ (M) = (M) =X],
15 (R™RIRI'C) = [ (M) = (M) = (M°) ,~X],
(RIVRIZRIC) = [ (M) - (M) - (M) o= . . = (M°) ,=X]),

where R!*', R'?" and R!' are the same as R'', R!? and R! with the
proviso that R!Y, R}?*' and R'? combined contain from 2 to 5 X
groups; X is as defined for the block copolymer above; M:, M?,
20 M),... M* are as defined above for the present block
copolymers; and z is from 3 to 6.
Initiator suitable for use in preparing the present star
(co)polymers are those in which the RMR¥RYC group possesses at

least two substituents which can be "X" (as defined above).



[err] where "I" is the initiator, Merr]Xerr] is the transition nmetal 10

conpound, Mis_the pmononer, and |-MX and MerrlX[err] partici-pate—in
"conventional" or "forward" ATRP in the manner descri bed above. After the
pol ynmeri zing step is conplete, the forned polymer is isolated. The

I solating step of the present 15 process i s conducted by known
procedures,vﬁ?gﬁﬁﬁﬁ conprise precipitating in a suitable secrasseosdoz tering
t he precipitated pol yner, washing the polynmer and drying the pol yner.
Precipitation can be typically conducted +%90g a suitable 20°
Cerr]-Cerr]-alkane or (Jerr]-(err]-cycl oal kane sol vent, such as pentane,
hexane, heptane, cyclohexane or mneral spirits, or_ using a

d err] - al cohoPreferablyy Fhesenspbstituanis are d8ppbicabite d'r’"aﬁ;g’ﬁ-ﬁﬁpéﬁé of

sui tabl e sol vept & Prfiablor LRGSRk WANorhrh! CELAbLR I i dch1AR120°:

m xtures of héxanes, “or methan _ _
PCT/ US96/ 03302insekrt dianip1esi Brbi! &SoweL) PEHrsFeEredniwerfdddrdy F kuigravity
or by vacuumtiltration, in accordance wi th known nethods

type include 2,2-bis(chloromethyl)-1,3-dichloropropane, 2,2~

5 bis (bromomethyl)=-1,3-dibromopropane), a,a’,a"-trichloro~- and
a,a’,a"-tribromocumene, and hexakis (a-chloro~ and a-
bromomethyl)benzene), the most preferred being hexakis (a-
bromomethyl)benzene.

In the present copolymers, each of the blocks may have a

10 number average molecular weight in accordance with the
homopolymers described above. Thus, the present copolymers
may have a molecular weight which corresponds to the number of
blocks (or in the case of star polymers, the number of
branches times the number of blocks) times the number average

15 molecular weight range for each block.

The present invention also encompasses graft or "comb"
copolymers, prepared by sequential ATRP’s. Thus, a
(co)polymer is produced by a first ATRP, in which at least one
of the monomers has a R'-R' substituent which is encompassed by

20 the description of the "X" group above. Preferably this
substituent is Cl or Br. Examples of preferred monomers would
thus include vinyl chloridé, 1= or 2- chlorcpropene, vinyl
bromide, 1,1- or 1,2-dichloro~- or dibromoethene, trichloro- or
tribromoethylene, tetrachloro- or tetrabromoethylene,

25 chloroprene, l-chlorobutadiene, 1- or 2-bromodutadiene, etc.

More preferred monomers include vinyl chloride, vinyl bromide



(e.g., using a Buchner funnel and an aspirator). The polynmer can then be
washed with the solvent used to precipitate the 5 —polymer, if desired.
The steps of precipitating, filtering and washing nay be repeated, as
desired. Once isolated, the (co)polyner nmay be dried by drawi ng air through
t he (co)pol yner, by vacuum etc., in accordance with known nethods

(preferablxﬁ€¥g¥ﬁ§uun). The present 10 (co) pol yner may pegrusvensynzed
r |

and/ or cha ed by size exclusion chronmatography, in accordance with
known procedures. Polyners produced by theopresent process nay be useful in
general as nolding materials (e.g., polystyrene containers) and as barrier

or surface nateriais <aé$, paly nethél 15 net hacryl ate), or PMMA, is
vel | - known i ANERFR ?ﬁé}% e1s PEERRY RS ReT9S8aryyhRy RYAregRNakS kY §nown
produced by t | iscal ! h e uni form
properties th%ﬁhgéﬁiﬁgrSRQ%%§§§§EME$8§%%%£H§?§h§|¥?g ngﬁﬁ%gﬁ§nerization,
Wi ll be nost chibiaprénd Prioze to thacseddnd SrRMNPLUsEAY T O7é  pifimer For
exanpl e, bl ock copol yners of polystyrene and pol yacrylate (e.'g., PSt-PA-PSt
tri bl ock copprpdeced Ly cches Efiristt ATRRDNS ctie dndiedatorers. Pol y(net hyl

met hacryl ate)- polyacrylate triblock copolyners (e.g., PMVA-PA-PMVA) are
useful , ¥ully acr§Fadienteo¥pfRREree ePRRIYAAYSs Capoke- PreducS] usingpdTRRer S

o e LRSI B B Spp BRI B i S RSt LRSS
added. For example, one can prepare a first block (or a
oligomer) of a first monomer, then a mixture of the first
monomer and a second, distinct monomer can be added in

10 proportions of from, for example, 1l:1 to 9:1 of first monomer
to second monomer. After conversion of all monomer(s) is
complete, sequential additions of first monomer~-second
mnonomers mixtures can provide subseguent "blocks" in which the
proportions of first monomer to second monomer vary. Thus,

15 the present invention also encompasses a copolymer of the

formula:
"URVRUC- (M' M) = (M1 M%) = (M0M7,) =L L - (MEMR) - (M, M) X

where R, R?, R" and X are as defined for the block copolymer
above, M! and M? are aifferent radicallyjpolymerizable monomers
20 (as defined above), and a, b, c, d, e, £f,... up to g and h are
non-negative numbers independently selected such that a + b =
c +d= 100, and any or all of (e + £), (g + h) and (i + j) =
100 or 0, wherein the a:b ratio is from 100:0 to 0:100, the

c:d ratio is from 95:5 to 5:95 (preferably from 90:10 to



WD 96/ 30421 PCT/ US96/ 03302 - 33- or
random copol yners _of stvrene and a (neth)acrylate or acrylonitril e my—be————

useful thernoplastic el astoners having high sol vent resistance.

Furt hernore, block copolyners in which the blocks 5 al ternate between
pol ar nononers and non-pol ar nononers produced by the present invention are
usef ul arrphjugmﬁb'g#lsurfact ants or dispersants for nmaki ng hpghossenaszor m

pol ymer bl ends. ar polymers produced by the present process are useful

hi gh-i nmpact (co)pol yners. (For exanple, SIMRO.UX[err], and 10

ani oni cal | y-pol yneri zed styrene-butadi ene star bl ock copolyner, is a known,
useful high-inpact copolyner.) The gﬁgzpolyners of the present invention
may have a nukb@0)av8hghethatceut 2 ghe & andrvhexmord isadleoothenol ,

AR SR S TR NG Qe 1 SN 8 e Ml
mol ecul ar vei giiggTRY A@nURhAL & 200 P « W LR&.&%&JH | g0hS

u h M S
nmentioned above). The nunger aver age nDIecuPér wei gl _naﬁﬂte de ernlneggby
si ze excl usi oje WYKe!, 0ehaPanapSiits Ut tHeCRolhf Fdtid Hagdirvrasirst

S monomer to second monomer in successive blocks may

progressively decrease or increase by 5 (preferably by 10)
such that the e:f ratio is from 5:95 to 95:5 (preferably from
10:90 to 90:10), such that e = ¢ and £ = d, and the i:j ratio
is from 0:100 to 100:0, such that i = e and j = £.

10 Preferably, the proportions of first and second monomers
in subsequent "blocks" vary by at least 10% (e.g., cC =.a + 10
and b = d + 10), preferably by at least 20%, up to 50%, from
the preceding block. In a further embodiment, the relative
proportions of first monomer to second monomer can be

15 controlled in a continuous manner, using for example a
programmable syringe or feedstock supply pump.

When either the initiator or monomer contains a
substituent bearihg a remote (i.e., unconjugated) ethylene or
acetylene moiety, ATRP can be used to prepare cross-linked

20 polymers and copolymers.

Polymers and copolymers produced by the present process
have surprisingly low polydispersity for (co)polymers produced
by radical polymerization. Typically, the ratio of the weight
average molecular weight to number average molecular weight

25 ("M,/M,") is < 1.5, preferably < 1.4, and can be as low as 1.10

or less.



20 group which can be easily distinguished fromthe nmononer(s) by NWR
spectroscopy (e.g., when 1-phenylethy| chloride is thednitiator and nethyl
nmet hacrylate is the nononer). Thus, the present invention al so enconpasses
novel block, nmulti-block, star, gradient, random hyperbranched and 25

dendritic copolyners, as well as graft or "conb" copol yners. WO 96/ 30421
PCT/ US96/ 033%’3-24- Each of the these different types of mRs9¥mIsez w || be
descri bed NQPEEMWELr . Because ATRP is a "l'iving" polynerization, it can be

started and stopped, practically at will_ 4 Eurther, the 5 pol ymer product

retains the functional group "X' necessary to initiate a further
pol ynmeri zation. Thus, in one enbodi nent, once the first nononer is consuned

in-the initial pgesatasezthg “ilipingt Jeo)pdlyven natraicen reftainbenadded to
forma second bl ock on.the grow ng polynmer chain in a second pol yneri zing
10 step. imfdiiatorafrponent ingky W PF Xheas AR 90 GrruRr eAF in

T o R oah s AL AR ARSI RS gEUERLST T
any order. (ﬁﬁi}ﬁié“ﬁhain, they may be considered end-functional or in-
| 5 chain functional (co)polymers. Such (co)polymers may be used
| directly or be-converted to other functicnal groups for
further reactions, including crosslinking, chain extension,
reactive injection molding (RIM), and preparation of other
types of polymers (such as polyurethanes, polyimides, etc.).
10 The present invention provides the following advantages:

-- A larger number and wider variety of monomers can be
polymerized by radical polymerization, relative to
ionic and other chain polymerizations;

- Polymers and copolymérs produced by the present

15 process exhibit a low polydispersity (e.g., M./M, <
1.5, preferably < 1.4, more preferably < 1.25, and
most preferably, < 1.10), thus ensuring a greater
degree of uniformity in the (co)polymer properties;
- One can select an initiator which provides an end
20 group having the same structure as the repeating
polymer units (l-phenylethyl chloride as initiator
and styrene as monomer);
- The present process provides high conversion of
monomer and high initiator efficiency;
25 - The present process exhibits excellent "living"

character, thus facilitating the preparation of



necessarily limted to preparing bl ock copolynmers where the 15

sequential polynerizing steps nust flawfromthe.least stabilized polywer—————
intermediate to the nost stabilized polyner internmediate, such as is

necessary in ionic polynerization. (However, as is described throughout the
application, certain advantageous reaction design choices wll becone

apparent. 2 ver, one is not limted to those advanperresssmizoeacti on
design choices Th the present invention.) Thus, one can prepare a

mul ti - bl ock copolynmer in which a polyacrylpnitrile or a poly(neth)acrylate

bl ock is prepared first, then a styrene or butadi ene block is attached

thereto, etc. 25 Furthernore, a linking group is not necessary to
join the different bl odtleckflcopelymersenhikhochnnopobe marepaded bgnionid¥O
96/ 30421 PCT/ US96/ 03302 -35- sinply

add successi ve nononer PXESeRERAT successi ve bl ocks. Further, it is also
possi ble (and in sone ¢ases _advant ageo I st olate a 0) nmer
produced by the presen% Zﬂﬁ'ﬁreﬁ%f‘gc ‘fﬁ% ttP'SaB ?ﬁ'éé éhrfheﬁhx
ddi t I 5 f t

aadit) onal monomer 5 dé¥iR@adafid ARG unlebrd ﬁgﬁ:@%ﬁaﬁ £ pbehekR

"match" the reactivity of the grow ng pol yner noner)
5 produced by living ionic polymerization;

-=-  End-functional initiators (e.g., containing COOH,
OH, NO,, etc., groups) can be used to provide an end-
functional polymer in one pot;
--  The end functionality of the (co)polymers produced
10 by the present process (e.g., Cl, Br, I, CN, CO,R)
can be easily converted to other functional groups
{e.g., Cl, Br and I can be converted to OH or NH, by
known processes, and CN or CO,R can be hydrolyzed to
form a carboxylic acid by known processes), thus
15 facilitating their use in chain extension processes
(e.g., to form long-chain polyamides, polyurethanes
and/or polyesters); and
- In some cases {(e.g., where "X" is Cl, Br and I), the
end functionality of the polymers produced by the
20 present process can be reduced by known methods to
provide end groups having the same structure as the
repeating polymer units.
Hereinbelow, studies conducted by the present Inventors
on ATRP to investigate the various parameters which affect
25 ATRP will be described. Exemplary experimental protocols will
follow.



In such a case, the product polynmer acts as the new initiator for the
further polynerization of the additional nononmer. Thus, the present

i nvention al so enconpasses bl ock 10 copol ymers of the fornul a:
Rlerr]Rerr]Rerr]CG(Merr])[err]-(Merr])[err]-X
Rlerr]Rerr]Rerr]CG(Merr])[err]-(Merr])[err]- (Merr])[err]-X
R[err]R[err% err C-(I\/[err])[err]-(I\/[err])[err]-(l\/[err])[q,rérb{s&,w]gﬁrein
Rerr] , R P&??” err] and X are as defined above; Merr], err|
Merr],... 15 up to Merr] are each a radically polynerizable nononer (as
defined above) sel ected such that the nonéf#ers in adjacent blocks are not

I dentical (although nononers in non-adjacent blocks may be identical) and

p, g, r,... up to,s ' A | ect C t, the, nunher, aver age
nol ecul ar wei ght %f n@g&* bq?dtg%%q\g'gg%hf’?fﬁarﬁ 1%09}%925561%%%&, Af ter
an appropri aicgnbifled Pih MG HE /8Py CdRdF Ok L XHAUCESUof NBRACCAfIgCe Wi th
known nethods)? i ﬁay al so be, férggxanple, H OH, N[er?], NH[eg??% COCH or
CONH err]. usé® as/&ffiidient model initiator systems for the atom

PCT/ US96/ 03302 -36- Were the Rerr]Rerr]Rerr]C %;oup of the initiator
contai ns a s&X3RETeX TaRiRAl ROFYMErizRtieno )s oknftyEeReone of the

5 (meth)acrylates and other radically polymerizable monomers.

The effects of various parameters in ATRP will be discussed
hereinbelow to provide guidance as to the efficient control of

radical polymerization.

Atom Tranafer Radical Polymerization of Styrene ana

10 (Meth)acrylates Initiated with an Alkyl Halide, R-X, and in
the Presence of CuXx’, Complexed by 2,2’-Bipyridine. Using 1-
phenylethyl chloride (hereinafter "1-PEC1l") as an initiator,
one molar equivalent of Cu(I)Cl as a catalyst, and three molar
equivalents of 2,2’-bipyridine (hereinafter "Bpy") as a ligand

15 {(both equivalents of catalyst and ligand being relative to 1-
PECl) in a model system, the so-called atom transfer radical
polymerization (ATRP) of styrene (hereinafter "St") proceeds
in a "living® fashion at 130°C. Simiiarly, using various
1:1:3 R-X:CuX’:Bpy initiator systems, the atom transfer

20 radical polymerization of styrene and various (meth)acrylates
at different temperatures also affofds the product polymers
with the predicted molecular weight (up to M, > 10%), having
excellent low polydispersity (as low as 1.15; see Table 1

below).



foll ow ng formul as:
-(MerrDlerr]l-(Merr])[er
[err]- (Merr]) [err]-
[err]- (Merr]) [err]
[err]
[err]-.. rr err]
Merr], I\/[e 96'3&)2[1

above. The present
random copol yners.

-X X-

as close to statistically Lerameay
pol ymeri zati on conditions. [RP] prjoceds |
for produci ng random copol | b of tlhe anE
bul ky substituents (e.g., Q. ARE | dghxdlr,
Cerr]-Clerr] diesters, (g STy 9f Ml et
mal ei ¢ anhydri de and/or nm WRErY Y ijs"NR
etc.), from which honopol yj fipullt tq pye
consi derations. Thuswm the | vehtilon di s
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X-(Merr])[err]-
X 5

and p,

-(R[err]R[err]R[err]C—(Iv[err]) [err]-
-X wherein Rerr],
pto Merr],
invention is al so usefdfl -f or
By "essentlally random' copol yners,

d,

r

up to s are as
maki ng 10

(Iv[err])[err] (Rlerr]Rerr]Rerr]Q
(Merrl)I[ el
(Rlerr]Rerr]Rerr]C - El\/terrj]jterr]- (l\/[err]il
(Merr])[err]-...-(Merr])[err]-(Merr])
(Merr]) [err]-(Merr])
Rlerr], Rerr], gertb

e |ned
essentially

t he copol yners are
di cal

arhﬁcularly usefu
s o one or two 15

sa""ﬁumarl c acid,
aB %Ief i ned above),
r&,;due to steric
pnE@Ts a random

e

bromopropionate, 2-EiBBr: ethyl 2-bromoisobutyrate; “calculated according to eq. 1;

bromide, 2-EPNCl: ethyl 2-chloropropionate, 2-EPNBr: ethyl 2-bromopropionate, 2-MP
acetate solution, 50% by volume.

*‘molar ratio of RX/CuX’/Bpy = 1/1/3; *1-PECl: l1-phenylethyl chloride, 1-PEBr: 1-ph




-37- (Rerr]Rerr]Rerr]QO-[
(Merr]-Merr])[err]-(Merr]-Merr])[err]-(Merr]-Merr]),-...-(Merr]-Mer
r])[err]-X where Rerr], Rerr], Rerr] and X are as defined for the bl ock
copol ynmer above, Merr] and Merr] are different radically-polynerizable
nononers (as defined above), and Merr] is one of Merr] and Merr] and
Merr] is the 5 other of Merr] and Merr]. However . upto
S are indeﬁﬂ%ﬂ@ﬁﬂjy sel ected such that the nunber averagegﬁ%@%cu g? wei ght -
of the copolymer is from1,000 to 1,000 0Q0 g/mol, preferably from2,000 to
250, 000, and nore preferably fron13,000 to 150,000 g/nol. The ratio of (1)
the total nunber of 10 "bl ocks" of statistically randomunits to (2) the

total number of mEnamedlinstsativereampllel pfathé eesritrbliedTeharRéeéerap! v

at least 1:8, and nost preferably at least ‘1:10. The present random

copol ymer ca‘l"i"%tlpé‘i??s&fvémagrhha‘bﬂ'b@@ |qstgﬁy.o$wme i @xesensothecopol yners.

15 Rr ef rabl st o ].and er has .t he formul a:

[err] wherei 08 ﬁqgaég gkg ﬂghﬁfgrPTl §¥bNF”%PFéFFPn &trai ght or

branched al k. fs ats p fr 0 carbon
Yo, Eﬂ‘l ét&& 391:1? -Iiﬂﬁ: Eﬂ”’éyé néfé?{ﬂactér}éjf E[Q‘Z]Hfi o

atons, nore preferéb rom4 to cdrbon a | oal kyl ,

aryl, hster csgigdwil), aaa—xw[ 8 rdquisk.JY) Nipher é]:P&féﬁd suifl 199aritiiicY) Rlerr],
wher e aryl, heterocyclyl, Y, Rerr], Rerr], Rerr] and err] are as
defi ned aboxﬁginm plot of in([M]./ [MJ) vs. time ("t", in minutes)
indicates that the concentration of growing radicals is
constant, and that termination reactions are minimal.
Moreover, the experimental molecular weight, M, .,

10 increases with monomer conversion (Figure 4) and matches the

theoretical molecular weight, M, . (Figure 5), as calculated by

eg. 1:

M, = (A[M] / [R=X],) x (MW), (1)

where A[M] represents the concentration of consumed monomer
15 MA, [R-X], represents the initial concentration of 1-PECl, and
(MW), represents the molecular weight of MA. These results
provide evidence that 1-PECl acts as an efficient initiator,
and that the number of active chains remains practically
unchanged during the MA polymerization. Thus, termination and
20 transfer side reactions, if they exist, are not significant.
Both of these results suggest that the ATRP of MA is a
"living" process.
Furthermore, a series of bulk ATRP’s of MA was carried

out at 130°C, using various monomer/initiator molar ratios,



WD 96/ 30421 PCT/ US96/ 03302 - 38-
Rlerr] and Rlerr] are as defined abhave, . o i

forma group of the formula C(=0 - Y-C(=0O, where Y is as defined above.
More preferred nonomers for the present include styrene, 5 acrylonitrile,
Cerr]-Clerr] esters of (neth)acrylic acid and 1, 1- di phenyl et hyl ene. The
pr esent invention s also useful for formng so- called "spefussmsioger s and
copol yners. ere the initiator has three or nore "X' groups, each of
the "X' groups 10 can serve as a polyngfﬁgation initiation site. Thus,
t he present I nvention al so enconpasses star (co)polyners of the formul a:
(Rlerr]"Rerr]"Rerr]"O-[(Merr])[err]-X[err] (Rerr]"Rerr]"Rerr]'C -
[(Merr])[errimipsea~pEEE)y,] 2 aRbonstantt arﬂg]anBVeatiiﬁtflﬂzﬁMw:f mblar

[err]- (h{err])[err] (h{err])[err] X][err]
( R][ )e{ ] i?[ )eqr {?aﬁ%\m '/ M Eighye b reha ghgl[ FP€¥¢13‘(M':3hm11 herr]-...(Me
rr err err ere an err ar.e e sa
Rerr]. Rerr® A AR AR RARAC A Al WA B TN hmr]emi&ﬁa

nb 2,1 5 t
bl ock. copol e a%%‘i&*@"%ﬁg“?“ Yoy 1100 S abRa By) Saf S I°G e Bt
defin

ed gbovejfOsbtdkhdd S%FthePh8fécular weight range of from 1.5 x 10’ to
1.35 x 10°. The slope of the straight line is 0.95, thus
indicating a high initiator efficiency. These results again
support a "living" process of MA polymerization initiated with
1:1:3 1-PECl:CuCl:Bpy.

10 End Gréup Analysis of Polymers Obtained by Atom Transfer
Radical Polymerisation. The nature of the chain ends of low
molecular weight polystyrene synthesized by the ATRP technique
was analyzed by means of *H NMR spectroscopy. Figure 7
presents the 'H NMR spectra of PSt which was prepared at 130°C

15 using 2-chloropropionitrile as an initiator, in the presence
of one molar equiv. of CuCl and 3 molar equiv. of Bpy. Two
broad signals at 4.2-4.4 ppm are assigned to two different
stereoisomers (m and r) of end group a in the anticipated
structure 1. Moreover, two additional broad bands at 0.85 and

20 0.96 ppm in Figure 7 represent two stereoisomers (m and r) of
the end group d.

Comparison of the integration values for the two end
group resonances in the 'H NMR spectrum (Figure 7) shows a 3:1
molar ratio of a and d. This may suggest that the St

25 polymerization was initiated with 2-propionitrile radicals and



copolyners; and z is from3 to 6. Initiator suitable for use in preparing
the present star (co)polyners are _those in which the Rlerr]Rerr]Rerr]C
group possesses at |east two substituents which can be "X' (as defined
above). WD 96/ 30421 PCT/ US96/ 03302
-39- Preferably, these substituents are identical to "X'. Exanples of such

initiators include chloroform carbon tetrachloride, [ins aes8ees from
above]. PreWepsd2L nitjiators of this type include Fom

2,2-bis(chloronethyl)-1, 3-di chl oropropangyg2, 2- 5

bi s(brononet hyl ) -1, 3-di br onopropane), [err]-trichloro- and
[err]-tribronpbcunene, and hexaki s(a-chl oro- and a- brononet hyl)benzene),
t he nost prefwas edfheieant e xdddctiratedowbtietdry |dimodae. amounteohHr esent
copol ymers, each of the blocks may have a 10 nunber average nol ecul ar
wei ght in acshiexine atemst(relphivisotenthe HRIQRIGRICIRLICITMMRS: t he

umber of bl AEESUSF -, FORKE (at < W ERFRRAE o, Ehe BB BEGund iR,
ﬁ;gz ]Egre 2;@%@2 EQLQ{&&,S)e,t'an?%.tshi,pﬂue@ef.ﬁvﬁm%nhSto BBhEF Undupis ght
5 b and ¢, in the backbone of the polystyrene chain at 1.2 ppm
to 2.5 ppnm gavé a molecular weight similar to the one obtained
from the SEC measurement (M, . ~ 2000 vs. M, o ~ 2100),
indicating a quantitative initiation by 2-chloropropionitrile.

This result shows a high initiator efficiency in ATRP.

10 Stersochemistry of Atom Transfer Radical Polymerization.
To better understand the mechanism of ATRP, the
stereochemistry of MMA polymerization was investigated.

The tacticity of poly(methyl methacrylate), PMMA, was
calculated from the 'C NMR of the C=0 group and the guaternary

15 carbon atom, and from the 'H NMR of the a-methyl group. The
e NMR resonances of the C=0 group and the guaternary carbon
atom are recorded in the regions 175-179 ppm and 44-46.5 ppm,
respectively, with respect to the reference peak of CDCl,; at
77.2 ppm. The assignment of the ’C signals was performed to

20 Peat and Reynolds (see Bamford, Reactivity, Mechanism and
Structure in Polymer Chemistr}, Jenkins, A. D. and Ledwith,
A., eds, John Wiley & Sons, London (1974), p. 52; and Peat et
al, Tetrahedron Lett., 1972, 14, 1359).

Figure 8A displays the *’C NMR spectra of the C=O group

25 and the guaternary carbon atom of PMMA prepared at 100°C using



The present invention also enconpasses graft or "conb” copol ymers, prepared

by sequential ATRP's. Thus, a (co)polyner.js_produced by a first--AFRR—#
whi ch at | east one of the nononers has a R err]-Rerr] substituent which is
enconpassed by 20 t he description of the "X" group above. Preferably
this substituent is C or Br. Exanples of preferred nononers would thus

i ncl ude vi n)am%li de, 1- or 2- chloropropene, vinyl bromsiamusbsidasonr

1, 2-di chl or o- br onoet hene, trichloro- or tribronoethyl ene,

tetrachl oro- or tetrabronoethylene, 25 ~gjd oroprene, 1-chl orobutadi ene,

1- or 2-bronodutadiene, etc. More preferred nononers include vinyl

chloride, vinyl brom de WO 96/ 30421

PCT/ US96/ 0330Tethyl 2xkaroppisebykysate |(" 2mMiBBE" he cuBraand $plyydnogehAl £3 (by

Ry e
the initiat ' d
using ATRP. by orEeR ARG HRE Gninde3 SopReR RC Y Tl el T

added. For exgdiieea @1Aseit PAGISAE ihjfdiatorh! ATEN( OrBotr)Isp@etea) afk 2
first nonomer, then a m xture of the first

5 almost identical. Indeed, up to a pentad sequence, PMMAs

prepared using a classic radical initiator such as AIBN or BPO
and various ATRP initiator systems have the same compositions,
within the limits of experimental error (see Table 2 below).
Moreover, the stereochemistry for PMMA prepared by ATRP

10 appears to be consistent with a Bernoullian process, as
indicated by a p value of ~ 1. These results indicate the
presence of the same type of active species in the present
Cu(I)X’~catalyzed polymerization and in conventional free
radical polymerization. The similarities in stereochemistry

15 and regiochemistry observed in the present results are
consistent with the results observed in Bu,SnH-mediated radical
cyclizations and in Cu(I)-catalyzed chlorine transfer
cyclizations reported by others (see (a) Bellus, D. Pure &
Appl. Chem. 1988, 57, 1827; (b) Nagashima, H.; Ozaki, N.;

20 Ishii, M.; Seki, K.; Washiyama, M.; Itoh, K. J. Org. Chen.
1993, 58, 464; (c) Udding, J. H.; Tuijp, K. J. M.; van Zanden,
M. N. A.; Hiemstra, H.; Speckamp, W. N. J. Org. Chem. 1994,
59, 1993; (c) Seiijas et al, Tetrahedron, 1992, 48(9), 1637).

Effect of the Structure of the Initiator on Atom Transfer

25 Radical Polymerization. Table 3 reports the data for the ATRP



nmononmer and a second, distinct nononer can be added in 10 proportions of
from for exanple, 1:1 to 9:1 of first nononer_to secand mmnoner. After
conversion of all nonomer(s) is conplete, sequential additions of first
nononer - second nononers m xtures can provi de subsequent "bl ocks” in which
the proportions of first nmonomer to second nononmer vary. Thus, 15 t he
present i nventl %l so enconpasses a copol yner of the forrpﬂ-ﬁ(,,smsm
R[err]R[err‘F’ﬁ[é’?'ir]f -(Merr]Merr]) - (Merr]Merr]) - (Merr]Merr])
-...-(Merr]Merr]) - (Merr]Merr]) -X wasge R err], Rerr], Rerr] and X
are as defined for the bl ock copol yner above, Merr] and N[err] are

di fferent radlcaJI%#;mﬂynerlzable mononers 20 (as defined above), and a,

b, c, d, e, fof stygFReaf 4348°R E?E“%o‘fﬁ’h‘éﬁ‘ﬁt F\?Emﬁﬁﬁi-)%}%ymmﬁ@hdsnaﬂ-yyl
| ect d h d + f + h
(3 ) Cehbies, et tmdh, GRGD)o8%, Bt Bh Aries il

c:dratiois from95:5 to 5:95 (preferably from90:10 to WO 96/ 30421
PCT/ US96/ 03302 -41- 10:90), such that ¢ < a and d > b, and where
applicable, the e:f ratio is from90:10 to 10:90 (preferably from80:20 to
20:80), such that e < c and f > d, and dependi ng on the nunber



of bl ocks, the endpoints of the nolar ratio ranges of first 5 nmononer to
second nonomer _in _successive bl ocks.nay pragressively decrease—or—i-Refrease———
by 5 (preferably by 10) such that the e:f ratiois from5:95 to 95:5
(preferably from10:90 to 90:10), such that e [err] ¢ and f [err] d, and

the i:j ratiois fromO0:100 to 100:0, such that i [err] e and J [err] f. 10

Preferably, the roportlons of first and second nononers i nt
"bl ocks" va‘?”?9 | east 10% (e.g., ¢ = a [err] 10 and b - d |err] 10),
preferably by at Ieast 20% up to 50% #4m®dmthe preceding block. In a
further enbodiment, the relative proportions of first nononer to second

nononmer can be 15 controlled in a continuous manner, u3|ng for exanple a
programabl e syringe or feedstock su--l cu D. v%en elther"the initiator or

nmonomer contains a subskityen ar [ un(i)nj ugat ed)
et hyl ene or acetyl ene |et, ARRR 6 Bfo par ross-1inked 20
po rouce!d y the present
O
& '1

pol ymers and copol yner | ynegs a q

Table 2

+ ar

process have surpri singty I @ YO % poI r‘fgers produced by
radi cal pol ynerization.gTyqg R1 t2average
nol ecul ar wei ght to nun@er byer 08 i) o Cght® 4 i"Merr]/Merr]")
is [err] 1.5, preferablydqg ‘ % and gs Ig) ax 1210 or |ess.
‘; a : : s
| !
| «c Q2|18 219
! [ -] [ R © (-]
e £33 212
1 HE 3|8
l‘; N I
k :

Ly g ]
+ amre

e e e =

son of Fractions of Pentads, Triads, and Diads in Poly(methyl methacr
Prepared Using Classic Initiators and Various ATRP Initiator Systqns

Compari
—

2-EinBr/CuBr/opy”
Ans'

Initiator system

1-PECL/CuCL/Bpy’
2-Eissr/Cubr/Spy’

1 (%)
)

* Ihe persistence ratio: o = Z(m)(r)/(mr); ° Polymerization conditions: [MWA), = 9.36 N, [1-PECL), = 0.114, [1-PECL),/(CUCL)/Bpy), = 158;
conditions: {MWMA), = 9.36 M, [8PO] = 0.1 N; ° Polymerization conditions: [2-EiBWr], = 0.055M, [1-PECL)y/ICuCl)y/tBpy), = WV/3; ® Polymeriz

= 9.36 W, [AIBN] = 0.1M; * Batada, K. et g3l, Polym. J. 1987, 19, 413.
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Because the "living" (co)polynmer_chains retain_an initjator fragnent
including X or X as an end group, or in one enbodinent, as a substituent
in a nmononeric unit of the polyner chain, they may be consi dered
end-functional or in- 5 . chain functional (co)polyners. Such
(co)polyners ﬁ be used directly or be converted to ot herpchiaiysénaaena
groups for W 1 veactions, including crosslinking, chain extension,
reactive |nject|on mol ding (RIM, and prearati on of other types of

pol ymers (such as pol yurethanes, polyimdes, etc.). 10 The present
i nvention provides the follow ng advantages: -- A larger nunber and w der

variety of mﬁﬁ)rfé’r%iéﬁﬁrbecﬁ‘éﬂlmvl 204 B39RRd; c’é?sl?ﬂﬂty‘ﬁ’ﬁlwzat i[Bhtlﬁ%q’%ﬁ ive

d h
L ounced by AL BRIl AR AOAIYY, o7 o lhAE U 1000hy ™"
pol ydi sper si tyut(&ﬁ:uen%egélé. S¥wd c{:einbkelnéloeéﬁfﬁcﬁm ¥nl 8881 ciok. tdore

preferably [err] 1.25, and nbdst preferably, [erT] , thus ensuring a
great er degr eghefcluniraasferyatom; eN,( ©OPRY! ;ne/opramer t{lm) can(servénas
select an initiator which provides an end 20 group having the

sane -str Bct urettikciant ngpgatpngbi- functional initiators (i.e, providing
high initiator efficiency ("f" > 0.9] and narrow molecular
weight distribution ([e.g., M/M, ~ 1.25-1.5]).

In contrast, simple alkyl chlorides as butyl chloride,
C,H,C1l, and dichlcromethane, CH,Cl,, do not work well with St,

10 giving uncontrolled polymers with unexpectedly high meclecular
weights and broad molecular weight distribution. These
results are very similar to those obtained under similar
conditions in the absence of initiator (see Table 3 below).
These results indicate very poor efficiency of CH,Cl and CH,Cl,

15 as initiators for the ATRP of St.

The results shown in Table 3 may be tentatively
correlated with the carbon-halide bond strength or bond
dissociation energy (BDE). For initiators having a high BDE,
such as CH,C1l and CH,Cl, (see Wang et al, Macromolecules, 1993,

20 26, 5984; and Baumgarten et al, Macromolecules, 1991, 24,
353), the chloride atom transfer from the initiator to Cu(I)Cl
aﬁpears to be very difficult because of the strong carbon-
chlorine bonds. Introduction of an inductive or resonance-
stabilizing substituent into the initiator reduces the BDE of

25 the C=-Cl bond (Wang et al and Baumgarten et al, supra), and

the generation of initiating radicals by chlorine atom



pol ymer units (1-phenylethyl chloride as initiator and styrene as nonomer);
-- The present process provides high.conversign of nononer -ard-htgh.

initrator efficiency; 25 -- The present process exhibits
excellent "living" character, thus facilitating the preparation of WO
96/ 30421 PCT/ US96/ 03302 -43- bl ock

copol ynmers which cannot be prepared by ionic processes; -- periitesiines

pr oduced by‘YﬂW’ésent process are well- defined and highly uniform
conparable to polyners 5 prqggggd by living ionic

pol yneri zation; -- End-functional initiators (e.g., containing COOH OH,
N err], etc., groups) can be used to provide an end- functional polyner in
one pot; -- Thramdfer bwiomesafatylefarde@fifdelipatyreesultingicad alhigh

by the present process (e.g., d, Br, I, CN, CO2R) can be easily converted
to ot her funcinitidtay effdiciengy, amt naBrrow¥WD danthe ATRR aff &t.to OH or
NH2- by known processes, and CN or CJerr]R can be hydrolyzed to

. TABLE 3

Styrene ATRP, Using Various Initiators in the
5 Presence of CuCl (1 molar equiv.) and Bpy (3 molar equiv.)*

134,700
111,500
129,000
10
ccl, 0.047 17,600 15,500 1.30 'I
CH,CH(C1)CN 0.037 | 22,300 22,400 1.35 “
|| CH,CH (C1)CN 0.35 2,280 2,100 1.25 Il
H CH,CH (C1) COOC,Hj 0.038 21,500 20,000 1.45 |
15 I CH,CH (C1) COOC,H; 0.65 1,210 1,290 1.35
CH,CH,C1 0.075 11,000 10,600 1.45
C1CH,CH,CH,C1 0.12 6,890 6,600 1.45

* Conversion of the polymerization: 90%-100%

® calculated based on eg. 1

20 In": Initiator



forma carboxylic acid by known processes), thus 15
facilitating their use in_chain extension processes (e.g., to form

| ong- chai n pol yam des, pol yurethanes and/ or polyesters); and -- In some
cases (e.g., where "X" is C, Br and 1), the end functionality of the
pol ymers produced by the 20 present process can be reduced by

known net hods to Q{Jovi de end groups having the sane struct SAsdsbE
repeati ng p nits. Hereinbel ow, studies conducted by the present

| nvent ors on ATRP to investigate the various paraneters which affect 25
ATRP wi || be described. Exenplary experiﬁ%ﬁfal protocols will follow

WD 96/ 30421 PCT/ US96/ 03302 -44- A

mber of | |
Qu( 1) 1 Bpy, wher o o ¥l gPafdq ote Ting Shatietls SY (ak1dilnp are

initiator systbssrved nd:emormfrmé:ermmwiuml, paty n&s i N tarien MMATRP) of
styrene, 5 (meth)acryl ates and other radically polynerizabl e nononers.
The effects of various paranmeters in ATRP will be discussed

Effect of the Polymer. Structure, M,, and the Polymeric
Halide, M.-X’, on Atom Transfer Radical Polymerigzation. Figure
5 9 illustrates the kinetic plots of the ATRP of three typical
monomers, St, MA, and MMA, using the same initiator system 1-

PEC1/CuCl/Bpy (1/1/3), under the same experimental conditions,
in bulk and at 130°C.

The slopes of the straight kinetic plots in Figure 9
10 allow the calculation of the apparent propagation rate
constants (k**) in the ATRP of St, MA and MMA. Furthermore,
knowing the corresponding thermodynamic parameters, A, and E,,
one can estimate the absolute propagation rate constants at
.various temperatures, k,", and the stationary concentrations of

15 growing radicals, [P’],,, according to equations (5) and (6),

respectively:
R, = =a[M]/at = k,” x M} x [P7], (2)

For each system described herein, [P°],. can be considered

constant. Therefore:

20 -d[M]/dt = k" x (M] x (P’],

and

K x (M) (3)

In([M],/IM]) = k% x ¢t (4)



her ei nbel ow to provide guidance as to the efficient control of radical

pol yneri zation. Atom Transfer Radical Polynerization of styrene—and—1o
(Meth)acrylates Initiated with an Alkyl Halide, R X, and in the Presence of
CuX' , Conplexed by 2,2 -Bipyridine. Using 1- phenylethyl chloride
(hereinafter "1-PEC ") as an initiator, one nolar equivalent of Cu(l)d as
a catalyst,“ﬁﬁgghggee mol ar equi val ents of 2, 2'-bi pyri di nepé&hvosssioambt er
"Bpy") as a 15 (bot h equival ents of catal yst and |igand bei ng
relative to 1- PEC) in a nodel system thg_so-called atomtransfer radica
pol ynmeri zati on (ATRP) of styrene (hereinaT%%r "St") proceeds in a "living"
fashion at 130[err]C. Simlarly, using various 1:1:3 R X CuX :Bpy initiator
systenms, the atomtransfer 20 1nqa€bcallﬁg&3narkgguhgn of styrene and(s)
various (neth)acrylates at different tenperatures also affords the product
polyners with the predicted nol ecul atPigi ghtk,Pke,fo Merr] > 10[err]), (6)
havi ng excell ent | ow pol ydispersity (as low as 1.15; see Table 1 bel ow).

WD 96/ 30421

PCT/ US96/ 03302 '45rébi§”J]

shows the kinetic data and estimated
concentrations of growing radicals in bulk ATRP of St, MMA,
5 and MA initiated with 1-PEC1l/CuCl/Bpy (1/1/3) at 130°C. The

concentration of growing radicals decreases in the order

[Py ] > [P e = (Pl

TABLE 4

Kinetic Data and Estimated Concentration of Growing Radicals
10 (P°], for Bulk ATRP of St, MA, and MMA Initiated with
1-PEC1/CuCl/Bpy (1/1/3) at 130°C

Monomer Ma MMA st
[1-PEC1], 0.038 0.038 0.038
{mol/1)
15 l [M], (mol/l) 11.1 9.36 8.7
k,"» 130°C 14,.1¢ 3.17° 6.87°
(10° mol/l s!)
k2, 130°C 3.14 5.83 1.35
(10" s°Y)
20 (P} 0.22 1.84 0.19
(10°7 M) ’

*: In K, = 18.42 - (3574/T), see Odlan, G. Principles of
Polymerization, Wiley-Interscience, New York, 1991;
®: In K, wo = 14.685 - (2669/T), see Hutchinson et al,

25 Macromolecules, 1993, 26, 6410; °: 1n Kk, o = 16.786 - (3204/T),
see Hutchinson et al, supra.
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an illustrative exanple of the controlled character of the.ATRP of
(meth)acrylic esters, Figure 3 presents the kinetics of nethyl acrylate
("MA") bul k polynerization at 130[err]C, initiated with 1-PEC in the
presence of Cu(l)d (1 5 equiv.) and Bpy (3 equiv.). The straight

sem logarithmc kinetic plot of In([M[err]/[M) vs. tinepcriusesdsspam nut es)
i ndi cates YR concentration of growi ng radicals is constant, and that
termnation reactions are m ni mal . Mbr eovgf. t he experinmental nol ecul ar

wei ght, Merr], 10 I ncreases with nononer conversion (Figure 4) and

mat ches the theoretical nolecular weight, Merr] (Figure 5), as cal cul ated

by eq. 1: Merr] =megpetréf \hé trandieer Atom x(Ldd¥imy Goup) , X/, on Atdml)
where [err][M represents the concentration of consunmed nononer 15 VA,
[R-X][err] r&neasfarsRadicaljRelymerdgatieonat i Hinas thepatpm transfey [err]

e re rovi,de evi dence t hat

| eBresents the mlbecLBletel e Yhollioell PSSP HRABVLGE, Sy dolcr et
[gm‘ zzt FL?}C?@ iny YACRANOCT 1QULENGep e dd Ry BhE' 8LV Y XU, x-,
5 will strongly affect control of the atom transfer reaction.

From Table 5, it can be noted that ATRP is essentially
faster when X is bromine as compared to when X is chlorine.
This can be explained by the presence of more growing radicals
in the polymerization process when X is bromine as compared to

10 when X is chlorine.

The effect of the leaving group, X, on the living
character of the polymerization is also significant. For
instance, in MA polymerizations at 100°C using the same molar
ratio of initiator/CuX’/Bpy and the same initiating radical,

15 ethyl propionate, at high monomer conversions (e.g., > 50%)
the experimental molecular weight, M, ..., and is very close to
the theoretical molecular weight, M, ., when X = X’ = either Br
or Cl. However, at relatively low conversions (e.g., < 50%),
the discrepancy between M, ., and M, ., is much larger when X =

20 X’ = C)l ("Cl ATRP") as compared to when X = X’ = Br ("Br
ATRP") (see Figures 10 and 11).

Moreover, the polydispersity of resulting polymers
obtained by Cl ATRP is usually larger than the polydispersity
obtained by Br ATRP {e.g., an M//M, of 1.15-1.35 vs. 1.30-1.50;

25 see Figures 10 and 11).



20 transfer side reactions, if they exist, are not significant. Both of
t hese—tresults—suggest—that the ATRR of. Ml lcs g |iving” process..
Furthernore, a series of bulk ATRP's of MA was carried out at 130[err]C,
usi ng various nononer/tnitiator nolar ratios, WO 96/ 30421

PCT/ US96/ 03302 -47- [MA][err]/[1-PEC ][err], and a constant

| i gand/ cat al Initiator nolar ratio of 3/1/1. Figure 6 SW,%%?
correlation a(@tgélliudghtexperi mental nol ecul ar wei ghts, Merr], wth't 3g2

t heoretical nolecular weights, Merr] calculated by eq. (1). A linear plot
5 I's obtained in the nol ecul ar weight range of from1.5 x 10[err] to
1.35 x 10[err]. The slope of the straight=84=-ne is 0.95, thus indicating a
high initiator efficiency. These results again support a "living" process
of MA polynerization initiated with 1:1:3 1-PEC : Cud : Bpy. 10 End
group Anal ysis of Polynmers Ootai ned by Atom Transfer Radi cal

Pol yrmeri zation. The nature of the chai nT8BEE ®f | ow nol ecul ar wei ght

pol ystyrene synthesi zfge hiedade 6f REhd ARAVIAYGHRp, AR yH eXlinutissans of

H VR t . a t f PSt
CHEOS S A e bt

Mononmer T, °C ATRP k,app kp®° [P®]
1g-§ 3-1 ln:mgl t] ;g-! !2] t:

MMA 80 Cl ATRP - 1.71 1.24 13.8
Br ATRP > 3.52 1.24 —28.4

MA 80 Cl ATRP b 4.01 -
Br ATRP ~ 1.28 4,01 3,19
100 Cl ATRP 1.45 6.89 2.10
Br ATRP 3.47 6,89 5,02

st 80 Cl ATRP b 2.23 .
Br ATRP ~ 1.45 2.23 6.50

* 1 - PEC1 and 1 ~ PEBr were used as initiators for Cl and Br
ATRP, respectively, [1 - PEX], = 0.1M, and {1 - PEX], / [CuX],
/ [BpYl, = 1/1/3; ® no polymer can be detected in 40 hrs.

SUBSTITUTE SEET (RULE 26)



15 using 2-chloropropionitrile as an initiator, in the presence of one
nmol ar equiv. of CuCd and 3..mplar equiv. of Bpy. Two braad signals at
4.2-4.4 ppmare assigned to two different stereoisomers (mand r) of end
group a in the anticipated structure 1. Mreover, two additional broad
bands at 0.85 and 20 0.96 ppmin Figure 7 represent two stereoi sonmers (m
and r) of the end group d. Conparison of the integration V@hifSeé:362 t he two
end group r¥O3MMees in the [err]H NVMR spectrum (Figure 7) shows a 3:1
nolar ratio of a and d. This may suggest_ghat the St 25 pol ymeri zati on
was initiated wwth 2-propionitrile radicals and WO 96/ 30421

PCT/ US96/ 03302 -48- was efficiently deactivated with an equi nol ar anount of
chlorine atons (refséet of dhsheCohepntrativiig idfe theoCphpoidntn 431

conparison of the integration of the end groups wi th phenyl groups, e, at
6.5 ppmto 718ipM°arﬁV§%t ReX/GUE/BRY, n AtomnEransferiRBadisadbone of

Lot he tne oBPLYRERLTREIRR " REBFRRECtS FEAR & WRSFPT Uhatroranding of) |

2100), i ndi cahhNgrRe Wt dr ¥, nb"bbbEtO bk CBRBLABRERT ANt | ©

5 initiator system compositions on the kinetics and the living

character of p'olymerization were investigated.

As discussed in the previocus sections, the slope of the
kinetic semilogarithmic anamorphoses allows the calculation of
apparent rate constant k,?, and thus the external orders in

10 initiator, catalyst, and ligand, can be determined:
k' = d(In[M])/dt = k{RX]," x [CuX]," x {Bpyl,* (7)
and
In(k,**") = 1n(k) +..x1n([RX]°) + yln([CuX],) + zln([Bpy]l,) (8)

The plots of 1In(k*?) vs. In([1-PECl],), 1n(k/j*®) vs.

15 In([{CucCl},), and 1In(k,**") vs Iln([{Bpy], for St ATRP in bulk at
130°C are given in Figures 12A-C. The fraction orders
observed in these graphs are approximately 1, 0.4, and 0.6 for
[1-PECl),, [CuCl},, and [Bpy],, respectively. The first order
of k)" in initiator, [1-PECl),, is expected. However, since

20 the systems studied were heterogenous, it is difficult to give
precise physical meanings for 0.4 and 0.6 orders in [CuCl], and

[Bpyl,, respectively.



This result shows a high initiator efficiency in ATRP. 10

stereochenm stry of Atom Transfer Radical Polyoerization. To hetter
understand t he mechani sm of ATRP, the stereochem stry of MVA pol ynerization
was investigated. The tacticity of poly(nmethyl nethacrylate), PMVA, was
calculated fromthe [err]C NVR of the C=0 group and the quaternary 15
carbon atom §gg {Eonlthe [err]H NVR of the [err]-nethyl grgcmuseseddsz[err]C
NVR r esonancy he C=0 group and the quaternary carbon atom are recorded
in the regions 175-179 ppm and 44-46.5 ppuogglespectively, with respect to
the reference peak of CDCl3 at 77.2 ppm The assignnment of the [err]C
signals was perfornmed to 20 Peat and Reynol ds (see Banford, Reactivity,
Mechani sm and Struwhgreffenﬁkﬂqﬁn&heChembesiyioﬁbﬂdd the Aomponants Lagiwi t h,
A., eds, John VVIeg & Sons, London (1974), p. 52; and Peat et al,

Tet rahedron Ldfitiatep system ppfhe Riying ‘B‘N’Eﬂ%ﬁﬂraﬁ the abeyet NMVR

Spect 18 Ol | TRgSERiBRA e or delhBRa IHRlELIT dr¥eRR 28RS T Wés

prepared at 1
PCT/ US96/ 03302 eafi O£ 8R! #¥ m?e A TRhsEBUAYEEAE €0 3 r.]%ga bni FEIne e

a 1/1/3 nolar ratio, and Figure ‘8B di splays the [err spectra o
5 of [CuCl], on the initiator efficiency and the molecular weight

distribution. Indeed, even in the presence of 0.3 molar
equiv. of CuCl relative to 1-PECl, the experimental molecular
weight, M, ., still linearly increases with monomer conversion
and is close to the theoretical molecular weight obtained by

10 means of egq. 1 (Figure 13A). The similar results are also
found for MA (Figures 5 and 14). These findings suggest that
in ATRP, the CuX acts as a catalyst and the addition of
catalytic amount of CuX complexed by Bpy is sufficient to
promote a controlled ATRP, even in these heterogeneous

15 | systems.

Transition Metal Catalysod-hﬁon Transfer Radical addition
and Transition Metal Catalyzed-Atom Transfer Radical
Polymerization. As described above, atom transfer radical
polymerization, ATRP, can be considered as a succession of

20 consecutive atom transfer radical additions, ATRA’s. The
prerequisiﬁe for a successful transformation of transition
metal catalyzed-ATRA to transition metal catalyzed-ATRP is
that a number of polymeric halides, M -X, can be effectively

activated by M," (Fig. 2). Present work demonstrates that a



C=0 group and the quaternary carbon atom of PMVA prepared using a classic
radical initiator, AIBN. Both spectra are 5 __alnost jdentical. |ndeed,
up to a pentad sequence, PMVAs prepared using a classic radical initiator
such as AIBN or BPO and various ATRP initiator systens have the sane
conpositions, within the imts of experinental error (see Table 2 bel ow).

Mor eover, e eochem stry for PWA prepared by ATRP lpe~pusdidlepfg’s to be
consistentaée%égﬁisBernoulIian process, as indicated by a p va?ue o? ~ 1.

These results indicate the presence of thepsane type of active species in
the present Cu(l)X -catal yzed polynerization and in conventional free
radi cal polynerization. The simlarities in stereochemstry 15 and
‘regi ocheni st P (Eh&ER (B Thasede reRescProress ins thecpresence off Brvt ikanhe

results obser | r nH medi at ed radi cal cyclizations and in
Cu(l)-cataly?égggkgdgﬁhg 4%%%#6” cyclizations reported by others (see (a)

Bel lus, D. P BT AT - . U
20 STsni, M B Rah e T Eon R geeioh g e SHERh op

464; (c) Uddithg, ménomerid @dductl. RIM=-F) ; it QJoodardcaxcél léht Arielldscysi r a,
H.; Speckamp, W N. J. Og. Chem 1994, 59, 1993; (c) Seijas et al,
Tet r ahed on, tR80ATRA MIHCESE;3 PrIaniccchemistshofSenuusereitiiex &)l ni ti at or

on Atoanransfgn 25 Rachah ol ynerizatign. . Table 3 reports the data
for the ATRP2C ivated organic halogens as radical sources, (2) terminal

alkenes without resonance-stabilizing substituents or (3) both
activated organic halogens as radical sources and terminal
alkenes without resonance-stabilizing substituents (see (a)

10 Bellus, D. Pure & Appl. Chem. 1985, 57, 1827; (b) Nagashima,
H.; Ozaki, N.; Ishii, M.; seki, K.; Washiyama, M.; Itch, K. J.
Org. Chem. 1993, 58, 464; (c) Udding, J. H.; Tuijp, K. J. M.;
van Zanden, M. N. A.; Hiemstra, H.; Speckamp, W. N. J. Org.
Chem. 1994, 59, 1993; (c) Seijas et al, Tetrahedron, 1992,

15 48(9), 1637; (d) Nagashima, H.; Wakamatsu, H.; Ozaki, N.;
Ishii, T.; Watanabe, M.; Tajima, T.; Itoh, K. J. Org. Chenm.
1992, 57, 1682; (e) Hayes, T. K.; Villani, R.; Weinreb, S. M.
J. Am. Chem. Soc. 1988, 110, 5533; (f) Hirao et al, Syn.
Lett., 1990, 217; and (g) Hirao et al, J. Synth. Org. Chen.

20 (Japan), 1994, 52(3), 197; (h) Xgbal, J; Bhatia, B.; Nayyar,
N. K. Chem. Rev., 94, 519 (1994)). Under such conditions, the
further generation of free radicals, R-M", is kinetically less
favorable, since R-M-X is much less reactive than R-Y towards
the transition metal species, M, (Fig. 1).

25 From the results described herein, the following

parameters appear to be important to promote the successful
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styrene at 130[err] C using vario | | |
Cu(l)d (1 nolar equiv.) and Bpy (3 nolar equiv.) WO 96/ 30421

PCT/ US96/ 03302 - 51 - [err] WD 96/ 30421

PCT/ US96/ 03302 -52- as initiator, catalyst, and ligand, respectively.
Initiators QMN &gugpssess ei ther inductive or resonance- stp®irtisoéiosn?2
substituents ee.g., two or nore hal ogen atons in addition to the C
transfer atom CN, COCR, and/or aryl [Phl)jican serve as 5 ef ficient
nono- or bi- functional initiators (i.e, providing high initiator
efficiency ["f" > 0.9] and narrow nol ecul ar weight distribution [e.qg.,
Merr]/M errtransfogmation of ATRA to ATRP. First, the use of suitable

ligands (e.g., Bpy, P(OEt),) increases the solubility of the
transition metal compound e.g., CuX) by coordination, can
facilitate the abstraction, of a halogen atom from the

5 initiator, and more importantly, can facilitate abstraction of
the transfer atom or group from the dormant polymeric halide,
R-M,-X, with the formation of initiating and growing radicals
(Fig. 2). Secondly, as demonstrated in Table 3, the presence
of either inductive or resonance stabilizing substituents in

10 the initiator are beneficial for generating initiating
radicals, R°, in growing PSt and PMMA chains. Finally, in
practice, the use of a high polymerization temperature is
beneficial, particularly for Cl ATRP (Table 5). In fact, many
ATRA processes also appear to use rather high temperatures.

15 Prior to the present invention, RuCl,(PPh,), was known to
promote only the monomeric addition of CCl, to alkenes. Very
recently, it was reported that RuCl,(PPh,), induced the
controlled radical polymerization of MMA at 60°C in the
presence of methylaluminum bis(2,4-di-tert-butylphenoxide)

20 (Sawamoto et al, Macromoclecules, 1995, 28, 1721). However,
the present inventors observed that at high polymerization
temperatures (e.g., 130°C, a number of radically polymerizaple
monomers undergo ATRP in the absence of methylaluminum
bis(2,4-di~-tert-butylphenoxide) or other such activators. As

25 a result, one may increase polymerization temperature (rather

than include methylaluminum bis(2,4-di-tert-butylphenoxide) or



In contrast, sinple alkyl chlorides as butyl chloride, Cerr]Herr]Cl, and
di chl oronet hane, CHerr]d[err], do not work well wth St, 10 gi vi ng
uncontrol | ed polymers with unexpectedly high nol ecul ar wei ghts and broad
nmol ecul ar wei ght distribution. These results are very simlar to those
obt ai ned under simlar conditions in the absence of initiator (see Table 3

bel ow). The J&éiﬂ ts indicate very poor efficiency of (epggibdsnased
CH[err]CJ[eﬁﬁH as initiators for the ATRP of St. The results shown in

Table 3 may be tentatively correlated w tbgihe carbon-halide bond strength
or bond dissociation energy (BDE). For initiators having a high BDE, such
as CJerr]Herr]d and CHerr]C[err] (see Wang et al, Macronol ecul es, 1993,
20 26, 598dthendadhivakon)c@scd meansiteg mniiancel the teitivity 2E3Nesshe
chloride atomtransfer fromthe initiator,to Cu(l)d appears to be very
difficult becHB3€ bYet?ﬂ?@ﬂ%ﬂiﬁg°€aPBE¥Fe¥ﬁﬂ(ﬂq¥%§3§oﬁﬂgar4$nﬁﬁﬁﬂﬁiﬁh9¢ of an

duct {1at d
the BDE of 2snSteinEbceist e Eydnestention Y ordhBabPioh draditala oy T
and the gener ghigsa Of i Nid iF¥dsibleathas! £n RetdVaRbr"Raf! PéRd ta/\Q UnlaFiga21
PCT/ US96/ 03302 - 53-
5 in the polymerization mechanism.

Radical Addition vs Coordination Imsertion. Regarding
the mechanism of ATRP, the important question. to be answered
is whether the ATRP really involves radical intermediates
during polymerization.

10 The generation of radical intermediates by reacting some
transition metal species, including salts and/or complexes of
copper, ruthenium, iron, vanadium, niobium, and others, with
alkyl halides, R-X, is well documented (see (a) Bellus, D.
Pure & Appl. Chem. 1985, 57, 1827; (b) Nagashima, H.; Ozaki,

15 N.; Ishii, M.; Seki, K.; Washiyama, M.; Itoh, K. J. Org. Chenm.
1993, 58, 464; {c) Udding, J. H.; Tuijp, K. J. M.; van Zanden,
M. N. A.; Hiemstra, H.; Speckamp, W. N. J. Org. Chem. 1994,
59, 1993; (c) Seijas et al, Tetrahedron, 1992, 48(9), 1637;
(d) Nagashima, H.; Wakamatsu, H.; Ozaki, N.; Ishii, T.;

20 Watanabe, M.; Tajima, T.; Itoh, K. J. Org. Chem. 1992, 57,
1682; (e) Hayes, T. K.; Villani, R.; Weinreb, S. M. J. Am.
Chem. Soc. 1988, 110, 5533; (f) Hirao et al, Syn. Lett., 1990,
217; and (g) Hirao et al, J. Synth. Org. Chem. (Japan), 1994,
52{3), 197; (h) Igbal, J; Bhatia, B.; Nayyar, N. K. Chen.

25 Rev., 94, 519 (1994); and Kochi, J.K., Organometallic



transfer becones facile and efficient, resulting in a high initiator

ef fLci in the ATRP of St TABIE 3 Styrene ATRP, _Using
Various Initiators in the 5 Presence of CuC (1 nolar equiv.) and Bpy
(3 molar equiv.) [In'][err] Initiator (10[err] M Merr]

Merr] Merr]/Merr] - - - 134, 700

1. 95 ( err] Hyg'obhdah1 0. 082 10, 000 111,500  peTushsdizo2
CHerr]d [err? 0. 085 9, 700 129, 000 2.20 10

CHC13 0. 040 20, 500 21, &~ 1.45 CC14 0. 047
17, 600 15, 500 1.30 CH err] CH(C)CN 202g87 gZiggo

22,400 1.35.CH.err] CH , .3 \ : :

1.25 CH err] CH( ]er?f'fff%%%ws' 8."638’“" Prasgndlev Yorkp @8@8. and

65 , 290
138 Glorr] H ot B ere) & o R0 horeoyePl ft i apgbyfidun thae ja°

C CH err] C er ri Mransli€ibar né€dl spedleb2based redod%hitiators,68Qch as 1. 45
Conversion of the polynerization: 90% 100% b cal cul ated based on eq. 1 20
In: InitiatorMo(C0)s/CHCL,, Cr(CO),/CCL,, Co,(CO),,/CCl,, and Ni[P(OPh),],/CCl,,
- 5 promote radical polymerization (see Bamford, Comprehensive
Polymer Science, Allen, G., Aggarwal, S. L., Russo, S., eds.,
Pergamon: Oxford, 1991, veol. 3, p. 123). The.participation of
free radicals in these redox initiator-promoted
polymerizations was supported by end-group analysis and direct
10 observation of radicals by ESR spectroscopy (see Bamford,
Proc. Roy. Soc., 1972, A, 326, 431).

However, different transition metal species may act in a
different manner. They may induce an atom transfer reaction
or provide a source of metal-complexed radicals or even

15 initiate a catalytic cycle that does not involve radical
intermediates (Curran et al, J. Org. Chem. and J. Am. Chen.
Soc., supra).

In fact, several examples using additives such as CuX, a

catalyst suitable for the present invention, reported

20 previously showed that the reactions between some
pelyhaloalkanes, e.g., CCl,, and alkenes exceptionally lead to
exclusive 1:1 adducts in many cases (Bellus, supra). The
authors argued that, if radical addition were the case, a
considerable amount of telomer formation would be expected

25 even at high organic polyhalide/alkene ratios. Thus, they
questioned whether Cu(I)Cl cleaves the carbon-halogen bond by
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nmust be pointed out here that the same conclusians are observed for ATRP of
ot her nmononers, such as MA and MVA. Effect of the Polyner. Structure,
Merr], and the Polyneric Halide, Merr]-X, on Atom Transfer Radica

Pol ymeri zation. Figure 5 9 illustrates the kinetic plots of the ATRP of:
three typicgly ???ers, St, MA, and MVA, using the sane i npétydéseszeystem 1-
PECI / Cud / Bpy % 3), under the sanme experinental conditions, in bulk and
at 130[err]C. The slopes of the straight keaetic plots in Figure 9 10

al l ow the cal cul ati on of the apparent propagation rate constants (k[err])

In the ATRP of_ St 'N%Band .. Furthernore, know ng the correspondi ng
t her modynani ¢ A%, AR R f%’,‘s%\@r‘ﬁ“&ﬁﬁ Efe??'?e,“(ﬁ?e %&grEgPi rRdicahangdhaol ut e
propagati on r g IeyNspesiss Alr " 'z@SErtW %rgﬁsi K{:ﬁ-ﬂéi&ﬁ{ég? rc}i,g%ge

stationary concentrations of 1 romng ra [err
according to egugenenatéel uIIIG) specieecs i (gl 18)er £l FowéH dt =
k[err] x [M x [P][err] (2) For each system described herein
[Plerr]][err] ingsertionoptithe alkemesinho. tiidaragbonecoffer (III) o-bdhb] Ada =

:(L?H/} [)(;r ]N} [ X g{g{ l&fetrlé(]ttr:ans[f%rrr ](rédtgclz\@iv% g)linination) (é%l)thar;d new

Cu(III) specieé 3 formed.

In sharp contrast to previous observations, the present
invention shows that the polymerization of alkenes occurs when
halide initiators, including ccCl,, are used with cuXx complexed

10 by Bpy as a catalyst. The uncomplexed CuX species may not be
powerful enough to abstract the halogen atom from the 1:1
monomeric adduct to promote . atom transfer radical
polymerization. As described below, the polymerization of St
initiated with 1-PECl/CuCl without ligand is an ill-

15 controlled, thermally self-initiated polymerization.

Moreover, the similarities in stereochemistry of the
polymerizations of MMA initiated with classic radical
initiators and various initiator/CuX/Bpy systems (Table 2)
suggests that a putative insertion process (Fig. 16) can be

20 rejected. Although metal coordinated radicals (Fig. 17) may
be involved in the polymerizations of alkenes initiated with
the R-X/CuX/Bpy system, a simple radical process is most
probable (Fig. 2). The participation of the free radical
intermediates is also supported by the observation that

25 addition of 1.5 molar equiv. of galvinoxyl (relative to 1~

PECl) effectively inhibits polymerization, and no styrene
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I n(k[err]) = In(Alerr]) - (Eerr]l/RD (5. Rerr}errd—
K[EerrJTK[err] (6) Table 4 shows the kinetic data and
estimated concentrations of growing radicals in bulk ATRP of St, MVA, 5
and MA initiated with 1-PEC/Cud /Bpy (1/1/3) at 130[err]C.  The
concentratlon of growi ng radicals decreases in the order [ Fgcayusbérsso P[err]

[Plerr]]. % Kinetic Data and Estinmated Concentration of G ow ng
Radicals 10 [Plerr]], for Bulk ATRRLf St, MA, and MVA Initiated
with 1-PEC /Cud /Bpy (1/1/3) at 130[err] C Mononer VA
MVA St [1-PEC ][err] 0. 038 0. 038

0. 038 (nol /1)pdbymerizatilonewad (.nﬂl:iaﬂged with 14BPEQl/CuCl/Bpy (2/383)

8.7 k[err], 130[err]C 14. 1 3.17[err]

6. 87[err] (10[ $EERiMAY hogrspr | FuR %—'al? |evifsoce, fpr the presgnge of radical
5.

1ngérmeéxé¥g§’ L i&ﬁg 1g the fact that the monomer reactivity
ratios for ATRP random copolymerization resembles the monomer
5 reactivity ratios for classical radical polymerization
processes (i.e., Yy, = 0.46/r; = 0.48 for ATRP at 100°C
initiated with 2-EiBBr/CuBr/Bpy, and r,, = 0.46/r, = 0.52 for

radical polymerization initiated with BPO at 60°C).

Atom Transfer Radical Polymerization vs. Redox Radical
10 Telomerigation. It is well known that radical telomerization
can be initiated by a transition metal species-based redox
catalyst. The mechanism is generally described as shown

below:

scheme 2
15 Initiation:
RCC1l, + M,* —> M,™Cl + RCCl,"

RCCl,” + M —> RCC1,M’

Propagation:
RCC1.M,° + M —> RCCLM,,,~

20 Chain Transfer:

RCC1,M,” + RCCl, —> RCC1,M Cl + RCCl,’



20 [Plerr]] 0.22 1.84 0.19
(10[err] M [err]: In k[err] = 18.42 - (3574/T), see Odlan, G Principles
of Polymerization, WIey-Interscience, New York, 1991; b: In k[err] =
14.685 - (2669/T), see Hutchinson et al, 25 Macr onol ecul es, 1993, 26,

6410; [err]: In K[err] = 16.786 - (3204/T), see Hutchinson et al, supra.
WD 96/ 30421 PCT/ U é%g 5 D6-
Ef fect of MPPo#P3ster Atom (Leaving G oup), X, on Aton???gﬂs e%wﬁadica

Pol ymeri zation. Since the atomtransfer process reflects the strength of
the bond breaking and bond forming in MEePPT-X, it is expected that the

| eaving group, X, 5 will strongly affect control of the atomtransfer
reaction. Fr agrhakheién: it can be noted that ATRP is essentially faster
when X is brom ne as conpared to when X is chlorine. This can be expl ai ned
by the presence of norRCQkMyi mgM“dgilceds RCCIMsCYHai WEri zati on process when
X is bromne as conpared to 10 when X is chlorine. The effect of the

| eavi ng group, X, on the living character of the polynerization is also

significant. FOr mp.. sundamental differences between ATRP and redox

radical telone;ization are as follows. In ATRP, the polymeric

5 halides, R-M,-X, behave as dormant species (Fig. 2). They can
be repeatedly activated by transition metal species, M.", to
form the growing radicals, R-M,", and oxidized transition metal
species, M.™!, which can further react with R-M  to regenerate
R-M,-X and M,", i.e., a reversible transfer process.

10 Contrary to ATRP, redox radical telomerization represents
a degradative transfer process, in which the resulting
polymeric halides, R-M,-X, are dead chains (see Scheme 2
above). Consequently, the molecular weight obtained in redox
radical telcomerization does not increase with the monomer

15 conversion, whereas the molecular weight increases linearly

with increasing monomer conversion in ATRP.

Factors Affecting Atom Transfer Radical Polymerization.
{a) "Living"/Controlled Raﬁical Polymerization. To better
describe controlled ATRP, a discussion of some general
20 properties for "living"/controlled radical polymerization is
in order.
Free radicals, which are the growing species in radical
polymerization, are highly reactive species. Unlike anions or

cations, they recombine and/or disproportionate at rates



I nstance, in MA polynerizations at 100[err]C using the sane nolar ratio of
initiator/CuX /Bpy and the sane initiati ' . '

at high nononer conversions (e.g., > 50% the experinental nolecular
weight, Merr], and is very close to the theoretical nolecul ar wei ght,
Merr], when X = X = either Br or . However, at relatively |ow
conversionsvéi$ l< 50%, the discrepancy between Merr], perrdsdsfossoz] is
much | arger éﬁmR = 20 X =d ("d ATRP') as conpared to when X = X' =
Br ("Br ATRP") (see Figures 10 and 11). Mgeover, the polydispersity of
resulting polynmers obtained by d ATRP is usually larger than the

pol ydi spersity obtained by Br ATRP (e.g., an Merr]/Merr] of 1.15-1.35 vs.
1.30-1.50; 25 appraaehkEngutivs diFfasdohlontrol¥edd/indé2ti.e., k., of about

PCT/ US96/ 03302 -57- TABLE 5 The Effect of the Leaving Goup, X, on Kinetics
of ATRP at Di f&relt " e brawiissd" igpmeskrhigherethpr the comxmgpondingrr] app
gg[err] a k-@ﬁ%%ral;]atigéé%ie 3»‘.[0%%%£t19£%f ]1%213/-110’1‘9 [MQ{.FJechP)| ./1 MVA

Moreover, initiation is incomplete due to slow decomposition

5 of classic radical initiator (i.e., k, ~ 10°*¢ sec!). These
are the kinetic reasons why classic radicai polymerization
yields ill-defined polymers with unpredictable molecular
weight, broad molecular weight distribution, and uncontrolled
structures.

10 Moreover, due to the same kinetic reasons, it is
impossible to entirely suppress the termination reactions and
to obtain a living radical polymerization, in which chain
breaking (termination) reactions are absent {Szwarg, Nature,
1956, 176, 1168). Thus, for the sake of the accuracy, we

15 propose the term controlled or "living” radical polymerization
to describe the processes in which the side reactions are not
significant. Conseguently, structural parameters, such as
molecular dimension, molecular weight distribution,
composition, topology, functionality, etc., can be controlled

20 to some extent.

The preparation of controlled polymers in a "living"
radical process requires a low stationary concentration of
growing radicals, M,, which are in a fast dynamic equilibrium

with the dormant species, M,-D:

25 Mn® + D = M-D



Br ATRP - 3.52 1.24 28.4 NMA 80 a ATRP b

4.01 - Br ATRP - 1.28 4,01 3..19 100 a ATRP
1.45 6. 89 2.10 Br ATRP 3. 47 6. 89 5.02 St
80 ad ATRP b 2.23 Br ATRP - 1.45 +2.23 6. 50

1 - PEC and 1 - PEBr were used as initiators for G and Br ATRP,
respectivel 1 - PEX][err] = 0.1M and [1 - PEX][err] / Jcqa<ok@s: /

[ Bpy][err] gkﬁ#ﬁyﬁf b no pol yner can be detected in 40 hrs. mo’gL/30421
PCT/ US96/ 03302 -58- Effect of the Concentrations of the Conponents in
Initiator System R-X CuX/ Bpy, on Atom Transter Radical Polynerimation. In
order to gain a better understanding of the ATRP nechanism the effects of
the conponent gerfiihd€idn is iskicbhat 8fasy driiNprepRgatib®Nss %zfslieorgépeiﬁ CS
and the living character of polynerization were investigated. As discussed
in the previ orespect i tmgrawingsragicals t fexgski (ee) casdn{idgarit hm c

ananor phoses allows the cal cul ati on of apparent rate constant k[err], and
thus the external orders in

R, = Ad(1n(M))/dt = k [M] x [P") (12)
R, = =d(P’]/dt = k_ x [P"]? (13)
5 At low concentration of free radicals, the proportion of

termination vefsus propagation is reduced. If the reversible
exchange.between growing radicals, M,", and dormant species,
M.~-D, is fast, the polymerization degree can be predetermined
by the ratio of the concentration of the consumed monomer to
10 that of the dormant chains (eg. 14), and the molecular weight

distribution may remain narrow.

DP, = A[M]/[M,-D] = A[M)/(I], (14)

Recent progress in controlled radical polymerization can

be indeed related to the approach illustrated in the M,-D

15 reaction above, in which growing radicals, Mn°, react
reversibly with species D, which may be carbon-, sulfur-, and
oxygen-centered radicals (Otsu et al, Makromol. Chem, Rapid
Commun., 1982, 127; Qtsu et al, Macromolecules, 1992, 25,
5554; Bledzki et al, Makromol. Chem, 1983, 184, 745; D er,

20 Macromolecules, 1991, 24, 6079; U.S. Patent No. 4,581,429; and
Georges et a), Macromolecules, 1993, 26, 2987), alkylaluminum
complexes (Mardare et al, Macromolecules, 1994, 27, 645), and



10 initiator, catalyst, and ligand, can be determ ned: k[err] =
d(InfM)/dt = kIRX]Terr] x [CuX[errlx [Boyllorr] B

=In(k) + xIn([RX][err]) + yIn([CUX][err]) + zIn([pr][err]) (8) The plots
of In(k[err]) vs. In([1-PEC][err]), In(k[err]) vs. 15 In([CuCl ][err]),

and In(k[err]) vs In([Bpy][err] for St ATRP in bulk at 130[err]C are given
in Figures 12A-C The fraction orders observed in these gragiyossiossoz
approxmate?v)swf'”ﬁ4 and 0.6 for [1-PEC ][err], [Qud][err], and
[Bpy][err], respectively. The first order _ é k[err] in initiator,
[1-PEC ] [err], is expected. However, since 20 the systens studied were
het erogenous, it is difficult to give precise physical neanings for 0.4 and

0.6 orders indrgafbtbpalt porbHyRriy templexéespagtlianal,yB. B. WPHAII04S] ,
PCT/ US96/ 03302 -59- The effects of the conp05|t|ons of the conponents in

initiator sysﬂ@#ﬁ§d°§hesi|lm¢ufﬂMNarHetér - themb§ec- , dd8%4 i bk ATRRA30f, St
reveal several, i nportant, feat een from Figure 13, there appear to

be no signifidfne EPV@E?%bEP d;ﬁﬁilféﬁ83]?ﬁ???ss%an EDeRi RPBERACh: f i ci ency
and the ol ecyldiscWobBbh 6 N¥rd PBPesahe, LRTERrHV a8 bashBCoR" ESEY 1% 10- 3

mol ar
5 iodides in a degenerative transfer.

The Significance of the Presence of the Low Concentration
of Growing Radicals in Maintaining "Living” ATRP. Since ATRP
promoted by the Cu(I)/Cu(II) redox process resembles classic
radical polymerization, termination reactions can not

10 completely eliminated, which are s#cond order in respect to
growing radicals (eg. 13). As already discussed in the
preceding section, if the concentration of growing radicals is
kept low enough, and a fast and reversible equilibrium between
growing radicals and dormant species is established (see

15 Scheme 2 above), the proportion of termination in comparison
to propagation can be minimized, resulting in a predictable
molecular weight and a narrow molecular weight distribution.
Indeed, this is the case for "living" ATRP.

Table 6 lists the estimated polymerization time for 90%

20 monomer conversion, t,,, concentration of the dead polymer
chains due to the spontaneous termination reactions at that
time, [Pl.,,, cOncentration of the polymer chains due to self-
initiation, [Pl,... s and percentage of uncontrolled polymer
chains generated by side reactions, "UC", in bulk ATRP of St,

25 MMA, and MA initiated with 1~-PECl/CuCl/Bpy at 130°C:



equiv. of Cud relative to 1-PEC, the experinental nol ecul ar wei ght,
Merr], still linearly increases w.th nononer._conversion and is close to
the theoretical nolecular weight obtained by 10 means of eq. 1 (Figure
13A). The simlar results are also found for MA (Figures 5 and 14). These
findi ngs suggest that in ATRP, the CuX acts as a catalyst and the addition
of catalytic air& @t of CuX conpl exed by Bpy is sufficient pegrsséussse a
control | ed ¥& ven in these heterogeneous 15 systens. Transition
Metal Catal yzed- At om Transfer Radical Addij.on and Transition Mtal

Cat al yzed- At om Transfer Radi cal Pol ynerization. As described above, atom
transfer radical polynerization, ATRP, can be considered as a succession of
20 - consecutive atom tramaf ¢{MYAdMERl=abkli (iodns, k{TRA &, , The (15)
prerequisite for a successful transformation of transition netal

catal yzed-ATRA to transition netal ClkalsyZe8 ATMsis that a nunber of(16)

polynmeric halides, Merr]-X can effectl%ely activated by Merr] (FI?.
2). Present work denonst r at es th aeie0.0\fD B R 200

PCT/ US96/ 03302 - 6Agesl | 9¢squ() L), -Passd r§9QtrRRPS @SR, L he prsence Q) Bry

Can .0. sel

5 Table 6

Estimated [P'), t,,, [Pleac.0.9r [Pla.os, and "UC®
for Bulk ATRP of St, MMA and MA Initiated with
1-PECl/CuCl/Bpy (1/1/3) at 130°C

Honomer

10 (1~PEC1l], (mol/l)
(M], (mol/l) 11.1 9.36 8.7
Kp-.1300c (M 872)° 14,100 3170 6870
Ke 2300c (107 8°1)® 1.98 0.31 0.532
K% 130c (107 8°7) 3.14 5.83 1.35
15 [P] (107 M)* 0.22 1.84 0.19
ty.s (S°Y) 7300 4000 17100
| (Pla.o.90 (;o* mol/l) 0.7 4.20 1.22
| (Plaecs (207 mol/1) - -- 1.7
wcw, % 0.2 1.1 4.5

20 “: see Table 4; °: Data from QOd}lan, G. Principles of
Polymerization, Wiley-Interscience, John Wiley & Sons, New
York, 1991; 1n K., = 23.43 = {2671/T), 1ln k. ,, = 18.5 =
(1432/T), 1n k. o = 17.47 - (962/T).



achi eve that goal. Indeed, to prevent possible polynerization and to obtain
.the nmononeric adduct = R-MX, in ields.-in-5 t heATRA—
process, organic chem sts often use either (1) activated organic hal ogens

as radical sources, (2) term nal al kenes w thout resonance-stabilizing
substituents or (3) both activated organi c hal ogens as radical sources and
term nal al {#y¥Se4s4 t hout resonance-stabilizing substituentpciesssnia? 10

Bel lus, D. Pure & Appl. Chem 1985, 57, 1827; (b) Nagashima, H. ; Ozaki, N.;
Ishii, M; Seki, K ; Washiyama, M; Itoh,-K1=J. Og. Chem 1993, 58, 464,

(c) Udding, J. H; Tuijp, K J. M; van Zanden, M N A.; H enstra, H

Speckamp, W N J._Og._ Chem 4, 59, 1993: (c) Seiias et al
Tetrahedron, 1992, A%5°8° Tla%igi?ﬁ: %ﬁ)gqﬁadﬁi’ﬁ%ﬁﬁ,"?ﬂ?emﬁﬁ H. :

Ozaki, N.; |shial . . { T, - Lt . In g. e

1992, 57, 168%?*1?3;[1:%%@?}6 R" %{'/#?%inéum pﬁ.ﬁ?"\?‘%i s },‘%S. 4q" Sarg 1L o
Soc. 1988, 11Qesb56Ran (39 i nIRPes oF. sy Ma,elahd, MA9%herrhs and (g) Hirao
et al, J. Synth. Org. Chem 20 (Japan), 1994, 52(3), 197; (h) Ilqgbal, J;
Bhatia, B.; NEEQL/CuGl/Bpy (Hgih/3Reis, uPeld axlThelifdfiatormiasteniialt
conditions, the further generation of free radicals, Rzgg?rr], S
kineticaldy | &39°Fayotiist daysibec Whik ATBP praseeds| énsa  Bhiving! maaner.y

e e AELIR L UeniBRE L 8. & dnetBhd 18 1adGer in wa rba2ER1"

results descri
polymerization than in the other two processes, ATRP of MA is

better controlled than ATRPs of St an@ MMA. This appears to
be due to a lower concentration of growing radicals in the

10 ATRP of MA (Table §6).

The S8ignificance of the Presence of Fast Exchange Between
R=M.-X and R-M," in Inducing Low Polydispersity in ATRP. At a
low concentration of radicals (Tables 4-6), ca. 107 to about
10* mol/l, polymers with very high and uncontrolled molecular
15 weights are usually found. To cope with this problem, a
reversible equilibrium between a minute amount of growing,
radicals and a large amount of the dormant species needs to be
established. Moreover, only if both (1) the initiation
reaction between initiating radicals and monomer and (2) the
20 exchange reaction between the growing radicals and the dormant
| species are faster than (3) the propagation reaction between
the growing radicals and the monomer, the molecular weight of
the resulting polymers can be predicted by eq. (14), and low
polydispersity polymers can be obtained.



paranmeters appear to be inportant to pronote the successful WD 96/ 30421
PCT/ US96/ 03302 -61- transformation of ATRA to-ATRP. First—the use of
suitable ligands (e.g., Bpy, P(CEt)[err]) increases the solubility of the
transition nmetal conpound e.g., CuX) by coordination, can facilitate the
abstraction of a halogen atomfromthe 5 initiator, and nore

inportantlxwogﬁﬂuhaciIitate abstraction of the transfer atrorrusssa3sezup from
the dormant” pol'yneric halide, RRMerr]-X, with the formation of initiating

and growing radicals (Fig. 2). Secondly,_ss.denonstrated in Table 3, the
presence of either inductive or resonance stabilizing substituents in 10
the initiator are beneficial for generating initiating radicals, Rerr], in
growi ng PSt and Pubfeaver nsin Ri seFtzlled 'rivinglesystem usitlofrexensgble

pol ynmeri zation tenperature is beneficial, particularly for C ATRP (Table
5). In fact, dyaapiaTeychangsysdberg is epifence $hakcthaprivdiispersity of

RUG [er ] ( pPIE; FPSRAFIe BSiesR, RESBIE Mibenst! §F, KB eatin At 8 i on
ol ] o aphEieton it LEA yrobiqperty Sari! héopledbionit Kl
60[err]Gin t#Aym. Prep. (Am. Chem. Soc. Polym. Chem. Div.), 1995, 36(1),
541). On the other hand, it has been demonstrated that many
transition metal species can be used as efficient retarders or
inhibitors in radical polymerization (Bamford, Comprehensive
Polymer Science, Allen, G., Aggarwal, S. L., Russo, S., eds.,
10 Pergamon: Oxford, 1991, p. 1). For example, the reaction rate
constants between (1) PSt° and CuCl, and (2) PMMA" radicals and
CuCl, are 10* and 10’ times greater in comparison with the
corresponding propagation rate constants, respectively.
Therefore, the existence of a fast deactivation (scavenging)
15 reaction can explain the low polydispersity obtained in ATRP.
Earlier, Otsu et al reported that an R-C1/Ni(0) combined
initiator system can induce a "living" radical polymerization
of St and MMA at 60°C (Chem. Express, 1990, 5(10), 801).
However, the "living" character of the R-Cl/Ni(0) combined
20 initiator of Otsu et al may not be entirely accurate, since
(1) the molecular weight of the cbtained polymers did not
increase linearly with respect toc monomer conversion, (2) the
initiator efficiency is low (about 1% based on R-Cl), and (3)
the molecular weight distribution is broad and bimodal. The

25 same phenomena were also observed by the present inventors.



presence of nethylal um num bis(2,4-di-tert-butyl phenoxi de) 20 ( Sawanot o
et al, Macronolecules. 1995, 28, _1721) Howswmer .t he present -i nventors
observed that at high polynerization tenperatures (e.g., 130[err]C, a
nunber of radically polynerizable nononers undergo ATRP in the absence of
met hyl al um num bi s(2, 4-di -tert-butyl phenoxi de) or other such activators. As
25 a reng may i ncrease pol ynerization tenperat ur ®Cf82403802t han

i ncl ude met hylal'um num bi s(2, 4-di -tert-butyl phenoxi de) or WO 96/ 30421
PCT/ US96/ 03302 -62- other activator) as a +mans to enhance the reactivity
of | ess reactive nononeric or polyneric halides towards transition netal

species with the formation of gr oga ation radicals. Indeed, it is possible
that an activaFeWsneit apRears sha a'%b% RyCl/Ni(0) neompined dnitiasar of

 an actvaPBiS L 148 s _ A
mechani am of - AR 4 e Bek BALNR ¥R BTh) Bl 0 7 e

ATRP real |y invol vesydéfligniknenpebIBshed @videhtay £19¢ YWRI ARi(09NcohnBinea
The generation of radical intermnediates by reacting sone transition netal

speci es, i ncl uinigiawdy ofaQtsar etoa)| appeared to act as a conventional redox
5 initiator, similar to the initiators developed bx; Bamford (see

Reactivity, Mechanism and Structure in Polymer Chemistry,
Jenkins, A. D. and Ledwith, A., eds, John Wiley & Sons, London
(1974), p. 52; and Comprehensive Polymer Science, Allen, G.,
Aggarwal, S. L., Russo, S., eds., Pergamon: Oxford, 1991, vol.

10 3, p. 123). The very low initiator efficiency and a broad,
bimodal molecular weight distribution observed in the system
of Otsu et al suggests that in that system, the small amount
of initiating radicals were generated by a redox reaction
between R-Cl and Ni(0), and the reversible deactivation of

15 initiating radicals by oxidized Ni species is inefficient in
comparison to propagation. This may support the idea that
fast exchange betwsen R-X and R' in transition metal-promoted
ATRP at the initial step is one of the key factors controlling

initiator efficiency and molecular weight distribution.

20 The Pactors Affecting the Concentrations of the Growing
Radicals and the Exchange Rate Betwesn R-M ~X and R=M." in
ATRP. Based on the results shown herein, the factors
affecting the concentrations of the growing (initiating)
radicals and the exchange rate between R-M,~X (R-X) and R-M,’

25 (R’) in ATRP can be gualitatively discussed.



copper, ruthenium iron, vanadium niobium and others, with al kyl halides,

R-X, is well docunented (see (a) Bellus, D. Pure & Appl ——Chem 1985, 57,
1827; (b) Nagashima, H.; Ozaki, 15 N.; Ishii, M; Seki, K ; Washiyanms,
M; Itoh, K J. Og. Chem 1993, 58, 464; (c) Udding, J. H; Tuijp, K J.
M; van Zanden, M N. A ; Henstra, H; Speckanp, W N J. Og. Chem 1994,

59, 1993; %%9%@111% et al, Tetrahedron, 1992, 48(9), 163pcrAigdsobiwgashi na,
H.; Wakamat'stu; H., Ozaki, N.; Ishii, T.; 20 Wat anabe, M ; Tajim, T.;

Itoh, K J. Og. Chem 1992, 57, 1682, (ejsbayes, T. K ; Villani, R;
Weinreb, S© M J. Am Chem Soc. 1988, 110, 5533; (f) Hrao et al, Syn.
Lett., 1990, 217; and (g) Hrao et al, J. Synth. Og. Chem (Japan), 1994,
52(3), 197; (h) |ghel statishary ccomgentragjon of\ griéwithgerad28als dasv be 94,
519 (1994); and Kochi, J.K. , Ogangonetallic WO 96/ 30421

PCT/ US96/ 033(B¥Rresse-afahn s8#¥- atfP)Cat al ysis, Acadenic Press, New York,
1978, and references cited therein). Mreover, it is also known that R-
X/transition netal species-based redox initiators, such as :
M(CO) [err]/CHO [err], O(Q@{-#u]du@)’fﬁ”hh' Gopagr]1 (CO[err]/CAferr], and
Ni [P(OPhg[err]][err]/CC[err], 5 pkepRt € radi caf pol ynmeri zati on (see
Banf ord, Conprehensive

K = Kyce. /Kguace. = ([(Ma'] X [CuX;])/([M,-X] x ([CuX])
& [M,"]%/ ([R=X], x [CuX],) (19)
(M} = {(Kyce./Kanace.) X ([R=X], X [CuX],)}* (20)

An increase in [R-X]), and [CuX], results in an increase in the
10 concentration of growing radicals, and subsequently, in the
polymerization rate (Figure 12).

As also seen from eqg. (20), the concentration of growing
(initiating) radicals is proportional and inversely
proportional to the activation and deactivation rate

15 constants, respectively, which strongly depend on the
structure of the RMR!YZR¥C group in the initiator, the structure
of the repeating monomer units M in R-M,-X, the leaving group
X, and the polymerization temperature (see Tables 3, 4 and 5,
Figure 9).

20 In terms of polarity, the deactivation reaction between
PMA" and CuCl, is usually 10 times slower than that between
Pst” and CuCl, (i.e., Kyecr.psercuctz > Kaeacr.ma-scuciz) (See Bamford,
Comprehensive Polymer Science, Allen, G., Aggarwal, S. L.,
Russeo, S., eds., Pergamon: Oxford, 1991, p. 1). Thus, the

25 similar concentration of radicals found in the ATRP of St



Pol ymer Science, Allen, G, Aggarwal, S. L., Russo, S., eds., Perganon:

Oxford, 1991, vol. 3. p. 123)_ The nnrflﬂLnaLLnn_ni_iLee rad#eaLs44$44uﬁﬁ+———-
redox initiator-pronoted polynerlzatlons was supported by end-group

anal ysis and direct 10 observation of radicals by ESR spectroscopy (see
Banford, Proc. Roy. Soc., 1972, A 326, 431). However, different transition

net al specggi act in a different manner. They may i ndyggnsvsaboaam

transfer B or provi de a source of netal -conpl exed radicals or even

15 initiate a catalytic cycle that doesSmot involve radical

Intermediates (Curran et al, J. Og. Chem and J. Am Chem Soc., supra)

In fact, seveé?{a%moe%hgs]‘%aodp%ﬁﬁégges )%ﬁg\ﬁ% tﬁa!ﬁﬁ t sui tablé

for the preseni 1 hHvent1o reported reV|o °®he
reactions betyggit s beRYedhabee] kaa{ae&astecq iscﬁkéﬁf ]anaaﬁ@na' Bﬁaes
exceptionally lead to exclusive 1:1 adducts in nmany cases (Bellu supra).
The aut hors abefeser PMA-CLf anddCwel @da.t,i BQ, YR % Ng..CASE) -a u:nmsl ferppl e
anount of teloner formation would be expected 25 even at high organic
pol yhal i de/ al %@ agrneegent whth the,dewerebondndissemiatdonceneray iheRSts

the carbgn haéf‘§§‘é¥%$%r2& to PMA-Cl (see Danen, W. C., in Methods in Free

Radical Chemistry, Huyser, E. L. S., ed., Dekker, New York,
1974, vel. 5, p.1; and Poutsma, supra). The higher
concentration of growing radicals found in the ATRP of MMA as
compared to the ATRP‘s of St and MA (see Table 4) implies that
10 steric hindrance in both the polymeric halide PMMA-Cl and
growing radical PMMA" may significantly affect deactivation and
activation rates.
As noted in Figures 10 and 11, the polymerization is much
faster in the Br-ATRP of MA than in the C1-ATRP of MA, due to
15 a higher stationary concentration of radicals in the former
system as compared to the latter one. However, the
polydispersity is much narrower in Br ATRP than in Cl=-ATRP.
According to the discussion in the preceding section; this
suggests that deactivation of free radicals with CuBr, is
20 faster in comparison to deactivation of free radicals with
CuCl,. Since the concentration of growing radicals in Br-ATRP
is larger than in Cl-ATRP (see Table 5), the activation of
PMA-Br by Br-containing Cu(l) species must be faster than the
activation of PHA?CI by Cl-containing Cu({I) species. This is
25 also in accordance with the fact that the ease of the

abstraction of X from R-X by CuX follows the order Br > Cl



WD 96/ 30421 PCT/ US96/ 03302 -64- an
atom transfer process_to generate a carbon radical and a-&d(11) species
(Fig. 2) or by an overall two-electron change to generate a Cu(lll) species
2 (Fig. 15), followed by insertion of the alkene into the
carbon-copper(111) [err]-bond and 5 hal ogen ligand transfer (reductive
eIim'natior% Wla new Cu(lll) species 3 forned. |n shar PCEaIS96/03302 t O
previ ous ob 2 atlons, the present invention shows that the polynerization
of al kenes occurs when halide initiators~7’fficluding CC[err], are used with
CuX conpl exed 10 by Bpy as a catal yst. The unconpl exed CuX speci es nmay

not be powerfﬁ% £10440 aewéioseﬁ@%é.i&shalﬁabeg@&ﬁ @nefragrkaIs.h %, M@no”ﬁri c

adduct to prohote ‘atom transfer radical polymerizati on: escri bed bel ow,
the pol yneri zeddiar @b Sbstpaét adre witol; ls@ECQUiGad, Syhbhesis| gbmdFree an
i1l- 15 controlled, thermally self-initiated polynerization. Moreover,
the sinilaritRastidadsstar §ﬂ§ﬁé¢ﬁ-’g€ rapdoBipkegyol riiny omprehensiwe i niti at ed
with classic radical initiators and various jnitiatQr/CuX/ Bpy systens

(Tabl e 2) sURREARIQ SYRLhORLEh RANAD naDE PORESIRC AN EBPF2) 16) can be 20
rejected. Although netal coordinated radicals (Fig. 17) may be involved in
the polynerizations of alkenes initiated with the R X/ CuX/ Bpy system a

sinpl e radical prpAsyenSatBRl Transter (Abstraction) vs. outer-sphere
Electron Transfer. The generation of free radicals by
reacting an organic halide with a transition metal compound
may involve two different mechanisms: either halogen atom
transfer (Figure 18A) or outer-sphere electron transfer
10 (Figure 18B). The former process depends on the carbon-
halogen bond dissociation energy, whereas the latter is a
function of the electrode potential for the reaction of the
organic halide (i.e., RX + @ —> R" + X’).
The outer sphere electron transfer process is usually
1s less sensitive than halogen atom transfer to the leaving atom
X in R=X and to temperature (Howes et al, Inorg. Chem. 1988,
27, 3147; and references therein). As discussed before, the
results presented herein show that transition metal-mediated
ATRP has a strong dependence on the leaving group X in R-X, as
20 well as on the reaction temperature. Thus, the results herein
suggest that ATRP involves a direct atom transfer process.
Alternatively, the reversible conversion of the radicals
R’ and R-M, " to organic halides R-X and R-M,~X may involve
direct atom transfer (see Kochi, J.K., Organometallic

25 Mechanisms and catalysis, Academic Press, New York, 1978, and



probable (Fig. 2). The participation of the free radical internediates is

al so supported by the observation that 25 addi tion. of 1.5 -nplar—egtv-
of galvinoxyl (relative to 1- PEC) effectively inhibits polynerization,
and no styrene WO 96/ 30421

PCT/ US96/ 03302 - 65- polynerization was initiated with 1-PEC /Cud / Bpy
(1/1/3) w t&é@s&& {?_ours. Furt her evidence for the presencep®fusssdsonzl

i nternedi ate A RP is the fact that the nononmer reactivity ratios for
ATRP random copol yneri zati on resenbl es thg,gDnoner 5 reactivity ratios
for classical radical polynerization processes (i.e., r[err] = 0.46/r[err]
= 0.48 for ATRP at 100[err]C initiated with 2-Ei BBr/CuBr/Bpy, and r[err] =
0.46/r[err] =refsPehcesraited|thexieimgr Asstheam, iMi,t Vafsd, Wbt h BPQEm.
60[err]C). Atom Transfer Radical Polynerization vs. Redox Radical 10

Tel oneri zat i ofoc-bt PeEkp| FI k iRfB t B47 i r aBd cEphers| drer Me¥ersve ban e

& Gener al 1y qedrBToEheds LRAfL, BEr SHSTCRE LA " R R R o

elimination with the formation of organocopper(III)

5 intermediates (see Kochi, supra; Orochov, A., Asscher, M.,
Vofsi D. J. Chem. Soc., Perkin II. 1973, 1000; and Mitani,
M., Kato, L., Koyama, K. J. Am. Chem. Soc. 1983, 105, 6719).
Generally, it is difficult to distinguish between these two
mechanisms. Nevertheless, the organocopper(III) species, if
10 they exist, probably do not react directly with monomer.
Otherwise, some effect on tacticity would be observed.

Thus a successful extension of atom transfer radical
addition, ATRA, to atom transfer radical polymerization, ATRP
has been demonstrated in a Cu(I)/Cu(II) model redox process.

15 The present process opens a new pathway to conduct a "living"
or contralled radical polymerization of alkenes. The
controlled process found in ATRP results from two important
contributions: (1) a low stationary concentration of growing
radicals and (2) a fast and reversible equilibrium between the

20 growing radicals and the dormant species. Many parameters,
such as the nature of transition metals, the structure and
property of ligands, the polymerization conditions, etc, may
affect the course of "living" ATRP. On the other hand, it is
anticipated that, like other controlled polymerizations, ATRP

25 will provide a powerful tool for producing various tailor-made

polymers.



RCC[err] + Merr] -> Merr]d + RCO[err] RCCl[err] + M -> RCd[err]M
Propagation: RCC [err]Merr] + M-> RCO[err]Merr] 20——Chain Transfer:
RCCl [err]Merr] + RCC[err] -> RCCO[err]Merr]C + RCO[err] WO 96/ 30421
PCT/ US96/ 03302 -66- Termination: RCA[err]Merr] + Merr]d ->

RCC [err]Merr]C + Merr] The fundanental differences between ATRP and

r edox radlqﬂ* ‘ﬁnerization are as follows. In ATRP, thepgohsssnssn 5

hal i des, éﬁ? X, behave as dor nant spg ies (Fig. 2). They can be
repeatedly activated by transition netal éecies, Merr], to formthe
grow ng radicals, RMerr], and oxidized transition netal species, Merr],

whi ch can further oaaet satirds Mernk peesegeNBivAine iBnMreLl | peeaiid Merr],

i.e., areversible transfer process. 10 Contrary to ATRP, redox
radi cal tel ornppmntoﬁnrtpeemnaa @fd&geadallmnq destrippionesst in which
the resulting polyneric halides, errL X, ,are dead_chains (see Schenme 2
above). ConscRtRMRLAFY FHE°ﬂ%NQR§ﬁ;¥hLﬁ§|§ ¢ gbyen far iAlpshpation of the

invention, and are not 1nt9nded to be limiting thereof.

5 EXAMPLES
Example 1: |

An aralkyl chloride} 1-phenylethy1 chloride, 1-PECl, is
an efficient initiator, and a transition metal halide, CucCl,
complexed by 2,2’~bipyridine, bpy, is an efficient chlorine

10 atom transfer promoter. This model initiating system affords
controlled polymers with predicted molecular weight and
narrover molecular weight distribution, M /M, < 1.5, than
obtained by conventional free radical polynefization.

Phenylethyl chloride, 1-PECl, was prepared according to a

15 literature procedure (Landini, D.; Rolla, F. J. Org. Chen.,
1980, 45, 3527).

A typical polymerization was carried out by heating a
reddish br&wn solution of styrene (St), 1-PECl (0.0l molar
equiv. relative to monomer), CuCl (1 molar equiv. relative to

20 1-PECl), and bpy (3 molar equiv. relative to CuCl), in a glass
tube sealed under vacuum at 130°C. (The reddish brown color
of a slightly hetercgenecus solution was formed within 30
seconds at 130°C.) The formed polymer was then dissolved in
THF and precipitated in MeOH (three times), filtered and dried

25 at 60°C under vacuum for 48 hr. VYield, 95%. A linear



radi cal telonerization does not increase wth the nmnononer 15 conver si on,
whereas the polecular weight in | | ' '

conversion in ATRP. Factors Affecting Atom Transfer Radical Polynerization.
(a) "Living"/Controlled Radical Polynerization. To better describe
controll ed ATRP, a discussion of some general 20 properties for
"living"/cogteoldoed radical polynerization is in order. Freermwssimad2s,

whi ch are the grow ng species in radical polynerization, are highly
reactive species. Unlike anions or cations?9they reconbi ne and/ or

di sproportionate at rates WO 96/ 30421

PCT/ US96/ 0330 67 apgrﬁfghln t he diffusion controlled, |

(i
k[err] of about™ AVerpae Ariscy qﬂﬁ?ﬁgﬁth5¢S¥+mﬂF§ﬁﬂ§
correspondi ng nﬁ tbRVersind U & o5k whs £ For pHRALE ] .. values
Merr].sec[err reover, tnitiation is inconplete due to sl
deconposi tion were d@i:eehaﬁsacby ashi zed lexdcub i aé %hﬁdma&ogr&bayr ] and e 1 |
sec[err]). These are the kinetic reasons why cl assic radi cal
pol yneri zat i orcakidirated using i prkyghyrener standardswor edi ct abl e nol ecul ar

wei ght, broad mol ecul ar wei ght distribution, and uncontroll ed
The M, g 1S very close to the thecretical one, M, .,

calculated by the following egquation (21):

Man. = ([M)o/[1-PECl],) x (MW), x conversion (21)

(M}, and [1-PECl}, represent the initial concentrations of
monomer (St) and 1-PECl, raspectively, and (MW), is the

10 molecular weight of monomer. These results indicate that 1-
PECl acts as an efficient initiator, and that the number of
the chains is constant. The molecular weight distribution is
fairly narrow (M,/M, = 1.3-1.45). The linear plot of
In({M),/(M]) versus polymerization time (e.g., Figure 3)

1S implies that the concentration of growing radicals remains
constant during propagation, and that termination is not
significant. Both of these results suggest a "living”
polymerization process with a negligible amount of transfer
and termination. .

20 Additionally, a series of experiments has been carried
out at 130°C, using various [M],/(1-PECl}], ratios and a
constant [1-PECl],/{CuCl},/[(bpy), ratio of 1:1:3. Similar to
Figure 5, a graph was prepared which compares the M.,  and

calculated M,.,, based on equation (21) above.



structures. 10 Mor eover, due to the sane kinetic reasons, it is

I npossible to entirely suppress_the term natian_reactions and to obtain a
living radi cal polynerization, in which chain breaking (term nation)
reactions are absent (Szwarc, Nature, 1956, 176, 1168). Thus, for the sake
of the accuracy, we 15 propose the termcontrolled or "living" radical
pol yneri zat%gwtﬁescri be the processes in which the sideormmseénenens are
not signifi X nsequently, structural paraneters, such as nol ecul ar

di nensi on, nol ecul ar wei ght distribution, -8&mposition, topology,
functionality, etc., can be controlled 20 to sonme extent. The

preparation of congr d_ Ral rS | "N gt ' roGe reguires a
| ow stationary cpnéeg{"lr'gﬂ g?;i&oéfrqgr 8%9?1‘8"? adl:ﬂc%ﬁ e , kﬁfééﬁa,:pv'\ﬁl@i&af@ PR a
fast dynam c qgidnl 5Dsi @M B ihes ck)rlrmnﬁlm_m Yhe WhepeloP tre straight
Merr] + D [err] Merr]-D WO 96/ 3042

PCT/ US96/ 03302 ineé8is Te:r 93 nadindicatingeachigloridet iatdr petifieidnayn | Thei r st

order in respect to grow ng radicals (egs. (12) and (13):
polydispersities of all the polymers obtained also remain low

5 and are smaller than in a conventional radical pblymerization
i.e., M,/M, < 1.5. These results again support a "living"
polymerization process initiated with 1-PECl/CuCl/Bpy system.

Table 7 summarizes the results of styrene polymerization

under various experimental conditions. In the absence of 1i-

10 PECl, CuCl or bpy, the polymers obtained are ill-controlled
with unpredictable molecular weights and with broad molecular

weight distributions.



Rlerr] = d(In[M)/dt

klerrl

-d[Plerr]]l/dt =

X

kferr][M x [Plerr]]
[Plerr 1 lerr]

(12) Rerr] =

(1'2\ 2N At IQ\'AUI

concentration of free radicals,
propagation is reduced.
, and dormant speci es,

radicals, Merr]

ponnerizat%Rnnﬁﬁgﬁ
concentration ©

t he proportion of ternlnatlon ver sus

I f the reversible exchange between grow ng
Merr]-D, is fast, the

ee can be predeterm ned by the ratio of pcirasesszoz
e consumed nononer to 10

that of the dornmant chains

(eq. 14), and the nol ecul ar weight dist¢i8ution may remain narrow. DP[err]

= [err][M/[I][err]

pol yneri zati on can be indeed related to the approach

= [err][M/[Merr]-D|

in controll ed radi cal

illustrated in the Merr]-D 15

radi cals, Mjferr],
sul fur-, and oxygen-centered radi

r eact

Commun., 1982, 127; O su
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24, 6079; U.S. Patent No.
1993, 26, 2987),

1994, 27, 645),
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cals (Gsu et al, Makromol. Chem Rapid
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-69- organocobalt porphyrin conpl exes (Wayland, B. B., Pszmk, G,
Mukerjee, S. L., Fryd, M J. Am Chem Soc., 1994, 116,-7943), in a

reversi bl e deactivated process. Another approach (discovered by the
present,inventors) is based on using al kyl 5 i odides in a degenerative
transfer. The significance of the Presence of the Low Concentration of

G ow ng Raq%&ﬂr%d'ln Mai nt ai ning "Living" ATRP. Since ATRpPcpmusssszd by t he
Cu(l)/Cu(1lI")"Tedox process resenbles classic radical polynerization,
termnation reactions can not 10 conplgil y elimnated, which are second
order in respect to growing radicals (eq. 13). As already discussed in the
precedi ng section, if the concentration of growing radicals is kept |ow
enough, and aEtawmblen®* reversible equilibrium between grow ng radicals and
dormant species is establi s,hed,gs,ee 15 Schene 2 above), the proportion
of termination i n TAntamesdRittating fyatedn LZREGY FHG/BPYedl/ 631 tFaTY in
a predictable I I.gh n QW wel ght _di | buti on.
"ndeed. this Pe tEE led"Rol End Mol e ol TLREM A A 8 a8LBLCT

pol yneri zat i ogohdmérd 0'suth’adOnethyD iuthaceQIXes i MM, eRhivh, acppeLpd | ation
of the dead pol ynmer chains due to the’spontaneous term nation reactions at
that timg, [PHAgrand mrylcacrglabe, BA.t hdlockycepolymenss cfustt and ek -

initiation, [P][err], and percentage of uncontrolled polymer
have been produced using the same technique as described in

Example 1 for homopolymerization of styrene (see the Examples
below). Heating of chlorine atom end-capped polystyrene (0.5
g, M, = 4000, M,/M, = 1.45) and a two-fold excess of MA (1.0 g)

10 in the presence of 1 molar equiv. of CuCl and 3 molar equiv.
of bpy (both relative to peolystyrene) at 130°C results in MA
block polymerization to form the desired PSt-b-PMA block
copolymer (yield: 95%, M, = 13,000, M.,/M, = 1.35).

Discussjon
15 By analogy with transition metal catalyzed atom transfer
radical addition reactions (ATRA), used in organic synthesis,
the results presented herein can be explained by the mechanism
shown in Fig. 2. The present process appears to involve a
succession of ATRA processes, and therefore, can be called
20 atom transfer radical polymerization, ATRP.

The model catalyst CulCl acts as a carrier of the chlorine
atom in a redox reaction between Cu(;) and Cu(Il), The
coordination of the bidentate nitrogen ligand to CulCl
increases the solubility of the inorganic salt and can also

25 affect the position of the redox equilibrium, so as to



chai ns generated by side reactions, "UC', in bulk ATRP of St, 25 MVA, and

MA initiated with 1-PFCd /Cud /Bpy.al—130lew]C WO 96/ 30421

PCT/ US96/ 03302 -70- In ([M[err]/[M) =1n (10) = k[err] x t[err]

(15) [P][err] = Rerr] x t[err] (16) [P][err] = Rerr]
x tlerr] (17) "uC" ( [Pl[err] + [P][err])/{[RX][err] +

[Pl[err] éf{‘@ﬁ (18) 5 PCT/USSS®3302 6
Estinmated [ t[err] [P][err], [Pl[err] and "UC' for Bul k ATRP of
St, MMA and MA Initiated with 1- PEC/cud BBy (1/1/3) at 130C Mononmer

NA MVA St 10 [1-PECI ][err] (nol/)
0.038 faci38tate the arbt2d2thibh[e£rd dﬂﬂaﬁ&hh from the Lnigkakor,
9. 36 8.7 k[err](MsJ[err])[err] 14,10

6870 k[err](10&@EC}$[end]gﬁeNermthBSpec1es, P,6C3B1 w1th the ﬂ@rﬁiilbbecf]
(10[err] sf[err]) 14 5.83 1.35 15
[Pl err]] (10[ edPifAipELng and growiggzgadxcals, respeggively. The) reyerEdble
Ergl[/e{;]) : 0.c?r'tver:s%:ns? of 4r:a,LcB.cals,ogo andl Py5 to7|1.g8 LE’He ; rJn(d]iOLerr]
5 halides, R-Cl and P,~Cl, may involve a direct atom transfer
reaction (Kochi, J.K. Organometallic Mechanisms and
Catalysis, Academic Press: New York, 1978, and references
therein; Asscher, M., Vofsi, D. J. Chem. Soc., Perkin II.
1968, 947; Cohen, H., Meyerstein, D. Inorg. Chem. 1974, 13,
10 2434) or oxidative addition/reductive elimination with the
formation of the organocopper (III) intermediates (Kochi,
supra; Orochov, A., Asscher, M., Vofsi D. J. Chem. Soc.,
Perkin II. 1973, 1000; Mitani, M., Kato, L., Koyama, K. J.
Am. Chem. Soc. 1983, 105, 6719). If the concentration of
15 growing radicals is low and the redox reaction is fast
compared to binoiecular reactions of the radicals, the extent
of the termination reactions is minimized, resulting in a
*"living” process. Moreover, if the rate of reversible
exchange between P,~Cl and P,” is comparable to that of
20 propagation, the number average molecular weight should be
defined by eq. (21), and the molecular weight distribution
should remain narrbw.
Two observations support the participation of free
radicals in ATRP. First, the tacticity of the polymers is
25 similar to those synthesized by typical radical initiators.

For example, the tacticity of poly(methyl methacrylate) M, =



[P][err](10[err]nol/1) -- -- 1.7 "UC', %

0.2 1.1 4.5 20 *: see_Table 4; b: Data from
Qdlan. G Principles of Polynerization, WIey-Interscience, John Wley &
Sons, New York, 1991; In k[err] = 23.43 - (2671/T), In k[err] = 18.5 -

(1432/T), In Kk[err] = 17.47 - (962/T) . WD 96/ 30421
PCT/ US96/ 03§g’§@thown in Tabl e 6, at 90% nonomer conver SpErusobbisoz
concentrati of "uncontrol | ed polymer chgj,ns, "UC', are all less than 3%

in ATRP's of St, MVA, and MA, when 1- PEQTCud/Bpy (1/1/3) is used as the
initiator sysisniey, d/u, &39086§]synenbiizeltis g WY1 -AER /RLEEFESS I N 2

"It ving" manner. Although the termnation rate constant is larger in MA
radi cal pol ynimitzizticon sybtemi (in lee 1ot2hér mpler praieysas, 10RC b8 MA i s
better controlled than ATRPs of St and MVA. _This appears to be due to a

| ower concentFeARKSFTIY M8y ofR AP 4%di TRese Kalyes 1are Vexyrplgse \ke (Yhasie 6).

RMert]  1n ThaiePhSiEBRrRs) 5 a STBj <R A AR T sRr (RS on
of radicgls (dd!simet thnpefaturd] € Pere2o2B)Uthd YrdfanbcliBlate (PRPEYNErS With
very high and uncontrol |l ed nol ecul ar
species, if it exists, probably does not react directly with
monomer, otherwise some effect on tacticity would be expected.
Secondly, addition of 1.5 molar equiv. of galvinoxyl (relative
to 1-PECl) effectively inhibits the polymerization. 1In the
10 presence of galvinoxyl, no styrene polymerization was found
within 18 hours.

The low proportion of termination, despite the relatively
rapid polymerization, may be explained by stabilizing
interactions between radicals P,°' and CuCl,. It may be

15 possible that the monomer reacts with a radical P,” within a
solvent cage, in which the ratio of rate constants of
propagation to termination is higher than for uncomplexed
radicals in solution.

At 130°C, styrene may polymerize thermally by self-

20 initiation. (Moad, G., Rizzardo, E., Solomon, D. H. Polynm.
Bull., 1982, 6, 589). The contribution of this reaction in
ATRP is rather small, because (1) ATRP is fast and (2) the
relative rate of self-initiation is further reduced with the

progress of the reaction. However, the small contribution of

25 self-initiation may enhance polydispersities to the range of



15 wei ghts are usually found. To cope with this problem a reversible
equilibriumbetween a_mnute amunt of growng radicals and a |la
of the dornmant species needs to be established. Mreover, only if both (1)
the initiation reaction between initiating- radicals and nononmer and (2) the
20 exchange reaction between the grow ng radi cals and the dormant
speci es ar eypdisplait han (3) the propagation reaction betweegriusss@seW ng
radi cal s and the nononer, the nol ecul ar wei ght of the resulting polyners
can be predicted by eq. (14), and | ow pol ygispersity polyners can be
obt ai ned. WO 96/ 30421
PCT/ US96/ 03302 -72- Moreover, in a so-called "living" systemwth _
reversi bl e dyMa.c=exchangsd nayeredusecmolienckar elighks pol §UiGHENS i lowedf
the resulting polynmers largely depends on the ratio of the deactivation
rate to the pV8puBst RN rtheoretdicpliv evadicted. 5 pPolym Prep. (Am Chem
Soc. Polym Chem Div. 99 36(1),.541)., On the other hand, it has been
denonstrat ed t hat n‘}&ﬁ ibrles%ﬁrgggﬁétsga%p%}ﬁ é’é"efgﬁgbgr%sé ign-metali on¢
retarders or bLpBhBtdeSTRP. i3 p ' i o rehensi ve
Pol ymer Sci en?g,hhgltlégn, G' %ggﬁgl eﬁ%rﬂ?{wﬁ&lﬁgg@gﬁé %%;e.afi%})

5 increases with monomer conversion, is very different from

typical redox radical telomerization promoted by transition
metal species in which the molecular weight does not increase
with conversion (Boutevin, B., Pietrasant, Y., in
Comprehensive Polymer Science, Allen, G., Aggarwal, S. L.,

10 Russo, S., eds., Pergamon: Oxford, 1991, vol. 3..p 185;
Bamford, C. H., in Comprehensive Polymer Science (First
Suppiement), Allen, G., Aggarwal, S. L., Russo, S., eds.,
Pergamon: Oxford, 1991, p. 1).

In conclusion, the model alkyl chloride initiator, 1-

15 PECl, and model transition metal complex CuCl/bpy polymerize
styrene by repetitive atom transfer radical additions to give
well-defined high molecular weight poiymers with narrow

molecular weight distributions.

For examples 3-22, the polymers were isolated by either
20 of two procedures:
(1) The polymer was dissolved in THF and precipitated in
MeOH (three times), filtered and dried under vacuum;
or
(2) The heterogeneous reaction soluticn was filtered,

25 and the sclvent was removed under vacuum.



10 Per gamon: Oxford, 1991, p. 1). For exanple, the reaction rate
constants between (1) PStlerr] and-CUCl[err] and (2) PMMA—+adicals and
CuCl[err] are 10[err] and 10[err] tines greater in conparison with the
correspondi ng propagati on rate constants, respectively. Therefore, the

exi stence of a fast deactivation (scavenging) 15 reaction can explain the

| ow pol ydi s&gkgk&yl obtained in ATRP. Earlier, OQsu et al rmpouseaossdhat an
RC/N (O néd initiator systemcan induce a "living" radical

pol ynmeri zation of St and MVA at 60[err] C {g&em Express, 1990, 5(10), 801).

However, the "living" character of the RO /N (O conbined 20 Initiator

of Gsu et al_may not be enti relgl ccurate, singe (I;L\hthe nol ecul ar wei ght
[

of the obtai nBEMPRY R Sdvenkop g £an ARLAPRALLY (Pe copdurted weinsher
Don. et ffig . Lo I
ond'(3) the nRiad Nedt' (80" a8Lp0 LN meS calld ARt pRARREe 0 T 01

same phenonengp¥gifed) Teqakatey8dopyeidiaddIaeebh prodedwes. VO 96/ 30421
PCT/ US96/ 03302 -73- Thus, it appears that the RRCI/N (0) conbined initiator

of Osu et al doeMordmewsyviatid ethyl cidetthteowerer saciims-alisiililed puéti shed
evi dence, the RC /N (0) conbi ned
5 CaH, before use. CuCl and CuBr were purified according to the
known procedures (see Nagashima, H.; Ozaki, N.; Ishii, M.;
Seki, K.; Washiyama, M.; Itoh, K. J. Org. Chem. 1993, 58, 464;
(c) Udding, J. H.; Tuijp, K. J. M.; van Zanden, M. N. A.;
Hiemstra, H.; Speckamp, W. N. J. Org. Chem. 1994, 59, 1993;
10 {c) Seijas et al, Tetrahedron, 1992, 48(9), 1637; (d)
Nagashima, H.; Wakamatsu, H.; Ozaki, N.; Ishii, T.; Watanabe,

M.; Tajima, T.; Itoh, K. J. Org. Chem. 1992, 57, 1682).

Example 3:
Polystyrene was prepared by heating styrene (0.9 g), 1-
15 phenylethyl chloride (1 uL, 7.54 x 10°° mol), Cu(I)Cl (7.54 x
10 mol) and 2,2’-bipyridine (Bpy; 2.26 x 10 mol) at 130° in
a sealed tube for 21.5 h. The polymerization reaction mixture
was then dissolved in THF, and precipitated in methanol. The
precipitated polymer was filtered, and the dissolving,
20 precipitating and f:’thering steps were repeated two additional
times. The obtained polymer was dried at 60°C under vacuum
for 48 h.
The dried polymer had a number average molecular weight
as.measured by size exclusion chromatography (SEC), M,g,c, Of -

25 95,000, in good agreement with the theoretical number average



initiator of Osu et al appears to act as a conventional redox 5

initiator, simlar to the initiators.developed. by Banford (seeReacti vty
Mechani sm and Structure in Polyner Chem stry, Jenkins, A D. and Ledwth,
A., eds, John Wley & Sons, London (1974), p. 52; and Conprehensive Pol ymer
Science, Allen, G, Aggarwal, S. L., Russo, S., eds., Perganon: Oxford,
1991, vol. &Q o1 P- 123).  The very low initiator efficiperysssnssoz broad,
bi rodal nol ecul’ar wei ght distribution observed in the systemof Qsu et al
suggests that in that system the small aggunt of initiating radicals were
generated by a redox reaction between R C and N (0), and the reversible
deactivation of 15 initiating radicals by oxidized NN species is

i nefficient mplﬁsmdar yehghb. Mag&tfl 3A2,000s he siniedr polymer deas t hat
fast exchange betwe I%f%n tran3|5I 80 nmet al - promt ed ATRP at the
initial step Pajhe fmt ﬁg §° cct JRe BRAYRLFPENRE i thAfor WBB: LefBncy and
nol ecul ar wei ght distribution. The Factors Affecting the
Concentrations of the G ow ng Radl cal s and the Exchange Rate Between
RMerr]-X a eciyr:] in ATRP. Based on the results shown herein, the
factors affecting the concentrations of the grow ng (initiating) radi cal s
and the exchange Palystytrese wss \jrepared afcoFdimyl tR Mher profédure(R ) in

ATRP can be qualitatively ‘di scussed.
5 described in Example 3, except polymerization was conducted at

100°C for 88 h. The polymer was obtained in 80% yield. The
M, ssc ©f 93,300 was in excellent agreement with the M, ., of

97,000. The M,/M, of the obtained polymer was 1.50.

Example 5:

10 The procedure of Example 3 was repeated, except that 0.45
g of styrene and 2.5 uL (1.89 x 10° mol) of 1-PECl were
employed, Ni(0) (2.73 x 10 mol) was used as the transition
metal in place of Cu(I)Cl, and PPh, (1.41 x 10™ mol) was used
as the ligand in place of Bpy. The reaction was conducted at

15 130°C for 12.h. |

The polymer was obtained in 85% yield. The M, . of the
obtained polymer was 189,000 (M,., = 17,600), and the M/M, =
l1.70.

Example 6:

20 Polystyrene was prepared according to the procedure of
Example 3, except that the concentration of 1-PECl was 2.26 x
10" mol (amount = 3 uL), RuCl, (2.26 x 10°° mol) was used in
place of Cu(I)Cl, and PPh, (6.78 x 10° mol) was used in place



WD 96/ 30421 ' PCT/ US96/ 03302 -74- The
stationary concentration of grow ng radicals can be expressed as in eq.
(20): k[err] Mi-X + CuX [err] Merr] + CUX[err] 5

k[err] K= Kk[err]/k[err] = ([Merr]] x [CQuX[err]])/([Merr]-X X (CUX])
[err] [Merr]][err]/ [RX[err] x [CuX][err]) (19) [Merr]] =
{(k[err]/Kk[err X ([R-X][err] x [CuX][err])}[err] FCAPsoéiis3baCr ease
in [ R X] [ VO I1cuxX][err] results in an increase in the 10

concentration of growi ng radicals, and siggsequently, in the polynerization
rate (Figure 12). As also seen fromeq. (20), the concentration of grow ng
(initiating) radicals is proportional and inversely proportional to the
activation aotl Bact iThet pohynerizatsion wasnsenadueted afnddPPdef9r Whikh.

t ly d d t he st t t h C |n th
i L1t or U HES Ay, 38y SPRETS AR R RORURGr TR Pow RN Ak
t he | ' , d ' ' t T, 4
and 5. gur £ ey it abReRehy THow TeCl,  THEIR R  CBfe [BR Eiped

reaction betysppndiMhaddnMI,e6tl2i@. usual ly 10 tinmes slower than that
bet ween '

5 Example 7:
Polystyrene was prepared according to the procedure of

Example 3, except that AIBN (1.7 x 10°° mol) was used in place
of 1-PECl, Cu(II)Cl, (3 x 10°° mol) was used in place of
Ccu(I)Cl, and Bpy was present in a molar amount of 7 x 10°° mol.

10 The polymerization was conducted at 130°C for 5 h. The
polymer was obtained in 90% yield.. The M, c of 18,500 was in
agreement with the M, . of 25,000. The obtained polymer had
an M,/M, of 1.7.

Example §:

15 Polystyrene was prepared according to the procedure of
Example 3, except that 2-chloropropionitrile (3.75 x 1_0" mol)
was used in place of 1-PECl; Cu(I)Cl and Cu{(II)Cl, were used in
an equimolar mixture (3.76 x 10 mol of each) in place of
Cu(I)Cl alone; and Bpy was present in a molar amount of 1.9 x

20 10°®* mol. The polymerization was conducted at 130°C for 33 h.
The polymer was obtained in 80% yield. The M,y of 81,500 was
in good agreement with the M, . of 95,500. The obtained
polymer had an M,/M, of 1.4.



Pst and CuC [err] (i.e., k[err] > k[err]) (see Banford, Conprehensive

Pol ymer Science, Allen, G, Aggarwal .S 1 _ Russo S _ esds——Pergaren:
Oxtord, 1991, p. 1). Thus, the 25 simlar concentration of radicals

found in the ATRP of St WD 96/ 30421

PCT/ US96/ 03302 -75- relative to the ATRP of MA indicates that the
activation reaction between CuCl and PSt-C is faster thanpéfisssiossopet ween
PVA- O and W@ o Klerr] > k[err]) This is in good agreenent with the
| ower bond di ssociation energy in PSt- 5 _.g9.Cl as conpared to PVA-Cl (see
Danen, W C., in Methods in Free Radical Chem stry, Huyser, E. L. S, ed.,
Dekker, New York, 1974, vol. 5, p.1; and Poutsma, supra). The higher
concentrati onExdmmpkep\@:ng radicals found in the ATRP of MVA as conpared to
the ATRP' s of St and MA (see Table 43 i nplies that 10 steri ¢ hindrance
in both the pol yneRelystyrens AR PXe %ﬁ?mﬂgmaﬁ? e ByRseduye of

significantly_affect de i vat | ti ' r o i I gures
10 and 11, thgxb%?e%mf'i %g{cl%% #ggﬁu_c astc\élﬁ'rbkga?hgigﬁ &éﬁﬁp O?n%'c\%& t% F‘lgn in
the C -ATRP O&sé@ ify1dce b7 1-pEcl] GMY1,S(81T9NAr10 € QRN Wadt usBaoin
radicals in the former ‘
5 place of Cu(I)cl, and (EtO),P (1.15 x 10 mol) was used in

place of Bpy. The polymerization was conducted at 130°C for

5.5 h. The polymer was obtained in 85% yield. The M, ;. Of

19,300 was in good agreement with the M, . of 21,100. The

obtained polymer had an M,/M, of 3.0.

10 Example 10:

Poly (methyl acrylate), PMA, was prepared according to the
procedure of Example 3, except that 1.45 grams of MA were
used, «,a’-dibromoxylene (4.4 x 10°° mol) was used in place of
1-PEC1l, Cu(I)Br (8 x 10"° mol) was used in place of Cu(I)Cl,

15 and Bpy was present in a molar amount of 2.5 x 10°* mol. The
polymerization was conducted at 80°C for 36 h. The polymer
was cbtained in 90% yield. The M, o of 31,000 was in very
good agreement with the M, . of 29,500, The obtained polymer
had an M, /M, of 1.2.

20 Example 11: .
Poly (methyl acrylate) was prepared according to the
procedure of Example 10, except that 0.48 g of MA were used,
2-methylbromopropionate (1.47 x 10° mol) was used in place of

a,a’~dibromoxylene, Cu(I)Br was used in an amount of 1.47 x



system as conpared to the latter one. However, the polydispersity is nuch
narrower in Br ATRP than in C -ATRP.__According_to the discussion in the
precedi ng section, this suggests that deactivation of free radicals with
CuBr[err] is 20 faster in conparison to deactivation of free radicals
with CuC[err]. Since the concentration of growng radicals in Br-ATRP is

| ar ger thangj -ATRP (see Table 5), the activation of PW—

Br - cont ai nh&%ﬁ speci es nust be faster than the activa |ons,g'¥%-d by
Cl-containing Cu(l) species. This is 25 al so in accordance with the fact
that the ease of the abstraction of X fronf$& X by CuX follows the order Br
> C WD 96/ 30421 PCT/ US96/ 03302
-76- (i.e., thed Qeel AhE Qradi bat i ' - X, si,aty to
abstract an X atom see m%n,ﬂwiﬁﬁﬁgg’i&s%piaﬁqg%g hgaﬁég(l%f Pﬁsgs‘ntlﬁesi S
and Biol ogy, @ed.inTispokwerdizatiéhowas cdiduchedi at {oan; foiNd sPaRYUt Sfe
all supra). 5 Hal ogen Atom Transfer (Abstraction) vs. Quter-sphere
El ectron Tr an®Pidymenas, Oninf 93% opielddi cThe Wy sk € taMNGoanwasgini c

halide with a nsition netal .conpound i nvolve two different
mechani sms: eiv%%graééﬁloweﬁ‘ Witk the ), 0£°31]000" ‘The ‘obtainea

5 polymer had an M, /M, of 1.15.

Example 12:
Poly(methyl methacrylate), PMMA, was prepared according
to the procedure of Example 3, except that 0.5 g of MMA were
used, 0.5 ml of ethyl acetate was emploved as a solvent, 2-
10 ethyl bromoisobutyrate (2.5 x 10°° mol) was used in place of 1-
PEC1l, Cu(I)Br (1.5 x 10" mol) was used in place of Cu{I)cCl,
and Bpy was present in a molar amount of 4.5 x 10°° mol. The
polymerization was conducted at 100°C for 1.5 h. The polymer
was obtained in 95% yield. The M, . of 20,500 was in
15 excellent agreement with the M, . of 19,000. The obtained
polymer had an M, /M, of 1.40.

ExXample 13:
Polyisoprene was prepared according to the procedure of
Example 3, except that 0.45 g of isoprene was used in place of
20 St, 3.77 x 10 mol of 1-PECl was used, 3.9 x 10> mol of
Cu(I)Cl was used, and Bpy was present in a molar amount of 1.2
X 10" mol. The polymerization was conducted at 130°C for 45

h. The polymer was obtained in 80% yield. The M, .. of 12,700



transfer (Figure 18A) or outer-sphere electron transfer 10 (Figure 18B).
The_for .on the cachon-. . halogen bond.di ssociation-energy
whereas the latter is a function of the el ectrode potential for the
reaction of the organic halide (i.e., RX + e[err] -> Rerr] + Xerr]). The
outer sphere electron transfer process is usually 15 | ess sensitive than
hal ogen aton&k*ﬁgéé?r to the leaving atom X in R-X and to tpgaRgsdiosios
(Howes et al, . Chem 1988, 27, 3147; and references therein). As

di scussed before, the results presented hergin show that transition

met al - medi at ed ATRP has a strong dependence on the |eaving group X in R X
as 20 well as on the reaction tenperature. Thus, the results herein
suggest that AWEB invagveementdiwitht theoM) {, oot {500 OCERE . obtd HriethHoiSimer
the reversible conversion of the radicals Rerr] and RRMerr] to organic
hal.i des R-X an&af ApeMy/M.)0fed-9nvol ve direct atomtransfer (see Kochi,

J.K . Oganonetallic 25 Mechani sms and Catal ysis, Academ c Press, New
York, 1978, and WD 96/ 30421

PCT/ US96/ 03302 ~iLefgrences cited therein; Asscher, M, Vofsi, D. J.
Chem Soc., Pe —*1b68, 947; and Cohen, H., Meyerstein, D.

A PSt-b-PMA block copolymer was produced according to the

5 procedure of Example 3, except that 0.5 g of.Pst-CI M, =
4,000, M,/M, = 1.45) was used in place of 1-PECl as the
initiator, 1.0 g of MA was used as the monomer, Cu(I)Cl was
present in a molar amount of 1.25 x 10" mol and Bpy was
present in a molar amount of 3.75 x 10™ mol. The

10 polymerization was conducted at 130°C for S h. The polymer
was obtained in 95% yield. The M, . of 13,000 was in good
agreement with the M, ., of 11,600. The obtained polymer had
an M, /M, of 1.35.

Example 15:

15 A PSt-bh-PMA-b-PSt triblock copolymer was produced as
follows. To a flask equipped with a water condenser and a
magnetic stirring bar, the initiator «,a’-dibromoxylene (1 x
10"* mol), CuBr (2 x 10™ mol), Bpy (6 x 10" mol), MA (3 g) and
EtOAc (10 ml) were added. Argon was then bubbled through the

20 solution, and the solution was heated at 100°C for 18 h. One
ml of solution was withdrawn using a syringe and was analyzed
by gas chroﬁatography (GC) and SEC to determine the monomer

conversion and M,, respectively. PMA was obtained in 100%



I norg. Chem 1974, 13, 2434) or oxidative addition/reductive elimnation

with the formation of organocopper(lll) 5 | nt ermedi ates (see Kochi,
supra; Oochov, A, Asscher, M, Vofsi D. J. Chem Soc., Perkin Il. 1973,

1000; and Mtani, M, Kato, L., Koyama, K J. Am Chem Soc. 1983, 105,
6719). Generally, it is difficult to distinguish between these two

mechani snms. Neverthel ess, the organocopper(l11) species, | ey

exi st, proBNy not react directly with nonomer. CIherKfEéQ“%%%% ef f ect
on tacticity would be observed. Thus a sugfessful extensi on of atom
transfer radical addition, ATRA, to atomtfansfer radical polynerization,
ATRP has been denonstrated in a Cu(l)/Cu(ll) nodel redox process. 15 The

present procegg1APenend MEW. R R¥A¥0b Owsd N @xcl11bh¥ | dGredientORiital tRE
radi cal pol yrerization of A kenes. The control | ed process found in ATRP

results fromM,yp bEP30}aod, Gomd theuMi/sof (the PMAOWast at Bonary
concentration of growi ng radicals and éZ%@a fast and reversible equilibrium
between the 20  SEyvenegl¥ S0 wassagaed tR the Tk repetien solyfien, and

paranmeters, such as _the natyre of trapsiiio al s, e and
property OT‘I !ﬁhﬁaﬂglﬁgfﬁe"?;t i ﬁ%l gﬁbc%)en%{ﬁ%nb teﬁgg ﬁ%{/e?gd dhgti,t It'hﬁ
cour se i\ : 1 ingeaft i Ci pat sl ijke
ot her cggntrolq\éel%qggl yﬁggr?zat% onsfﬁA%%Ig gg lé/vi I Iﬁgr ig'\’/'ls‘:(‘i'e a pOV\/erfuiast éol
for produci ngyeaiient agrésientrddthokleEns,, of 40,000, and the triblock

polymer had an M,/M, of 1.4S5.

-Example 16:
A PMA-b-PSt block copolymer was prepared according to the
10 procedure of Example 3, except that 0.5 g of PMA=Cl (M, =
2,000, M /M, = 1.30) was used in place of 1-PECl as the
initiator, 1.0 g of MA was used as the monomer, Cu(I)Cl was
present in a molar amount of 2.5 x 10™ mol and Bpy was present
in a molar amount of 7.5 x 10 mol. The polymerization was
15 conducted at 130°C for 10 h. The polymer was obtained in 90%
yield. The M, . of 11,500 was in excellent agreement with the
M, .. Of 11,000. The obtained polymer had an M,/M, of 1.29.

Example 17:
A random P(St-co-MA) copolymer was prepared according to
20 the procedure of Example 3, except that mixture of MA (0.48 g)
and St (0.45 g) was used as comonomers, 1-PECl was used in an
amount of 3 ulL (2.26 X 16" mol), Cu(I)Cl was used in an amount
of 2.22 X 105 mol and Bpy was present in a molar amount of 6.5

X 10° mol. The polymerization was conducted at 130°C for 5 h.



WD 96/ 30421 PCT/ US96/ 03302 - 78-
other features of the present inventiqn will _heconp apparent in the course——
of the follow ng descriptions of exenplary enbodi nents which are given for
illustration of the invention, and are not intended to be limting thereof.
EXAMPLES Exanple 1: An aral kyl chloride, 1-phenylethyl chloride, 1-PEC, is
an efficient hM or, and a transition netal halide, CuC pcgessgbsssed by
2,2 -bipyri dV ) g{/ is an efficient chlorine 10 atom transfer

pronmoter. This nodel initiating system afdgads controlled polymers with
predi cted nol ecul ar wei ght and narrower nol ecul ar wei ght distribution,
Merr]/Merr] < 1.5, than obtained by conventional free radical

pol yneri zat i orthePipodymerhyascobtaings in pp¥ yiedd. priheaMedica®fod i 0RP twnrsa

15~ literat d Landini, D Rolla, F., J . 1980, . 45,
3527). A Lypi il HRTERE, AETERO0 AR B8 Yt (37 94108y oPRBCAPER M un

sol ution of st — .PLgwlar equiv. relative to nononer),
Cud (1 nolar ﬁe(‘fq iv.r( ?Ee' a?flvg'% 68 Pudl

The composition as de_ternined by 'H NMR contained 48% MA,
5 and 52% st.

Example 183
A random P(St-co-MMA) copolymer was prepared according to
the procedure of Example 17, except that mixture of MMA (0.45
g) and St (0.45 g) was used as comonomers, 1-PEBr (3 uL, 2.2 x
10 10°° mol) was used in place of 1-PECl, Cu(I)Br (2.0 x 10°°> mol)
was used in place of Cu(I)Cl and Bpy was present in a molar
amount of 4.5 x 10 mol. The polymerization was conducted at
100°C for 14 h. The polymer was obtained in 90% yield. The
M, c Of 38,000 was in excellent agreement with the M, . of
15 36,900. The obtained polymer had an M, /M, of 1.55.

Example 19:

A six arm star PMA polymer was prepared according to the
procedure of Example 3, except that C,(CH,Br), (1 x 10" mol)
was used in place of 1-PECl, MA (1 ml, 0.96 g) was used as the

20 monomer, CuBr (1.8 x 10 mol) was used in place of Cu(I)Cl,
and Bpy was present in a molar amount of 5.8 X 10 mol. The
polymerization was conducted at 110°C for 45 h. The polymer
was obtained in 100% yield. The M, . of 9,600 was in perfect



20 1-PECl ), and bpy (3 nolar equiv. relative to CuC), in a glass tube
seal ed under vacuum at 130[err] C.__(The reddish brown calar of a slightly
het er ogeneous sol ution was formed within 30 seconds at 130[err]C.) The
formed polynmer was then dissolved in THF and precipitated in MeOH (three
times), filtered and dried 25 at 60C under vacuum for 48 hr. Yield,
95% A linear WD 96/ 30421 PCT/US96/03302

PCT/ US96/ 0338268931 | \crease in the nunber average nol ecul ar™ wel ght,
Merr], versus nononmer conversions up to 95% was found for PNA I\/[err]

val ues were determ ned by size exclusive chfonatography, and were

cal i brated using polystyrene standards. 5 The Merr] is very close

to the theorehgeabmeme widierhle, MGl Cot 26 psbddy tThe 6Bta Dvédd AL HQd(%Jr)
Merr] ((MJerr]/[1-PEC ][err]) x (Merr])[err] x conversion

[M [err]_ and MI/MRECF[2s®] represent the initial concentrations of rmnorrer
(St) and 1-PEC, respectively, and (MN[err] is the 10 nol ecul ar wei ght
of nononmer. These results indicate that 1- PEC acts as an efficient

initiator, angﬁ%ﬁ%}—?‘ nunmber of the chains is constant. The nol ecul ar
wei ght distri r§ tairly narrow (Merr]/Merr] = 1.3-1.45). The linear

pl ot of A six-arm star PSt polymer was prepared according to the
5 procedure of Example 3, except that 1.53 x 10°° mol of
C,(CH,Br), was used in place of 1-PECl. The polymer was
obtained in 90% yield. The M, . ©of 24,100 was in close
agreement with the M, ., of 26,800. The obtained polymer had
an M,/M, of 1.25.

10 Example 21:

An end-functional PSt having a COOH end group was
prepared according to the procedure of Example 3, except that
2-chloropropionic acid (1.74 x 10°° mol) was used in place of
1-PEC1l, and the reaction was conducf:ed for 14 h. The polymer

15 was obtained in 50% yield, and had an M, ;. = 39,600 and an
M,/M, = 1.45.

Example 23:
A telechelic PMMA with two Br end groups was prepared at
100°C in ethyl acetate according to the procedure of Example
20 3, except that 1.00 x 10 mol of CH,(CH,Br), was used in place
of 1-PE¢1, 0.5 g of MMA was used, 2.00 x 10 mol of CuCl was
used, and 5.2 x 10™ mol of Bpy was present. The polymer was

obtained in 100% yield after 8 h. The M, . . of 4,800 was in



In([M[err]/[M) versus polynerization tinme (e.g., Figure 3) 15 I mpl i es
that the concentration of growing radicals remains constant during

propagation, and that termnation is not significant. Both of these results
suggest a "living" polynerization process with a negligible anmount of
transfer and termnation. 20 ' Additionally, a series of experinments
has been carried out at 130[err]C, using various [M][err]/ pérGssclobiodr I]
rati os and YO8RA%hLNt [1-PEC ] [err]/[CuCl][err]/[bpy][err] ratio of 1:1:3.
Simlar to Figure 5 a graph was prepared_gdich conpares the Merr] and
calculated Merr], based on equation (21) above. WO 96/ 30421
PCT/ US96/ 03302 -80- A linear plot is observed in the nol ecul ar wei ght range
from 3.8 x 10paosé agrdenidmtx wikhethé M/ nolof Bheosl oprhefotiteimia piodipheki ne
is 0.93, indicating a high initiator efficiency. The pol ydi spersities of
all the pol ynbad aniMi/Med&llLE3emin | ow 5 and are snmaller than in a
conventional radical polynerizationi.e., Merr]/Merr] < 1.5. These
results again support a "living" polynerization process initiated with
1-PECI /Cud /B . Table 7 summarizes the results of styrene
polynerizatioﬁxgﬁﬁiéfzi '

HBr abstraction (by known methods) of the Br-functional

5 PMMA produced in Example 22 can lead to a telechelic
(co)polymer with olefinic end groups, from which a telechelic
(co)polymer with primary alcohol end groups can be formed by
sequential hydroboration/oxidation (by known methods).
Nitration/reduction (by known methods) gives the corresponding

10 amine-ended telechelic (co)polymer.
A Br-ended telechelic (co)polymer ("Br-P,~-Br") can be

converted to other groups in one or two step as follows:

NaN,
Br-p,-Br —————> N,-P,-N,
15 KCN
> NC-P,~CN
1) CH,COOK
> HO-P,~OH
2) NaOH
20 - 2 HBr

BrCH,CH,-P,-CH,CH,BY ———— > H,C=CH~P,-CH=CH,

Example 24:
An end-functional and in-chain functional PSt with two Br
end groups and two central Br groups was prepared at 100°C
25 according to the procedure of Example 3, except that 0.900 x

10" mol of CBr, was used in place of 1-PECl, 0.5 g of St was



under various experinental conditions. In the absence of 1- 10 PEC ,

Cud or bpy, the polyners obtained are ill-controlled wth unpredictable
nol ecul ar wei ghts and with broad nol ecul ar wei ght distributions. WO
96/ 30421 PCT/ US96/ 03302 - 81 -
[err] WO 96/ 30421 PCT/ US96/ 03302

-82- Exanple 2 The sane initiating system 1-PEC/Cud /Bpypctikdsiosdoa can be
al so used MR9M\Lcontrol | ed pol ynerization of acrylic nononers, such as
met hyl nethacrylate, MVA, nethyl acryl at egeb MA, and butyl acryl ate, BA
Bl ock copolyners of St and MA have been produced using the sane techni que
as described in Exanple 1 for honopol yneri zati on of stérene (see

Exanpl es bel oged, Medt kni0dfmeh| of iIGHClaam BRd c Al d oP‘y%?S/rEﬂ%t’?g Bpy,
Merr] = 4000, MLLLiM e fle poryiidk 288 Sutdfhide'idh 56555204 drdrl R 9)
h. The M, 5. of 4,500 was in agreement with the M, . of 5,000.
The cbtained polymer had an M,/M, of 1.45. The obtained
5 polymer can be converted to any of the other four functional

PSt’s according to the procedures described in Example 23.

A number of ATRP’s of styrene using transition metal
complexes other than CuCl/Bpy are summarized in Table 8, and a.
number of ATRP’s of methyl methacrylate using transition metal

10 complexes other than CuCl/Bpy are summarized in Table 9.



10 in the presence of 1 nolar equiv. of CuC and 3 nolar equiv. of bpy

(bath relatjve.tao polystyrene) at 130[err]lCresults in MA bl ack

pol ynmeri zation to formthe desired PSt-b-PMA bl ock copol ymer (yield: 95%
Merr] = 13,000, Merr]/Merr] = 1.35). Discussion 15 By anal ogy
with transition netal catalyzed atomtransfer radical addition reactions
(ATRA), usedwi({]kmfmi c synthesis, the results presented hepgisdsibsoRe
expl ai ned by the nmechani smshown in Fig. 2. The present process appears to
i nvol ve a successi on of ATRA processes, afd t+herefore, can be called 20
atomtransfer radical polynerization, ATRP. The nodel catalyst Cu[err]d
acts as a carrier of the chlorine atomin a redox reaction between Cu(l)
and Cu(ll), The coordination of the bidentate nitrogen ligand to Cu[err]d
i ncreases the solubility of the inorganic salt and can al so 25 af f ect

the position of the redgx equig ibrium so gs to WO 96/ 30421
PCT/ US96/ 03302 - 83- facwli atd the apstractfion of{ a chl¢rine ffomth
initiator, 1-PECQ, and fhe& dorjmant speaies,) Merrf-O, pMiEht eforrr%tion
of initiating and grow ng adijc&'s, [espectively.[ e reviysill gy
> .
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conversion of radicals, Rerr] and Plerr], to the corresponding 5
halides, R C and Plerr]-C . my involve a di.rect atomitransfer reaction
(Kochi, J.K Oganonetallic Mechani sns and Catal ysis, Academ c Press: New
York, 1978, and references therein; Asacher, M, Vofsi, D. J. Chem Soc.,
Perkin I'l. 1968, 947, Cohen, H, Meyerstein, D. Inorg. Chem 1974, 13, 10
2434) or oxidative addition/reductive elimnation with thgcfgédgRssopn of the
or ganocopp Wz} i nternedi ates (Kochi, supra; Orochov, A, Asscher, M,
Vofsi D. J. Chem Soc., Perkin Il. 1973,986800; Mtani, M, Kato, L.,
Koyama, K. J. Am Chem Soc. 1983, 105, 6719). If the concentration of 15
growing radicals is low and the redox reaction is fast conpared to

bi nol ecul ar reactions of the radicals, the extent of the term nation
reactions is mnimzed, resulting in a "living" process. Mreover, if the

rate of reversibl e exghange ﬁetweer Plerr]-C and P[err] is conparable to
that of 20 propagat|i op, tpe nunljer avey age npl ecul gr wei ght shoul d be
defined by eq. (21), gn@&thejnalecyl gg we t djstribygtion should renain
narrow. Two observati dnsdsupporit the«partf ctpat{og of Jfree radicals in
ATRP. First, the @actilcity of the polynerfs is 2p sifjm lar-to those
synt hesi zed by ty@cal radi cal inifjiators, For gxanpl 4, the tactility of
pol y( net hyl mathaf.).ryletea MErr] =
g |4 |& |8 |§ |8
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-
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MD 96/?04?1 PCT/ US96/ 03302 -84 -

5, 400, r err] ~=_1.40) synthesized using a 1-PEC/CuC-/Bpy
Imt“l“" L lla 1:1:3 m)l ar ratio) at 130[err]Cis rr/nr(rm/mm
53/ 3 are very closge to those of PMVA prepared using a

typical fadical |n|t|ator BPO, at E THIS SHEETSHAS BEEIer ature.  Therefore,

t he organocuprate(ll11) species, I f jt exi obablly doegcifkodiasmt
directly WFQP#EH r, otherw se sore—ef ?E‘EAQ‘Eryfeff'crty woul d be

expected. Secondly, addition of 1.5 nolar equiv. of galvinoxyl (relative to
1-PEC) effectively inhibits the polynerizat?®dn. In the 10 presence of
gal vinoxyl, no styrene polynerrzatron was found within 18 hours The | ow
proportion of t §hpH
be expl ai ned by Siwewp -
CuCl[err]. It may De reacts W th a radi cal
Plerr] within a sol vant aagtocdst whlebcﬁfurrgﬁuug efansier caditapt s of
propagation to ternination is higher than for unconplexed radicals in

sol ution. At 13qmlz§FW%né=quiﬁeh‘9n@q A&epBeeful |y by self- 20

initiation. . (Mad, , ff%égizing og@'égn%dreDradlcafiy %nhymer1zable

monomers in the presence of an initiator having a radically
transferable atom or group, a transition metal compound and a
ligand to form a (co)polymer, the transition metal compound
being capable of participating in a redox cycle with the

10 initiator and a dormant polymer chain, and the ligand being
any N-, O-, P=- or S~ containing compound which can coordinate
in a o-bond to the transition metal or any carbon-containing
compound which can coordinate in a 7-bond to the transition
metal, such that direct bonds between the transition metal and

15 growing polymer radicals are not formed, and

isolating the formed (co)polymer.

2. The process of Claim 1, wherein the amounts of said
monomer (s), said initiator, said transition metal compound and
said ligand are such that growing radicals are present during

20 said polymerizing in a concentration in the range of from 10°*
mol/L to 10°¢ mol/L, and dormant polymer chains are present
during said polymerizing in a concentration in the range of

from 10°* mol/L to 1 mol/L.

3. The process of Claim 2, wherein the concentration of .

25 said growing radicals is from 10" mol/L to 10°® mol/L.
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Bull., 1982, 6, 589) ribution of this reaction in ATRP is rather
smal |, because (1) ATﬂ?ﬂijilmﬁ Ii ) the relative rate of
self-initiationis fu ®¢lh the progress of the reaction.
However, the small contribution of 25 self-initiation may enhance

pol ydi spersities to the range of

PCT/ US96/ 03@8% 4? Merr]/Merr] E"HP&"E%Z#’A%;ﬁEE y reduc‘pc,lrgqyg

wei ghts to ﬂ?lot &/ | ower val ues |t han (ED cal | predi cte Wrmst be
stressed that the present transition-netal pronoted ATRP, in which the
mol ecul ar wei ght linearly 5 i ncrease® @At h nonomer conversion, is very

different fromtypic redox radic tel rrerlzat.lo rom)t apgition
metal species in4hi 'c"h e REOGRIS OF| gb"%l%’n h(f(f?é'n %‘Pceg" glg)éi%’ﬁ ot
conversi on (&xid clcrmanB polymanr shains is fxrqn @Qn‘pﬂehébst‘%el mal/der Sci ence,
Allen, G, Aggarwal, S. L., 10 Russo, S., eds., Perganon: Oxford, 1991

B ot el 1 P O fydba, 6 EURRTE R LT mri R (O

1991, p. 1).of rtnmmmgilan the nodel alkyl chloride initiator, 1-

R R?
\ [/
C=C
/ \
R? R

wherein R' and R? are independently selected from the group
consisting of H, halogen, CN, CF,, straight or branched alkyl
of from 1 to 20 carbon atoms, a,B-unsaturated straight or
branched alkenyl or alkynyl of 2 to 10 carbon atoms, a,B8-
unsaturated straight or branched alkenyl of 2 to 6 carbon
atoms substituted with a halogen, C,~C, cycloalkyl,
heterocyclyl, C(=Y)R®, C(=Y)NR'R’ and ¥YC(=Y)R'; where ¥ may be
NR® or 0; R® is alkyl of from 1 to 20 carbon atoms, alkoxy of
from 1 to 20 carbon atoms, aryloxy or heterocyclyloxy; R° and
R’ are independently H or alkyl of from 1 to 20 carbon atoms,
or R* and R’ may be joined together to form an alkylene group
of from 2 to 5 carbon atoms, thus forming a 3- to 6-membered
ring; and R® is H, straight or branched C,~C,, alkyl or aryl;
and

R’ and R* are independently selected from the group
consisting of H, halogen, C,-C, alkyl and COOR’, where R’ is H,
an alkali metal, or a C,-C; alkyl group; or

This Sheet Has Been Reﬂlaced
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15 PECI, and nodel transition metal conplex CuCI/bpy pol ynmeri ze styrene
by_r_e.pe.Ll_LuLe__a.Ln.m_t_La.n.s.f_er radi

mol ecul ar wei ght pol yners wi th narrow nol ecul ar wei ght melﬁm,mm“"ml)

exanpl es 3-22, the polymers were isolated by either 20 ™ off t\o Pbrotedures:
(1) The polymer was dissolved in m Vd in I\/EO—l (three
times), filtgplgsapd dried under S’gﬁgﬁég) het erogﬁ?ﬁﬁéb%:g ction
solution was filtered, 25 qnl vbnt was renove s:ﬁgder
vacuum WD 96/ 30421

PCT/ US96/ 03302 -86- Renpval of sol vent GA%&Fying can optionally be

d d 1d ) T d
"< obt i ned. ng?ﬁm SRS iy B 6RRRR Y sk g EoR T R kg 1

oce
acetate were( nPHi 8 FFIURy of, Fhesto '{%—if(ﬁeﬂ o¥zC{rQ), where Bfdisubr
were purifiedrewc?rtd ng), tthet geolpo(CH,p) 0t bes sGbsti thetgat iivh, from raki,

N.; Ishii, Mgg %k'haﬁqeﬂmghﬁa& c,ub 4]{/)&22 ggﬁgé , % lfii%slggginéé ’

464; (c) Uddlgg(re Ié; Tuij p,

at least two of R', R?, R’ and R*' are H or halogen.

6. The process of Claim 1, wherein said initiators is of
the formula:

RI.IRI.zRI.Sc_x

where:

X is selected from the group consisting of ¢l1, Br, I,
OR'’, SR, SeR'“, OP(=O)R™, OP(=0) (OR™),, OP(=0)ORY™, O-N(RM),
and S-C(=S)N(R*),, where R' is alkyl of from 1 to 20 carbon
atoms in which each of the hydrogen atoms may be independently
replaced by halide, R* is aryl or a straight or branched C,-C,,
alkyl group, and where an N(R'), group is present, the two R
groups may be joined to form a 5~ or 6-membered hetercocyclic
ring; and

R, R* and R are each independently selected from the
group consisting of H, halogen, C,~C,, alkyl, C,-C, cycioalkyl,
C(=Y)R®, C(=Y)NR'R’, COCl, OH, CN, C,-C,, alkenyl, C,-C,, alkynyl
oxiranyl, glycidyl, aryl, heterocyclyl, aralkyl, aralkenyl,
C,-C; alkyl in which from 1 to all of the hydrogen atoms are

This Sheet Has Been Replaced
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Hi enstra, H.; Speckanp, W N J. Og. Chem _1994, 59, 1993; 10_ (c)
e R DL R ooz, 2o 3557 %) Negashim, i ekamcs,

1992, 57,-1682)° Exanple 3: Pol ystyrene was prepared by heating styrene
(0.9 g), 1- 15 phenyl ethyl chloride (1 [err]L, 7.54 x 10[err] nol),

Cu(l1)d (7.54 x 10[err] nmol) and 2,2 -bipyridine (Bpy; 2.2fcrushgbfins] mol)
at 130[err]w°r?"a°4§' aled tube for 21.5 h. The pol ynerization reaction

m xture was then dissolved in THF, and precipitated in nmethanol. The
precipitated polymer was fil tered, and the q(? sol ving, 20 precipitating
and filtering steps were repeated two additl times. The obtai ned

pol ymer was dried at 60[err] C under vacuum for 48 h. The dried pol ynmer had
a nunber average rgpl&ced arithehgbbgears amaagHos daIky1Sisabsereited @ith from 1

chromat ography (SEC), Merr], of 25 95, 000, in good agreenment with the
theoretical numb&P & e#bafdtuenty) smlessed from the group consisting of C.-c,

Egg/#g?G\/Aggsggt a?%ga@ %‘}o yi g?wéyh pglréhiys)pef ST gﬁg%[pél‘;r?%\f“ ﬁ] andas
1.45. glycidyl;

5 where R® is alkyl of from 1 to 20 carbon atoms,
alkoxy of from 1 to 20 carbon atoms, aryloxy or
heterocyclyloxy; and R‘ and R’ are independently H or alkyl of
from 1 to 20 carbon atoms, or R* and R’ may be joined together
to form an alkylene group of from 2 to S carbon atoms, thus

10 forming a 3~ to 6-membered ring;

such that no more than two of R, R? and R are H.

7. The process of Claim 6, wherein no more than one ot

R¥, R and R is H.

8. The process of Claim 1, wherein said transition metal

15 compound is of the formula M. *°X’,, vhere: |

M." may be selected from the group consisting of
cu'*, cu’", Fe*", Pe’*", Ru*, Ru*, Cr*, cr’’, Mo, Mo, w*, w-,
Mn’*, Mn**, Rh¥, Rh*, Re’, Re*, Co°, Co*, V¥, V¥'°, 2n°, Zn%,
Au, Au’*, Ag’ and Ag*;

20 X’ is selected from the group consisting of halogen,
C.=C,~alkoxy, (50,).2: (PO))in. (R¥PO,),,, (R;PO,), triflate,
hexafluorophosphate, methanesulfonate, arylsulfonate, CN and
R!’CO,, where R® is H or a straight or branched C,-C, alkyl



Exanpl e 4: Pol ystyrene was prepared according to the procedure 5

des.c;u.bed_l_n_
for 88 h. The

i n excel |l ent agreene

polyerizatlon. was—conduct ed.- -G
lMﬂ Uned in 80%yield. The Merr] of 93,300 vvas
Merr] of 97,000. The Merr]/Merr] of the

obt ai ned pol ymer was 1.50. Exanple 5: 10 The procedure of Exanple
was repeata&a%&g pt that 0.45 g of styrene and 2.5 [err] Lpéfrussdnizsed Ol err]
P

nol) of 1
transition netal

were enployed, Ni (O (2.73 x 10[err] nol) was used as the

in place of Cu(l)d, and PPh[err] (1.41 x 10[err] nol) wa

used as the ligand in place of Bpy. The reatkd3m was conducted at 15
130[err]C for 12 h. The polyner was obtained in 85%yield. The Merr] of

t he obt ai ned pol
1.70. Exanple 6:

YRl A0 ot 3O (diiitiikuted 08000 £378 L10d ‘ig{;] {Merr]

| yStyrene was prepared accof

procedure of Examal].eqan, axept that the concentration of 1- PECI was 2 26 x
10[err] mol (amount = 3 [err]L), RuCf[err] (2.26 x 10[err] nol) was used i

pl ace of Cu(l)d,

10

15

20

and PPh[feri®] the f¥mali ghargq amithenmstakecd® innpkatie

9. The process of Claim 1, wherein said ligand is
selected from the group consisting of:

compounds of the formulas:

R-Z=R"
R¥=Z=(R!'~2),~R"
where:

R and R are independently selected from the group
consisting of H, C,-C,, alkyl, aryl, heterocyclyl and C.,-C,
alkyl substituted with C,-C, alkoxy, C,-C, dialkylamino,

C(=Y)R', C(=¥)R‘R’' and YC(=Y)R', whaere Y may be NR’ or O; R® is
alkyl of from 1 to 20 carbon atoms, alkoxy of from 1 to 20
carbon atoms, aryloxy or heterocyclyloxy; R‘ and R’ are
independently H or alkyl of from 1 to 20 carbon atoms, or R*
and R’ may be joined together to form an alkylene group of fronm
2 to 5 carbon atoms, thus forming a 3- to S-membered ring; and
R' is B, straight or branched C,-C,, alkyl or aryl;

Z is 0, S, NR!® or PR, where R is selected from the
same group as R and R!", and where Z is PR!’, R! can alsoc be
C;~C, ~alkoxy;

each R** is independently a divalent group selected
tfon the group consisting of ¢,~C, cycloalkanediyl, C,-C,

3

S

n



WD 96/ 30421 PCT/ US96/ 03302 - 88- of
Bpy. The pol yneri zati on_was _con at 130 err]C for—13.5 h. The pol yner
was obtained in 90%yvyield. The mﬁ l}:/as i n excel |l ent agreenent
with the Merr] of 17,900. The o ad an Merr]/Merr] of
2.0. 5 Exanpl e 7: PoI ystyrene was prepared accor di ng to the procedure of
Exanpl e 3, cept that AIBN (1.7 x 10[err] npol) was used i

1- PECI Cu(‘?’??éz{‘ (3 x 10[err] mol) was used in pl acelﬂ(i)"?. Cu(I)CI, and
Bpy was present in a nmol ar anount of 7 x 10[err] nol. 10 The

pol ynmeri zati on was conducted at 130[err] C f¥#45 h. The pol ynmer was obtai ned
in 90% vyield. The Merr] of 18,500 was in agreenent with the Merr] of

25, 000. The obt %X&QQ;PR%X Ry 1N2draedd 'ial\é'\ﬂ&! cf]o ghﬁle&x prre Sthe,, cent

Pol ystyrene was prepare dor di ng to e proce

t hat 2-chl oroprmmaﬁtlﬂ:&mt%excﬂ(ﬁ elre] atD¥icival yaephdhspl ane @le
1-PEC ; Cu(l)d and Cu(ll)CJ[err] were used in an equinolar mnxture (’3 76 X

10[err] mol of ad&Niene andhCe-6f a@&ewbn-amee tetmaspylm handsche é¢archn
nol ar anount of rization was conducted
at 130[err]C forzlg ‘h‘gﬁiecﬁﬂq‘yﬁﬁ?lsﬁ’ oﬁfaﬂ'\e‘g’ ‘%ﬁgé%‘iﬂl &Y. The Merr] of
81,500 was gn good agreeng \yf[,n {he Merr] of 95,500. The obtained

pol ymer had an l\/[err]/l\/[erpﬁt

compounds of the above formulas where R!* and R’ can be
joined to form a saturated, unsaturated or haterocyclic ring;

compounds of the above formulas where each of R}¥-Z and
RV=Z form a ring with the R'' group to which the Z is bound to

10 form a linked or fused heterocyclic ring system;

compounds of the above formulas where one or both of R!¢
and RY are heterocyclyl, and in which Z is a covalent bond,
CH, or a 4- to 7-membered ring fused to R'¢ or R or both;

co;

15 porphyrins and porphycenes, which may be substituted with
from 1 to 6 halogen atoms, C,-C, alkyl groups, C,-C,~alkoxy
groups, C,-C, alkoxycarbonyl, aryl groups, hcterocyciyl groups,
and C,~C, alkyl groups further substituted with from 1 to 2
halogens;

20 compounds of the formula R¥RIC(C(=Y)R%),, where Y and R}
are as defined above, and each of R and R is independently
selected from the group consisting of H, halogen, C.-C,, alkyl,
aryl and heterocyclyl, and R* and R may be joined to form a
C,=C, cycloalkyl ring or a hydrogenated aromatic or

25 heterocyclic ring, any of which (except for H and halogen) may
be further substituted with 1 to 5 C,~C, alkyl groups, C.-C,



WO 96/ 30421 PCT/ US96/ 03302 - 89-

Exanple . Polystyrene was prepared according.ta tmm Eca.anL&,__
except that benzyl chloride (3.75 x 10[err] nol) , “Mjnﬂ ﬂm of

1-PECI, Fed [err] (3.75 x 10[err] nol) was used in 5° plale df *cu(1) d,
and (EtC»[err]P (1. 15 x 10[err] nol) was used in place of Bpy. The
polynerizatLg? fonducted at 130[err]C for 5.5 h. The pac¥SdsosisHs
obtained in % yleld The Merr] of 19,300 was in good agreenment wth the
Merr] of 21,100. The obtai ned pol yner had an ggerr]/hqer] of 3.0. 10
Exanpl e 10: Pon (methyl acrylate), PMA was B epared according to the
procedure of Exanple 3, except that 1.45 grans of MA were used,
[err]-dibronoxyl exkkeis. graugd)] aralpgenl jtomas dsell droudlsicerOtonbita®ions
Cu(l)Br (8 x 10[er2§.ngl) was used in place of Cu(l)d, 15 and Bpy was
present in a mol fhexeednt 2t 2.5 x 10[err] nol. The polynerization was

ducted at 80 C n 90% vyi el d.
The Nferr] of 3 000 acehbs dhd' cyCiGnlRtadTany O oA, Ghetd s5idY ' 50 500

The obtai ned pol yylcbeftadiddy Nighhe idy Pe &ubé%ituted with from one to
5 five methyl groups, or may be linked through an ethylene or

propylene chaih to a second cyclopentadienyl ligand.

10. The process of Claim 1, wherein the initiator is

present in a concentration of from 10* M to 1 M.

1l1. The process of Claim 1, wherein the initiator and
_10 monomer (8) are present in amounts providing a molar ratio of

from 10°‘:1 to 10':1 of initiator to monomer(s).

12. The process of Claim 1, wherein the transition metal
compound is present in an amount providing a molar ratio of

transition metal compound to initiator of from 0.001:1 to
15 10:1.

13. The process of Claim 1, wherein the ligand is
present in an amount providing a ratio of (a) coordination
sites on the transition metal compound to (b) coordination

sites which the ligand will occupy of from 0.1:1 to 100:1.

20 14. The process of Claim 1, wherein the monomer,

initiator, transition metal compound and ligand are selected



20 Exanple 11: Poly (nethyl acrylate) was prepared according to the
5~ ot hyl br ozopr opy onai e (147 x 10(err] mob) vas used 11 o acolN IR INIIHN
[err]'-di bronoxylene, Cu(l)Br was used in an anount of 1.47 x * WYWOL ¥ s =«

96/ 30421 . PCT/ US96/ 03302 - 90-
10[ err] nol y was present in a nolar anount of 4.5 nol .
The pol yer???’?%‘ﬁpwas conducted at 100[err]C for 15 h. The po yrr%’]r’2 was

obtained in 95%yield. The Merr] of 29,500 was in very good agreenent with
the Merr] of 31,000. The obtained 5 pokyoe+ had an Merr]/Merr] of
1.15. Exanple 12: Poly(nethyl nethacrylate), PMMA, was prepared according

to the procedure | e t_1hat. Q. of MVA were used, 0.5 ni
of ethyl acetat es%‘s%%pq)@)e haes)égggo?%/e‘fﬂl,n?gigﬁ in saidypolymariizingssemt e

(2.5 x 10[err] npé)notRgess Ceham 10080 Ce Oles! 51866 trfah (P ehd sars QL err]
ar

nol ) was used in place of Cu(l1)C, and Bpy was present in a no anount of
4.5 x 10[err] noREopRgatpen yireaidt pohynmsiziagdster brabf 1004w drCokOtnd - 5 h.
The pol yner was ol%.ai rﬁd | n 95%1-\@” eld. The Merr] of 20,500 was in

. radically transferable group to the polymer radical.

(%]

15. A copolymer of the formula:

Runl!guc- ("l, R (HZ) q_x
Runnauc- (nl) ’_ (ul) Q- (H’) :_x
MIRERVIC= (M}) o~ (MP) o= (M) -0 . . = (M) =X

wherein X is selected from the group consisting of
10 C€l, Br, I, ORY, SR, SeR', O-N(RM),, S-C(=S)N(R'),, H, OH, N,,
NH,, COOH and CONH,, where
R is alkyl of from 1 to 20 -carbon atoms in
which each of the hydrogen atoms may be independently
replaced by halide, R is aryl or a straight or branched
15 C;-C;, alkyl group, and wherse an N(R'), group is present,
the two R'* groups may be joined to form a 5- or &-
membered heterocyclic ring,
R, R¥ and RY are each independently selected from
the group consisting of H, halcgen, (,~-C,, alkyl, C,-C,

20 cycloalkyl, C(=Y)R*, C(=Y)NR'R’, COCl, OH, CN, C,-C,, alkenyl,
C,-C;» alkynyl oxiranyl, glycidyl, aryl, heterocyclyl, aranlkyl.
aralkenyl, C,~C; alkyl in which from 1 to all of the hydrcgen
atoms are replaced with halogen and C,~C; alkyl substituted



err
a0007 ’
used

lo[err] nDI
1.2 X 10[erriy,
The pol yner

—execellent _agreenent W|th the Merr] of 19,000. The obtained polyner
/I\/[err] of 1.4 Example. 13, _Palyisoprene was prepared
!l ?’mmn dur e of Exanpl e 3, except that 0.45 g of isoprene was
St, 3.77 x 10[err] nol of 1-PEC was used, 3.9 x
of Cu(I)CI was used, and Bpy was present in a nolar anount of
Jhe polynerization was conducted at 130[ géfriéesioSie24> h.
vvas 0 ai ned in 80%yield. The Merr] of 12,700 WO 96/ 30421

PCT/ US96/ 03302 -91- was in agreenent with the Merr] of 9,500. The

obt ai ned pol

ymer had an Merr]/Merr] of 2.0-x08eanple 14: A PSt-b-PMA bl ock

copol yrrer was produced according to the 5 procedure of Exanple 3, except

that 0.5 g of PSt ] er err =_1.45) was used in
pl ace of 1 PEC asgﬁ%e ARt o? 9‘%%"% %/15 %ge e IhBY®ner,

Cu(l)d was

pr eseebnsistingplo?r ¢ UilIchtfy 1a2Pl X Hete®bbye #dyBRy, Was

present in a nolar anmount of 3.75 x 10[err] nol. The 1 poI erEI’I Zation
was conducted at E3BFWWR'RG faxirsnyl arthglycigyks where

R* is alkyl of from 1 to 20 carbon atoms, alkoxy
5 of from 1 to 20 carbon atoms, aryloxy or heterocyclyloxy;
and R‘ and R’ are independently H or alkyl of from 1 to 20
carbon atoms, or R* and .R’ nay be joined together to form
an alkylene group of from 2 to 5 carbon atoms, thus
forming a 3~ to 6-membered ring,
10 such that no more than two of R, R! and R are H, and
M, M}, M’,... up to M* are each a radically
polymerizable monomer selected such that the monomers in
adjacent blocks are not identical, and p, q, r,... up to s are
independently selected such that the number average molecular
15 weight of each block is from 1,000 to 2%0,000 g/mol;

the following formulas:

X- ("l) ~ (ul’ - (Rugnnuc) - ("l) R (Ha)q-x
X= (M) .~ (M) o= (M}) ;= (RURMRIC) = (ML) = (M2) = (M) ~X
X=(M") g=0 o o = (M) ;= (M?) o= (M}) = (RURVRVC= (M) = (M?) (= (M?) .=, . o = (M) =X

20 wherein R, R¥, RV, X, M', M, W,... upto M*, and p, q, T,...
up to s are as defined abovs;

of the formulas:

RURVRMC= (Mi=M?) (= (MI=M}) = (M2 =M?) (=, . . = (M'=M") =X



was obtained in 95% yifi-d—%he—h{—efﬂ—ef— 13,000 was in good agreenent with

the Merr] of 11,600, T had an Mer]/Merr] of 1.35.
Exanmpl e 15: 15 lm tr| bl ock copol ymer was produced as
fol lows. To a flask equ r condenser and a magnetic stirring

bar, the initiator [err]’ -d|brormxylene (1 x 10[err] mol), CuBr (2 x

10[err] nol 6 x 10[err] nmol), MA (3 g) and Et QAc ( sesi§3p£ added.
Argon was t%’gﬁ% | ed t hrough the 20 solution, and the solution was

heated at 100[err]C for 18 h. One m of solution was w thdrawn using a
syringe and was anal yzed by gas chronmat ogr apg-(GC) and SEC to determ ne
t he nononer conversion and Merr], respectively PMA was obtained in 100%
WD-96/ 30421 oL . PCT/ US96/ 03302 - 92-
yield. The Merr] of 30BOBaS 7HMeERET ANTM AT BEMEN = wi ¢+ HM ) M%er 1] of
30,000, and the Merr]/Merr] of the PMA was 1.3. Styrene (1 g) was added
to the PVA reaction solution, and the m xture was heated at 100[err]C for

18 h. The triblock 5 powheee Rids R¥ht Rhaddi B 45 %sy dat tned Brovh|err] of
42,000 was in excellent agreenent with the Merr] of 40,000, and the
tribl ock ! and M? are different tadically-polymerizable
' monomers, and M’ is one of M' and M? and M¥ is the other of M:
5 and M}, and
P, 4, ;... Up to s are independently selected such
that the number average molecular weight of the copolymer is
from 1,000 to 1,000,000 g/mol;

of the formulas:

10 (RVRM'RYC) = [ (M) =X],
(RWRPR''C) = (M)~ (M) o=X],
(RVRM'RY'C) = (M) = (M?) = (M) ~X],
(RRWRI'C) <[ (M) = (M?) o= (M) o= . . = (M*) ,~X],

where RYM', R}¥ and R'' are the same as R!!, R} and R¥ with
18 the proviso that R!¥', R} and R combined contain from 2 to 5
X groups, where X is as defined above;
M, ¥, W,... M are as defined above; and
Z is from 3 to 6; and

of the formula:

20 MIRUHRIC= (M! M3,) = (M M3,) = (M} M3 ) =. . .= (M}00,) = (M} M%) =X



pol ymer had an Merr]/Merr] of 1.45. —FBxanrple—316—APMA-b-PSt bl ock
copol ymer was _prepared accordi ng__LQ_.Lh of Exanple—3,—except——
that 0.5 g of PMA-CO (Merr] = 2, OOO 3/‘ Imulm ﬂ 30) was used in

pl ace of 1-PECI as the initiator, as the nononer,
Cu(l)d was present in a nolar armunt of 2.5 x 10[err] nmol and Bpy was
present in a anmount of 7.5 x 10[err] mol. The pol ymerjcaaidoessers 15
conduct ed at ?Lgfﬁ%é?r]c for 10 h. The polymer was obtained in 90%yvyield. The
Merr] . of 11,500 was in excellent agreement with the Merr] of 11,000. The
obt ai ned polyner had an Merr]/Merr] of 1. 299¢ Exarrple 17: A random
P(St-co-MA) copol yner was prepared accordi ng ?o t he procedure of

Exanpl e 3, except that mxture of MA (0.48 Q) and St (0.45 g) was used as
comononers, 1- PEGhevasRiser?| rRiAremluate ods efdnad lalicel6 MX iy of rdreml ),
Cu(l)d was used in an amount, of 2.22 x 1Q[err] nol and Bpy was present in

a nol ar anmount ofdiéfsrknﬁcﬁ'ﬂdﬂﬂ%fmwrﬁéﬂhrWWPSﬁ wtd @onducteR ate,
I%’:CS% leJrSr9]6/C 028625- 33 *The p%?yfn%?‘ was bt a.“ﬁga"“i‘iﬁs u)?lb efa. 1%‘@‘!@? 5??}" of
39, 000 was selected such that a + b = c +d =100, and any or all of (e +
5 f), (g +h) and (i + j) = 100 or 0, wherein the a:b ratio is
from 100:0 to 0:100, the c:d ratio is from 95:5 to 5:95, such
that ¢ < a and 4 > b, and where applicable, the e:f ratio is
from 90:10 to 10:90, such that e < ¢ and £ > d, and the
endpoints of the molar ratio ranges of first monomer to second
10 monomer in successive blocks progressively decrease or
increase by S such that the e:f ratio is from 5:95 to 95:5,
such that e » c and £ = 4, and the i:J ratio is from 0:100 to
100:0, such that i » e and j = £.

16. The copolymer of Claim 15, having a formula:

15 RURMRYC- (M) = (M)
RURMRUC- (M) - (M%) = (M*) =X or
RIRIIRLIC (MF) = (M2) o= (M) o=« « = (M) =X

vherein X is selected from the group consisting of Cl,
Br, I, ORY, SR, SeR!, O-N(R'),, S-C(=S)N(R),, H, OH, N,, NH,,
20 COOH and CONH,; and where
RY is alkyl of from 1 to 20 carbon atoms in which
each of the hydrogen atoms may be independently replaced by
halide, R is aryl or a straight or branched C,-C,, alkyl



in excellent agreement with the Merr] of 39,100. The obtained pol ymer had

an Merr]/Merr] of 1.45. The caqnposition as determ ned
cont ai ned 48% MA, 5 and 52% St. Exanple 18: A random “ﬂnﬂﬂmm”m"
copol ymer was prepared according to the procedure of Exanpte cl/)r except *

that m xture of MVA (0.45 g) and St (0.45 g) was used as conononers, 1-PEBr

(3 [err]L, 2.2 x 10 10[err] nmol) was used in place of Jeffblokrnsspa!(!)Br
(2.0 x 10[‘59#”%*) was used in place of Cu(l)d and Bpy was present in a

nmol ar anount of 4.5 x 10[err] nmol. The polymerizati on was conducted at
100[err]C for 14 h. The polymer was obtai radorn 90% yi el d. The Merr] of
38,000 was in excellent agreenent with the Merr] of 15 36,900. The

obt ai ned pol ymer_had an l\/& rr;/ |\4] lo,of 1.55. Exanple 19: A six _armstar

PMA pol ymer was a o't 0 ' . KRR
TEPIRr A0 ABRES 8 (Ro){ ESHBOLe RFATeDE - XS B

t hat CH ' f. 1- PEC ,

VR (1 0. 96 6wt o co forshs s lon U heliBarf HarhPeBy 866 31n- o)

was used in place of Cu(Rj'c R*aand BifY ares epchsinteriendentDy aselacteat £:dm 5. 8

x 10[err] nol. _ The polynerizatjon was conducted at 110[err]C for 45 h. The
pol ymer was obt Eﬁ‘ﬁ«ﬂ%‘\gf%%%%“ Fnchakogen, 6Cq Gé[winascai'ﬁ- per f ect

S cycloalkyl, C(=Y)R*, C(=Y)NR'R’, COCl, OH, CN, C,~C,, alkenyl,
C,~C;;, alkynyl oxiranyl, glycidyl, aryl, heterocyeclyl, aralkyl,
aralkenyl, C,-C; alkyl in which from 1 to all of the hydrogen
atoms are raeplaced with halogen and C,-C, alkyl substituted
with from 1 to 3 substituents selacted from the group

10 consisting of C,~C, alkoxy, aryl, heterocyclyl, C(=Y)RS,
C{=Y)NR'R’, oxiranyl and glycidyl, where
R* is alkyl of from 1 to 20 carbon atoms, alkoxy
of from 1 to 20 carbon atoms, aryloxy or heterccyclyloxy;
and R* and R’ are independently H or alkyl of from 1 to 20
15 carbon atoms, or R‘ and R’ may be joined together to form
an alkylene group of from 2 to 5 carbon atoms, thus
forming a 3- to 6-msmbered ring,
such that no more than two of R, R and R are H, and
W, M, ¥,... up to M* are each a radically

29 pelymerizable monomer sslected such that the monomers in
adjacent blocks are not identical, and p, q, r,... Up to s are
independently selected such that the number average molecular
weight of each block is from 1,000 to 250,000 g/mol.

17. The copolymer of Claim 15, having a formula:



WO 96730421 . PCT/ US96/ 03302 - 94-

agr M“E“"[&LL]_ of 9, 600 The—obt-alned—polyner had-—an
Wmmll 0. Exanple 20: A six-armstar PSt pol ymer was prepared
accow ing toMhhé 5° procedure of Exanple 3, except that 1.53 x 10[err]

nmol of Clerr](CHerr]Br)[err] was used in place of 1-PEC. The polymer was
obt ai ned in QOO/GXJ ]eI_I d. The Merr] of 24,100 was in close agéppsiRsaoy th the
Merr] of 2%' he obtai ned polymer had an Merr]/Merr] of 1. 25. 10
Exanpl e 21: An end-functional PSt having a COCH end group was prepared
according to the procedure of Exanple 3, exggpd that 2-chloropropionic acid -
(1.74 x 10[err] nol) was used in place of 1-PECI, and the reaction was
conduct ed for 14 h. The polynmer 15 was obtai ned in 50% yi el d, and had an
Merr] = 39,600 and an I\/[err]W‘I\fl!"é)rqr'](“‘r)pI(&‘éﬂ“%)rrpﬂHé),?Z!&‘A-Kel echel i c PMVA

W th two Br end groups re { e accord| ng
to the procedure of Ex%?‘e’pig x? éeg{lﬁ{‘héat (&QG Q‘X DF‘QS
Clerr] H err] ( CHierBe). [ o5 pe 1j B (RURORVES - BPEGM) L G of s
ders 200X10[er(r]i3m) f v%mvsqm ( § - befEqwe) L o g~ W‘;\m
wherein R, R¥2?, R¥, X, M}, M?, M’,... up to M, and P, q, T,...
5 up to 8 are as defined in Claim 1S.

18. The copolymer of Claim 15, having a formula:

RURMRNC= (M} =M?) = (MP=M}) (= (M}~M") =. ..~ (M=) =X oOr
(RERMRMC) = [ (M'=10) = (MP=M') = (MP=W?) =, . . = (M'=IF) =X

where R, R', R™ and X are as defined in Claim 15,
10 M and M* are different radically-polymerizable
monomers, and M* is one of M! and M’ and M is the other of M’
and ¥, and
P, 9, L,... UpP tOo 8 are independently selected such
that the number average molecular weight of the copolynmer is
15 from 1,000 to 1,000,000 g/mol.

19. The copolymer of Claim 15, having a formula:

(RVRRC) = () -X],
(RERVRIC) = (M) = (W) g=X],
(RIVRIRIC) = [ (M) = (M%) o= () ,=X], OF
20 (RURWRMC) = [ (M) = (M?) = (M) .=, . . = (M) ,=X],



100%vyield after 8 hUI m

800 was_in WD 96/ 30421

used, and 5.2 x 10[err] nol of @ﬁ“mas present. The polymer was obtained in

PCT/ US96/ 03302 - 95-

th the Merr] of 5,000. The obtained

pol ymer had an N[err]/N[err : '. Exanpl e 23: HBr abstraction (by known

met hods) of the Br- functlonal
a tel echeli ({Yécoz EOl ymer with oI efi n THIS'SHEEPHAS. B

(co) pol yrer

hydr obor ati on/ oxi dati on (by known me

produced in Exanple 22 can lead to

Wh%&ﬂu@uhSQ)Chelic
y sequenti al

i mary- al cohol end: grouq:;;Em[)EQe for
eduction (by known

met hods) gives the corresponding 10 an1ne ended tel echelic (co)pol yner.
A Br-ended tel echelic (co)polyner ("Br- P[erH]ZBr") can be converted to
ot her groups in one or two step as follows: NaN err] Br-P[err] Br [err]

N err]-Plerr]-

N err] «JifSere R'', R and R' are the same asKf®N, [®2rdng Rri' as

NC-Plerr]-CN 1) CH err] COOK

10

15

20

defined in Claim 15, with the proviso that R!', R!? and R
combined contain from 2 to S5 X groups, where X is as defined
above;

M, M}, M!,... M are as defined above; and

2 is from 3 to 6.
20. The cocpolymer of Claim 15, having the formula:
RURURYCS (M M%) = (MI) = (M M%) = . . = (' 00,) = (M M%) =X

wvhers R, R, R! and X are as defined in Claim 15, M and M’
are different radically-polymerizable nonomers, and a, b, c,
d, e, £,... Up to g and h are non-negative numbers
independently selected such that a + b= c + @ = 100, and any
or all of (¢ + £), (g + h) and (1 + §j) = 100 or 0, wherein the
a:b ratio is from 100:0 to 0:100, the c:d ratio is from 95:5
to 5:95, such that ¢ < a and 4 > b, and whers applicable, the
e:f ratio is from 90:10 to 10:90, such that e < c and £ > 4,
and the endpoints of the molar ratio ranges of first monomer
to second monomer in successive blocks progressively decrease
or increase by 5 such that the e:f ratio is from 5:95 to 95:S,
such that e » c and ¢ » 4, and the i:j ratio is from 0:100 to
100:0, such that { » ¢ and j » £.

This Sheet Has Been Reilace




[err] HO Plerr]-0CH 2) NaCH 20 - 2 HBr
BrCH err]CHerr]-Plerr]-CH err].CH ecc] B >

Herr]C=CH P[err]-CH=CH err] Exanple 24: An end- functlonal and in-chain
functional PSt with two Br end groups and two central Br groups was
prepared at 100C 25 according to the procedure of Exanple 3, except that
0.900 x 10[ s3op; of CBr4 was used in place of 1-PEC, O was
WO 96/ 30421%66; ! PCT/ USQg/é(r)%g%&Zos%G-
used, 1.5 x 10[err] nol of Cud was used}/¥dnd 3.2 x 10[err] nol of Bpy was
present. The polynmer was obtained in 90%yield after 20 h. The Merr] of
4,500 was in agreenment with the Merr] of 5, 000. The obtained pol yner had
an Merr]/Merr] of 1.45. The obtained 5 pol ymer can be converted to any
of the other four functional PSt's according to the procedures described in
Exanpl e 23. A nunber of ATRP's of styrene using transition netal conplexes
other than CuCl/Bpy are summarized in Table 8, and a nunber of ATRP s of
met hyl nethacrylate using transition nmetal 10 conpl exes ot her than

CuCl /Bpy are summarized in Table 9.

O
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WD 96/ 30421 PCT/ US96/ 03302 -
97 =[err] WO 9R/30421

PCT/ US96/ 03302 -98 - [err] 99 Cains: 1. A control l ed free radical
pol ymeri zati on process, of atomor group transfer radical polynerization,
conprising the steps of: radically pol ymeri zi ng one or nor e

- radically (<q§bggg%gprlzable nmononmers in the presence of an gdysgdeghsIpz havi ng
a radically transterable atomor group, and a catal yst system conprising a

transition metal conmpound which
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participates in a reversible redox cycle with said initiator or a dormnt
polyner chain_end, and a ligand_to faorma (co)polyner, and the_ligand-Being—
any N-, 0-, P- or S containing conpound which can coordinate in a
[err]-bond to the transition netal or any carbon contai ni ng conpound which
can coordinate in a [err]-bond to the transition netal, such that direct
bonds betwe transition netal and grow ng pol yner radi not

f ormed mhergﬂ“&@§WH transition nmetal conpound and said |igan h%%gbﬁgtched
wi th one another in order to provide reaB8fidon with said initiator to
reversibly generate a radical. 2. The process of Claim1, wherein the
anounts of said nononer(s), said initiator, said transition netal conpound
and said ligand are such that growi ng radicals are present during said
polynerizing in a concentration in the range of from10[err] nmol/L to
10[err] nol/L, and dormant pol yner chains are present during said
polynerizing in a concentration in the range of from10[err] nol/L to 1
nmol /L. 3. The process of claim?2, wherein the concentration of said
growing radicals is from10[err] nmol/L to 10[err] nol /L. REPLACENMENT
SHEET

10 15
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100 4. The process of Claim2, wherein the concentration of said dormant
pourc&r_c.h.a.l_n.s_.l_s_f.r_n.m_;l_o.[_err] mol Lltod—pplll. 5 The process of—GC-aimt—
wherein said nononer(s) are of the formula: [err] wherein Rler] and Rlerr]
are independently selected fromthe group consisting of H hologen, CN,
CF[err], strai ght or branched alkyl of from1 to 20 carbon atons,[err],
[err]- unsaty tstral ght or branched al kenyl or al kynyl ﬁmig,g,@;&p

car bon atoms err [err]- unsaturated straight or branched al kenyl of 2
to 6 carbon atons substituted with hal ogdM4 (Jerr]-Cerr] cycloal kyl,

phenyl which may optionally have from1l to 5 substituents on the phenyl
ring selected fromthe group consisting of CJerr]-alkyl, Cerr]- alkenyl,

C err]-al koxy,. hal ogen, nitro, car boxy, ‘Cerr]- al koxycarbonyl,
hydroxy protected with a CJerr]-acyl, cyano and phenyl, heterocyclyl,
C(=Y)YRerr], C=Y)NR[err]Rerr], YCR err]Rerr]Rerr] and YC(=Y)R8, where Y
may be NR[err] or O Rerr] is alkyl of from1l to 20 carbon atons, al koxy
of from1l to 20 carbon atons, aryl oxy or heterocyclyloxy; R6 and R7 are

i ndependently H or alkyl of from1l to 20 carbon atons, or R err] and R err]
may be joined together to forman al kyl ene group of from2 to 5 carbon
atons, thus formng a 3- to 6- nenbered ring; and R[err] is H straight or

branched C[err]-Clerrpog kyl or aryl; and
Mw/Mn

23500
90% 1.25

15000
62% 1.30

7100
297 1.40
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Rlerr] and Rl err] are independently selected formthe group consisting of

al kyl_and COORO__where RO js H an_alkali pnetal
or a Cerr]-Cerr] aI kyl group; or Rlerr] and Rerr] may be joined to form
a group of the formula (CH err])[err] or a group of the formula
C(=0-Y-C(=0, where n[err] is from2 to 6, the group (CHerr])[err] my be
substituted m1l to 2n[er] halogen atons or Cl-C4 al , and
Y is as deflﬁgga%%gf\?e and at least two of Rerr], R[err] lJI%'/IJgerraf'&{:!{‘rl}(sj
Rlerr] are H or hol ogen. 101 6. The process of Claim1l, wherein said
initiator is of the formula: Rlerr]R errpH%err]C- X where: X is selected
fromthe group consisting of CI__BrMnlbp OR[err], SRerr], SeRerr],
OP(=O R err], OP(=0 5@ err])[err] ( O)CR[err] ON(R[err] rr] and
S—C(=S)N(R[err])[err%, ere R[eor] ng(:al kyl of froml to 20 on atons

in which each of the hydrogen a gmmnm/ be i ndependently r@pl aped by
halide, Rerr] is aryl gr a stralghtw/oth branched ({err] -2 err]|al kyl group,

and where an N(R[erri/Oﬂoﬂa r] group is present, the two err] oftBips may be
joined to forma 5- or €-nenbered heterocyclic ring; 2d
- 13000 11.6
¥n by /M

10000 1.4
3000 1.2
0 1.0

0 0.2 0.4 0.6 08 1

CONV.
FIG. 5
14 10° 24
—r— M A
12 10° ot 22
110° 20
8 10¢ 18
nSEC My /M

6 10t 16

4 10¢ {14

2 10* 112

0 1 ) I} 2 2 L '.0
0 210" 410" 610* 810t 110° 12107 1410°

Mnth
LFIG. 6
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Rlerr], Rerr] and R err] are each independently selected fromthe group
consisting of H halogen derr]-Jerrl alkyl Cerr]l-Cerr]_cycloalkyl, —
C(=Y)Rerr], C(=Y)NR[err]Rerr], COO, OH CN, (err]-Cerr] alkenyl,
Cerr]-Cerr] alkynyl oxiranyl, glycidyl, aryl, heterocyclyl, aralkyl,

aral kenyl, Cerr]-Clerr] alkyl in which from1 to all of the hydrogen atons
are

PCT/ US96/ 03%?36’%? repl aced with hal ogen and Cerr]- C[errﬁcmfsﬁw?smz
substituted with from1 to 3 substituents selected fromthe group
consisting of CJerr]-Clerr] al koxy, aryl 6/tterocyclyl, C(-Y)Rerr],
C(-Y)NR[err]R err], oxiranyl and glycidyl; 5 where Rl err] is
al kyl of from1l to 20 carbon atons, alkoxy of from1l to 20 carbon atons,
aryl oxy or heterocyclyloxy; ang R[err] and R[err] are ¢ndependent|y H or

al kyl. of from1l to 20 carbon , or erOr] a may be j oi ned
together to forman al kyl ene Wbpc}p.f_(fm —ea{ bon atons, thus 10
formng a 3- to 6-nmenbered ring; spch that {han two of R[err],
Rlerr] and Rerr] are H 7. The prgess Rerein no nore than
one of Rerr], Rerr] and Rerr] is H 8 of Caim1, wherein
said transition netal 1

FIG. 78
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15 conpound is of the formula Merr]X [err], where: Merr] may be
selected fromthe group consisting.af ﬁ'feg;.r..].._QJ.[_er_r_]__Ee.Le.u_].,_. Fe[err] -
Ru[err], Ru[err], Cerr], Cferr], MJ[err], MJerr], Werr], Werr],
I\/h[err], I\/h[err], Rh[err], Rh[err], Re[err], Re[err], Co, Co[err], Vlerr],
Vlerr], Zn[err], Zn[err], Auferr], Au[er], Ag[err] and Ag[err]; 20

is sel ect the group consisting of hal ogen, err | koxy,
(SCIerr])[er&f;g&%‘ﬁaerr]?[erf](R[err]PC]?err])[er?] (g[[err}PC][.:'.‘%egri’?j):‘0231 Y

triflate, hexafluorophosphate, nethanesulfonate, arylsulfonate CN and
Rlerr]CJerr], where Rlerr] is Hor a stZdi§ht or branched CJerr]-derr]

al kyl VO 96/ 30421 PCT/ YS9/ 03302
-103- group which may be substituted from1l to 5 tinmes with a hal ¢gen; and
nis the formal charge on the nmetal (0 [err] n [err] 7). 9. The pgocess of
Claim1l1, wherein said ligand is 5 selected fromthe group consfisting of:
conpounds of the fornul ag: R{T\_gqjlr]-Z-R[err] Rerr]-Z-(Herr]-2)[erf}] -Rl err]
where: 10 errf and Rlerr] are independgntly selectfd from

t he group ﬂ

1785 1780 1775 1770 1765 1760 155 465 460 455 450 M5
FIC. 84 FIC.8A4°

C= ~¢-

M,-AA\J L}\AANV\ ‘J\}ULM

L Pl B " PP |

1785 1780 1775 1770 1765 1760 1755 465 460 455 450 445
FIG. 88 FIG.88°
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consisting of H (err]-Clerr] alkyl, aryl, heterocyclyl and CJerr]-Clerr]
} 1 1] - err}—alcoxymllorr]-Clerr] dial kyl amna

al

C(=Y)Rerr], C=Y)Rerr]Rerr] and YC(=Y)R err], where Y may be NR or O;
Plerr] is alkyl of from1l to 20 carbon atons, alkoxy of from1l to 20 15
carbon atons, aryloxy or heterocyclyloxy; Rerr] and Rerr] are

i ndependent | ywolg@gg2t! Kyl of from1l to 20 carbon atons, or R& R err]
may be joined together to forman al kyl ene group of from2 to car bon
atonms, thus formng a 3- to 6-nmenbered ring; and Rerr] in H straight or
branched CJerr]-(err] alkyl or aryl; 208/14 Zis 0, S, NRerr] or
PR[err], where R err] is selected fromthe sane group as R err] and R err],
and where Z is PR err], Rerr] can also be CJerr]-Cerr]-al koxy; each
Rlerr] is independently a divalent group selected fromthe group consisting
of CJerr]-Cerr] cycloal kanediyl, Cerr]-Cerr] PCT/ US96/ 03302 WO

96/ 30421 -104- cycl oal kenediyl, arenediyl and heterocyclyl ene where the
coval ent bonds to each Z are at vicinal positions, and CJerr]-Cerr]

al kylene and Cerr]-Clerr] al kenyl ene where the coval ent bonds to each Z
are at vicinal positions or at [ery]-positions; and :

[ ]
&
=
=
[ =]
=]
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g
=
c:=
w0 -
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5 mis from1l to 6; conpounds of the above fornulas where
Rlerr]._and Rlerr] can be joined_to forma saturated, unsaturated or...
het erocyclic ring; conpounds of the above fornulas where each of R'-Z and
Rlerr]-Z forma ring with the Rerr] group to which the Z is bound to 10
forma linked or fused heterocyclic ring system conpounds of the above
formul as wh r both of Rlerr] and Rlerr] are heterocygl %,5 gl in
which Z is a covalent bond, CH err] or a 4- to 7-nmenbered ring tfused to
Rlerr] or Rerr] or both; CO 15 9/14 por phyrins and porphycenes, which
may be substituted with from1l to 6 hallogen atonms, (err]-Cerr] alkyl
groups, Clerr]-C e?Pal koxy gr@ups,M prr]-Cerr] al koxycar R@lyl , aryl
groups, heterocyclyl gfoups, and CJerr[-Cerr] alkyl groups flurther
substituted with fromfl to 3 h.a.l.n.g.emn'chO conpougds”Qf the formul a
R[err-]R[err]C(C(:Y%@h@ r])[err], wheré Y and Rlerr] are deﬁined above,
and each of Rerr] R[err]_i_g.i_nmdently sel ect from| 'ﬁe group
consisting of H halogen, Cerr]-Cerr] alkyl, aryl dnd heterocyclyl, and

Rlerr] and Rlerr] may pe joined to forma (err] err] cyclagal kyl ring or
a hydrogenated arofggppf or 25 heterocyclic rigQ, any of whiglg (except for
H and hal ogen) e furt substituted w 1tob5 (err]{err] alkyl
groups, Cerr]- rrj My/Mn
10000 41.4
5000 41.2
0 1.0
0 0.2 0.4 0.6 0.8 1.0
CONV.
FIG. 70
25000 ®  VnSEC 716
Mn,th. s
20000 - i /M 415
15000 {14
Nn My/Mn
10000 - 113
5000 + 41.2
0 1 1 1 1 LI
0 0.2 04 0.6 0.8 1.0
CONV.
FIG.77
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WO 96/ 31421 PCT/ US96/ 03302 - 105-
al koxy_groups, halogen atons, aryl._groups...ar_conbinations thereof;—and

arenes and cycl opent adi enyl |i gands, wher e said cycl opent adi enyl Ilgand may
be substituted with fromone to 5 five methyl groups, or nmay be |inked
through an ethylene or propylene chain to a second cyclopentadi enyl |igand.

10. The pro PQL aiml, wherein the initiator is prese

concentratlgﬁag f%§L110[err] Mto 1 M 11. The process of alﬁ?%, wherein
the initiator and 10 nononer (s) are present in amounts providing a solar
ratio of from10[err]: 1 to 10[err]:1 of0MAitiator to nononer(s) 12. The
process of Caim1l1, wherein the transition netal conmpound is present in an
anount providing a nolar ratio of transition netal conmpound to initiator of
fromO0.001:1 to 15 10:1. 13. The process of Claim1l, wherein the |igand
is present in an anount ﬁbdlng a ratio of (a) coordination sites on the
transition netal corrpo nﬁ(n% b) coordination sites which the ligand w |

occupy of fromO0.1:1 to 100:1. 20 14. The process of daiml
wherein the nononmer, initiafor, transition net conpound and |igand are
sel ected
-39t
-4}
-45
——[1-CuCl] = 0.11M, [Bpy]o= 0.033M
Ny 25 7 15 o
tn[1-PEC1], FIG. 724
In{Kp9PP)
-33¢
-4}
-o-[1 PECI]O 0.11M, [Bpy]o= 0.0.33M

BT J ET ary

tn[CuCl], FIG. 725

In(KpPP)

—[1- PECI]O [Cum]0 0.11M

95 2 <15 <1 05
In{Bpyl, FIG. 72C
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WD 96/ 30421 PCT/ US96/ 03302 - 106-
such-that (a) the rate of jnitiation in said polyperizing step i s not |ess

than 1,000 tinmes slower than (b) the rate of propagation in said
pol ymeri zing step or of transfer of the radically transferable group to the
polymer radical. 5 15. A copol yner of the formula:

err err err errj- err err]-X Rerr G
(R[l\/[er]rﬁ[erlﬁgfﬂhﬁ[‘grfw[er]ri!(l\/[]erﬂvg[er]ri[-x][errF[R[er]rF[FSI e{dri@- 5611
(Merr])[err]-(Merr])[err]- (Merrjitfer]- . .-(Merr])[err]-X wherein X
I's selected fromthe group consisting of 10 a, Br, I, ORerr], SRerr],
SeRlerr], ONRerr])[err], S-C(:S)IEI(-FPE)I}%):DMM,], H OH Nerr], NHerr],
COOH and CONH[ err], where R err] is_alkyl”of from1l to 20 carbon atons in
whi ch each of the hydrogen MEOWE[CW@}’OM.OﬁM,elﬁBpﬂGBOJS}ZMF epl aced by hali de,
Rlerr] is aryl or a stra}'ggm_or branched 15 2 Jerr]-Cerr] alkyl

80007

group, and where an N(R )[err] group is prese the two Rl err] groups

may be joined to forma FBicring, Rlerr], Rerr]
€ group consisting of H,

r 6- nenbered heter

and Rl err] are each independently selegted fr
hal ogen,. Clerr]-Clerr] abBi)k eﬂr%r 41.6 Mo /M
| 4000 J14 Moo
2000 1.2
% 07 0s 05 08 1| FIC. 734
CONV.
y ['I -PECl] 0= [CUCI]0=0.I M,
n
10000 [Bpy]o=0.35 2
8000 1.8
6000 116 M/,
4000 11.4
2000f Y 112 |
el ™ | Fre. 738
0 02 04 06 08 1
CONv.
' [1-PECI] 5 = [CuCl] o = [Bpy], =0.11M,
n
10000 2
8000 1.8
6000 16 My/M,
4000 e 14
2000 o S 112
TR S S— FIG. 73
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20 cycloal kyl, C(-Y)Rerr], C-Y)NRerr]Rer], COd, OH CN,
Clerr]-derr] alkenyl, Jerr]-Cerr] alkynyl axiranyl, glycidyl . aryl,

het erocycl yl, aral kyl, aral kenyl, Clerr]-Cerr] alkyl in which from1lto
all of the hydrogen atons are replaced with halogen and Cerr]-Cerr] alkyl
substituted WO 96/ 30421 .

PCT/ US96/ 03?‘?3&;”9; wth from1l to 3 substituents sel ect eq,%rw group
consisting o errl]-C[err] al koxy, aryl, heterocyclyl, C(= errj,
C(=Y)NR[err]R err], oxiranyl and glycidyl, where Rerr] is alkyl of from1
to 20 carbon atons, al koxy 5 12¢f4from 1 to 20 carbon atons, aryl oxy
or heterocyclyloxy; ard300err] aed F{Jﬁzsg are independent| yqH.br al kyl of
from1l to 20 carbon atons,] or Rlerr] dnd R err] may be joingd together to
forman al kyl ene group of fromé—t—e-ﬂnmarbon atonms, thus forjmng a 3- to
6- menbered ring, 10 ZOPOU:h that no nore than two of R[err fgerr] and

Rlerr] are H, and Mert I\/[err-]-B-H[Hg/M ... up to Merr)Jfarle each a

radi cally pol ynmeri zabl e ngnonmer sel ected such that th oners in adjacent
bl ocks are not identi c%h and p, g, r,... upto s a i ndepeq&gntly
sel ected such that thd¥HBer aver age nol ecul ar wei ghf] each bl ock
is from 1,000 to 250MP00 ¢/ nol ; ® M /M
witn
10000 - H14
5()00L 413
0 1 1 1 1 12
0 0.2 0.4 0.6 08 1.0
CONv.
FlIG. 744
25000 - e Mygre | -~20
Math
20000 18
15000 <416
My My M,
10000 = 14
5000 1.2
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FIG. 7485
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the foll ow ng fornul as: X—(Iv[err])[err]- (Merr])[err] -
(Rerr]Rlerr]lBRlore]l - (Merr]) [err]l-_—(Merrl)[err]-X
X-(Merr])[err]-(Merr])[err])-(Merr])[err]- (R[err]R[err]R[err]C) (Merr])
[err]-(Merr])[err]-(Merr])[err]-X X- (Merr])[err]- -(Merr])[err]
-(Merr]) [err]- (Merr]) [err]-(Rerr]Rerr]Rerr]C

err er Iz errj- err err err err X 20
\(/\kl\l/[erei]n)[R[errf,(%Hi,[R[e]rr],(MX, l\/%)egr] ]I\/[err]lv[l\/[e]ra][ ‘]""’gﬁ?"f’{i"’?v[err]
and p, g, r,... upto s are as defined above of the formul as:
RerrlRerr]Rerr]CG (Merr]-Merr]) [ern3/t4(Merr]-Merr])[err]-

rr]-Merr])[err]-....- (Merr]-Merr])[err]-X WO 96/ 30421

rr]Rlerr]Rerr]CQ-[Merr]-Merr])[err]-(Merr]-Merr])[err]-(Merr]-Me
Ferr]-...-(Merr]-Merr])[err]-X where Rerr], Rerr], Rerr] and X are
as defined above, Merr] and Merr] are dlffererqr;'tlyrad:\/{:aly%/ pol %/rr:erltzzﬁble f

: d n er i S e other o
nMDQ(r);(]erg anan'c\i/[ﬁ/[”e]rriéu m%&:!"[\]/[—r’erriccls(:uﬁﬂ’\ici)rm CClyete Ge-rﬁltér Myl sel ect ed
such that the nunmber average nol ecul ar ZEI ght of the copohyrrer is from
1,000 to 1,000,000 g/nol; of the fornul
(R[err]R[err]R[err]C)-[(l\/[err])[err]-X][err] (R[err] Rlerr] Rerr]O -[
(MerrD)lerr] -(Merrl)lerr] -Xgerrl o oy o0 1 4 Cufl)ct

r
(Me ]

PCT/ US96/ 03302 - 108 -
(R e

rel)

FIG. 75

INTIATION:
R-¢t+ Culet = [R-culcyy]

1\+M 1+M

R-M-Ct +Cultt == [R-w-culcyy]

FIG. 764

PROPAGATION:
R-Mn=Ct + Cultt === [R - - Cu Tty

FlG. 7658
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(Rlerr]Rerr]Rerr]C -[ (Merr]) [err]-(Merr])[err]-(Merr]) [err]-X[err

rl
(R[errlRferrlR[err]CL (Merr])fercl- (Merelilerrl(Merr])[ err]-
-(Merr]) [err]-X][err] where Rlerr] Rerr] and Rerr] are the sane as
R[err], Rlerr] and Rler] with 15 the proviso that Rerr], Rerr] and
Rl err] conbined contain from2 to 5 X groups, where X is an defined above;

Merr], Mewdossdag' ], .- Merr] are as defined above; angiciussnsiem 3 to
6; and of t e%‘grnula 20 [err]R[err]R[err]C(l\/[err]l\/[err]) -
(Merr]Merr]) - (Merr]Merr]) - . . (I\/[err]l\/[err]) - (Merr]Merr])
-X WD 96/ 30421 PCT/ US96/ 03302

-109- where Rlerr], Rerr], Rerr] and Xare as defined above, Merr] and
Merr] are different radi cal | MAWHON;er i zabl e nononers, and a, b, c, d, e,
f,... up to g and h are non-negative nqlnbers |ndepeno“ently sel ected such
that a+b=c+d- 100, and amy-@r+8u1Cof~Fe Rs-CuG, (g + h) and (i +
j) = 100 or O, wherein the a:b rgtio is from 100: O%ﬂ 0:100, the c:d ratio
is from95:5 to 5:95, such that %\ andd>b at where applicable, the

e:f ratiois from90:10 to 10: 90, such tlhat f.> d. and the _
endpoi nts of the nmolar ratio r Rrre C‘s‘!—ntRToMm"Quockecond 10 nmonomer

i n successive bl ocks progressively decrease or

FIG. 774

PROPAGATION:
R-Mg-Cl + CulCl === R - Mg CulCt)

FIG. 778

FIG. 784

M4 R-X == (ML R = M 4 R+ X

FICG. 188
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- ' e - | 1047524
increase by. S such that the e:f ratio is from E?EA E . _ h t hat
REBL 1T T S ORPAGEHENT SHEF -ucn (s

Rlerr]Rlerr]Rlerr] M rQER 4997 -
(Iv[err])[err] XR[err]R[err]R[err]C—(I\/[ggr])[ Pri] - (Iv[err])[err]-

(Merr])[err].-X or V\/nereln X Is selected fronjfthe group ¢ stfing of O,

Br, I, CRF&F'F‘}“‘SR[err , rr] ONRerr]blerr], S Q- S)N(F{err])[err]
N, ON Nerr], N e ‘10 e ze B%QNE r POLRETWRAEA OR] drocess al kyl
of from 1df0a2ﬁmca:rxb@i:oaip)ltﬁraerM ¢addacl gbliherivdiage) dmPriThde

|ndepende C by halide, Rerr] is aryl or a straight or branched
Clerr] - ?rhr%/ Jﬁeﬁ%ﬁa & VO 96/ 30421

PCT/ U896/ 03302 ramalgmup palydnethicz ngin No&E er r Y[ er mprer ounraic'ﬁqwle_gﬁnt :

the t ggkﬁgzggﬂ to.f t |
ri (ra]g WOR[ (laQEr](Jr ]poq %er r?érg%gs eggh%?ln@dg)ﬁgensc?en%? ygge gl(r:t%'e Q_%agﬂocyg °
group con aé’tllntgg aoFaﬁlcﬁéllb’g‘éﬁaHQFGFﬁ]Dlé[ ateh of lgroumy @énd aCleatelyst
cycl oal kyls g;;@(qm\f) RE6i hsﬁﬁgY) NR[ eﬁf&ﬂsfﬁ&n C%tala"’ oGh&' T ky QL{H r]

yl,

al kenyl , r.] rr alky OXIr yci d I I eterocyc
aral kyl , %&%%L* érnr]a %l?yquq% 1 's@d Spinig atier

hydrogen or a dormant polymer chain end, and a llgand to form a

U

(co)polymer, and the ligand being any N-, O-, P- or S-
containing compound which can coordinate in a o¢-bond to the
transition metal or any carbon containing compound which can
coordinate in a w-bond to the transition metal, such that
direct bonds between the transition metal and growing polymer
radicals are not formed wherein said transition metal compound
and said ligand are matched with one another in order to
provide reaction with said initiator to reversibly generate
a radical.

2. The process of Claim 1, wherein the amounts- of said
monomer (s), said initiator, said transition metal compound and
said ligand are such that growing radicals are present during
said polymerizing in a concentration in the range of from 10°?
mol/L to 10 mol/L, and dormant polymer chains Are present

during said polymerizing in a concentration in the range of

from 10 mol/L to 1 mol/L.

3. The process of Claim 2, wherein the concentration.of

said growing radicals is from 10® mol/L to 10 mol/L.



Ay

atons are replaced wi th hal ogen and C[err -Cerr] al kyl substfinp -
froml to 3 substlt ﬂﬂﬂu omthe group 10 consi EMENT SHEET
Cerr]-Cerr] alko cIyI, C=Y)Rerr], C(=Y)NRjerr]Rerr],
oxi ranyl and gl yci dy where err] in alkyl of from1 to 20fcari308 SEPNSIS
al koxy of from1l to 20 carbon atons, aryloxy or heterocyclyl ¢xy; and R err]

~and R[err]~ are independently H or aI kyl 1¢fg from 1 .to 20 15 car pomn
at ons, " Rerr] and Rl err] may be joined together to form ab_alky|l ene
group of from 2 40 S5pear léénf &+ ﬁpeGCagggﬁfeg £5R9
such that no rmrte thg?\l@t \%o%c%tsg[r%f I:r\/{){elref]f

(r)q] R%err are H,
Merr], M efaid dprmanfq ml]ym@rreoé:@clﬁl%lr% Iz,cmrlyo omo /BoFﬁ?rrérrnféréﬂle

nononer sel ected such that the nononers in adjacent bl ocks are not
identical, and p_ q, to s are Jndependent]y selected suc hat the
number average nB Iecﬁ‘F‘&rp\ﬁr?cp “blldcl?’q'}esreflr%n?il 0150?8“'558 S)OBre
g/nmol. 17. dfietbepdbynmelacf CI aim 15, havi ng a fornul a: WO 96/ 30421

PCT/ US96/ 03302 -111-

X-(Merr])[err]-(Merr])[err]- (R[err]R[lérr]RBerr]C) (Merr])[err]- (I\/[err])[
err]-X wherein Rlerr], Rerr], Rerr], I\é[err] Merr], Merr],... upto
Merr], and' p, q, r,...

RZ R‘

wherein R' and R?* are independently selected from the group
consisting of H, hologen, CN, CF,, straight or branched alkyl
of from 1 to 20 carbon atoms, o, fB- unsaturated straight or
branched alkenyl or alkynyl of 2 to 10 carbon atoms, o, B-
unsaturated straight or branched .alkenyl of 2 to 6 carbon
atoms substituted with halogen, C;-C; cycloalkyl, phenyl which
may optionally have from 1 to 5 substituents on the phenyl
ring selected from the group consisting of C, ¢-alkyl, C;.¢-
alkenyl, C,¢-alkoxy, halogen, nitro, carboxy, Ci6-
alkoxycarbonyl, hydroxy protected with a C, ¢(-acyl, cyano and
phenyl, heterocyclyl, C(=Y)R®, C(=Y)NR®R’, YCRR'R® and
YC(=Y)R®, where Y may be NR® or O; R® is alkyl of from 1 to 20
carbon atoms, alkoxy of from 1 to 20 carbon atems,- aryloxy or
heterocyclyloxy; R® and R’ are independently H or alkyl of
from 1 to 20 carbon atoms, or R® and 7 may be joined together
to form an alkylene group of from 2 to 5 carbon atoms, thus
forming a 3- to 6- membered ring; and R® is H, straight or
branched C,-C,, alkyl or aryl; and

R} and R'* are independently selected form the group
consisting of H, Hologen, C,-C¢ alkyl and COOR®, where R’ is H,
an alkali metal, or a C,-C¢ alkyl group; or

R' and R® may be joined to form a group of the formula
(CH,),» or a group of the formula C(=0)-Y-C(=0), where n' is
from 2 to 6, the group (CH,), may be substituted with from 1
to 2n' halogen atoms or C,-C, alkyl groups, and Y is as defined
above; and at least two of R, R?, R} and R* are H or hologen.



5 .-uptosare as defined in Cla|m15 18. The copol yperof . Claim 15

ELERE S| | [[]/1]] = T

err]-

- X
](?Q%E;HR[erHV[R[e(ra;]r]geEHv%Ear;]r]Iv[e?;])[err] (Merr]-Mefr )%&'rs]EP(Mrr]-lv[
err])ferr]- . . .-(Merr]-Merr])[err]-X ygere Rerr], Rbecrl _Rerr] dnd X
are as defined in Claim15, 1 Merr] and

0 Merr] are differﬁnt
radi cal | y-pol yneri zabl e nmononmers, and Merr] is one of LPV['E‘\"T']—aﬁd—N[-e-F-F-]—

and Merr] is thg ot§ge BtoMeds lo@nd Miery] widlthih ghid initUBEb® Sid Bf

i ndependent ]y sel ected such that the nunber average nol ecul ar wei ght of the
copol ymer isResformplags, 1, 000 to 1,000,000 g/nol. 19. The copol yner of
Cl ai m 15, havmgaforrrul (Rlerr]Rerr]Rerr]C - [(Merr])[err]-X][err]

a:
(Rlerr]Rlerr]Rerr]C -[(Merr])[err]-CMernl)[err]-X[err]
(R[err]R[err]R[err]C) -[(Merr])[ rr] %‘%EII{ ‘%‘[’grr]-(l\/[err])[err]-ﬂ[err]
Rlerr[][Rerr]Rerr]C) -
err

or

[(Merr])[e‘i,ﬁ];ﬁ{gb/[err])[ 1-(Merr])[err]-...-(Merr])[err]-X[err] 112
where Rlerr| érr] and Rlerr] are the sarre as Rlerr] R[errla and R&err]

as defined in d & As15elgictied Hran dhe groun CR{Qﬁ#%tlqu ¥ | ChndBR) edr]

conbi ned copR®i,NSRAOM Zei!®, SOK(SOPHPS, O] (BR'S) 7S ofqEo)aRapoyay (1),
and S-C(=S)N(R!*),, where R! is alkyl of from 1 to 20 carbon
 atoms in which each of the hydrogen atoms may be independently
replaced by halide, R is aryl or a straight or branched C,-C,,
alkyl group, and where an N(R!“), group is present, the two R
groups may be joined to form a 5- or 6-membered heterocyclic

ring; and
R4, R2 and R® are each independently selected frox_n the
group consisting of H, halogen, C,-C,, alkyl, C,~C; cycloalkyl,
C(=Y)R®, C(=Y)NR®R’, COCl, OH, CN, C,-C,, alkenyl, C,-C,, alkynyl
"~ oxiranyl, glycidyl, aryl, heterocyclyl, aralkyl, aralkenyl,
C,-C¢ alkyl in which from 1 to all of the hydrogen atoms are



5 : : . def HEHN@EM
zis from 3to g/[erz(r)] ThMee(r:(r)]poI It\//[rrgrz)f mlm [MEW aill{e TTOta ENT&SHEET
r *

RlerrfRerr]Rerr]CG(Merr]Merr]) - 5 ry
(I\/[err]l\/[err]) (Merr]Merr]) there Rerr], err], Rerf

e bl

M ,
o SEE BB,
defined in daim15 Merr] and Merr] 10 11gre dlfferent

radi cal | y- pol yneri zabl e nononers, and a, b, d e f,... yp tog and h

are non-negative numbers |ndependently selected such that a ¥ p——ct—+—¢
100, and any or al wheke( &%, fR!? (and K}’ ane (thet Sae= ak0Ror r® amprw: d he
a:bratiois from100:0 to 0 100, the c:d ratio is from95:5 15 to 5:95,
such that c <dgfingddin ﬁlaéndlﬁhewéthpphecabbeisohbhetfRPétndrianﬁram
90:10 to 10:90, such that e < c and f > d, and the endpoints of the nolar
rati o ranges GPmbingd GERSAAR £50Bedohd ROKOUEPUPA, sHberssXvis Mookefined
progre55|vely ecrease or increase by 5 such that the e:f ratio is from
5:95 to 95:5, 298Ve7 such that e [err] c and f [err] d, and the i:j ratiois

fromO:1Q0 to 100: 0, [err and 113 21. The
process %f claim1, mheﬁet ’eaSI %ﬁ@rﬁf aF%%&SkgnépgvﬁreaB t he
formula: [err] z is from 3 to 6.

20. The copolymer of Claim 15, having the formula: -
RHRHRIC (MM, ) = (ML M) = (M1 10,) = . o= (MgM2,) = (M1, ) =X

where R!!, R}, R! and X are as defined in Claim 15, M! and M?
10 are different radically-polymerizable monomers, and a, b, c,
d, e, £,... up to g and h are non-negative numbers
independently selected such that a + b = ¢ + d = 100, and any
or a}l of (e + £), (g + h) and (i + j) = 100 or 0, wherein the
a:b ratio is from 100:0 to 0:100, the c:d ratio is from 95:5
15 to 5:95, such that ¢ < a and d > b, and where applicable, the
e:f ratio is from 90:10 to 16:90, such that e < ¢ and £ > d,
and the endpoints of the molar ratio ranges of first monomer
te second monomer in successive blocks progressively decrease
or increase by 5 such that the e:f ratio is from 5:95 to 95:5,
20 such that e = ¢ and £ = d, and the i:j ratio is from 0:100 to

100:0, such that i = e and j = £.




wherein at le Rlerr], Rerr] and R err]
t he group corﬁim s“ n and YC( Y)R[err] where Y -
0, and R err]

sai d process further conprlses a second polyner|2|ng step
addi tional radically co-polynerizable nonomers conducted ir
said transition netal conpound and satd3|i gand.

il BEER. B8,

B~

21. The process of claim 1, wherein at least one of said
monomers are of the formula:

R! R®
\ /7
c=C
/[

wherein at least one of R, R?, R® and R! are selected from the
group congisting of Halogen and YC(=Y)R®; where Y may be NR®
or O, and R® is H, straight or branched C,-C,, alkyl or aryl;
and said'process further comprises a second polymerizing step
using one or more additional radically co-polymerizable
monomers conducted in the presence of said transition metal
compound and said ligand.
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ABSTRACT OF THE DISCLOSURE

A new polymerization process (atom tfansfer radical
polymerization, or ATRP) based on a redox reaction between a
transition metal (e.g., Cu(I)/Cu(II), provides "living" or
controlled radical polymerization of styrene, (meth)acrylates,
and other radiéally polymerizable monomers. Using various
simple organic halides as model halogen atom transfer
precursors (initiators) and transition metal complexes as a
model halogen atonm transfer promoters (catalysts), a "living"
radical polymerization affords (co)polymers having the
predeterminéd number average molecul;r weight by A(M]}/[I], (up
to M; > 10°) and a surprisingly narrow molecular weight
diﬁtribution (M,/M,), as low as 1.15. The participation of
free radical intermediates in ATRP is supported by end-group
analysis and stereochemistry of the polymérization. In
addition, polymers with various topalégies (e.g., block,
random, star, end-functional and in-chain funétional
copolymers [fdr example, of styrene and methyl
(meth)acrylate]) have been synthesized using the present
process. The polymeric products encompassed by the présent
invention can be widely used as plastics, elastomers,_

adhesives, emulsifiers, thermoplastic elastomers, etc.
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