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Copper(l)-Mediated Living Radical Polymerization The rate of polymerization can be enhanced by the presence of
under Fluorous Biphasic Conditions certain polar impuritie€? by the use of aliphatic multidentate
tertiary amine$, or in aqueous medi&, which can allow the
David M. Haddleton,* Stuart G. Jackson, and reaction to be carried out even at ambient temperatures or with
Stefan A. F. Bon reduced catalyst concentration by changing the nature of the active

. . . catalyst present during polymerization. To reduce the metal
Department of Chemistry, Urersity of Warwick  contamination of products and in an attempt to reuse the catalyst,
Coventry, CV4 7AL UK. jnsoluble supports have been used, whereby copper(l) has been
Receied September 27, 1999  bound to covalently attached pyridine imine ligands on both cross-
linked poly(styrene) resin and aminated silica gel as well as
Transition metal-mediated living radical polymerization of vinyl - supported aliphatic aminés.
monomers has been introduced as versatile chemistry enabling Flyorous biphase chemistry has been developed as afiquid
the synthesis of a wide range of addition polymers with controlled |iquid biphasic process whereby the two phases become miscible
molar mass, molar mass distribution (MMD), end group(s), and under the reaction conditioiThis allows the facile separation
topology* This approach has been developed as an extension toof product from the catalyst under ambient conditions. This
atom-transfer radical additicrin particular atom-transfer radical technique relies on catalysts, which are rendered soluble in
cyclizations of a,a,o-trichlorinated carbonyl compoundsA fluorinated solvents by the use of fluorinated ligands whereby
number of effective living polymerization systems have been the electronic effects of the fluorine are isolated from the metal
reported with a range of transition metal complexes/ligands center. This approach has been used for a range of diverse
including RUC}(PPh)s;* copper(l) in association with bipyridine  processes such as oxidatiraromatic coupling? hydroformyl-
ligands? multidentate aliphatic aminésand pyridine imineg; ation2%@ and epoxidatiod® Very recently, fluorous biphasic
Ni(ll); ¢ Rh(1ll);® and Pd(0}° These systems have been applied catalysis has been used in the Kharash addition of @Ghethyl
to a wide range of monométsncluding many different functional  methacrylat&’ and in copper(l)-mediated cyclization of unsatur-
monomers? The main attraction of this chemistry is its robust  ated ester reactions closely related to transition metal-mediated
character and its tolerance to most functional groups present injiving radical polymerization. These observations prompted us
reagents, solvents, and impuritiégrecluding the extensive use  to investigate the use of the fluorous biphase as a medium for
of protecting group chemistry and laborious reagent and solvent gtom-transfer polymerization that would allow for the recovery
purification. This has enabled an impressive array of novel of catalyst-free product and for reuse of catalyst. This com-
polymers to be synthesized. For example, star polymers basedmunication reports our initial findings.
on calixarene, carbohydrate, metallo-organic, and other simple The addition of pentakid-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,
Cores:tA block COpOIymeI’S from both Sequential addition and from 11’1l_heptadecaﬂuoroundecy|)_1’4,7_triazahepta)-?ét@ a sus-
macroinitiators;> end-functional polymer%; polymer brushes; pension of CIBr, at ambient temperature under nitrogen, in
and glycopolymer$ have all been reported. perfluoromethyl cyclohexane results in a dark green solution
Copper-mediated atom-transfer polymerization of (meth)- which is immiscible with an equivolume amount of toluene. Only
acrylates is usually carried out in organic solvents such as g faint coloration is observed in the hydrocarbon layer. Addition
toluené® or aromatic ether¥, depending upon the catalyst system.  of methyl methacrylate (20% v/v) and ethyl 2-bromoisobutyrate
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T T T T Table 1. Final Molecular Mass and Conversion Data for Polymers
A o © Synthesized in This Study at 9C for 300 Min, [MMA]/[2] = 100,
10000 - . [CuBr)/[2)/[1] = 1/1/1
A m ©O
- © 1 polymer M,  PDi conversion (%) ki[pol*]® x 10°s™t
8000 — B
—_ ) g PMMA 1 11100 1.30 76.6 3.68
D eoood A i PMMA 2 10500 1.23 57.7 2.99
) onm
2 PMMA 3 9330 1.24 57.7 2.99
s u P(MMA-b-BzMA)Y 28900 1.48 97
4000 A O Initial catalyst run
- A 1strecycled run aConversion from integration ofH NMR. ? From slope of first-
2000 ® 2ndrecycledrun order kinetic plot in Figure 1¢ Taken from final four points only? 17.5
——— Mn (Theory) h with [BzMA)/[macroinitiator] = 100, [CuBr]/[2J/[macroinitiator] =
0 : : . : 2/2/1.
[ 20 40 80 80

and third runs, the rate of polymerization is almost identical to
that in the first run after the first 2 h. Th®l, growth with
Figure 1. Evolution of M, with conversion for the fluorous biphase  conversion follows the same trend, and the final product is similar
polymerization of MMA initial run and two subsequent catalyst recycles; in all cases, withM,, from both products after the same degree of
line drawn represents the predictéd based or2 as initiator wherevi ieor conversion being essentially identical when SEC and conversion
= (IMMA]/[ 2])M;mmay x % conversion. errors are taken into account. If the apparent lowering oMhe
from runs 13 is real, this would be an indication that the initiator
efficiency was increasing slowly between runs, which is consid-
p ered unlikely at this time. It appears that during thetfzsh of
run 1 an equilibrium is established between Cu(l) and Cu(ll)
species until steady-state conditions are established. Copper(ll)
acts as a deactivator in living radical polymerization and is formed
& as a result of radicalradical termination reactiorts.

To demonstrate that the reactions occurred under living
-t polymerization conditions, a block copolymer was prepared by a
reinitiation experiment. Poly(methyl methacrylate), isolated from
runs 2 and 3, was combined and dissolved in toluene prior to

P being added to the perfluoromethylcyclohexane catalyst solution
D ; ; with degassed benzyl methacrylate, BzMA. Following heating
° "o ™ 800 at 90°C for 17.5 h, a block copolymer of P(MMA-BzMA)

Time /mins was isolated withVl, = 28 900 My peor= 26 200) and MMD=
Figure 2. First-order kinetic plots for the fluorous biphase polymerization 1 48 Size exclusion chromatography of the block copolymer with
of MMA; regression lines were drawn through the last four points of the - hoth Uy and refractive index dual detectors gave almost identical
initial run a_nd first recycle so as to allow a comparison of rates of responses with no sign of the polymer used as macroinitiator
polymerization. remaining (see Supporting Information). This indicates regrowth
low-mass radicals, as has been observed previously with this typeOf the macroinitiator to give polymer that contains Uv-active
' chromophores across the mass envelope, excellent evidence for

S e . :
Wi effient stifing, t 1= apparent that under thése condiions e formation of a block copolymer. The block copolymer gave
the system doe&ot’become monophasic. Thil, increases a single glass transition at e (pr.ed.|cted glass transition of
reasonably linearly with conversion (Figure. 1) foﬁowing atrend 69 °C from the Flory equation). This is further exc_:ell_ent proof
Y for a block copolymer, where the two blocks are miscible due to

e e oo ot he oW Cegreeof polyeizto of each bk, enablingentopy
poly of mixing to be overcome. A mixture of the two homopolymers,

of MMA under these conditions in hydrocarbon soluti® first- of similar mass, gave two glass transitions at 48 and"m(see

order kinetic plot (Figure 2) shows a decrease in the rate of Supporting Information)*H and**C NMR data are also consistent

polymerization over the fits2 h prior to a constant rate being - : - .
A . ° __with a block copolymer (see Supporting Information). Again, all
reached. After polymerization, the reaction was cooled to amblentrproducts were isolated by the removal of volatiles from the

ltgrr;pr)e;géu;ec%?grlghses tl‘JNO g:]gszsr r;{g:n;gdé?at(ij;:kc)?rtﬁinulovxéer hydrocarbon layer as colorless solids. It is noted that, when
Y pp yer. P PP nondeoxygenated solvent is added to the catalyst solution, it

gﬁgrgﬁgrszol (le?])ﬁ:e’n:\fvs;:'g? \?cflégleegugﬁ:/lsAl?/?//:; \gggitnoéléeg:'a immediately turns dark brown and is deactivated. Thus, it is very
q ! important to operate under strict oxygen-free conditions.

colorless glassy solid. ICP analysis of the product showed a copper . o
. .~ Hence, atom-transfer living polymerization proceeds very
0, 0,
level of 0.088% as opposed to 1.5%, which would be expected if effectively under fluorous biphasic conditions. This allows for

32 %fstsf‘; ?na;ig;te;egﬁ'gﬁg ;]m;gg ;;dhérg?or.trﬁ S?:g:ﬁu‘z‘)?gltjsm the facile separation of product from catalyst, leaving the catalyst
9 ' ’ Y in a reusable state, which gives very reproducible results after

phase from the initial reaction and the mixture reheated 80 repeated uses.

for 300 min. Efficient polymerization ensued, giving PMMA in
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product as above (Figures 1 and 2, Table 1). In both the second ’ ) ) )
Supporting Information Available: Full molar mass and conversion
data, selected SEC curves, full experimental details, and NMR and DSC

spectra of block copolymer (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.
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