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Ziegler-Natta and related catalysts based on early transition
metal d0 complexes are extensively used for the coordination
polymerization of nonpolar olefins such as ethylene and
propylene.1 However, due to their highly oxophilic nature, these
catalysts are incompatible with functionalized vinyl monomers.2

Late transition metal catalysts are less oxophilic, but they most
often dimerize or oligomerize olefins3 rather than form high
molar mass polymers.4 Thus, ethylene-acrylate or ethylene-
vinyl acetate copolymers are still exclusively produced by radical
routes, which often require high pressure.5,6 Recently we
reported the development of highly active Ni(II)- and Pd(II)-
based catalysts of the general type [(ArNdC(R)sC(R)dNAr)M-
(CH3)(OEt2)]BAr ′4 (cf.Scheme 1) thatpolymerizeethyleneand

R-olefins.7 The bulky substituents on the aryl groups of the
diimine ligand block associative olefin exchange and thus

effectively retard chain transfer. We report here the first
examples of metal-catalyzed copolymerizations of nonpolar
olefins (ethylene and propylene) with alkyl acrylates to give
high molar mass polymers.
The copolymerization reactions were initiated by the diethyl

ether adducts1 or the more stable chelate complexes6, which
were easily prepared from [(N∧N)PdMeCl] (2), acrylate, and
NaBAr′4 (eq 1) and isolated as air- and temperature-stable
solids.8 Exposure of1 or 6 to ethylene or propylene in the

presence of alkyl acrylates results in the formation of high molar
mass random copolymers (Table 1). Using simultaneous
refractive index and UV detection, GPC analysis indicates that
the fraction of acrylate comonomer is equally distributed over
all molecular weights of the monomodal distribution.8 Similar
to the corresponding ethylene homopolymers,7 the ethylene
copolymers are amorphous, highly branched materials with
∼100 branches/1000 carbon atoms.9 Typical Tg values fall in
the range of-67 to-77 °C. The ester groups are predomi-
nantly located at the ends of branches in the manner shown in
Scheme 1 (x g 0). Evidence of this structural feature, which
requires a 2,1-insertion of acrylate into the Pd-C bond, comes
from observation of a triplet for HR at 2.2-2.4 ppm and a
multiplet for Hâ at 1.6 ppm.10 Similar properties were also
determined for an ethylene-methyl vinyl ketone copolymer
(entry 12) and for the amorphous propylene-acrylate copoly-
mers (entries 14 and 15).11

Productivities of the copolymerizations are greatly reduced
relative to those of the homopolymerizations (entry 13). As
expected, the fraction of acrylate incorporation is directly
proportional to its concentration in the reaction solution (entries
1-3), and productivity falls correspondingly. Gas solubility
experiments12 show that the ethylene/methyl acrylate (MA)
molar ratio is∼1:6 under the conditions of entry 4, which
implies relative rates of incorporation of ethylene and MA of
∼150:1 at equal molar concentrations. Variation of the diimine
backbone substituents R does not significantly affect the
percentage of acrylate incorporation in the copolymer (entries
4-6). Productivities, however, are dependent upon the nature
of R (Me > An ≈ H) and follow the same trend as observed
for the ethylene homopolymerizations.7

Low-temperature NMR studies provide insight into the
mechanism of the copolymerization. The reaction of the ether
adduct1awith MA at -80 °C produces theπ-acrylate complex
3a, which undergoes 2,1-migratory insertion with∼95% regi-
oselectivity to yield the four-membered chelate4a (eq 2). At
-80 to-60 °C, complex4a isomerizes to the five-membered
chelate complex5a, which rearranges to the six-membered
chelate complex6a at -20 °C. Insertion of fluorinated octyl
acrylate (FOA) also yields predominantly the six-membered
chelate6 as the final product. In contrast, withtert-butyl
acrylate, a significant percentage of 1,2-insertion to give a

second five-membered chelate [(N∧N)PdCH2CHMeC(O)O-t-
Bu]+ (5′) also occurs.8
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Exposure of the ether adduct1a to 5 equiv each of ethylene
and MA at-80 °C results in selective formation of the ethylene
complex [(N∧N)PdMe(C2H4)]+.7 After complete consumption
of ethylene occurs at-30 °C, 1 equiv of MA is incorporated
to form a chelate complex analogous to6a by insertion into
the Pd-(CH2)2nMe bond. The much more rapid insertion of
acrylates into the Pd-R bond (-80 °C) than ethylene insertion
(-30 °C)7 clearly shows that the predominant incorporation of
ethylene into the copolymers is due to the low relative binding
constant of MA to the electrophilic metal center.
Reversible substitution of the chelating carbonyl group of6

by ethylene was observed at low temperatures for both the MA
and FOA chelates (eq 3). In contrast to the former, the FOA

chelates open readily at-80 °C in the presence of 1 equiv of
ethylene.8,14 For the MA chelates, study of the temperature
dependency of the equilibria6 + C2H4 h 7 at -100 to-58
°C gave, for6a, ∆H° ) -8.1( 0.2 kcal/mol,∆S° ) -34 (
1 eu; for6b, ∆H° ) -5.3( 0.3 kcal/mol,∆S° ) -31( 2 eu;
and for6c, ∆H° ) -5.7( 0.1 kcal/mol,∆S° ) -27( 1 eu.
Extrapolation to the conditions of entry 4 in Table 1 gives a
ratio of the chelate to the ethylene complex,6b/7b, of ∼1000:
1. Warming6 (R′ ≡Me) to temperatures above-30 °C results
in ethylene polymerization. The only organometallic species
observed during this process is6, indicating that initiation to
form the active species for polymerization is much slower than
chain propagation.

The NMR studies and the structure of the copolymers support
the mechanistic pathway depicted in Scheme 2. During the
copolymerization, a six-membered chelate is formed after
insertion of MA. Further chain growth requires coordination
and insertion of ethylene,13 and under the conditions of entries
1-4 in Table 1, this is the turnover-limiting step. Therefore,
the chelate complex is the catalyst resting state. In accord with
this proposed mechanism, raising the ethylene pressure results
in an increase in ethyleneandMA turnovers (entry 4Vs 3).
In conclusion, these are the first transition metal catalysts

capable of copolymerizing ethylene and propylene with polar-
functionalized vinyl monomers to high molar mass polymers
by a coordination-type polymerization.
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(13) Insertion of acrylate at this point is unlikely, as complexes6 react
only slowly (days) with excess acrylate.8

(14) The more facile substitution of the carbonyl group of the fluorinated
chelate by ethylene may be partially responsible for the higher productivities
in the FOA copolymerizations.

Table 1. Olefin Polymerization Dataa

results
reaction conditions polymer properties

TONe

entry cat.b monomersc
concn

comon (M) P (atm)
polymer
mass (g)

comon
incorpd (%) E re. P comon

Mh n
f

(×10-3) Mh w/Mh n

1 6b E/MA 0.6 2 22.2 1.0 7710 78 88 1.8
2 6b E/MA 2.9 2 4.3 6.1 1296 84 26 1.6
3 6b E/MA 5.8 2 1.8 12.1 455 63 11 1.6
4 6b E/MA 5.8 6 11.2 4.0 3560 148 42 1.8
5 6a E/MA 5.8 6 1.2 5.0 355 19 0.3g

6 6c E/MA 5.8 6 1.2 4.7 364 18 10 1.8
7 6b E/tBuA 3.4 6 2.8 0.7 956 7 25 1.6
8 6b E/tBuA 0.4 1 1.9 0.4 665 3 6 1.8
9 1a E/FOA 0.6 1 1.5 0.3 506 2 3 1.6
10 1b E/FOA 0.6 1 27.5 0.6 8928 54 106 3.1
11 6b E/FOA 1.8 1 9.5 0.9 2962 27 95 2.7
12 6b E/MVK 3.0 6 1.8 1.3 626 8 7 1.5
13 6b E 6 10.3 37127 384 3.1
14 6b P/MA 0.6 6 5.0 1.1 1179 13 37 1.8
15 6b P/FOA 1.8 2 1.0 5.6 145 9 18 1.8

aConditions: 0.1 mmol of catalyst (entry 13, 0.01 mmol); solvent, CH2Cl2 (total volume CH2Cl2 and comonomer, 100 mL; entries 9 and 10, 60
mL); temperature, 35°C (entries 8-11 and 13, 25°C); reaction time, 18.5 h (entries 8-10, 24 h; entry 11, 37 h).bComplexes6: R′ ≡ Me (entry
8, R′ ≡ tBu). c Ethylene (E), propylene (P), methyl acrylate (MA),tert-butyl acrylate (tBuA), H2CdCHC(O)OCH2(CF2)6CF3 (FOA), methyl vinyl
ketone (MVK). d In mol %. eTurnover number≡ moles of substrate converted per mole of catalyst.f Determined by GPCVspolystyrene standards,
uncorrected.gDetermined by1H NMR spectroscopy of the nonvolatile product fraction;∼0.5 g of volatile products formed additionally.
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