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The incorporation of halogens into polyolefins influences many
key polymer properties, including solvent resistance, barrier proper-
ties, gas permeability, adhesion, flammability, toughness, and
thermal propertie$.3 Halogenated polyolefins can be prepared by
(i) radical copolymerization of ethylene and vinyl halides, which

requires high pressure and produces branched LDPE-type materials;

(i) halogenation of polyolefins, which generally gives a nonuniform
distribution of halogeng? (iii) partial reduction of poly(vinyl
halide)s using BgSnH or other reagenfsand (iv) ROMP of
halogen-substituted cyclooctenes or ADMET of halogen-substituted
dienes followed by hydrogenatidriwhich provide exquisite control
over polymer composition and structure but require special

likely undergoes 2,1 insertiof§, this result suggests that [PO]-
PdCHXR species with electron-withdrawing X groups may be
reactive for ethylene insertion.

Complexesla—c catalyze ethylene/VF copolymerization to linear
fluorinated polyethylene in toluene at 8C, as shown in eq 1.
Representative results are summarized and compared to an ethylene
homopolymerization in Table 1. Low levels (6:0.5 mol %) of
VF incorporation are observed under these conditions. At a total
pressure of 300 psi, increasing the proportion of VF in the feed
results in an increase in the VF incorporation level and a decrease
in copolymer yield and molecular weight. Whilais more reactive
and produces higher molecular weight copolymer thia, all three

monomers and, in the latter case, feature poor atom economy. Thecatalysts incorporate similar levels of VF.

direct copolymerization of olefins and vinyl halides to halogenated
linear polyolefins by insertion chemistry would provide an attractive
and long-sought alternative to these routétere we report that
(phosphine-sulfonate)Pd(Me)(pyridine) catalysteorporate low
levels of vinyl fluoride in ethylene polymerization.

Previous studies identified several key obstacles to insertion
copolymerization of vinyl halides with olefins, including (i)
competing radical polymerization of the vinyl halide initiated by
catalyst-derived radicafs,(ii) low insertion reactivity of Ls-
MCHXCH R species generated by 2,1 insertion of vinyl halide into
active L,MR species, due to the electron-withdrawing effect of the
halogent® and (iii) 3-halogen elimination of ;MCH,CHRX species
formed by 1,2-insertion (or IMCHRCH,X from 2,1 insertion and
chain-walking), which yields inactiveMX species and terminates
polymerization?11

To avoid these issues, we studied the copolymerization of
ethylene and vinyl fluoride (VF) by the [PO]PdMe(py) catalysts
la—cin eq 1. VF is a promising potential comonomer because it
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is less susceptible to free radical polymerization than the other vinyl
halides**¢ Also, while S-F elimination is knowri*¢this process
may be less favorable than oth@talogen eliminations because
of the high C-F bond strength? [PO]PdR catalysts are promising

The NMR spectra of the ethylene/VF copolymers produced by
la—c are identical (except for resonances due tsCunits) to
those of “precision” fluorinated polyethylene synthesized by
Wagener et al. by ADMET/hydrogenation of a fluorinated di&ne.
The'H spectrum contains a doublet@#.49 @Jy—r = 48 Hz) for
the —CH,CHFCH,— hydrogen (Figure 1) and vinyl and internal
olefin (likely to be mostly 2-olefin resonances resulting from
chain transfer by3-H transfer. A'H resonance ad 1.7 for the
—CH,CHF— hydrogens is partially masked by the allylic €&hd
CHs resonances associated with the=C units. The1°F{1H}
spectrum (Figure 2, top) contains a sharp signal at179.4 for
the —CH,CHFCH,— unit and a weak resonance @t-171.8 for
—CH,CHFCHjs chain end unitd® The 13C{1H} spectrum contains
doublets at) 94.6 (Jc—r = 168), 35.6 {Jc—r = 36), and 25.5%0c_r
= 5) for the —CH,CH,CHF— units.

The NMR spectra of the ethylene/VF copolymer do not contain
resonances for poly(VF) homopolyme¥R: 6 —179 to —183,
—CH,CHFCH,—); —189 to —199, —CH,CHFCHF—).17 Also,
neither removal of the volatiles under vacuum, nor repetitive
recrystallization of the copolymer from CHEIHCI, results in
changes in the NMR spectra, which shows that th€HF—
resonances are not associated with a small molecule contaminant.
These results support the assignment of a copolymer structure.

Several lines of evidence rule out a radical mechanism for eq 1.
First, while AIBN initiates radical ethylene/VF copolymerization
under the conditions of entry 3 in Table 1, only low yields20
mg) of copolymer are formed. The radical copolymer is more highly
branched (70 Me/X0C) and has a loweM,, (19 x 10°) and T,
(116.5°C) than the copolymers froita—c. The radical copolymer
is moderately soluble in-dichlorobenzene at 2%, while thela—c
copolymers are not. Thé®F NMR spectrum of the radical
copolymer (Figure 2, bottom) contains a singled at179.4, which
is broader than that for thda—c-produced copolymers, and

candidates for ethylene/VF copolymerization because they produceresonances ai —178 to —182 that are absent from the spectrum
linear polyethylene as well as linear vinyl-acetate/CO and ethylene/ of the 1a—c-produced copolymers. These differences result from

vinyl-ether copolymers suggesting thétH, 5-OAc, and 5-OR
eliminations are slow relative to chain growfhAlso, [PO]JPdR
catalysts copolymerize ethylene and acrylonitrile (ARgince AN
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the presence of multiple F environments in the radical copolymer
due to the branching. It is clear from Figure 2 that the Pd-produced
copolymers do not contain significant amounts of radical copolymer.
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Table 1. Copolymerization of Ethylene and Vinyl Fluoride?

entry 1 2 3 4 5 6 7
catalyst la la la la la 1b 1c
Pyr (psiy 0 40 80 160 240 80 80
Pcona(psi 300 260 220 140 60 220 220
yield (g) 593 077 044 017 010 022 041
My, (10%)¢ 56.3 436 354 238 177 170 112
Mu/M€ 3.4 3.0 2.9 2.7 2.6 2.7 25
Me/1G°C 0.3 1.3 0.9 1.1 24 2.7 4.7
VF (mol %) - 009 017 037 045 015 014
VF/chain - 0.9 1.2 2.2 1.3 0.4 0.4
Tn® 133.6 1326 1326 131.7 130.7 130.2 129.6

aConditions: toluene, 50 mL, [catf 0.2 mM, 80°C, 2 h, total pressure
300 psi.P The reactor was charged with the given pressure of VF &(25
pressurized with ethylene (on demand) to achieve a total pressure of 300
psi, and then heated to 8. ¢ GPC.9 The mol % VF incorporation in
copolymer was determined B NMR. ¢ DSC.

CHCI,CDCI,
It

(HN=CHCH=NH)Pd(Me)(VF)" are similar and ca. 2 kcal/mol
higher than that for the analogous ethylene comii&he reduction
in polymerM,, and yield caused by VF may result from inhibition
of growth by slow insertion of [PO]Pd(CHFGR) species formed
by 2,1-VF insertion or dative fluorine coordination in [PO]Pd(EH
CHFR) species formed by 1,2-VF insertion. Catalyst deactivation
by -F elimination is also possible. We are studying the reactions
of base-free [PO]PdR complex&swith VF to address these issues.
This work shows that [PO]Pd(Me)(py) catalysitscorporate low
levels of VF in ethylene polymerization to produce fluorinated
HDPE. It may be possible to enhance the polymerization rate and
VF incorporation level by modification of the catalyst.
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Figure 1. H NMR spectrum (CDGICDCl,, 120 °C) of ethylene/vinyl-
fluoride copolymer produced bya (Table 1, entry 4) (P= polymeryl).

) -175.0 -180.0

Figure 2. 9F{H} NMR spectra ¢-DCB-d,, 110 °C) of ethylene/vinyl-
fluoride copolymer produced bga (top; Table 1, entry 3) and AIBN
(bottom; same conditions as Table 1, entry 3).

Second, galvinoxyl (5 equiv v&a) does not inhibit or influence
the VF incorporation level ina-catalyzed ethylene/VF copolym-
erization. GC-MS established that 93% of the galvinoxyl was
present at the end of the copolymerization, showing that the lack
of inhibition is not due to decomposition of galvinoxyl. In contrast,
galvinoxyl completely quenches the AIBN-initiated copolymeri-
zation. Third, recrystallization of an intimate mixture of AIBN-
and la-produced copolymers removes the AIBN-produced com-
ponent. However, né°F-containing species were detected in the
mother liquor from recrystallization ofa-produced copolymer.
Therefore, we propose that eq 1 proceeds by an insertion mecha-
nism.

The low VF incorporation levels in eq 1 imply that VF competes
poorly with ethylene for insertion into [PO]Pd(R) species. VF is a
poor o-donor and is expected to coordinate more weakly than
ethylene to P# species in which backbonding is weHRr.18Also,

DFT studies predict that the barriers to 1,2 and 2,1 insertion of
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