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ABSTRACT: The synthesis and ethylene reactivity of the zwitterionic Pd methyl complexes (’-P, CI-PR,CByCly)PdMe(THF) (7,
R = 'Pr; 8, R = Ph) and (’-P, 0-P(0-OMe-Ph),CB4Cly)PdMe(THF) (9), which contain the first phosphines appended with anionic
10-vertex perchlorinated closo-carboranes, are described. Complexes 7 and 8 oligomerize ethylene (23 °C, 2 atm) to a Schulz-Flory
distribution of C,— C, olefins with TOFs of ca. 8000 and 1800 t.o./h respectively. 8 is ca. 4 times more active than the analogous
(K*-P,F,-ortho-PPh,C¢H,BF;)PdMe(L) (L = pyridine or collidine) system reported by Jordan and Piers, which produces butenes.
Complex 9 reacts with ethylene to yield polyethylene wax (M, ca. 1000, D ca. 1.5) that is similar to commercial Fisher-Tropsch
waxes. The activities of 7-9 are independent of ethylene pressure and the presence of B(C¢Fs);, suggesting that the catalyst resting
state is the corresponding (PR,CByCly)PdR(H,C=CH,) adduct. The molecular weights of the oligomer/polymer products are inde-
pendent of ethylene pressure, which is consistent with an associative chain transfer mechanism. Reaction of 9 with ethylene gener-
ates the corresponding ethylene complex (k’-P,O-P(0-OMe-Ph),CByCly)PdMe(H,C=CH,), which inserts ethylene at -20 °C with a

barrier (AG jenion) Of 18.1 kcal/mol.

INTRODUCTION

Square planar palladium(Il) alkyl complexes that contain
unsymmetrical chelating phosphine-arenesulfonate ligands (A,
Chart 1) have been studied extensively because of their ability
to polymerize ethylene to linear polyethylene and copolymer-
ize ethylene with polar monomers.'” However, the perfor-
mance of these catalysts is generally inferior compared to that
of other classes of olefin polymerization catalysts, which has
motivated studies of related catalysts with other unsymmet-
rical ligands.*'? One interesting analog of A, studied inde-
pendently by the Jordan and Piers groups, is the zwitterionic
phosphine-trifluoroborate system B, in which the sulfonate
unit of A is replaced by a weakly-coordinating trifluoroborate
group.”"" In the presence of ([H(OEt,),][B(3,5-(CF;),-C¢Hs)4])
to sequester the collidine ligand as [collidinium][B(3,5-(CF;),-
CeH3),], B (L = collidine) catalytically dimerizes ethylene to
butene with a turnover frequency (TOF) of 385 t.o0./h at 23 °C
(CD,Cl, solvent, 150 psi ethylene). Under these conditions,
the catalyst resting state is the  (k&*-P,F-o-
PPh,C¢H,BF;)PdEt(H,C=CH,) complex and the primary
product 1-butene is isomerized to cis and frans 2-butene.

Carborane clusters offer interesting possibilities as frame-
works or components for ligands for organometallic catalysts
due to their structural rigidity, steric and electronic tunabil-
ity'>™"7 and synthetic availability. "*~*° In particular, halogenat-
ed closo-carborane anions are exceptionally stable’'* and may

Chart 1. Pd(IT) Alkyl Complexes with Unsymmetrical Che-
lating Ligands. B atoms in the Carboranes are Represent-
ed as Unlabeled Vertices.
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engage in weak dative BX—M interactions that may influence
catalyst performance.”

Lavallo and coworkers recently reported the synthesis and
characterization of zwitterionic (P'Pr,CB,,Cl,;)Pd(allyl) (C,
Chart 1), bearing a diisopropyl phosphine ligand with a 12-
vertex perchloro-c/oso-carborane anion substituent.** In the
solid-state the P'Pr,CB,,Cl,;” ligand in C is bound in an K-
P,Cl mode, and thus C may be viewed as a structural analogue



Scheme 1. Synthesis of Ligands and Complexes.
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of B. Complex C reacts with norbornene to give organic-
soluble polynorbornene but does not react with ethylene.

Here we describe the synthesis and reactivity with ethylene
of (PR,CByCly)PdMe(THF) complexes of type D, which con-
tain  phosphino-perchlorocarba-closo-decaborate  ligands.
Based on studies of the parent P'Pr,CBoHy and P'Pr,CB;H,;’
ligands, a PR,CBoCly ligand is expected to be a stronger do-
nor and to exhibit a slightly smaller cone angle compared to an
analogous PR,CB,,Cl;, ligand.14 The objective of the present
work was to explore how these differences influence the reac-
tivity of complexes of type D with ethylene. The steric and
electronic properties of the phosphine-arenesulfonate ligands
in A strongly influence the ethylene polymerization perfor-
mance.”> We report the synthesis of a new family of
PR,CB,Cly ligands (1, R = 'Pr; 2, R = Ph; 3, R = 0-OMe-Ph)
and the corresponding zwitterionic (PR,CB,yCly)PdMe(THF)
complexes (7-9). Complexes 7 and 8, which contain diisopro-
pyl- and diphenyl-phosphino units respectively, are structural-
ly analogous to B, with the PR,CByCly " ligands bound to Pd in
a ¥-P,CIl mode. In contrast, 9, which contains a di-o-anisolyl
phosphine unit, adopts a K*-P,O bonding mode in which one o-
anisolyl methoxy group is bound to Pd.

RESULTS AND DISCUSSION

Synthesis and Characterization of
(PR,CByCly)PdMe(THF) Complexes. The PR,CByCly lig-
ands 1-3 were synthesized as the Li(THF), salts (x = 2-4)
following the procedure developed earlier for the 12-vertex
analogue [Li(THF);][P'Pr,CB;,Cl;;] (Scheme 1)."** C-
Lithiation of HCB,Cly followed by addition of the appropriate
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Figure 1. Solid state structure of [Li(THF);][5]: H atoms are
omitted. Thermal ellipsoids are drawn at the 50% probability
level. Key bond lengths (A): Lil-Cl4 2.575(4) Pd1-C1 2.024(2),
Pd1-P1 2.2255(6), Pd1-Cl1 2.4950(5), Pd1-CI12 2.3847(6), B1-Cl1
1.790(2), Pd2-C2 2.024(2), Pd2-P2 2.2137(8), Pd2-CI3 2.5600(5),
Pd2-C12 2.3963(8), B2-CI3 1.789(2). Key bond angles (°): C1-
Pd1-P2 89.62(6), C1-Pd1-C12 84.70(2), P1-Pd1-Cl1 89.62(6),
CI12-Pd1-Cl 84.70(2), Pd1-CI2-Pd2 103.34(2). Color code: C,
gray; B, pink; Cl, green; P, orange; Pd, blue; O, red; Li, violet.



Figure 2. Solid state structure of 7-CH;3;CNe¢(PhF),35. H atoms
and PhF molecules are omitted and only one orientation of the
disordered 'Pr unit is shown. Thermal ellipsoids are drawn at the
50% probability level. Key bond lengths (A): Pd1-C1 2.029(3),
Pd1-P1 2.2329(6), Pd1-N1 2.088(2), Pd1-Cll 2.5876(7), B1-Cll
1.795(2). Key bond angles (°): C1-Pd1-P1 91.79(8), C1-Pd1-N1B
88.4(1), P1-Pd1-Cl1 87.36(2), N1-Pd1-Cl 92.78(6). Color code:
C, gray; B, pink; Cl, green; P, orange; Pd, blue; O, red; N, light
blue.

R,PCl electrophile affords [Li(THF),][1-3] in >90 % yield.

The reaction of [Li(THF),][1-3] with (COD)PdMecCl yields
the chloro-bridged dinuclear complexes
[Li(THF); ][{(PR,CB,yClg)PdMe}»(u-CD)] ([Li(THF);][4]-
[Li(THF)3][6]). Reaction of [Li(THF);][4]-[Li(THF);][6] with
0.5 equiv of AgBF, yields the corresponding
(PR,CByClg)PdMe(THF) complexes 7-9 in > 80% yield.

X-ray quality crystals of [Li(THF);][5] were grown from
THF/pentane. Crystallization of 7 from CH;CN/PhF gave X-
ray quality crystals of the corresponding CH;CN adduct
(PIPI'QCB9C19)PdM€(CH3CN)‘(PhF)0435 (7*CH3CN’(PhF)035)
X-ray quality crystals of 8 were grown from PhF/hexanes. X-
ray structural analyses of [Li(THF);][5] 7-CH;CN, and 8
(Figures 1-3) show that the PR,CByCly ligands are bound in a
«>-P,CI mode in these complexes. The B—CI bond lengths for
the bound B—CI units ([Li(THF);][5]: 1.790(2) A , 7-CH;CN:
1.795(2) A; 8: 1.800(2) A) are ca. 0.03 A longer than average
lengths of the terminal B—CI bonds in the ortho layer of the
carboranyl unit ([Li(THF);][5]: 1.761[1] A , 7-CH,CN:
1.768[1] A; 8: 1.764[4] A), similar to what is observed for C.**
The 5-membered Pd—P—C-B—Cl chelate ring adopts an enve-
lope conformation in 7 and a planar conformation in
[Li(THF);][5] and 8. The Pd-Me group is cis to phosphine in
all three complexes as expected due to the stronger trans in-
fluence of the phosphine versus the weakly-coordinating B-Cl
unit. In the solid-state structure of [Li(THF);][5], the positive-
ly charged Li(THF);" unit is in close contact with the sterically
accessible p-Cl of one of the CByCly™ units, indicative of nega-
tive charge density on the these clusters.

X-ray quality crystals of 9¢(CH,Cl,),(pentane); s were
grown from CH,Cly/pentane. In contrast to the x’-P,CI bond-
ing mode observed for the PR,CB¢Cly ligands in
[Li(THF);][5], 7-CH;CN and 8, X-ray analysis shows that the
P(0-OMe-Ph),CB,Cly ligand in 9 is bound in a k*-P,0 mode

Figure 3. Solid state structure of 8. H atoms are omitted. One
orientation is shown. Thermal ellipsoids are drawn at the 50%
probability level. Key bond lengths (A): Pd1-C1 2.021(2), Pd1-O1
2.1362(15), Pd1-P1 2.2070(7), Pd1-CIl 2.5135(6), B2-Cll
1.800(2). Key bond angles (°): C1-Pd1-O1 90.05(8), C1-Pd1-P1
88.18(7), O1-Pd1-ClI1 88.71(5), C11-Pd1-P1 93.20(2). Color code:
C, gray; B, pink; Cl, green; P, orange; Pd, blue; O, red.

through one of the o-anisolyl methoxy groups (Figure 4). The
difference in structure between 8 and 9 may be driven by ste-
ric effects. Analysis of a space-filling model of 8 (Figures S59
and S60) reveals that the PPh; rings are pinned by the bulky
perchlorocarboranyl unit in sterically crowded positions that
would be inaccessible for the larger P(o-OMe-Ph), groups of
9. Additionally, the ether functionality in 9 is a stronger donor
compared to the weakly-coordinating B—Cl moiety of the
CByCly unit. The Pd-P-C-C-O chelate ring in 9 adopts an
envelope conformation. The non-Pd-bound —OMe group is
positioned above the Pd square plane and is in close contact
with the Pd center (Pd—03 = 3.063 A; sum of O and Pd van
der Waals radii = 3.15 A).

The "B{'H} NMR spectra of [Li(THF);][5], 7, and 8 con-
tain three resonances in a 1:4:4 intensity ratio, indicative of
effective C,, symmetry of the CByCly cluster. This is con-
sistent with the CBoCly unit rotating rapidly around the C—P
bond with concomitant exchange of the Pd-bound and non-Pd-
bound B-Cl units on the ortho-ring of the carborane clusters in
these compounds, as observed previously for C.**

The low temperature (-60 °C) '"H NMR and “C{'H} NMR
spectra in CD,Cl, of 9 contain two sets of o-anisolyl resonanc-
es (Figure 5). The difference in the chemical shifts of the —
OMe resonances (‘H: As = 0.32; °C: A8("°C) = 3.7) is close to
the coordination shift for the THF a-H resonances (1H: Spound —
Ogee = 0.47; Be: Opound — Ogee = 4.6), which is consistent with
the coordination of one —OMe group to Pd, as observed in the
solid-state structure. The 'H NMR and “C{'H} spectra of 9 in
CD,Cl, at room temperature contain one set of o-anisolyl res-
onances, indicating that the o-anisolyl groups exchange rapid-
ly on the NMR timescale at this temperature (Figure 5). The
barrier to anisolyl group exchange, AG” = 12.3 kcal/mol, was
determined from the coalescence of the -OMe 'H NMR reso-
nances (Toogiescence = -3 °C, 500 MHz). The ''B{'H} NMR spec-
trum of 9 is similar to those of [Li(THF);][5], 7, and 8, indicat-



Figure 4. Solid state structure of 9¢(CH,Cl,),(pentane); 5. H at-
oms and CH,Cl, and pentane solvent molecules are omitted.
Thermal ellipsoids are drawn at the 50% probability level. Only
one orientation of the disordered THF ligand is shown. Bond
lengths (A): Pd1-O1 2.127(1), Pd1-Cl 2.019(1), Pd1-Pl
2.1855(7), Pd1-02 2.225(1). Key bond angles (°): O1-Pd1-C1
92.75(5), O1-Pd1-02 89.98(4), C1-Pd1-P1 94.33(4), P1-Pd1-O1
82.53(3). Color code: C, gray; B, pink; Cl, green; P, orange; Pd,
blue; O, red.

ing that the CB,Cly™ unit rotates rapidly around the C—P bond,
regardless of the phosphine-carborane bonding mode, «*-P,CI
or k*-P,0.

The 'H and *'P{'"H} NMR spectra of [Li(THF);][6] at -60
°C in CD,Cl, show that this species exists as a 1.6/1 mixture of
two isomers, each of which exhibits two sets of anisolyl reso-
nances in the 'H spectrum. The isomers are assigned as dia-
stereomers that differ in the relative configuration of the phos-
phorous atoms, which are stereogenic centers due to the k-
P,0 bonding mode of the P(0-OMe-Ph),CByCly ligand. In
contrast, only one species is observed at room temperature and
-60 °C in the 'H and *'P{'H} NMR spectra of k’-P,Cl-
[Li(THF);][5]. The difference in the 'H chemical shifts for the
Pd-bound and non-Pd-bound —-OMe groups of [Li(THF);][6]
(Asmajor isomer — 052, ASminor isomer — 080) of [LI(THF)3][6] are
similar to that for 9. Isomer exchange is fast on the NMR time
scale at 23 °C due to fast exchange of the Pd-bound and non-
Pd-bound methoxy groups.

Ethylene Reactivity. Complexes 7 and 8 oligomerize eth-
ylene to a Schulz-Flory distribution of C4— C,, olefins at 23 °C
and 2 atm ethylene pressure in mixed toluene/fluorobenzene
solvent (Table 1). GC-MS analysis of the oligomers shows
that 7 produces predominately a-olefins while 8 produces an
approximately 1/1 mixture of o-olefins and internal olefins.
Catalyst 7 is 5 times more active than 8. In both cases, the
catalytic activity and molecular weight distribution of the oli-
gomers (as assessed by the Schulz-Flory propagation probabil-
ity a, Figures S$55 and $56)*° are independent of ethylene pres-
sure and are unaffected by the addition of B(C4Fs)s.

Complex 9 reacts with ethylene at 23 °C and 2 atm ethylene
pressure to produce polyethylene (PE) wax with a narrow mo-
lecular weight distribution characteristic of a single-site cata-
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Figure 5. '"H NMR spectra of 9 at 23 °C (top) and -60 °C (bottom)
illustrating the exchange of the anisolyl rings. The aromatic and —
OMe regions of the spectra are shown. The -OMe resonances
appear at d 4.05 and 3.73 at -60 °C and are coalesced at 23 °C
(CD,Cly).

lyst (Table 2). At 50 °C the activity is increased by a factor of
4 while the M, value of the product is decreased by a factor of
3. As observed for 7 and 8, the catalyst activity and M, of the
polymer are independent of ethylene pressure (up to 54 atm)
and are unaffected by the presence of B(C¢F5)s.

The observation that the ethylene oligomeriza-
tion/polymerization activity of 7-9 is independent of ethylene
pressure and unaffected by the presence of B(C¢Fs); suggests
that the resting state for these catalysts is the corresponding
(PR,CB,Cly)PdR'(CH,=CH,) ethylene complex (R' = growing
chain). The observation that the molecular weight of the oli-
gomer/polymer product is independent of ethylene pressure is
consistent with an associative chain transfer mechanism,
which is typical for square planar ethylene polymerization
catalysts.”’

Characterization of Polyethylene Produced by 9. The PE
formed by 9 was characterized by 'H and °C{'H} NMR. Peak
assignments were made based on literature data and 2D NMR
experiments (see Supporting Information).”®* The PE pro-
duced by 9 at 23 °C contains one olefin unit per chain, of
which >95% are internal olefins. The internal olefins comprise
primarily 2-olefins (42%), followed by 3-olefins (21%), 4-
olefins (10%) and 5+-olefins (27%), with 70 % of the total
olefins in the frans configuration. The PE produced at 50 °C
contains 90% internal olefins (Table 2, entry 2) in a 1/1
cis/trans ratio. The PEs produced at both 23 and 50 °C contain
ca. 13 branches per 1000 C (i.e. ca. one branch per chain) as
determined by '"H NMR. “C{'H} NMR analysis shows that
methyl, ethyl and sec-butyl branches are present in a 3/1/1
ratio. The PE microstructure is independent of ethylene pres-
sure and is unaffected by the presence of B(C4Fs)s.

DSC analysis shows that the PE produced by 9 melts over a
broad temperature range (Figure S71) with apparent 7,, values



Table 1. Ethylene Oligomerization Data for Catalysts 7 and 8.°

P Activit TOF :
Entryh Cat. Ethylene Co;lsumed v 1y ; . o 9% a-olefin’
(atm) (mg) (kg molpg ' h) (h™h
1 7 2 420 210 7500 0.15 85
2 7 6 470 240 8400 0.16 91
3¢ 7 6 450 220 8000 0.17 83
4 8" 2 450 45 1600 0.22 47
8" 6 513 51 1800 0.17 46
68 8" 6 540 54 1900 0.16 48

“Conditions: 49 mL toluene, 1 mL fluorobenzene, 23 °C, 2 h. *Average of two identical runs. °1 pmol Pd. “Determined by mass flow.
°Schulz-Flory propagation probability. “Percentage of olefins that are o-olefins, determined by GC-MS. €1 equiv of B(C4Fs); added. "5

umol Pd.
Table 2. Ethylene Polymerization Data for Catalyst 9.”
i Activit Branches
Entry” | P (atm) \((rifgl? (kg molpd'lyh") {1?'1; (gﬁ’)c (113\?)”’ P’ /1000 C° TwCCY

1 2 103 10.3 370 1080 810 1.6 14 82.5,92.3,104.5
2°¢ 2 345 345 1240 720 460 1.4 15 73.2,89.2,97.4
3 6 135 135 480 950 710 1.6 12 77.9,87.0, 103.0
4 6 132 13.2 470 980 710 1.6 13 76.6, 86.6,102.6
5 54 100 10.0 360 810 580 1.5 14 71.0, 101.5

“Conditions: 49 mL toluene, 1 mL fluorobenzene, 23 °C, 2 h, 5 pmol Pd. bAverage of two identical runs. “Determined by 'H NMR. “De-
termined by GPC. °50 °C.”1 equiv of B(C4Fs); added. *Determined by DSC.

of ca. 80, 90, and 103 °C (Table 2). Similar results have been
observed for other low-molecular-weight PE waxes.” > For
example, saturated linear Fisher-Tropsch waxes, such as Sa-
solWax H1 (M, = 800, B = 1.4, 1.6 branches/1000 C), exhibit
multiple melt transitions in DSC that are very similar to those
observed for the PE formed by 9 (Figure S70). This behavior
has been ascribed to the melting of crystallites consisting
mainly of short chains at lower temperature and the progres-
sive melting of crystallites composed primarily of longer and
longer chains as the temperature is raised. >’

Generation of a (PR,CB,Cly)PdMe(H,C=CH,) Ethylene
Complex and Kinetics of PE Chain Growth. The reaction of
9 with ethylene was studied by NMR at low temperature in
order to probe ethylene binding and monitor the chain growth
process. The reaction of 9 with excess ethylene at -78 °C in
CD,Cl, generates the ethylene adduct (k’-P,O-P(0-OMe-
Ph),CByCly)PdMe(H,C=CH,) (10, Scheme 2). The bound
ethylene in 10 gives rise to an AA'BB' pattern at & 5.42 and
5.30 in the "H NMR spectrum and a singlet at 8 101.5 in the
BC{'H} NMR spectrum at -78 °C, consistent with rapid rota-
tion of the bound ethylene around the Pd-ethylene centroid
bond.”™ The 'H and "C{'H} spectra of 10 at -78 °C contain
two —OMe resonances, the chemical shift differences of which
are similar to those observed for 9 and consistent with a «’-
P,O bonding mode for the phosphine-carborane ligand. The
Pd-Me group gives rise to a doublet in the 'H NMR spectrum
with a small *Jpy value (3 Hz) and a singlet in the “C{'H}
spectrum, indicating that the Me group is cis to the phosphine.
The 'H-'H NOESY spectrum of 10 (-78 °C) contains strong
correlations between the bound ethylene resonance and the Pd-

Scheme 2. Generation of Ethylene Complex 10 and Subse-

quent Reaction with Ethylene to Generate 11.
Me

/
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Me resonance and one —OMe resonance (6 4.03, Pd-bound), as
well as a weak correlation with the other -OMe resonance at
(8 3.71, non-Pd-bound) (Figure S57). The bound ethylene 'H
NMR resonances are coalesced with the free ethylene reso-
nance at -30 °C. The -OMe 'H NMR resonances are coalesced
at -20 °C, indicating that 10 undergoes an anisolyl group ex-



change process, as observed for 9.

Complex 10 undergoes repetitive ethylene insertion at -20
°C to generate a mixture of (k’-P,0-P(0-OMe-
Ph),CByCly)PdR'(H,C=CH,) alkyl species (11, R' = growing
chain). B—H elimination and olefin formation do not occur at
this temperature and therefore the polymerization is living.
The chain growth process was monitored by '"H NMR. As 1
molecule of THF is released per equivalent of 9 in the for-
mation of 10, the total concentration of Pd species during
chain growth is [Pd],, = [10] + [11] = [THF]. Therefore, the
average number of ethylene units inserted per Pd-R’ chain, X,
is equal to the ratio (total integral of the Pd-R’ resonanc-
es)/(integral of the THF B-H resonance).” Plots of X, versus
time are linear with a slope that is independent of ethylene
concentration (Figure 6), indicating that the growth rate is
zero-order in ethylene, which is consistent with the polymeri-
zation results. The composite insertion rate constant (for Pd-
Me and Pd-R’), kjeion (€q 1), was determined to be 1.05(6) x
107 s (-20 °C), which corresponds to an apparent insertion
barrier AGﬁnsemon of 18.1(1) kcal/mol.
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Figure 6. Representative plots of X, versus time for the reaction
of in situ-generated 10 with ethylene at -20 °C. Blue data and
curve: [Pd]i = 9.3 mM, [ethylene];yiia = 0.15 M (16 equiv). Red
data and curve: [Pd]ym = 9.1 mM, [ethylene]iiia = 0.32 M (35
equiv). The two curves do not overlap because the extent of chain
growth at the beginning of data collection was different for the
two runs. This difference affects the y intercept but not the slope
of the line.

CONCLUSION

In conclusion, we have described the synthesis and charac-

terization of 7-9, which contain phosphino-perchlorocarba-
closo-decaborate ligands. Compounds 7 and 8, which contain
«*-P, CI-PR,CB,Cly ligands, oligomerize ethylene to C4-Cy
olefins, while 9, which contains a KZ-P, O-P(0-OMe-
Ph),CByCly" ligand, polymerizes ethylene to PE wax. These
results contrast with the lack of reactivity with ethylene ob-
served for PR,CB,,Cl;;” complex c* Catalyst 7, which con-
tains a strong donor P'Pr, unit, is significantly more active
than 8 or 9, which contain P(aryl), units. A similar trend was
observed for analogous phosphine-arenesulfonate palladium
alkyl catalysts A.” It is notable that 8 is ca. 4 times more reac-
tive than the trifluoroborate analogue B/[H(OEt,),][B(3,5-
(CF;),C4H3),4], as assessed by the TOFs for ethylene oligomer-
ization/dimerization.”'" As the catalyst resting state in both
cases is the corresponding PAR(H,C=CH,) species, this reac-
tivity trend is due to a difference in the ethylene insertion rate.
The steric bulk of the perchlorocarborane backbone may con-
tribute to the enhanced reactivity of 8. The combination of the
low molecular weight, low branch density, predominance of
short branches, and preponderance of internal olefins in the
polyethylene formed by 9 indicates that the secondary alkyl-
metal species formed by chain walking undergo preferential
chain transfer rather than chain growth.

EXPERIMENTAL SECTION

General Considerations. All manipulations were carried out using
standard Schlenk or glovebox techniques under a nitrogen or argon
atmosphere at room temperature unless otherwise stated. PhF was
dried over and distilled from P,Os or CaH,. THF was dried and dis-
tilled from K metal. CH,Cl,, pentane, and toluene were purified by
passage through BASF R3—11 oxygen scavenger and activated alu-
mina. CD,Cl, was dried over P,Os or 3 A molecular sieves and de-
gassed. CDCI,CDCl, and CD;CN were dried over 3 A molecular
sieves and degassed. Unless specifically stated, reagents were pur-
chased from commercial vendors and used without further purifica-
tion. NMR spectra were recorded using Bruker Avance 300 MHz,
Avance 400 MHz, Avance 500 MHz, or Avance 600 MHz instru-
ments or a Varian Inova 300 MHz spectrometer. 'H and "*C NMR
chemical shifts are reported relative to SiMe, and are internally refer-
enced to the residual solvent resonance. *'P NMR chemical shifts are
externally referenced to H3POs. "B NMR chemical shifts were exter-
nally referenced to BF;Et,O and the baseline of the spectra corrected
using a multipoint spline. For all compounds, the carboranyl carbon
resonance was not observed in *C{'H} NMR spectra. NMR assign-
ments for [Li(THF);][1]-8 were made based on peak multiplicities
and integrations. NMR assignments for 9 and 10 were made using 2D
NMR experiments. High-resolution mass spectrometry (HRMS) was
performed on an Agilent Technologies 6210 (TOF LC/MS) ESI/APCI
instrument. [MesNH][HCBoCly] was synthesized according to litera-
ture procedures.” (COD)PdMeCl was synthesized according to litera-
ture procedures.®’ The purity of all isolated compounds was estab-
lished by multinuclear NMR (see Supporting Information) and high
resolution mass spectrometry.

[Li(THF)3][P'Pr,CBsCls] ([Li(THF);][1]). [MesNH][HCBoCls]
(0.500 g, 1.02 mmol) was dissolved in THF (3 mL) in a 20 mL scintil-
lation vial equipped with a stir bar. n-BuLi (2.1 equiv, 2.0 M in hex-
anes) was added and the mixture was stirred for 30 min. This mixture
was added to pentane (15 mL) that was being stirred and a white solid
precipitated. The solid was collected by filtration, washed twice with
pentane, and dried under vacuum. The resulting white powder was
dissolved in THF (3 mL), 'Pr,PCl (171 mg, 1.12 mmol) was added,
and the mixture was stirred for 1 h. The volatiles were removed under
vacuum. The resulting oil was washed with pentane, taken up in PhF,
and the insoluble LiCl was removed by filtration. The filtrate was



evaporated to dryness to yield [Li(THF)3][1] as a white solid. Yield:
720 mg, 92%. 'H NMR (400 MHz, CD;Cl,, 23 °C): § 3.79 (m, 12H,
THF), 2.94 (d of septets, *Jun = 7 Hz; “Jpu = 1.5 Hz, 2H), —
CH(CHs),), 1.98 (m, 12H, THF), 1.34 (two overlapping dds, *Jp= 19
Hz, *Jou = 11 Hz, *Jyu = 7.4 Hz, *Juu = 6.9 Hz, 12H, ~CH(CH:),).
BC{'H} NMR (101 MHz, CD,Cl,, 23 °C): § 69.1 (THF), 25.9 (THF),
244 (d, 2pc = 36 Hz, —CH(CHs)), 222 (d, *Jpc = 26 Hz, —
CH(CHs),), 21.2 (d, 'Jec = 12 Hz, —CH(CHs),). "'B{'H} NMR (96
MHz, CD,Cl,, 23 °C): & 23.6 (I1B), -0.8 (4B), -2.4 (4B). *'P{'H}
NMR (162 MHz, CD,Cl,, 23 °C): & 45.2. ES/APCI HRMS (m/z):
[M] calculated for C;H;4BoPCly: 544.9044; found: 544.9044. mp:
100.0 — 106.7 °C.

[Li(THF)4][PPh,CBsClo] ([Li(THF)4][2]). [Li(THF)4][2] was
prepared from [Me;NH][HCByCly] (0.500 g, 1.02 mmol), n-BuLi (2.1
equiv, 2.0 M in hexanes) and Ph,PCl (247 mg, 1.12 mmol) using the
procedure described above for [Li(THF);][1]. Yield: white solid, 880
mg, 95%. 'H NMR (300 MHz, CD,Cl,, 23 °C): & 8.07 (m, 4H, Ar),
7.37 (m, 6H, Ar), 3.78 (m, 16H, THF), 1.96 (m, 16H, THF). *C{'H}
NMR (101 MHz, CD,Cl,, 23 °C): & 137.5 (d, “Joc = 29 Hz, 0-Ph),
133.1 (d, 'Jec = 16 Hz, ispo-Ph), 130.1 (p—Ph), 128.0 (d, *Jec = 10
Hz, m-Ph), 69.1 (THF), 25.9 (THF). "B{'H} NMR (96 MHz,
CD,Cl, 23 °C): § 20.5 (1B), -4.3 (4B), -6.3 (4B). *'P{'"H} NMR (162
MHz, CD,Cl, 23 °C): & 11.5. ES/APCI HRMS (m/z): [M] calculat-
ed for Ci13HoBoPCly: 612.8744; found: 612.8714. mp: 143.2 — 145.5
°C.

[Li(THF),][P(0-Me-Ph),CByCls] ([Li(THF)[3]). [Li(THF),[3]
was prepared from [Me;NH][HCByCly] (0.500 g, 1.02 mmol), n-BuLi
(2.1 equiv, 2.0 M in hexanes) and (0-OMe-Ph),PCl (315mg, 1.12
mmol) using the procedure described above for [Li(THF)s][1]. Yield:
white solid, 760 mg, 90%. 'H NMR (400 MHz, CD;CN, 23 °C): &
7.93 (m, 2H, Ar), 7.36 (m, 2H, Ar), 6.90 (m, 4H, Ar), 3.69 (s, 6H, -
OCH5), 3.65 (m, 8H, THF), 1.81 (m, 8H, THF). “C{'H} NMR (101
MHz, CD;CN, 23 °C): & 163.0 (d, 2Jpc = 22 Hz, C-OCHs3), 137.7
(Ar), 131.9 (Ar), 123.2 (d, "Jbc = 29 Hz, Cpso-P), 120.5 (Ar), 111.9
(Ar), 68.3 (THF), 56.4 (-OCHs), 26.2 (THF). "B{'H} NMR (96
MHz, CD;CN, 23 °C): § 20.4 (1B), -4.4 (4B), -6.3 (4B). *'P{'H}
NMR (162 MHz, CDsCN, 23 °C): § -9.8. ES/APCI HRMS (m/z):
[M] calculated for CsH4ByO>PCly: 672.9211; found: 672.9199. mp:
240.1 —243.3 °C.

(&’-P,CI-P'Pr;CByCls)PdMe(THF) (7). 1 (100 mg, 0.12 mmol)
and PhF (1 mL) were added to a 20 mL scintillation vial equipped
with a stir bar. (COD)PdMeCl (31.5 mg, 0.120 mmol) was separately
dissolved in PhF (1 mL) in a second vial. The (COD)PdMeCl solution
was slowly added to the solution of 1. The second vial was washed
with PhF (1 mL) and the wash was added to the solution of 1. The
mixture was stirred for 30 min and concentrated under vacuum. Pen-
tane was added and the resulting light brown precipitate was allowed
to settle. The pentane supernatant was decanted off and the precipitate
was washed twice with pentane and dried under vacuum to yield
[Li(THF);][4] as a brown solid. "H NMR (500 MHz, CD,Cl,, 23 °C):
8 3.08 (m, 12 H, THF), 3.27 (m, 4H, —CH(CHs),), 1.95 (m, 12H,
THF), 1.73 (dd, *Jun = 7.2 Hz, *Jey = 19.0 Hz), 12 H, -CH(CH:),),
1.01 (overlapping dd and s, *Juu = 7.0 Hz, 2Jpn = 17.5 Hz, 18H, Pd —
CHs and —CH(CHs),). “C{'H} NMR (126 MHz, CD,Cl,, 23 °C) &
68.9 (THF), 27.0 ("Joc = 20 Hz, -CH(CHs),), 26.4 (THF), 23.0 (-
CH(CH3)), 19.9 (~CH(CHs),), 0.3 (Pd —CH3). "B{'H} NMR (96
MHz, CD;CN, 23 °C): § 24.0 (1B), -3.1 (4B), -5.6 (4B). *'P{'H}
NMR (202 MHz, CD,Cl,, 23 °C): 8 76.6. mp: 92.1 —97.5 °C (dec).

Without further purification, [Li(THF)s][4] was dissolved in PhF
(ImL) and AgBF4 (11.0 mg, 0.0600 mmol) was added. The mixture
was stirred for 30 min and filtered, and the collected solid was washed
with CHCl, (3 x 15 mL). The solvent was removed from the filtrate
and washes under vacuum to afford 7 as a brown powder that con-
tained a small amount of residual PhF. 81% pure by *'P{'"H} NMR.
Yield 77 mg, 87%. 'H NMR (400 MHz, CD,Cl,, 23 °C): & 3.96 (m,
2H, THF), 3.28 (m, 2H, -CH(CHa),), 1.97 (m, 2H, THF), 1.73 (dd,

2Jon = 20 Hz, *Jun =7 Hz, 6H, ~CH(CH3),), 1.52 (dd, “Jpu = 20 Hz,
*Jun =7 Hz, 6H, —CH(CH;),), 1.44 (s, 3H, Pd-CHs). “C{'H} NMR
(101 MHz, CD,Cl,, 23 °C): & 72.9 (THF), 27.2 (d, “Jec = 24 Hz, —
CH(CHj3),), 25.6 (THF), 23.3 (br s, ~CH(CH3),), 20.0 (-CH(CHs),),
1.2 (Pd-Me). "B{'"H} NMR (96 MHz, CD,Cl,, 23 °C): & 24.2 (1B), -
3.4 (4B), -6.0 (4B). *'P{'H} NMR (162 MHz, CD,Cl,, 23 °C): & 77.5.
ESI/APCI HRMS (m/z): [M — THF + CH3;CN] calculated for
C1oH20BoNPCloPd: 701.8363; found: 701.8352. mp: 109.3 — 117.1 °C
(dec).

(KZ-P,Cl—PthCBgClg)PdMe(THF) (8). [Li(THF);][5] was gener-
ated as tan powder from 2 (100 mg, 0.110 mmol) and (COD)PdMeCl
(28.9 mg, 0.110 mmol) using the procedure for [Li(THF)s][4]. 'H
NMR (400 MHz, CD,Cly, 23 °C): & 8.53 (dd, “/pu = 12.5 Hz, *Jyy =
8.5 Hz, 8H, 0-Ph), 7.60 (m, 12H, m—Ph and p—Ph), 3.78 (m, 12H,
THF), 1.95 (m, 12H, THF), 1.38 (s, 6H, Pd—-CHs). “C{'H} NMR: &
138.5 (d, “Jpc = 16 Hz, 0-Ph), 133.3 (d, “Jpc = 2 Hz, p-Ph), 128.8 (d,
3Jep = 12 Hz, m—Ph), 1242 (d, "Jep = 55 Hz, ipso-Ph), 69.2 (THF),
25.9 (THF), 12.6 (Pd—CH;). ''B{'"H} NMR (124 MHz, CD,Cl,, 23
°C): & 23.4 (1B), -3.16 (4B), -5.79 (4B). *'P{'H} NMR (162 MHz,
CD,Cl,, 23 °C): & 56.6. Low temperature NMR data: 'H NMR (500
MHz, CD,Cl,, -60 °C): & 8.48(dd, “Jpu = 12.5 Hz, *Juu = 8.5 Hz, 8H,
0-Ar), 7.59 (m, 12H, m-Ar and p-Ar), 3.66 (m, 16H, THF), 1.84 (m,
16H, THF), 1.30 (s, 6H, Pd-CHs). *'P{'H} NMR (162 MHz, CD,Cl,,
-60 °C): 8 57.8. mp: 91.4 — 104.7 °C (dec).

Without further purification, [Li(THF)3][5] was reacted with
AgBF4 (10.7 mg, 0.06 mmol) using the procedure described above for
7 to yield 8 as a light brown powder. Yield: 78 mg, 88%. 'H NMR
(500 MHz, CD,Cl, 23 °C): & 8.41 (dd, 2Jpyy = 12.5 Hz, *Juu = 8.5 Hz,
4H, 0-Ph), 7.63 (m, 6H, m—Ph and p—Ph), 4.09 (m, 4H, THF), 2.05
(m, 4H, THF), 1.18 (s, 3H, Pd—-CH;). "C{'H} NMR (101 MHz,
CD,Cly, 23 °C): & 137.7 (d, %Jec = 14 Hz, 0-Ph), 133.7 (p-Ph), 129.0
(d, *Joc = 13 Hz, m-Ph), 123.6 (d, 'Joc = 59 Hz, ipso-Ph), 71.2 (THF),
16.6 (THF), 14.6 (Pd-Me). "B{'"H} NMR (96 MHz, CD,Cl,, 23 °C):
524.3 (1B), -3.2 (4B), -5.9 (4B). *'P{'"H} NMR (162 MHz, CD,Cl,,
23 °C): § 56.6. ES/APCI HRMS (m/z): [M — THF + CH;CN] calcu-
lated for C;sH6BoNPCloPd: 779.8360; found: 779.8365. mp: 150.4 —
159.7 °C (dec).

(«’-P,0-P(0-OMe-Ph),CB,yCly)PdMe(THF)  (9). [Li(THF)3][6]
was generated as a tan powder from 3 (100 mg, 0.10 mmol) and
(COD)PdMeCl (27.3 mg, 0.100 mmol) using the procedure for
[Li(THF)3][4]. 94 % pure by inverse-gated *'P{'"H} NMR. '"H NMR
(500 MHz, CD,Cl,, 23 °C): & 8.00 (br s, Ar, 3H, integration is lower
than expected due to broadness), 7.54 (t, J = 7.7 Hz, 4H, Ar), 7.06 (t,
J=1.5Hz, 4H, Ar), 6.99 (t, J = 7.1 Hz, 4H, Ar), 3.76 (overlapping m
and br s, 24 H, ~OCHs and THF), 1.94 (m, 12 H, THF), 1.13 (s, 6H,
Pd-CH;). *C{'H} NMR (126 MHz, CD,Cl,, 23 °C): & 161.6 (br s,
Ar), 136.1 (br s, Ar) 134.2 (Ar), 121.5 (br s, Ar), 112.6 (Ar), 69.0
(THF), 58.3 (br s, ~OCHs), 56.1 (br s, ~OCH3), 25.9 (THF), 0.7 (br s,
Pd-CH3). "B{'H} NMR (96 MHz, CD,Cl,, 23 °C): & 24.2 (1B), -3.5
(4B), -6.0 (4B). Inverse-gated *'P{'"H} NMR (162 MHz, CD,Cl,, 23
°C): & 21.2. Low temperature NMR data: Major isomer (62 %) 'H
NMR (500 MHz, CD,Cl, -60 °C): 4.08 (s, 6H —OCHs,), 3.56 (s, 6H —
OCH;), 1.01 (s, 6H Pd-CH3). *'P{'H} NMR (202 MHz, CD,Cl,, -60
°C): 20.0. Minor isomer (38 %) 'H NMR (500 MHz, CD,Cl,, -60 °C):
8 4.18 (s, 6H, —OCH3), 3.38 (s, 6H, —OCH;), 0.97 (s, 6H, Pd-CHj).
Inverse-gated *'P{'"H} NMR (202 MHz, CD,Cl,, -60 °C): & 20.4. The
Ar resonances for these two species are overlapped. The 'H NMR
resonances for bound THF are observed at 6 3.66 and 1.83. mp: 125.3
—129.8 °C (dec).

Without further purification [Li(THF)3][6] was reacted with AgBF,
(10.0 mg, 0.0500 mmol) using the procedure described for 7 to yield 9
as a tan powder. Yield: 81 mg, 94% yield. The labelling scheme for 9
is shown in Figure 7. '"H NMR (500 MHz, CD,Cl,, 23 °C): & 8.0 (br s,
2H, Ar), 7.59 (m, 2H, Ar), 7.12 (m, 2H, Ar), 7.01 (m, 2H, Ar), 4.04
(m, 4H, THF), 3.82 (br s, 6H, —OCHj), 2.02 (m, 4H, THF), 0.89 (s,



3H, Pd-CHs). *C{'H} NMR (151 MHz, CD,Cl,, 23 °C): & 160.8 (C-
OMe), 135.9 (br, Ar), 134.3 (br, Ar), 121.6 (br, Ar), 112.1 (Ar), 69.6
(THF), 57.8 (br s, -OCH3), 25.4 (THF), 2.6 (br s, Pd—CH3). ''B{'H}
NMR (96 MHz, CD,Cl,, 23 °C): & 24.6 (1B), -4.0 (4B), -6.5 (4B).
Inverse-gated *'P{'"H} NMR (162 MHz, CD,Cl,, 23 °C): § 21.2. Low
temperature NMR data®®: "H NMR (500 MHz, CD,Cl, -60 °C): & 8.27
(dd, *Jp = 12.5 Hz, Jun = 8 Hz, 1H, H"), 7.64 (t, Jun = 7.5 Hz ,1H,
H'"), 7.56 (t, J = 7.5 Hz, H*)), 7.45 (dd, *Jou = 12.5 Hz, Juu = 8 Hz,
1H, H%), 7.14 (t, Jun = 7 Hz, 1H, H"), 7.08 (t, Juu = “Jou = 7.5 Hz,
1H, H'), 7.04 (t, Jun = 7.5 Hz, 1H, H%), 6.98 (t, Juu = “Jpu = 8 Hz ,
1H, H*), 4.09 (br m, 4H, THF), 4.05 (s, 3H, H), 3.73 (s, 3H, H'),
2.01 (br m, 4H, THF), 0.71 (s, 3H, Pd-CH;). “C{'H} NMR (126
MHz, CD,ClL, -60 °C): & 160.8 (d, 2Jpc = 13 Hz, C?), 158.8 (d, 2Jpc =
9 Hz, C%), 136.4 (C"), 134.3 (C'") 134.2 (C*) 133.5 (C'%), 123.2 (C),
118.8 (d, “Joc = 10 Hz, C'?), 115.5 (d, "Jpc = 58 Hz, C") 111.8 (d, “Joc
=6 Hz, C*), 111.1 (d, “Jyc = 8 Hz, C'%), 108.3 (d, 'Jpc = 71 Hz, C%),
72.8 (THF), 59.6 (C7), 55.9 (C'*), 25.1 (THF), 1.2 (Pd-CHs3). Inverse-
gated *'P{'"H} NMR (202 MHz, CD,Cl,, -60°C): & 20.8. HRMS:
ESI/APCI HRMS (m/z): [M — THF + CH3;CN] calculated for
C1sH20BsNO,PClsPd: 829.8318; found: 829.8320. mp: 123.5 — 135.2
°C (dec).

Figure 7. Numbering scheme for 9.

Generation of (KZ-P,O-P(D—OME-Ph)zCBQC]Q)PdMe(CH2=CH2)
(10). A solution of 9 (~5.0 mg) in CD,Cl, was prepared in a J. Young
NMR tube. The tube was cooled to -196 °C in a liquid nitrogen bath
and the desired amount of ethylene was added by vacuum transfer.
The tube was allowed to thaw and warm to -78 °C to afford a yellow-
orange solution. The tube was shaken several times to ensure proper
mixing of ethylene into the solvent and then was placed in an NMR
probe that had been precooled to -78 "C.® The numbering scheme for
10 is shown in Figure 8. 'H NMR (CDyCl,, 500 MHz, -78 °C): 6 8.30
(dd, Jun =8 Hz, Jou = 12 Hz, 1H, H"), 7.66 (t, J = 8 Hz, 1H, H'"),
7.57 (t, J=7.5 Hz, 1H, H), 7.43 (dd, Jun =8 Hz, Jeu= 12 Hz, 1H, H°),
7.18 (t, J=7 Hz, 1H, H"), 7.05 (t, J=7.5 Hz, 2H, H® and H’), 6.99
(dd, Juu =8 Hz, Jpy = 8 Hz, H'), 5.42 (br d, J = 9 Hz, 2H, bound
ethylene AA”), 5.36 (s, free ethylene), 5.30 (br d, bound ethylene BB’
(overlapped with solvent resonance)), 4.03 (s, 3H, H’), 3.71 (s, 3H,
H', 3.61 (m, 4H, free THF), 1.74 (m, 4H, free THF), 0.82 (s, *Jpu =
3 Hz, 3H, Pd-CH;). *C{'H} NMR (CD,Cl,, 126 MHz, -78 °C): &
161.3 (d, e = 15 Hz, C°), 158.2 (d, *Joc = 10 Hz, C?), 136.8 (C"),
134.5 (CY), 134.1 (C%, 134.0 (C'), 123.6 (C°), 122.8 (s, free eth-
ylene), 119.1 (C'), 114.7 (d, Upc = 54 Hz, C"), 112.0 (C), 111.4
(C'), 107.0 (d, 'Jec = 61 Hz, C%), 101.5 (s, bound ethylene), 67.3 (s,
free THF), 60.4 (C7), 56.0 (C'*), 25.0 (free THF), 5.9 (Pd-CH,). In-
verse-gated *'P{'"H} NMR (202 MHz, CD,Cl,, -78 °C): § 9.8.

Figure 8. Numbering scheme for 10.

Chain Growth of 10 at -20 °C. A solution of 10 in CD,Cl, con-
taining excess ethylene (16, 26, or 35 equiv) was generated in a J.
Young NMR tube as described above. The tube was placed in the
NMR probe that was prechilled to -25 °C and equilibrated for 10 min.
The probe was then warmed to -20 'C and the tube was monitored by
'H NMR for ca. 1 h. The resonances for 10 disappeared and resonanc-
es assigned to 11 higher alkyl species grew in. Key '"H NMR data for
11: 8 4.02 (s, —OCHs), 3.56 (s, -OCH3), 2.40 (br s), 2.23 (br s), 1.99
(brs), 1.22 (s, -CH»-), 1.16 (br m), 0.97 (br m), 0.83 (q, Jun = 7 Hz),
0.78 (t, Jun = 8 Hz, —CHs), 0.65 (t, Jun =7 Hz, —CH3), 0.59 (t, Jun = 8
HZ, —CH- 3).

Low pressure ethylene oligomerization and polymerization re-
actions. Ethylene oligomerization/polymerization reactions at 2 and 6
atm were performed in a 200 mL Fischer-Porter bottle equipped with
a 2-inch long Teflon-coated magnetic stir bar and a stainless-steel
pressure head fitted with inlet and outlet needle valves, a septum-
capped ball valve for injections, a safety check valve, and a pressure
gauge. In a N,-filled glovebox, the Fischer-Porter bottle was charged
with toluene (49 mL). The apparatus was removed from the glovebox,
connected to a stainless-steel double manifold vacuum/ethylene line,
placed in a room temperature water bath or 50 °C oil bath, and stirred
at 370 rpm. The N, atmosphere was replaced with ethylene by three
evacuation-refill cycles. The solution was equilibrated at either 2 or 6
atm of ethylene pressure for 15 min. For the 2 atm experiments, a
freshly-prepared stock solution of catalyst in PhF (1 mL) was added
via gas-tight syringe. For the 6 bar experiments, the pressure was
decreased to 1.4 atm, a stock solution of catalyst in PhF (1 mL) was
added immediately via gas-tight syringe, and the pressure was imme-
diately increased to 6 atm. The ethylene pressure was kept constant by
feeding ethylene on demand.

For catalysts 7 and 8, ethylene consumption was measured using a
Brooks Instruments 58601 Mass Flow Sensor. The total ethylene con-
sumption was determined by numerical integration of the mass flow
curve using the LabView software package. Control experiments
showed that equilibration of ethylene between the gas and solution
phases at 6 atm ethylene pressure requires ca. 15 min under the reac-
tion conditions (23 °C, 370 rpm stirring), and therefore the activity for
the 6 atm experiments was determined using the mass flow curve
excluding the first 15 min. After 2 h, the ethylene line was closed, the
Fischer-Porter bottle was vented, o-xylene (100 uL) was added as an
internal standard, and the solution was analyzed by GC-MS using an
Aglient 6890/5973N GC-MS instrument. The masses of hexene, oc-
tene, and decene were determined by GC-MS using predetermined
response factors. The mass of butene was calculated by subtracting
the masses of the other oligomers from the total mass of ethylene
consumed.

For catalyst 9, after the ethylene line was closed and the Fisher-
Porter bottle was vented, methanol (50 mL) was added to precipitate
the polymer. The polymer was collected by filtration, washed with
methanol (50 mL), and dried for 2 d at 70 °C in a vacuum oven.

High pressure ethylene polymerization reactions. Ethylene
polymerizations at 54 atm were performed using a stainless-steel Parr
300 mL autoclave, which was equipped with a magnetically-driven



1.5-inch diameter four-blade propeller stirrer, thermocouple, water
cooling loop, and a Parr 4842 controller. In a N, glovebox, a 200 mL
glass autoclave liner was charged with toluene (49 mL) and a stock
solution of the catalyst in PhF (1 mL) and placed in the autoclave.
The autoclave was sealed, removed from the glovebox, and attached
to the ethylene line. The mixture was stirred (270 rpm) at 23°C for 15
min and then pressurized to 54 atm of ethylene. The ethylene pressure
was kept constant by feeding ethylene on demand. After 2 h the eth-
ylene line was closed and the autoclave was vented. Methanol (50
mL) was added to precipitate the polymer, which was characterized as
described above.

DSC measurements were performed on a TA Instruments 2920 dif-
ferential scanning calorimeter. Samples (5 mg) were annealed by
heating to 170 °C at 15 C/min, cooled to 0 °C at 10 °C/min, and ana-
lyzed by heating to 170 °C at 15 °C/min. 'H and *C{'H} NMR spec-
tra of PE samples were obtained at 100 °C in dry degassed
CDCILCDCl, solvent using a Bruker Advance 500 NMR instrument.
Gel permeation chromatography (GPC) was performed on a Polymer
Laboratories PL—-GPC 200 instrument at 150 °C with 1,24-
trichlorobenzene (stabilized with 125 ppm BHT) as the mobile phase.
Three PLgel 10 pm Mixed-B LS columns were used. The molecular
weights were calibrated using narrow polystyrene standards with a
10-point calibration of M, from 570 Da to 5670 kDa, and are correct-
ed for linear polyethylene by universal calibration by using the fol-
lowing Mark—Houwink parameters: polystyrene, K = 1.75 x 102
em’ g ', o= 0.67; polyethylene, K=5.90 x 10 *cm’ g ', a=0.69.
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