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ABSTRACT: Ethylene polymerization using a catalyst derived from the reaction of the phosphorafSé{Nr-
(=NSiMe3), (1) with either Ni(COD) or bisgz-allyl)Ni complexes affords branched poly(ethylene) (PE) of variable

MW (10%—10F) depending on conditions. The branched PE of high MW is semicrystalline itk 100 °C.

High field 13C NMR spectra reveal the presence of methyl branches (cal3@er 1000 C atoms), branches
longer than six C atoms (3320 per 1000 C atoms) and trace levels of ethyl, propyhutyl, andsecbutyl
branches (totak2 per 1000 C atoms). The branching distribution changes modestly in response to changes in
ethylene pressure in a manner consistent with a chain-walking mechanism. Analysis of high MW polymers by
GPC-light scattering reveals the presence of sparse long-chain brangHirg@.78-0.93 with <1 long-chain

branch per molecule); the branched PE formed is thus similar to low-density PE. Additmolefin during
polymerization leads to enhanced activity but is accompanied by chain transfer. The only eviderckefif
incorporation is at the chain-ends in the case of 4-methylpentene, and there is little change to the branching
distribution in the presence af-olefin. A sterically hindered nickel iminophosphonamide gPNomplex
(MesSi),NP(Me)(NSiMe),NiPh(PPHh) (2) was prepared and characterized by X-ray crystallography. This complex
oligomerizes ethylene to branched material with a microstructure very similar to that observed using the catalysts
derived from phosphorant and Ni(COD} or (w-allyl),Ni. DFT modeling of the active catalyst, coupled with
stochastic simulation of chain growth, reveals that a chain-walking vs insertion mechanism can account for the
short-chain branching distributions observed. Kinetic modeling of the observed branching distribution can account
for relative intensity of the short branches@s) as well as those of the longer branches. However, in order to

fit the intensity of the Hx branches, one of the key parameters in the model, the probability of chain-walking
for higher secondary NiR groups, converges to a valael. This finding is not anticipated by the DFT results

and suggests that the longer branches present in these materials do not form by a chain-walking vs insertion
mechanism.

Introduction hyperbranched materials with dendritic architectaes avail-
There is considerable interest in the synthesis of branched@P!€ when the catalyst is capable of “walking” past a branch

poly(ethylene) (PE) using transition metal catalystsigh point at a rate that is much faste_r than insertion. _
density and linear low-density PE, both with sparse long-chain 1he occurrence of long chain branches (LCB) in such
branching, typically<1 long-chain branch (LCB) per 1000 C materials, as occurin I.ow_-densny PEas often beep postulated
atoms, are produced usirmsametallocene and constrained from the branching distributions of these materials, based on
geometry catalysts in solution, slurry or even gas-phase thelintensity of the signal dgje to branche6 carbon ator_ns_in
processed.The mechanism of long-chain branch formation in  t€**C NMR spectrum (HX).” However, there has been limited
these materials primarily involves macromonomer incorpora- study of the rheologicial or other properties of these materials
tion, a process which is facilitated by the “open” coordination which are most sensitive to LCE The ewdenge for LC.:.B .
sphere about the metal in these kinds of catalysts. formation is strongest for materials prepared using Pd diimine
On the other hand, using-diimine and related catalysts of catalysts while in the case of the more active Ni-catalysts, as

Ni and Pd, branched PE is formed from ethylene by a chain- far as we are aware, there is no conclusive evidence of LCB in
walking vs insertion mechanisfnDepending on the ratio of the materials prepared under a range of conditions.

the rates of these two competing processes, materials that have _NSiMe CH

controllable levels of short-chain branching (e.g5100 Me (Me3Si)2N_P\<NSiMe; + (n%-C3Hs),Ni or Ni(COD); ——>——» Branched PE
groups/1000 C atoms), depending on ethylene pressure, or even T=25100°C

1 P < 500 psig (1)
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phoranel with either Ni(COD} or Ni(;73-C3Hg), in the presence 30
of ethylene (eq 1).

The group of Fink has shown that these formulations are 25 |
competent for the chain-straightening oligomerizationouafle-
fins at low T and have postulated that this occurs via a chain- 20
walking mechanism.Subsequent work from the group of Yano
in Japan have revealed that these catalyst formulations produce
poly(ethylene) with Me and Hxbranching as revealed ByC
NMR analysisl® Further, the hydrodynamic volume of these
polymers in solution was reduced compared with unbranched 101
materials §' = [#]ud[1]in = 0.6—0.8). It was quite surprising
to us that branches of intermediate length between Me arid Hx 5
were not detected in tH€C NMR spectra of these materitls
while the total branching levels<30 Me groups/1000 C atoms) 0 ‘ ‘
were reduced from those typically seen wittdiimine catalysts 0 2000 4000 6000 8000
and Pd catalysts in particular. Time (s)

As we rec_:ently reported_, the aCt'Ve_ cata_lys_,t involved in the_se Figure 1. Ethylene flow vs time for a polymerization initiated by
polymerization processes is an alkylnickel iminophosphonamide phosphoranel” and Ni(COD} in the presence of 1-hexene. For
(PNy) complex, PNNIi(L)R (L =H,C=CH,) formed in situ from conditions, see Table 1, entry 5.
the phosphorane and either the Ni(0) or Ni(ll) precufddrhis
was verified by independent synthesis of such a complex andNi(0) or Ni(ll) precursor with phosphorank in the presence
demonstrating that it forms branched polymer with a similar of ethylene leads to slow ethylene consumption even at mM
microstructure to that produced using the Keim formulations. concentrations of Ni in toluene. In our hands, the combination
Unfortunately, the complex prepared BP(INSiMes),Ni(PPhy)- of bis(z-allyl)Ni and phosphoran& was inactive at 70C and
Ph] only furnished oligomers under the conditions investigated 450 psig, while use of Ni(COR)at 60°C and 30 psig, in the
and so the issue of how LCB arose in these materials remainedpresence of 1-hexene (1-Hx), afforded a small amo@nt (L2
an open question. kg PE/mol Ni x h) of a waxy material of low MW. Conse-

In addition, it was unclear that the unusual branching duently, most of the systematic experiments were conducted at
distribution could be accounted for via a chain-walking vs room temperature. However, the stability of these catalyst
insertion mechanism. For examp|e, stochastic simulations of formulations is not h|gh, even under these Conditions, as revealed
chain growth using kinetic modeling approaches for Ni diimine Dy the flow profile depicted in Figure 1.
catalysts have failed to indicate formation of LCB by a chain- ~ The most active formulation is that derived from the Ni(0)
walking vs insertion mechanisii.In essence, once a catalyst Precursor and phosphorah¢Table 1, entries 16). As expected
has migrated a few carbon atoms down the chain (Or past afrom the patent ”terature, addition of either 1-Hx or 4-methy|'
branch point), it was assumed that it is equally probable for the pentene (4-MP) leads to enhanced activity although with a
metal to walk in either direction. Thus, the chain-walking Significant reduction in MW. In contrast, use of a bisgllyl)-
process becomes a true random-walk and it is expected thatNi precursor leads to a catalyst which is aboutd2times less
formation of a long branch via such a process is improbable. active (entries 810). As we discussed elsewhere, the principle

On the other hand, DFT calculations when combined with (Z-ally)NiPN, product formed from this precursor and the

stochastic simulation, have indicated the formation of structures Phosphorane isnactive in ethylene polymerizatioh: We
with LCB provided insertion into L Ni—R is much more  concluded that catalyst formation involved competing reductive

favorable than insertion int Ni—R and chain-walking is more ~ €limination of the Ni(ll)z-allyl complex to form Ni(0)-diene
rapid than insertiod3 However, in this work, explicitinclusion ~ ©F ethylene complexes in the presence of ethylene (eq 2). These
of (different) chain-walking barriers was not considered nor was Would be expected to react in the same manner with phospho-
it evident whether walking backward was as probable as walking fane1 as Ni(COD} or Ni(CzH,)s to form an active catalyst.
forward. One expects that LCB could only form in such T™S

2

15 4

C,H, (umol s

L . I . o . . e N A CoH, 1
materials if there is a significant difference in insertion barriers, o \N<> ~— 1+ [M%CaHs)Ni — Ni(O)L, —> active
that chain-walking is much faster than insertion and that chain- (TMs),N" W' catalyst
walking in the forward direction is favored over the reverse ™S L = 1,5-hexadiene, C,H,

process. inactive n=273

In this paper we report the results of additional polymerization
studies using the Keim catalysts, characterization of the materials
formed by high field'3C NMR spectroscopy, and GPC-light

(€))

So the lower activity observed using biséllyl)Ni likely
reflects diminished production of these Ni(0)-alkene or diene

4 . S
scattering which definitely reveals the presence of sparse LCB complexes:* In agreement with this finding, the more thermally

in these materials. We also summarize the results of some DFTSth‘b!e bi;(r—methallyl) complex, which is less prone to reductive
calculations on models for the active catalyst and stochastic elclimga;lotnlth?nethte ptlacr)ent compoutidgave rise to the least
simulation of chain growth which are able to mimic the short- active catalyst (entry 10).

chain branching distribution. Finally, we briefly summarize the

R
; ; i =, N _FEt
results of modeling of the branched microstructure, using a 1+ (C,H,)sNi(0) —> “PENi

PEN

MesSiN, SiMes CzH,

AP CHy o APRNG e
simplified kinetic model derived earlié?. (MegSN"| N~ &, (MegSILNT - Ry, 2
R = SiMes
Results and Discussion
Ethylene Polymerization using Phosphorane 1 and Ni- Earlier work from the Fink group had demonstrated that the

(COD); or bis(-allyl)Ni Complexes. Combining either the principle product formed from Ni(&14); and phosphorang
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Table 1. Ethylene Polymerization Using Phosphorane 1 and Ni(COR)or Bis(z-allyl)Ni Complexest

entry [Ni] CoHa (psig) [1-hexene] (M) t (h) AP My (x 10°) PDI
1 Ni(COD), 300 0.94 0.30 51.0 12.3 2.2
2 Ni(COD), 300 0.94 3.0 26.0 25.6 2.2
3 Ni(COD), 30 0.94 0.30 20.0 2.9 2.3
4° Ni(COD), 30 0.94 0.33 125
5 Ni(COD), 30 0.23 1.9 5.90 4.6 1.6
6d Ni(COD), 30 0.23 4.0 2.50 11.8 2.2
7 Ni(COD), 30 0.0 4.0 1.50 61.2 2.7
8 Ni(773-C3Hs)2 15° 0.0 12.0 0.40 215 1.8
9 Ni(173-CaHs)2 450 0.0 4.0 0.79 109 2.2
10 Ni(173-2-MeGgHa), 450 0.0 14.0 0.034 158 2.2

aToluene with [Ni]= 4.0 mM at 25°C unless otherwise noted. In each case the Ni complex was added to the phosphorane and ethylene via syringe or
over-pressurized sampling vesseActivity in kg of PE/mol of Ni x h. ¢ PolymerizationT is 60 °C. 9 Polymerization in the presence of 4-Mg&-pentene.
e Initial addition ofz-allyl at 15 psig followed by pressurization to 450 psigimodal MWD—only the MW of the major high MW component is reported.

was thestableethylene, 1-nickela-2-aza-3-phospholidine com- 121 ¥ ——Dowlex 2056 1E+07
plex shown in eq 3¢ This was thought to rearrange to a NiPN
LT ; . 1 - ~Table 1, entry 9
complex in situ in the presence of ethylene inferring that the i oE
PN, complex was the active catalyst. inearm- + 1.E+06
We thus prepared the RNiPh(PPh) complex2 by the route ¢ ¢ _Tab'él' entry 8 -
shown in eq 4. CompleR was obtained in 48% yield and was & % 1
. o 06 1
characterized by X-ray crystallography. Unfortunately, the 2 1E+05 &
structure features a disordered N(SiAgroup and this disorder @ 4l 1 =
could not be accurately modeled (see Supporting Information). g 0.
Nevertheless, the structure is similar to that reported for 9 9 ]
[PhP(NSiMe),Ni(PPhy)Ph] 11 0- | 1.E+04
(PhsP),Ni(Ph)B R 91
i(Ph)Br y Ph
1+ MeLi —> Me"'pgNR T 20 Me;P(i.N,Ni: ,.#
(MesSNT "NLIR — 48%  (MesSNT N ppp, 0.2 - 1.E+03
15 20 25 30
R = SiMe; 2
@ Elution volume (mL)

o Figure 2. Plot of refractive index detector (DRI) response (arbitrary
Complex2 was evaluated for ethylene polymerization at 290 units) vs elution volume for Dowlex 2056, a metallocene PE sample

psi and 25°C. Unlike its less hindered analogue, compx and PE samples prepared using the Keim catalyst. The light-scattering
produces branched ethylene oligomers inahsencef a PPh signal for each sample is depicted in the form of MgJ vs elution
scavenger but at very low activity (2 g PE/mol Nih). Inthe ~ VOlUme-
presence of a 10-fold excess Ni(CQDRhe activity improves
somewhat (42.5 g PE/mol Nk h). The low activity of these  materials are produced, although for longer polymerization times
systems is a consequence wdversible and unfavorable  and smaller amounts af-olefin, resins with a bimodal MWD
scavenging of PRhicoupled with the low equilibrium solubility  were occasionally formed, presumably due to depletion of the
of ethylene (ca. 0.2 M) under these conditidhsn essence,  addeda-olefin which functions as a chain transfer agent. The
the resting state during catalysis is afRIN-R(PPh) complex, MW of the polymer formed is also sensitive to ethylene
in which PPl can bereversiblysequestered by, e.g., Ni(COD)  pressure; this was revealed by an experiment where the catalyst
but ethylene must displace PPprior to eachinsertion (eq 5).  was generated at 15 psig ethylene followed by subsequent
pressurization to 450 psig (entry 8). The polymer formed had a

R, R eh KS'<°:V1 R, R en fast bimodal MWD with a small quantity c_)f low MW materiz_;ll being
SPEN == P Ni| Ni(O)L, (PhaP)NI(O)Lp1 formed (Figure 2). Also, by comparison of entries3, it can
RT R eeny RT N /CHz o L X2db, : be seen that the MW of the material formed is higher at higher
+ + 3 CoH, P in the presence of 1-Hx.
CaHa PPhs (5) It is known from the work of Yano and co-workers that only

small quantities ofx-olefins are needed for enhanced activity
The branched material formed under these conditions was[presumably through in situ formation of more reactive Ni0)
analyzed by'H and 3C NMR spectroscopy and is similar in  alkene complexes], and under these conditions, higher MW
structure to the PE formed using the Keim catalyst formulations polymers can be producé@We deliberately chose rather high
(vide infra, see Supporting Information). We also note that levels ofo-olefin with a view to studying their incorporation
ethylene polymerization by the Keim catalyst formulations is into the polymer (vide infra).

completely inhibited by the addition of 1 equiv of PPhVe The higher MW polymer samples (entries-X0) were
thus conclude that the active species is a sterically hinderedanalyzed by GPC at elevated temperature using a three-angle,
NiPN, complex as hypothesized by Fink and co-workers. light scattering detectd® Samples of Dowlex 2056, a broad

The polymers formed using the Keim catalysts vary from MWD LLDPE sample, and a HDPE sample prepared using
low MW oligomers to high MW polymer depending on Cp*,ZrCl,/PMAO (prepared at 70C, 75 psig GH, in toluene
conditions and usually have a narrow MWD with,/M;, ~ 2. using 1000:1 Al:ZrM,, = 232 kg/mol, PDI= 1.5) were used
In the presence of large quantities @folefins only low MW as standards for the purposes of a branching analysis. Because
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1.8 - Figure 5. In addition to Me and Hxbranching, low levels of
Et, "Pr, "Bu, andsBu branches could be detectedPentyl f-

17 - Pn) branches were at the detection limit at the concentrations
and acquisition times employed and unfortunately overlapped
16 - with signals due to-CH,CH=CHCH,— end groups that were

identified in low MW samples through gHSQC spectra.

Summarized in Table 2 are the branching distributions as
estimated from integration of these quantitati®c NMR
spectra. On the basis of averaged data (Table 2, entri&$, 6

1.5

log(rg)

= Dowlex 2056

14 = Table 1, entry 9 both total branching as well as the nature/amount of the branches
i = Table 1, entry 8 present was rather insensitive to changes in either ethylene
13 = linear m-PE pressure B) or the presence afi-olefin under the conditions
investigated. The only significant difference noted involves the
1.2 ey use of Ni(COD) vs Ni(-C3Hg), as catalyst precursor. In the
5 5.25 55 575 latter case, Hx* branching was reduced from that seen using

log(M,) the Ni(0) precursor (Table 2, entry-8pf course the structure
of the catalyst formed in situ is likely to differ with respect to

Figure 3. Log radius of gyrationrg) vs logMy) for two PE samples substitution on P in that cagel!
prepared using phosphorafeand Ni@3-CsHs),, Dowlex 2056 and a . .
metallocene-catalyzed linear PE. Only the linear, noise-free portion of 1 Ne samples corresponding to entries 1 and 2 were prepared

these curves are depicted. and analyzed under similar conditions. It may be tentatively
concluded that total branching, as well as the intensity of some
of the longer branches, arf8u branching, in particular, is
marginally higher at low vs high P. While these findings are
consistent with a chain-walking mechanism, the differences are
modest given the error of these measurements and suggest that
chain-walking is much faster than insertion.

of the narrow MWD of the synthetic samples and lower average
MW of the Dowlex PE standard, only partial coincidence of
the MW distributions was achieved as the traces in Figure 2
illustrate. In particular, the Dowlex PE standard has a similar
MWD to that of the PE prepared at 450 psig (Table 1, entry 9) . )
while that of the metallocene-catalyzed PE is similar to the |f one compare8Bu branching for samples-22 and 4, which

higher MW component of the sample prepared between 15 andWere prepared in the presence of 1-Hx, to sample 3, it can be
450 psig (Table 1, entry 8). seen that, e.g"Bu branching is marginally higher for these three

amples as would be expected for 1,2-enchainment of 1-hexene.
oreover, the highest levels are seen for material prepared with
larger quantities of 1-Hx present and at lower P (i.e., entries 1

log(My) is plotted for the different samples analyzed. The VS 2 vs 4) in accord ‘,Nith a c'?polymerizgtiorj mgghanism.
samples prepared using the Ni catalysts show slightly depressedoWeVer, the absolute increase"Bu branching is miniscule
values ofry vs My compared with the “linear” standards of the and corresponds ta0.10 mol % (0.31 wt %) incorporation at

same MWD. However, it is not obvious that the slopes of these the highest concentration of 1-Hx investigated. Given the low
curves differ significantly from one another as would be MW of many of these samples (Table 1) it is quite possible
expected from a linear vs (randomly) branched material. Part that 1-HX s incorporated only at the chain-ends, following either
of the problem is that the synthetic samples lack significant 12~ OF 2,1-insertion ang-H elimination, or alternatelys-H
quantities of high enough MW material where the deviation transfer to 1-Hx.
from linear behavior would be most pronounced. The 750 MHz'H NMR spectra of these low MW materials
As illustrated in Figure 4a, using the metallocene-catalyzed in p-DCB-ds revealed signals due to vinyl or internal vinylene
HDPE as the linear standard and assuming trifunctional branch-end groups with the latter predominating; vinylidene groups
ing with these polydisperse samples, the LCB per macromol- were absent. This would suggest that if 1-Hx is incorporated at
ecule was calculated using the ZimiBtockmayer formalisri® the chain ends, insertion would have to occur with 2,1-
For the branched PE sample with a similar MWD to the standard regioselectivity. This is not what is seen in homopolymerization
(red curve), a roughly constant branching frequency of 0.3 LCB of a-olefins with this same catalyst where 1,2-insertion (fol-
per macromolecule is indicated over the MW range where the lowed by chain-walking) dominates at loW®
light scattering data can be considered reliable. On the other hand, 1-Hx could function as a chain transfer
On the other hand the lower MW Ni-catalyzed PE sample agent involving direcj3-H transfer to this coordinated alkene
(and even the Dowlex standard!) exhibit anomalously high (or indirect via insertion into NiH). Depending on the
branching frequencies. Since the average composition of theregioselectivity of this process, one could form a-x or
two PE samples prepared using the Keim catalyst are almostNi—SHx end group. The former would be indistinguishable from
indistinguishable (vide infra), we are forced to conclude that a “normal” chain end while the latter should give rise to signals
this result is spurious and reflects poor overlap of the MWD characteristic of Me anfBu branching where the signals due
(Figure 2). In agreement with this assessment, comparison ofto 3B,, 4B,, and, to a much lesser extent, 2Bould be
the lower MW PE sample prepared using the Keim catalyst with perturbed from their normal positions. There are numerous weak
Dowlex 2056 gave more reasonable results (Figure 4b). It canand unassigned signals present in these samples, including one
be concluded that these samples do possess sparse levels ohat is close to 2B (Figure 5), which might arise from such
LCB!" where the amounts are comparable to those seen for aend groups. Unfortunately, these signals are also found in the
Dow Insite copolymef. polymers prepared in the absence of 1-Hx, so a definitive study
Most of the samples prepared were analyzed¥y NMR will require the use of-3C-labeled material to determine the
spectroscopy at 187.5 MHz and a typical spectrum appears infate of the addedt-olefin.

These standards and the unknowns do not have the sam
average composition, a requirement for an accurate branching
analysist® This is illustrated in Figure 3 where lagj vs
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Figure 4. (a) Long chain branching (branches per moleculgylyusing a metallocene-catalyzed PE as a linear standard. (b) Long chain branching

vs M,, for the branched PE sample (Table 1, entry 9) using Dowlex 2056 as the linear standard. Solid lines are a moving average fit to the raw data

as a guide for the eye.
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Similarly, when using 4-MP, weak Me groups were detected

macromonomer as well as the (predominant) internal nature of
this unsaturation.

With a view to clarifying this issue, DFT studies of the
insertion, chain transfer and chain-walking processes were
undertaken using combined QM/MM techniques and a reason-
able model for the active catalyst involved in these polymeriza-
tions (Figure 7). These computational studies will be discussed
in more detail elsewher®,but their findings are summarized
here to facilitate discussion.

The active catalyst is a sterically hindered JRINR(L)
complex where barriers for ethylene insertion are between 17
and 20 kcal mol! and ethylene complexation energies are
modest (16-12 kcal moi?!), and while the barriers to chain-
walking are low (710 kcal mof?), they are dependent on the
structure of N+-R.

Interestingly enough, there are two lower energy transition

in the copolymer using an gHSQC pulse sequence. In particular,states for insertion into a’INi—R or a 2 Ni—CH(Me)R that

correlation of CH protons a® 0.89 with al3C signal aty 22.89

differ in the orientation of the NtR group in the puckered,

is seen as shown in Figure 6. The position of this signal is the 4-membered ring (Figure 7). Counter-intuitively, the structures

same as that reported in the literature fortlemethyl groups
in poly(ethyleneran-4-MP)18 At somewhat higher field
22.71) a more intense correlation is seen with a signal0e87—
the order and difference i¥C shift between these two signals
is in agreement with that for @®r group at the end of a long

with a pseudoaxial R group are lower in energy than those with
a pseudo-equatorial R group by-3 kcal mol. Space-filling
models reveal that, for R groups larger than Me, a repulsive
interaction is present between an in-plane NSjdeoup on
the ligand and the R group when it is pseudo-equatorial and

chain8 However, these groups could arise through 2,1- and that this is only partially relieved in the optimized transition

1,2- insertion, respectively, of 4-MP into NH rather than

structure at the expense of distorting the four-membered ring

through copolymerization. There are additional correlations seen(Figure 8). Of course for higher’2Ni—R, one has to place a

ato 23.25 and a weaker signal at23.51 which are also due
to CHs groups. These could be due 'tr end groups with
unsaturation at the-position (i.e. cis- andtrans'Pr—CH,CH=

CHCH,—Pn), given the smaller Grant and Paul parameters for

a C=C vs a C-C bond, although this assignment must be
viewed as tentative.

It can be concluded that copolymerizationcoblefin is not

larger group pseudo-equatorial and so the insertion barriers are
higher; calculations on Ni2- vs Ni—3-pentyl are also consistent
with this finding.

The short chain branching distribution can be understood with
reference to the processes depicted in Scheme 1 where the
energies etc. are based on the DFT calculations on isomeric
Ni—Bu complexes. Initial chain-walking from & Ni—R to a

competitive with ethylene insertion in these materials and that o-Me-branched Ni-R is more facile than subsequent chain-

the main function ofx-olefin is to act as a chain transfer agent
where much if not all of the material is incorporated at the chain

ends. If so, it is unclear how LCB arises in these materials.

The levels indicated by light scattering { LCB/1000 C atoms)

walking steps. If the latter species is generated, it has a high
tendency to be trapped via insertion or “walk-back” in a

degenerate fashion compared to further chain-walking. Since
the chain-walking process has a higher barrier than insertion

are a significant percentage of total longer branches present byinto the higher alkyls (relative to the commancomplex) it is

NMR (13—19 Hx™/1000 C atoms). If macromonomer incor-
poration through copolymerization was involved in this progess

clear why Me branching dominates over ERyr, "Bu, etc.
However, is it less clear how LCB could arise based on the

it would have to be a great deal more efficient than incorporation energetics depicted in Scheme 1. In particular, insertion is

of either 1-Hx or 4-MP. It is unclear how this could be possible
given both the lower concentration of=€C bonds in a

predicted to be more favorable than chain-walking for higher
secondary Ni-alkyls. Using the enthalpy differences for the
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Table 2. Branching Distributions for PE Samples (Branches/1000 C Atoms) Prepared Using Phosphorane 1 and Ni(CQDY Ni(sz-C3Hg)2 under
Different Conditions

entry 1 2 3 4 5 6 7 8
[1-Hx] [1-Hx] [1-HX] [1-Hx] [4-MP] average table 1
conditions 0.94 M 0.94 M 0.00 M 0.23 M 0.23 M (entriesB) g entry 9
PcH, (psig) 300 30 30 30 30 30 450
Me 12.16 15.90 13.95 13.16 12.04 13.05 0.96 2.8
Et 0.56 0.64 0.40 0.57 0.60 0.52 0.11 --
"Pr 0.30 0.69 0.55 0.57 0.42 0.51 0.08 --
"Bu 0.55 0.86 0.33 0.56 0.25 0.38 0.16 -
"Pn 0.21 0.18 0.13 0.14 0.11 0.13 0.02 -
Hx* 19.22 17.72 13.59 16.33 15.24 15.05 1.38 ag.2
SBu 0.56 0.80 0.34 0.71 0.62 0.56 0.19 -
total 33.56 36.78 29.31 32.04 29.29 30.21 1.59 21.0

The data were obtained from a sample analyzed at 100 MHz. Because of solubility and sensitivity limitations, only the most intense branches were
detected.

0% < I M

2 2 ®n on» ® % 7 % B # B 2 M
F1 )

Figure 6. gHSQC'H—3C NMR spectrum and*C NMR spectra of PE prepared in the presence (bottom) vs absence of 4-MP (top). Signals due
to 'Pr groups are highlighted in red.

Figure 7. Chem-3D depiction (most H atoms omitted) of DFT QM/MM-optimized structures of a model for the Keim catalysB[{i{M&(Me)-
(NSiMes),Ni—"Bu]: (a) agostic alkyl, total energy —6.201601 autfree GH, = —7.356368 au); (bjr complex, total energy= —7.375804 au
(AE = —12.20 kcal mot?); (c) insertion transition state (6C 2.057 A), total energy= —7.347606 au4E = +5.5 kcal mot?).

various species depicted in Scheme 1, stochastic simulation oftransition state theory and utilized the ratio of chain-walking to
chain growth® was undertaken using a modified algorithim that insertion probabilities defined in eq 6.
allowed for differences in the barriers for chain-walking, as well

as insertion, as a function of metal position along the chain. ”ﬂv_ &v_ KewlBol _ Kew ©)
The algorithm is similar to that developed in connection with Tins N Ris N Kind 7] N KinsKeg % P
copolymerization of ethylene and propene using models for

Ziegler—Natta catalyst3® wherek.,, andki,s denote the respective rate constants for chain-

The integrity of such a simulation relies first and foremost walking and insertioneqis the equilibrium constant of ethylene
on the quality of the generator of uniform deviates. We believe complexation, an® is the monomer pressure. The assumptions
that the generator based on the example F¥am&rforms here are that the ratio of microscopic reaction probabilitigs
sufficiently well for this purpose. The model was based on mins is equal to the ratio of macroscopic reaction ratBg/
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Scheme 1. Chain-Walking vs Insertion Barriers and Probabilities of Insertion vs Chain-Walking for Isomeric Ni=Bu Complexes

Channel 1 Channel 2 Channel 3
Me R¥ Et. R*
CH,CHR* chain-walking PNoNi~ . chain-walking PN N\/
PNNIT» 9 PR:NIL 2 NI 2
v ) ) Me R'
: p-agostic R ; )> z\ 1
: R— NIPN, PNzNi\)> P PN 7R Mem( NIPN, !
: H H | ‘ ‘ !
¥ | | Y .
AE,=55 : 76 | 173 0 /(90
! ’ LA D S U5 1 I ’__T/__________\T_¢.O.9
17.7 : : 19.4 AE;=82
v 122 103 o103 03] N,
_CH,CH,R __CH(Me)R _CH(R)E
n-complex  PN,Ni. PN,Ni PN,Ni

17.7 vs. 19.8 kcal mol™!

17.3 vs. 17.9 vs. 20.2 kcal mol™!

19.4 vs. 20.2 kcal mol™

Probability?

Process (T = 298 K)
Insertion ([CoH4] = 1.0 M) 0.9718
Chain-walking forward 0.0282
Chain-walking backward --

7 (Channel 1)

n (Channel 2) 7 (Channel 3)
0.7293 0.658
0.00548 0.171
0.2652 0.171

a Probabilities f) are calculated with respect to a given agostic afkyising eq 6 without inclusion of entropy changes on ethylene binding or

normalization.

Figure 8. Space filling models of the transition structures for insertion
of C;H, into Ni—Bu with a pseudoaxial vs pseudo-equatorial Et group.
ThesBu group is highlighted in blue, while the Me group of the ethyl
moiety is highlighted in cyan and a Me group on a SiMegoup is
highlighted in green.

Rins) and that a given metal alky|3() is in thermodynamic
equilibrium with its correspondingr complex o) through
binding of ethylene (i.e.Keq = [7o]/[Bo] x P). It was also

etc. The results of the simulation far= 298 K are given in
Table 3 and were statistically validated through 1000 repetitions
using two different models.

One (model 1) is based on the energetics depicted in Scheme
1, and another where insertion inédl 2° Ni—R involved a
barrier of 19.5 vs 18.0 kcal mot for insertion into 2 Ni—R
(model 1) so as to illustrate the differences etc. As shown in
Table 3, the use of Model | led to more intense Me branching
under all conditions vs model Il where the SCB distribution is
more evenly distributed. Although the experimental SCB
distribution is not exactly reproduced using the DFT energetics,
it is clear that a lower insertion barrier into Ni-Me—R vs all
other 2 Ni—R is responsible for the observed distribution.
Further, the total levels of branching are apparently governed
by the difference in energy between insertions intové 2
Ni—R.

What the simulations fail to reproduce is the weBk

assumed that the entropy change on ethylene binding cor-dependence observed for branching with this catalyst. It is

responded tdAS, = —8.9 kcal moi?! at 298 K in determining
the value oKeq= exp[—(AH, — TAS)/RT] which was assumed
constant regardless of NR.:3

possible that our estimate for the entropy change on ethylene
binding is inaccurate and thus the value K, in eq 6 is
inappropriate or differs depending on the nature ofRi Also,

The simulation can take place in one of the three channels our assumption that the alkyls asalyin equilibrium with their

(Scheme 1): primary alkyls (1), secondary NiCH(Me)R alkyls
(2), and higher secondary alkyls (3), with possible multiple

correspondingt complexes is probably invalid, particularly
when the chain-walking barriers£2.0 kcal moi?) are equiva-

crossings between them. The simulation starts from the polymerlent in energy to the ethylene uptake barrier (largely entropic

chain represented by timebutyl group (channel 1) and proceeds

via two possible events: (1) insertion or (2) chain-walking to a

in nature and ca. 9 kcal mdl at 298 K?).
What is not even qualitatively reproduced by these simula-

secondary alkyl, which is chosen by means of a random number,tions is the observed intensity of the Hbkranching. Earlier
and which is generated based on the probability defined by eqsimulation work indicates that LCB formation is only possible
6. If the chain-walking event is selected, the process switcheswhen there is a large difference ifi s 2 insertion rates (i.e.,
to channel 2, where there are three possible events: insertion,>5 kcal mol™ difference in barriers) and chain-walking is fast

chain-walking back to channel 1 or chain-walking forward to

compared to 2insertion® The DFT calculations do not support

channel 3. Since the rates of insertion and chain-walking such a large energy difference at least for the structures
reactions are different for each channel, the probabilities are examined to date.

recalculated each time the simulation crosses to a different

channel.
The whole process is repeated uddil= 4000 was attained

To further address this issue, we also performed some
modeling of the experimental branching distributions using a
simplified, analytical model developed earlier to describe

during this simulation. This value was selected based on the branching in PE prepared with Ni-diimine catalyst$? The

highest MW polymer formed (Table 1). The output is a one- assumptions in this model are that branches are isolated by at
dimensional matrix, whose elements represent the length of theleag 2 C atoms (which is reasonable since consecutive branches
branches at each of the C atoms along the (main) polymerwere not detected in these materials) and that the metal cannot
chain: 1 if there is no branch, 2 if there is a methyl branch, walk past a branch point.
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Table 3. Number of Branches Per 1000 C Atoms at Varioud, P, and Probabilities of Events atT = 298 K

Branching at 298 K Me branching vs. T, P (Model II)
P(psi) | 15 ‘ 30 ‘ 300 | 450 | 15 ‘ 30 ‘300 ‘ 450 | T(K) 15 30 300 450
Branch Model Model II 278 476 3.87 3.00 2.94

Me |[3550]32.78|14.44 11.12| 7.05 |553|4.19|4.10| 298 7.05 5.53 4.19 4.10

Et 0.55 ] 0.29 | 0.03 | 0.02 | 2.11 | 1.29]|0.35]0.27 | 318 9.92 7.73 5.56 542

"Pr 029 | 0.16 | 0.01 | 0.00 | 1.07 [0.61|0.09|0.05| 338 9.86 7.74 5.59 5.44

"Bu 0.13 | 0.07 | 0.00 | 0.00 | 0.52 [ 0.26 | 0.02 | 0.01 | Chain-walking vs. insertion at 298 K (Model II)*

Pn 0.07 | 0.04 | 0.00 | 0.00 | 0.26 | 0.14]0.00 0.00 | 0.121 0.216 0.738 0.811
'Hx | 0.04 | 0.01 | 0.00 | 0.00 | 0.13 | 0.06 [ 0.00{0.00 | =’ 0.442 0.395 0.134 0.098
Total |36.58 | 33.35| 14.48 | 11.14 | 11.14 | 7.89 | 4.65 | 443 | " 0.437 0.389 0.128 0.091

a Tins IS the (averaged) probability of insertion, whit&,, and s, are the (averaged) probabilities of walking forward and backward from a given metal
alkyl.

Table 4. Experimental vs Theoretical Mole Fractions of Branches of Various Length

1-Hx (0.94 M)
1-Hx (0.23 M) 4-MP (0.23 M)

entry 1 (300 psig) entry 2 (30 psig) entry 3 (30 psig) entry 4 (30 psig) entry 5 (30 psig)
Me 0.379 0.37% 0.453 0.453% 0.48% 0.48% 0.433 0.433 0.43% 0.432
Et 0.016 0.012 0.01% 0.01% 0.013 0.012 0.017% 0.015 0.02G 0.012
Pr 0.009 0.012 0.01& 0.016 0.01§ 0.012 0.01% 0.014 0.014 0.012
Bu 0.016 0.01% 0.023 0.016 0.011 0.01% 0.01% 0.01% 0.00& 0.01%
pnt 0.006 0.01% 0.004 0.015 0.004 0.01% 0.004 0.013 0.003 0.01%
Hx* 0.572 0.572 0.48% 0.48¢ 0.463 0.463 0.509% 0.50% 0.52G 0.52G

Model ParametePs

K 0.984 0.976 0.996 0.979 0.992
A 0.993 0.985 0.960 0.988 0.974
0 0.033 0.039 0.027 0.036 0.029
RSS (x10% 0.787 1.79 0.929 1.18 1.44

aExperiments correspond to those listed in Table 2. For each entry, the first column is the experimental data while the second contains theoretical
estimatesP For definition of these parameters, see the teResidual sum of squares.

0.6000 - branching (Figure 9), but the basic parameters that emerge
— (Table 4) are troubling. These parameters are defined in ref 12a
' m Tabled, oniny 1 but are provided here in simplified form:
’g" At lfrm;';IR;SSm: ?:.de—S
g ! @Tal , entry KN/¢ KN
g B theor RSS = 1.8e-4 K=—2Y" _ and = 7
% 0.3000 1— (koK K 2k, + k[M] )
g 02000 . . . L . .
@ wherek,/¢ is the probability of chain-walking in either direction
0.1000 | for 2° alkyls other than NirCH(Me)R.
0.0000 - e TS el e N 1
1 2 3 4 5 6+ _ 1-m - k - 8)
Branch length 1-om ! kfl + k‘l)[M]

Figure 9. Experimental vs theoretical mole fraction of branches as
estimated using an analytical model based on the kinetics of chain- wheresn; is the probability of chain-walking from a°%o a 2

walking vs insertiort? alkyl, ki and k; are the rate constants for chain-walking vs

. L . propagation with
This latter assumption is not valid here but the low levels of

SBu branching observed under all conditions1( C/1000 C kﬁK kf,
atoms) suggest that this simplified model will prove adequate. o= 12 = 9)
For the purposes of modeling, the intensity of the latter signal ke kf) + |<§[M] + k(1 = K)

was included with that due to Me branching since formation of
a Me branch must precede formation ofBa branch. Finally, wherekd andk§ are the rate constants for walking backward vs
it was assumed that, for the purposes of modeling, only the trapping and insertion into NiCH(Me)R, andf = kp/kfj is the

kinetic constants associated with @NiR and 2-NiCH(Me)- ratio of propagation rate constants for insertion into higtfer 2
R’ were unique, which is the simplest version of this model alkyls vs Ni-CH(Me)R.
that is consistent with the DFT calculations. A brief perusal of the results obtained indicate that 4 ~

If the intensity data for branches of all lengths are used, the 1 while 6 varies somewhat for the different experiments and is
fit of the model to the data is good, at least for Me and"Hx much less than one. However, if the same catalyst is generated
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under the different conditions, and this certainly must be true conditions although this limitation is more a function of catalyst

of experiments conducted in the presence of 1-Bixhould instability and thus activity. Althouglu-olefins enhance the

not vary at all. In any event, the average value obtaified activity of the Keim catalyst, they are only incorporated at the
0.0328 is in very good agreement with that estimated from the chain-ends following, or prior to, chain transfer. DFT calcula-
DFT results (0.0290). tions coupled with stochastic simulation of chain growth are in

A value of 1 ~ 1 means that ~ 1 (eqs 8 and 9) and that  reasonable agreement with the short chain branching distribution
ki >> KIM] + ka(1 — K) = ki >> KM] if K ~ 1 asthe  as determined b{’C NMR spectroscopy given the assumptions
modeling indicates. This finding is partly consistent with the involved in the simulation process. Kinetic modeling of polymer

DFT results in that walking backward from NCH(Me)R is microstructure gives results that are inconsistent with the DFT
favored over other processes, at least at sufficiently Rw  calculations if HX branching is included as arising from chain-
(Scheme 1, Table 3). walking. These results could point to a new mechanism for the

K ~ 1 implies thatk,/¢ = 0.5 (eq 7) or that the probability ~ formation of longer branches in these materials.
of chain-walking (in either direction) is effectively unity once
the metal migrates down the polymer chain past C-2. There is Experimental Section
no suppgrt for this finding based on the DFT results excem at All materials were obtained from Aldrich or Strem, and purified
low P using model Il (see Table 3). Thus, at present, there is a 55 required, unless otherwise noted. All synthetic procedures were
disagreement between simulations based on DFT results Vsconducted under a Natmosphere using Schlenk techniques or in
experimental behavior (and kinetic modeling thereof) which a glovebox. Tetrahydrofuran, diethyl ether, toluene, hexane, and
cannot be readily rationalized. dichloromethane were purified by passage through activated La

While chain-walking will become more probable compared Roche A-2 alumina and Engelhard CU-0226s Q-5 coluffins.
to insertion if we have underestimated the ethylene capture RoutinelH, 13C, and®:P NMR spectra were recorded on a Varian
energetics, one suspects this error should be more or less unifornMercury or Gemini 300 MHz instruments. Benzesigand toluene-
for both I° and 2 Ni—R. On the other hand, as suggested by ds were distilled from Na or Na/K alloy prior to use. Methylene
Escobedo and co-worke#%,perhaps ethylene binding and ~chlorided;, and chloroform-gwere distilled from ROs and stored
insertion exhibits a chain-length dependence, becoming increas-over 4 A molecular sieveH NMR spectra were referenced with
ingly unfavorable as the metal migrates down the chain. One eSPect to residual protonated solvent, wiife NMR spectra were
can estimate that the change would have to correspond to arf&ferenced with respect to deuterated soVERINMR spectra were

. . 1 : - . referenced to a phosphoric acid external standare-IRTspectra

energy increase of ca-31 keal mor a.lt 298 Kin the Insertion were obtained on a DigiLab Excalibur FTS 3000 spectrometer and
barrier in order to account for the kinetic modeling results vs \yere not calibrated. Elemental analyses were performed either by

the DFT calculations. This assumption (i.e., a 366-fold decreaseoneida Research Services or Galbraith Laboratories. The com-
in ethylene binding constants or insertion rates) seems unreasonpounds (PP,Ni(Ph)Br27 Ni(COD),,28 MesSiN3,2® [(MesSi)N—

able. P=NSiMe;],3° and [(M&Si),N—PENSiMes);] (1),%° were prepared
according to literature procedures.
SiMe, Pn H Ho P _H_\r.;»‘P": Hx Polymerization Experiments. Polymerization of Ethylene with
ST PN H (N2P)Ni<Z M e N,)\ Nickel(0) Complexes and Phosphorane Ni(COD), (55 mg, 200
R \gm’ez D = (NP)Ni Pn umol) and 45 mL of toluene were added into a 300 mL stainless

steel autoclave, equipped with a glass insert, under nitrogen in a
(10) glovebox, to mak a 4 mMsolution. A magnetic stir bar was added
for agitation. The autoclave was sealed and removed from the
So it is still unclear what process is responsible for LCB glovebox. While stirring, the vessel was pressurized with 300
formation in these systems. While macromonomer incorporation Psig of ethylene at 25C. A solution of phosphorang (73 mg,
through copolymerization is an obvious mechanism for forming 2004mol) in 5 mL of toluene was added via syringe (30 psig) or
long branches,the Keim catalyst is not competent for copo- via an over-pressurized 25 mL sample cylinder (300 psig). The

lymerization of even simple-olefins (vide supra). We are thus mixture was stirred under ethylene atZ5for various times (Table

y d lude th P f . f P h in th 1). After venting the autoclave, the resulting solution was evaporated
tempted to conclude that formation of Moranches in these i, y5cy0. The polymer was washed with acidic methanol and dried
materials may occur by a mechanism other than chain-walking. jn 3 vacuum oven for 12 h.

(_)ne_ possibility is e|_ther intra- or intermolecular—& Polymerizations in the presence of 1-hexene or 4-methyl-1-
activation as suggested in eq 10. Both processes have precederig;entene were conducted in the same manner excepcthkfin

in early transition metal-catalyzed olefin polymerizaftbbut was added to the reactor at the same time as the Ni(GOhgse
to our knowledge have not been documented for late metal lower MW samples were generally soluble in toluene solution and
polymerization catalysts. so catalyst residues could be removed prior to analysis by passage

The intermolecular proced® in particular, provides an  through a short column of alumina.
attractive mechanism for LCB formation in these materials that A representativel3C NMR spectrum of these materials is
is analogous to chain transfer to polymer involved in the presented in Figure 5 (or Figure S-1c of the Supporting Informa-
synthesis of LDPE. It is not clear why the formation of branches tion).
at leas 6 C atoms long (eq 10) would be favored over other  Polymerization of Ethylene with Bis(r-allyl)nickel and Phos-
intramolecular G-H activation reactior?§ and the exploration  phorane 1.Into a 300 mL autoclave within a glovebox were added

of this hypothesis will be the subject of future research. 1 (111 mg, 40Qumol) and 100 mL of toluene to maka 4 mM
solution. A magnetic stir bar was added for agitation. The autoclave
Conclusions was sealed and removed from the glovebox. While stirring, the

vessel was pressurized with 450 psig ethylene at@5In a 25

The poly(ethylene) form_ed using the_ Keim catalyst in fact " sinless steel sample vessel were placedNiCsHs)]» (56
closelyresembles low-density PE both with respect to the nature g 400,4mol) and 5 mL of toluene. This solution was injected,

of the short and long chain branching present in these materials.and the reactor stirred at 2&. The resulting solution was vented
Unfortunately, over the narrowandP ranges studied, the short  and solvent evaporated in vacuo. Polymer was washed with acidic
chain branching is rather insensitive to changes in experimentalmethanol and dried in a vacuum oven for 12 h. This polymerization
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reaction yielded 1.3 g of PE over 4 h. &C NMR spectrum of Preparation of Polymer Samples for NMR Analysis. The
this material is included as Supporting Information (Figure S-1b). samples were dissolved in a 60% 1,4-dichlorobenzkr#% 1,2,4-

A similar procedure was used in the case of;ﬁﬁ(z_Me— trichlorobenzene solvent mixture to produce ca. 10 wt % polymer
CsHa)]2 except that only 0.19 g PE was isolated after 14 h. solutions. The samples were heated to 2@0and rotated at 20

Svnthesis of [(TMSN)(Me)P(=NTMS),INiPh(PPhs) (2). A rpm in a Kugelrohr oven _for2 h, and then at 1@for 10 h more..
solu>t/ion of MeLi[E5.23r’2n|_)(1.6) M( in dieth))/IZ]ether( 83 Sr%r(ngl) was Atrace of hexamethyldisiloxane (HMDS) was added to the original

added to a solution of TMSIP(ENTMS); (3.0 g, 8.2 mmol) in solvent mixture to serve as an internal chemical shift reference both

diethyl ether (50 mL) at-78°C. The mixture was allowed towarm N 1D and 2D 'I‘MR spectral 0 = 0.09,°C 6 = 2.03).
to room temperature and stirred for another 12 h. The volatiles Quantitative’*C NMR experiments were glerformed at 188.6
were removed in vacuo and a colorless solid of [LiJ[(TMS- MHz using a 10 mm broadband prob®N—*!P) on a Varian

(Me)PENTMS),]3 was obtained and used for the next step without UNITYplus 750 MHz spectrometer at 12@€. The experimental
further purification. parameters were set as follows: 14290 pulse, 30 kHz spectral

[LIJ[(TMS 5N)(Me)PEENTMS),] (1.80 g, 4.65 mmol) in 15 mL width, 2048 transients, 2.1 s acquisition time, and a 25 s relaxation

. . : . - delay for quantitative analyses.
of toluene was mixed with a dispersion of (RRNi(Ph)Br (3.44 . .
g, 4.65 mmol) in 10 mL of toluene fo6 h atroom temperature. 2D gHSQC NMR. Gradient-assisted 2D HSQC (gHSQC)

: : . - spectra were collected on a Varian UNITYplus 750 MHz spec-
The resulting deep red solution was filtered through Celite, and . oLl
solvent was reduced to ca. 20 mL in vacuo. Upon layering with trometer with a NaloraéH/2H/™*C/X 5 mm PFG probe operated at

° i A 1

hexane (20 mL) and cooling t628°C, a solid was obtained, which ~ 20 °C- The 90 pulse widths forH and °C were 9.1and 1@s,
was mainly PPk After all volatiles were removed from the mother respectlv_ely. Data were acquired using the folllowmg _parlameters.
liquor and the residue was washed with hexane, a yellow solid was & "€laxation delay of 1 s, a delay set to 1/(2x "Jer) with ey
obtained. (1.7 g, 48%JH NMR (300 MHz, benzenek, 298 K): =125 Hz, and an acquisition time of Q.15 s with simultane’sas

6 —0.11 (s 18H, NSi€), 0.66 (s, 18H N(,SiG )2), 1 9’9 dJ= GARP1 decoupling. A total of 8 transients were averaged for each
12.9 Hz. 3H FR/Ié) 6 453 ('s SHI -Arl\ii) 6 933(35’ o1 o-Ar’Ni) of 2 x 1024 increments durind;. The evolution time was

6 9'8 (s ’6H ,—PPh’g) '7 37 (’s 3’H cF)J-PPh;)’ 7.83 (S‘ 6H’0‘PPhg)" incremented to provide the equivalent of an 11 kHz spectral width
31p NMR (l’gl 1 MHz, benzends, 298 K): o 36.7 (s, IPPNy. in thef; dimension, and a 4.8 kHz spectral width was used in the

: . f, dimension. The PFG pulses were 2.0 ms in duration and had
1 2
(352)'01(131’51(3;3 Fikgggl?m()mi]gl?’;g )10136(3)(“19)491 %;7 8(?;7) (#2)5272 amplitudes of 0.214 and 0.107 T/m for the first and second PFG
(W)’ 846 (s) ’777 W) 7;12 W) 727’ (m), 701 ’(m) 670l(w) 617 '(w) pulses. The experiment times were ca. 5 h. Data were zero-filled
Anél Calcd for Q7|‘,|59N3Nipzsi4' c ;57 06 H, 7 64- N 5.39 " to a 4096 x 4096 matrix and weighted with a shifted sine-bell
Found: C, 56.90; H, 7.25; N 4.87. Single crystals were obtained function before Fourier transformation.

. . d : GPC—Light Scattering Analyses.A Water 150Ct instrument,
by slow evaporation of a hexane solution of this compound. Details : 2 o
o : . _ equipped with internal DRI and Wyatt Technology miniDawn-HT
;)i(f):]he structure determination are included as Supporting Informa MALLS (4 = 690.0 nm, 4.95 W) detectors, was used. Samples

o . . were prepared in injection vials by dissolving polymer in eluent
Polymerization of C,H,4 with Complex 2. A 300 mL reaction ca. O.p5—1p.0 wt % in11,2,4-TCB Wit);l 1wt %. I%ggnt))/x 1010) in a

vessel was charged with 100 mL of toluene and a magnetic stirbar j 55 gyen for a necessary period of time required for complete
within a glovebox. In a Teflon cup, wired to the thermocouple well,  jisqo1ution (typically 6-12 h depending on MW). Agitation of the
was placed compleR (155 mg, 20Qumol). The reactor was sealed 515 \as necessary and was accomplished by a rotating carriage
and removed from the glovebox. While being stirred, the solution within the oven chamber. Samples (280injection volume) were
was saturatgq at 2% with 290 psig of ethylene (flna}I EH“l - fractionated using a set of three PLgel/ 4@ Mixed-B LS columns
0.2 M). Addition of the complex was performed by inverting the (300 mmx 7.5 mm) eluting with TCB at 1.0 mL/min at 13%.
Teflon cup, and the mixture was allqwed to react for 10 .h' The The MWD and branching calculations were performed using
vessel was vented and the solution filtered through a basi®:Al Wyatt Technology’s ASTRA 4.70 software using aldt of 0.110
column washing with hexane. All volatiles were removled Invacuum  5nqg assuming 100% mass recovery. This procedure has been found
and an °"9°”.‘e”° PE was optalngd. Y'eld' 4 mg. H NMR. more useful than calibrating the DRI detector as recommended by
spectrum of this material is d(_aplcted in Figure S-2¢ e_tnd is con_5|stentWyatt Technology [using known quantities of, e.g., poly(styrene)
\('Sv'tg gée gresence of .bralni/ilung as revealgd by ?(n |rjten|se Z'Qr'al atstandards] since the actual mass of polymer injected in256f
. ue to terminal Me groups and weak signals due to o L
unsaturated end groupsdf.95 (PE-CH—CH), 5.36 (PE.CH—= a 1.0 wt % solution is polymer and MWependentdue to

il differences in solution viscosity.
CH-PE), and 5.80 (PECH=CH,). A first order My, vs V. fit was usually employed in the

_Polymerization of C;H4 with Complex 2 in the Presence of determination of MW averages to reduce error associated with
Ni(COD).. Into a 300 mL reaction vessel within a glovebox were  «gcatter” of the light-scattering data at either end of the MWD.
added Ni(CODj (0.55 mg, 2 mmol) and 100 mL of toluene. A Higher order polynomial or exponential fits are not recommended
magnetic stir bar was added to aid agitation. In a internal Teflon pecause the light-scattering signal invariably trempwardat long
cup was placed compleX (155 mg, 20Qumol). The reactor was  g|ytion volumes with polydisperse poly(olefin) samples having
sealgd and removed from the g.Iovebox. Whlle being stlrrgd, the |gwer MW tails. It is possible using Wyatt Technology’s Corona
solution was saturated at 2& with 290 psig of ethylene (final  goftware to correct for this behavior by extrapolation from the linear
[CoH,] = 0.2 M). Addition of the complex was performed by  hortion of the light scattering curves over the entire MWD.
inverting the Teflon cup, and the mixture was allowed to react for Only the linear portion of the light-scattering Vs curves were
10 h. The vessel was vented and the solution filtered through a empjoyed in the branching calculations and only where the MWD
basic AbO; column washing with hexane. All volatiles were o tha’sample and linear standard overlapped. No correction was
removed in vacuum and an oligomeric PE was obtained: 85 mg. appjied for short-chain branching or differences in composition

A ™M NMR spectrum of this material is depicted in Figure S-2b. petween sample and standard. Depending on the linear standard
By comparison of parts b and ¢ of Figure S-2 with part a of Figure used (Dowlex 2056 vs a metallocene catalyzed PE), different
S-2, it can be seen that the MW of the material formed using pranching indices were obtained as discussed in the text.

complex 2, either in the presence or absence of Ni(CQD3 Density Functional Theory Calculations and SimulationsAll
considerably higher than that formed using:PNTMS)NiPh- the DFT results were obtained from calculations based on the
(PPh) in the presence of Rh(l}. Becke-Perdew exchange-correlation functidialising the Am-

A 13C NMR spectrum of this material is included as Supporting sterdam Density Functional (ADF) progréhThe standard dou-
Information (Figure S-1a). The characteristic pattern of Me and ble-{ STO basis sets with one set of polarization functions were
Hx+ branching is also observed for this sample. applied for H, C, N, P, and Si atoms, while the standard triple-
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basis sets were employed for the Ni atétithe 1s electrons of C,

N, and O as well as the 1s-2p electrons of P, Si, and Ni were treated
as frozen core. Auxiliary s, p, d, f, and g STO functihsentered

on all nuclei, were used to fit the electron density and obtain
accurate Coulomb and exchange potentials in each SCF cycle.

Quantum mechanical/molecular mechanical (QM/MM) modeling
of the Keim catalyst used the algorithms implemented within 2DF
where the QM part of the complex was defined as the model
complex [(HSi),N—P(HY N(SiHs)}2INiR(L) where both the R
group on Ni and L= C,H, were treated using the full QM method,
regardless of chain length. Hence, the MM part consisted of
substituting StH and P-H link atoms by Si-CH; and P-CHj,
respectively. An augmented Sybyl force figldvas utilized to
describe the MM potential, which included van der Waals and
torsional parameters for Si and P from the UFF poteftial.

The geometry optimization on the entire system was carried out
with coupling between QM and MM atoms. In the optimization of
the MM part, the Si-C and P-C distances were constrained to be
28.0 and 26.5% longer than the optimized-Biand P-H distances
in the generic complex. These constraints were also based on the
UFF bond length value®. Electrostatic interactions were not
included in the MM potential. Full details of these calculations will
be reported elsewhete.

Stochastic simulations of the polymer growth and isomerization
were performed using our own code and the method described in
refs 13 and 20. This method uses as input data the energies/
activation energies of the elementary reactions in the process and
is based on the assumption that the relative probabilities of two
reactive events (microscopicy; andz;, are equal to their relative
reaction rates (macroscopi€}/R;; with the probability normaliza-
tion constraint, 2z = 1. Such an approach makes it possible to
model theT and P effects. More specifically, th& dependence
appears in the probabilities for all the events through the rate and
equilibrium constants (Eyring and Arrhenius equations). Phe
affects directly the relative probabilities for unimolecular (isomer-
ization)/bimolecular (ethylene capture insertion) events, and
indirectly it influences all the probabilities because of probability
normalization. A more detailed description of the stochastic method
is provided in ref 13. In the simulations performed in the present
work, the relative stabilities of alternative complexes and the
energies of the elementary reactions obtained for the real catalyst
were used as data for these simulations.
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