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Abstract: The binuclear “constrained geometry catalyst” (CGC) (u-CH,CH>-3,3"){ (5°-indenyl )[1-Me,Si-
(BuN)](ZrMey)} 2 [EBICGC(ZrMey)2; Zr,] and the trityl bisborate dianion (Ph3C™)z[1,4-(CeFs)sBCesF4B(CsFs)3]?~
(B2) have been synthesized to serve as new types of multicenter homogeneous olefin polymerization
catalysts and cocatalysts, respectively. Additionally, the complex [1-Me,Si(3-ethylindenyl)(BuN)]ZrMe; (Zr1)
was synthesized as a mononuclear control. For the bimetallic catalyst or bisborate cocatalyst, high effective
local active site concentrations and catalyst center—catalyst center cooperative effects are evidenced by
bringing the catalytic centers together via either covalent or electrostatic bonding. For ethylene homopo-
lymerization at constant conversion, the branch content of the polyolefin products (primarily ethyl branches)
is dramatically increased as catalyst or cocatalyst nuclearity is increased. Moreover, catalyst and cocatalyst
nuclearity effects are approximately additive. Compared to the catalyst derived from monometallic Zr; and
monofunctional PhsC*B(CeFs)s~ (B1), the active catalyst derived from bimetallic Zr, and bifunctional B,
produces ~11 times more ethyl branches in ethylene homopolymerization via a process which is
predominantly intradimer in character. Moreover, ~3 times more 1-hexene incorporation in ethylene +
1-hexene copolymerization and ~4 times more 1-pentene incorporation in ethylene + 1-pentene
copolymerization are observed for Zr, + B, versus Zr; + Bi.

Introduction catalyzed processésin this regard, polymetallic complexes

In optimum scenarios for enzymatic catalysis, complex and Naving two or more transition-metal centers have been inten-
dynamic multicenter active sitesubstrate interactions poise ~Sively investigated with the ultimate, increasingly successful goal
reacting functional groups in close, conformationally advanta- ©f achieving unique catalytic transformations arising from
geous spacial proximiti€sAmong other effects, such cooper- coopgranv_e reactivity effects_ b_e_tyveen multiple metal cer%t_érs.
ativity achieves high effective reagent local concentrations and DesPpite this effort, few possibilities have been explored in the
consequently enhanced reactivity and selectivity by bringing apidly advancing and technologically important field of
reactants together via physical or chemical means. Beyond what’0mogeneous single-site olefin poly_merlzat%la,nd those -
is understood about such effects in vivo, several impressive in binuclear metallocenium catalysts studied to date have exhibited
vitro systems have also been demonstrateZonsiderable few noteworthy cooperativity characteristics other than some-
evidence also supports the importance of metal cemtetal what (_Jlepres_,s_ed polyme_rization activities and broadened prqduct
center cooperative effects in a variety of metalloenzyme- polydispersitie$:” In typical exploratory homogeneous olefin
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polymerization experiments or in large-scale production facili- Scheme 1. Mechanism for Long Chain Branch Formation in
ties, catalyst concentrations are typically very low {40108
M). This raises the intriguing question of whether appropriately
designed bimetallic structures having taterically operactive
centers in close proximity might provide high local catalyst

concentrations and hence exhibit enhanced selectivity for

distinctive enchainment pathways, including those which nor-

Ethylene Homopolymerization Mediated by Constrained Geometry
Catalysts

Me, % cn, P P M %
/S'\N/M/ Z\C H/2 B-H transfer CH= CH/ n ;S /M\/R
Me + \X@ ME¢ i 5@

mally require sequential intermolecular process at two different Rtorkt
metal centers. Possible consequences could include the pos- L5 x© . .0
sibility of synthesizing polymeric products having significantly — Ms, %/ : ve 7 '\@/,X Ll

¥ 1, 2 insertion %, 4

altered microstructures.

Group 4 “constrained geometry catalysts” (CGC) are well-
known single-site polymerization catalystisat produce branched
p0|yethy|enes under conditions in which Vinyl'terminated1 chain- CGC Catalyst M =Ti, Zr, Hf; X" = Cocatalyst-Derived Weakly-Coordinating Anion;
transferred macromolecules enjoy a significant probability of .= Alkyl/Polyolefin Chain.
competitive reinsertion into the growing polymer chain at a

second (remote) catalyst center (Scheme 1). The resulting smal

but significant levels of long-chain branching lead to highly
desirable materials propertiésThe intriguing question then
arises whether if two CGC catalyst centers could be held in
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sufficiently close spacial proximity and in proper mutual
orientations, an eliminated, olefin-terminated fragment might
have an enhanced probability of being captured/enchained by
a proximate active center before diffusing away. The possibility
of cooperative effects between the two metal centers might
likewise have a significant influence on the course of olefinic
copolymerizations. Such nuclearity effects would be of both
fundamental scientific and technological interest if new, more
efficient ways to enhance comonomer incorporation and chain
branching could be discovered.

Two means (covalent and electrostatic) of bringing single-
site polymerization catalyst centers into close proximity are
illustrated in the nuclearity matrix of Scheme 2. We repbere
the synthesis, characterization, and comparative ethylene ho-
mopolymerization characteristics of all four members of such
a series-prepared from the new bimetallic “constrained geom-
etry” catalyst (CGC), M= zirconium complex g-CH,CH,-
3,3){ (i7%-indenyl )[1- MeSi(BuN)](ZrMe,)} 2 [EBICGC(ZrMey),]
(Zr ), the monometallic analogue [1-M&®i(3-ethylindenyl)-
(‘BuN)]ZrMe; (Zr 1) for control experiments, as well as the new
binuclear bisborate cocatalyst @H),[1,4-(CsFs)3BCsF4B-
(CeFs)3]? (B2),1° and PRCTB(CeFs)4~ (B1). The ethylenet
1-hexene and ethyleneé 1-pentene copolymerization charac-

®
®
S
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(9) For a preliminary communication of certain parts of this work, see (a) Li,
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WQ9914222A1March 25, 1999.
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teristics with the four combinations of metallocene catalysts and Scheme 3. Synthesis of Linked Binuclear Indenyl Constrained
borate cocatalysts illustrated in the catalyst nuclearity matrix G€omety Ligand

(Scheme 2) are also examined. It will be seen that the effect of @ @ 2 "BuLi Excess Me;SiCly
[ )—CHCH—( T (EBDLi;
EBI

increasing catalyst and cocatalyst nuclearity is to dramatically
enhance certain polyethylene chain branching architectures in

+ CHZ_CHZ 2o _ CHZ_CHZ

N
MeZZr/ \SiMe2 o B 1::3(:@ CIMesSi SiMe,Cl Mezsli ‘ ISi'V'eZ
%-CHZ—CH (CF)sB -Q_B(CGFS)J NHBu — NH'Bu
/N 2 PhyC” 0r
Me2$"\ /ZrMe2 B, Scheme 4. Synthesis of Binuclear Indenyl Constrained Geometry
N Complexes

+ +

N
Me;Ny,Zr” SiMe,

©
%CHZ_%@ EZLTSI TS
Me,Si SiMe, (!

CH,CH Me)S{ Zr(NMe,),
= ©© NHBu NH'Bu Y "
\ Phy,C B(CeFs)s ‘
Me;,Si ZrMe, _|_ 1 (two diastereomers)
N/
N
+ >
AlMes
Zn Me3SiCl
the homopolymerization process as welbaslefin comonomer _I_
enchainment in-olefin copolymerizations via a mechanism N N
involving the first identified cooperative effects between single- O Mezz{ ‘SiMe, © CLzr  SiMe,
site polymerization centers. CHZ_CHF% CHZ—CHZ
\
Results MeSQ  ZiMe; Mels'\N/ZrClz
N
The goal of this study was to investigate the possibility and -|— ‘|' 2 (two diastereomers)

Zr, (two diastereomers)

nature of cooperative effects between two proximate single-
site active catalytic centers, exploring potential enhancement i . .
of polyethylene chain branching in ethylene homopolymerization _!- Synthesis of Bimetallic Complex EBICGC(ZrMez)
and, on the basis of that resuitolefin incorporation in ethylene ~ (£r'2). The binuclear ligand synthesis is reasonably straightfor-
+ a-olefin copolymerizations. Coordinatively “open” and highly Ward and is illustrated in Scheme 3. Excess,$I€l, is
reactive CGC core structuffeare employed. For initial studies, ~€mployed in reaction with (EBI)kito prepare g-CHCH,-
Zr-based CGC complexes were chosen since these are knowrs:3)[1-(Me2SiCljindenyl} which is produced in two diastere-
to produce relatively low molecular mass polyethylenes which ©Mers [RR S§ and RS SR] in an approximately 1:1 ratio as
are readily amenable to detailed microstructural characterization@sSessed bH and **C NMR spectroscopy. The two isomers
by IH and3C NMR spectroscopy. Thus, new bimetallic catalyst have sllghtly d|ff(_erent solubilities in pentan(_a, and one isomer
Zr ,, monometallic catalysZr 1, and binuclear bisborate cocata- ¢&n be isolated in a pure state. The reaction6CH,CHy-
lyst (PRC*)2[1,4-(CsFs)sBCeF4B(CeFs)s]2~ (B2) were synthe- 3,3)[1-(Me2$|CI)|ndenyl}g with exces§BuN.H2 cleanly forms
sized for this purpose. The four combinations of metallocene the desired ligandi¢ CH,CH,-3,3)[1-(Me,SiNHBU)Indenylp
catalysts and borate cocatalysts illustrated in Scheme 2 were(EBICGCH) which also consists of two diastereomerRR(
then employed in ethylene homopolymerization studies. For S9 and RS SR, in an approximately 1:1 ratio as indicated by
reasons to be discussed below, the results of the homopoly-H and**C NMR spectra.
merization experiments prompted parallel studies of ethylene ~Bimetallic precatalyst complex EBICGC(ZrMe (Zr 2) was
+ 1-hexene, ethylen¢ 1-pentene, and ethylere 1-pentene- synthesized via the protodeamination methodology outlined in
ds copolymerizations. It will be seen that the effect of increasing Scheme 4. The first step is the synthesis of bimetallic amido
catalyst and cocatalyst nuclearity is to significantly enhance complex EBICGC[Zr(NMeg)z], (1) via reaction of the free
polyethylene chain branching (predominantly ethyl) in the ligand (-CH,CH;-3,3)[1-(Me,SINHBu)indenyl} (EBICGCH,)
homopolymerization process amdolefin comonomer incor- with Zr(NMey)4 in refluxing toluene with constant removal of
poration in the copolymerizations. byproduct HNMe.*! The product consists of two diastereomers
(RS SR and SS RR) (1:1.3 or 1.3:1 ratio) as indicated Byl
(10) Other bifunctional borane and borate cocatalysts have been recenty NMR spectroscopy. Both diastereomers have low solubility in
Rﬁg?ge‘?r 3‘%r'\é'ae;%m'\"'a-tgﬁig;%hr")"rgggj &J'\)l?e?ztfmj g LSCA\‘V\'/%'?'SSDPJN toluene and benzene and are virtually insoluble in pentane.

Stern, C. L.; Nickias, P. N.; Marks, T. Angew. Chem., Int. E@00Q 39,
1312-1316. (c) McAdon, M. H.; Nickias, P. N.; Marks, T. J.; Schwartz, (11) A similar approach to mononuclear CGC complexes using M(HMe

D. J. WO9906413A1Feb 11, 1999. (d) Williams, V. C.; Piers, W. E.; reagents (M= Ti, Zr, Hf) has been previously reported: Carpenetti, D.
Clegg, W.; Elsegood, M. R. J.; Collins, S.; Marder, T. B.Am. Chem. W.; Kloppenburg, L.; Kupec, J. T.; Petersen, JQrganometallicsL996
S0c.1999 121, 3244-3245. 15, 1572-1581.
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Scheme 5. Synthesis of 3-Ethylindenyl Constrained Geometry Ligand

@ "BuLi @ T CH5CH, 1 .
1 X _—
Q THE @ Q CH,CH; Q CH,CH4

"BuLx\
Li"(THF), :
@ tBuT\]H:Z @ @ CH20H3

Mezsi CHQCHg Q MeZSiClz

Me,Si CH,CHj
‘BuNH cl
Attempts to isolate pure diastereomers by fractional crystal- Scheme 6. Synthesis of Mononuclear Indenyl Constrained
lization were unsuccessful. Bimetallic amido compltexvas Geometry Complexes
characterized by standard spectroscopic and analytical tech-
nigues, and one diastereomBY SR by X-ray diffraction (vide @
infra). Reaction ofl with excess AlMg at room temperature
cleanly forms bimetallic metallocene dimethyl compléxs,, Me,Si CH,CH

which can be purified by repeatedly washing with pentane, and
has been characterized spectroscopically and analytically. Both
diastereomersRS SR and SS RR (1:1.3 or 1.3:1 ratio) are
present in the product. The solubility of either diastereomer in
toluene, benzene, and pentane is rather low, even at higher +2 MesSiCl | - 2 Me;SiNMe,
temperatures. Furthermore, the complexes begin to decompose

above 80C°C in solution, which also complicates recrystalliza-
tion. The reaction of EBICGC[Zr(NM#]2 (1) with excess Mg

SiCl affords EBICGC(ZrGl), (2) which has also been charac-
terized by standard spectroscopic and analytical techniques. To
our knowledge, complexe$, 2, and Zr, represent the first
bimetallic CGC transition-metal complexes.

Il. Synthesis of Monometallic Complex [1-MeSi(3-Eth-
ylindenyl)(‘BuN)]ZrMe ; (Zr;). The monometallic complex
[1-Me;Si(3-ethylindenyl)BuN)]ZrMe, (Zr,) was synthesized
for control experiments in studies of binuclear cooperativity Scheme 7. Synthesis of Binuclear Bisperfluoroarylborate
effects. The ligand synthesis is illustrated in Scheme 5. The Cocatalyst
reagent 3-ethylindene is prepared via reaction ofCipl with F . 1/6 Br, BBr,
indenyllithium. The reagent 1-ethylindenyllithium, which is F@Br "BuLi F@“ Fr

'BuNH

+2 MeLi

-2 LiCl

F

prepared in THF, undergoes further reaction with excess Me T -78°C, C;Hg o -78°C, C;Hg
SiCl, to form the dimethyl(3-ethyl-1-indenyl)chlorosilane. After
all the volatiles including unreacted M®Cl, are removed in F F L® F F L?(OEtZ)x
vacuo, the residue is dissolved in THF, and reaction with (C6}:5);i)3—<i>—13(cép5)3 _E0_ (C6F5)3%—®—B(C6F5)3
‘BuNH, affords the desired ligand (1-M8iNHBuU)(3-ethyl)- Li® Fr ° CoHs Lot F °

2)x

indene. Monometallic CGC complex [1-M&i(3-ethylindenyl)-
(‘BuN)]ZrMe; (Zr ;) is synthesized via methodology similar to

®

that for EBI(CGCZrMe); (Zr ,; Scheme 4). The monometallic 2 Ph;CCl (€ = ;:ECF)

amido complex [1-MgSi(3-ethylindenyl)BuN)]Zr(NMey); (3) RT. CgH e e CF £ ot
is synthesized via the reaction of the free ligand (1,8fe PhsC B
2

BuNH)(3-ethyl)indene with Zr(NMg3 in refluxing toluene with
constant removal of HNMg(Scheme 6}! Reaction of3 with (B») was synthesized from bisborane 1,4BEsFBBr (5),
excess MgSICl at room temperature then cleanly affords  nich in turn was prepared via reaction of 1,4- 48aCFs-
dichloro complex [1-MgSi(3-ethylindenyYBUN)]JZrCly (4). SnMe*2with neat BBg (excess) for 2 days at room temperature
Subsequent reaction with MeLi affords dimethyl complex (Scheme 7). The reagent 1,4,BEsF4BBr, (5) decomposes
[1-Me,Si(3-ethylindenyl)BuN)]ZrMe; (Zr ;). Complexest and slowly at room temperature and must be stored-a0 °C.
Zr, were characterized by standard spectroscopic and analyticalp oo ction of bisborang with 6 equiv of GFsLi (generated in

techniques and X-ray diffraction (vide infra). situ) affords bisborate dilithium salt (£)2[1,4-(CoF)3BCeF4B-

IIl. Synthesis Binuclear Trityl Bis(tetrakisperfluroarylbo- (CeFo)l]2~. EtO is then added to yield (Li(OBX")s[1,4-
rate) Cocatalyst (PhC™)z[1,4-(CsFs)3BCsF4B(CeFs)3]2 (B2). ’
Binuclear trityl bisborate (PJC),[1,4-(CoFs)3BCeF4B(CeFs)3] >~ (12) Chivers, T.J. Organomet. Chenl969 19, 75-80.
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Table 1. Summary of the Crystal Structure Data for Complexes 1,
Zry, and 4
complex 1 Zr 4
formula QoHesNesizzrz ClgHglein Q7H25CI2NSin
formula weight 871.62 92.76 433.59
crystal 0.50x 0.35x 0.15 0.20x 0.31x 0.17 0.20x 0.17x 0.21
dimensions
crystal system triclinic monoclinic monoclinic
a, 8.4173(2) 23.1827(15) 22.8427(19)
b, A 9.9149(2) 12.2603(8) 12.1419(10)
c, A 14.1349(3) 14.1942(9) 14.2712(12)
o, deg 83.2302(5) 90 90
B, deg 82.9329(7) 100.2350(10) 100.4390(10)
v, deg 83.4330(2) 90 90
V, A3 1156.54(3) 3970.2(4) 3892.7(6)
space group P1 C2lc C2lc
Zvalue 2 8 8
Dcale Mmg/n? 1.251 1.314 1.480
tempK 198(2) 153(2) 153(2)
u, cmt 5.34 6.12 6.97
radiation Mok, MoK MoK
26 range, deg 1.46 to 28.04 1.79to 28.27 1.81t0 28.29
no. of parameter 241 323 243
intensities 4907, 0.0416 4772, 0.0222 4678, 0.0190
(unique,R)
R 0.0465 0.0356 0.0412
R2w 0.1233 0.0797 0.1093

Table 2. Selected Bond Distances (A) and Angles (deg) for
EBICGC[Zr(NM2)2]2 (1)

Bond Distances

Zr(1)-N(1) 2.133(2) Zr(1XN(2) 2.065(2)
Zr(1)—N(3) 2.049(2) Zr(1C(1) 2.533(2)
Zr(1)—C(2) 2.491(2) Zr(1C(3) 2.604(2)
Zr(1)—C(8) 2.673(2) Zr(1)-C(9) 2.598(1)
N(1)—C(12) 1.496(3) N(2)-C(16) 1.460(5)
Si(1)-C(2) 1.884(2) Si(1)yN(1) 1.734(2)
Angles
N(3)-Zr(1)-N(2)  106.08(11) N(3)}Zr(1)-N(1)  108.11(9)
N(2)—Zr(1)—N(1) 106.08(10)  N(1ySi(1)—-C(2) 95.67(10)
N(1)-Si(1)-C(11) 116.81(14) C(Si(1)-C(11) 108.18(13)
N(1)-Si(1)-C(10)  115.33(13) C(12)N(1)-Si(1) 127.6(2)
C(12-N(1)-Zr(1)  126.6(2) Si(1yN(1)-zr(1)  105.25(10)
C(16)-N(2)-C(17) 109.5(3) C(16YN(2)—2Zr(1)  125.2(2)
C(17)-N(2)—zr(1) 124.9(2) C(18yN(3)-C(19) 111.2(3)
C(18-N(3)-zr(1) 116.2(2) C(19YN(3)-Zr(1)  131.2(2)
C(1)-C(2)-C(3) 104.8(2) C(1yC(2)—-Si(1) 120.6(2)
C(3)-C(2)-Si(1) 127.0(2) C(1yC(9)-C(8) 106.5(2)
C(1)-C(9)—C(20) 128.2(2) C(8)C(9)-C(20) 124.8(2)

(CeFs)3BCeF4B(CeFs)3]2~, which undergoes subsequent cation
metathesis with PJCCI to afford bistrityl bisborate sal®,. This
new trityl bisborate was characterized by conventional spec-
troscopic and analytical methodologies.

IV. Molecular Structures of Complexes 1, Zn, and 4. A.
Bimetallic Complex EBICGC[Zr(NMe 3),]2 (1). A summary
of crystal structure data for compléxis presented in Table 1.

Selected bond distances and angles are summarized in Table 2

Figure 1A shows the solid-state structure of bimetallic bisdi-
methylamido complexl. The crystal structure contains an
inversion center with a metallic CGC center located on either
side of the ethylenebis(indenyl) fragment and with the two
coordinated indenyl rings in a diastereomeric relationship. As
can be seen from Figure 1A, the crystal consists of a single
diastereomer§R RS. The sum of the bond angles around
nitrogen atom N(1) is 359.45indicating atoms Si(1), N(1),

Figure 1. (A) Molecular structure and atom numbering scheme for
bimetallic indenyl constrained geometry complex EBICGC[ZrN)e (1).
Thermal ellipsoids are drawn at the 30% probability level. A single
enantiomer is shown. (B) Molecular structure and atom numbering scheme
for monometallic indenyl constrained geometry complex [1-$M8-
ethylindenyl){BuN)]ZrCl, (4). Thermal ellipsoids are drawn at the 50%
probability level. A single enantiomer is shown.

indicating that the C(2)Si(1) bond vector is displaced slightly
from the ring plane because of the constrained geometry. As
expected from previous structural results for analogous com-
plexes, the carbon atoms of the Cp ring do not have equal
bonding distances to the Zr centéi The Zr(1)-C(2) bond
length (2.491(2) A) is the shortest while the Zr13(8) bond
length (2.673(2) A) is the longest. The M bridge induces a
contraction in the indenyl(centroid)-ZN angle (108) which
renders the structure more open.

B. Monometallic Complexes 4 and Zi. A summary of
crystal structure data for complexésndZr ; is given in Table
1, and selected bond distances and anglegifand Zr ; are
summarized in Tables 3 and 4, respectively. The solid-state
tructures of4 and Zr are illustrated in Figures 1B and 2,
respectively. As expected, the metrical parameters in Tables 3
and 4 suggest that the M&i bridge again forces the indenyl
plane to tilt, which renders the structure coordinatively more
open® Similar to bimetallic complexi, the sum of the bond
angles around bridge-connected nitrogen atom N(1) in Both
andZr is close to 360°C, indicating the atoms around N(1)
are essentially coplanar and suggesting strongN\NZbonding,
presumably involvingr-donation. Because of the more elec-

C(12), and Zr(1) are essentially coplanar, which is also true for tronegative character of the Cl ligands, the Zr cente# iis

the atoms around dimethylamide atoms N(2) and N(3). Such
coplanar structures suggest non-negligiblbonding between
the Zr and N atoms involving the N atom lone pair electrons.
The sum of bond angles around ring carbon atom C(2) is 352.4

more electron-deficient than thatim ;, leading to a significantly
shorter Zr-N(1) bond length and significantly shorter Zr
C(ring) contacts in4 than in Zr;. Compared to bimetallic
dimethylamido complex, both the Zr-N(1) bond lengths and
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Table 3. Selected Bond Distances (A) and Angles (deg) for 4

Bond Distances

Zr(1)—-N(1) 2.041(2) Zr(1C(1) 2.409(2)
Zr(1)—Cl(2) 2.4292(7) Zr(1)-Cl(1) 2.4366(8)
Zr(1)—C(2) 2.453(2) Zr(1yC(5) 2.506(2)
Zr(1)—C(3) 2.559(2) Zr(1yC(4) 2.597(2)
Si(1)-N(1) 1.750(2) Si(13C(13) 1.859(3)
Si(1)—C(12) 1.863(3) Si(1yC(1) 1.871(2)
Angles
N(1)—zr(1)-Cl(2)  109.82(6) N(1)zr(1)—-CI(1)  109.66(7)
Cl(2)-zr(1)-Cl(1) 106.07(3)  N(1}Si(1)-C(13) 115.21(13)
N(1)-Si(1)-C(12) 115.65(14) C(14)N(1)-Si(1) 128.27(17)
C(14-N(1)-Zr(1) 125.80(16) Si(B*N(1)—Zr(1)  105.88(10)
C(2)-C(1)-C(5) 105.0(2) C(2yC(1)y-Si(1) 121.27(19)
C(5)-C(1)-Si(1) 125.66(18) C(2YC(3)-C(4) 106.8(2)
C(2-C(3)-C(10)  127.1(2) C(4yC(3)-C(10) 125.8(2)

Table 4. Selected Bond Distances (A) and Angles (deg) for Zr;

Bond Distances

Zr(1)—N(1) 2.0664(15) Zr(1yC(19) 2.244(2)
Zr(1)—C(18) 2.256(2) Zr(1yC(2) 2.4279(17)
Zr(1)—C(3) 2.4744(17) Zr(:yC(1) 2.5318(17)
Zr(1)—C(4) 2.5881(17) Zr(:yC(5) 2.6297(17)
Si(1)—N(1) 1.7446(16) Si(1yC(13) 1.863(2)
Si(1)-C(12) 1.866(2) Si(1yC(2) 1.8767(18)
N(1)—C(14) 1.484(2)
Angles
N(1)—-Zr(1)-C(19)  111.79(8) N(L}Zr(1)—-C(18)  110.54(8)
C(19)-Zr(1)—C(18) 106.34(10) N(H)}Si(1)-C(13) 115.36(10)
N(1)—-Si(1)—C(12) 115.59(10) C(13)Si(1)-C(12) 107.78(11)
N(1)-Si(1)-C(2) 94.46(7)  C(14yN(1)-Si(1) 129.29(12)
C(14)-N(1)—zr(1)  125.69(12) Si(LyN(1)—2r(1) 104.98(7)
C(3)-C(2-C(1) 104.70(15) C(3yC(2)-Si(1) 121.28(13)
C(1)—-C(2)-Si(1) 125.94(13) C(3)C(4)-C(5) 106.60(15)
C(3)-C(4)-C(10) 127.35(17) C(5)C(4)—-C(10) 125.62(16)

Zr—C(ring) distances ind and Zr; are significantly shorter
because the Zr center iris more electron-rich because of-Z
m-bonding involving the dimethylamido nitrogen lone pairs.
A structure analogous to CGC(Ind)ZgQlvas recently re-
ported by Alt8 in which the indenyl ring is replaced by a
fluorenyl ring. The two structures are similar in many respects,
with CGC(Flu)ZrC} having slightly shorter bonding distances
for Zr—N (2.034(2) vs 2.041(2) A), and both Z€! bonds

longer average distances from Zr to the five bonded carbon
atoms of the fluorenyl ligand than to the indenyl ligand (2.523(3)
vs 2.505(2) A). The ligation of the metal center for the fluorenyl
structure is slightly more open with a larger bite angle (ipso
ring carbon-Si-N angle~ 93.5(1} vs 93.05(10) for 4) and a
slightly contracted StN—Zr angle (104.5(T)vs 105.88(10)

for 4). The most striking difference in the two structures is the
location of the chlorine atoms. In the less symmetrical indeny!
structure, the chlorine ligands are more widely space@!{
Zr—Cl = 106.07(3} in 4 vs 102.9(1) in CGC(Flu)ZrCh) and
their bisector is rotated 22.laway from the Z+Si vector
toward the sterically more open side of the CGC(Ind) structure.

V. Ethylene Polymerization Studies.As judged by in situ
IH NMR spectroscopy, bimetallic and monometallic CGC
complexe<r, andZr ; undergo rapid activation with B&*B-
(CeFs)4~ (B1) or bisborate cocataly&, in C¢Dg at room temp-
erature. The metallocenes and cocatalysts react completely with-
in minutes to quantitatively form BEMe and the active cata-
lysts, which are relatively unstable at room temperature in the
absence of ethylene. The resultant active catalysts have signifi-
cantly greater solubility in 1,2-difluorobezene than do the neutral
metallocenes and form clear, light-yellow solutions. Polymeriza-
tions with the four combinations of metallocene catalysts and
borate cocatalysts illustrated in the catalyst nuclearity matrix
(Scheme 2) were carried out under identical conditions at
concentrations of 0.050.10 mM and were deliberately run to
as close to identical conversions (polyethylene yields) as possible
(0.75-1.50 h; Table 5a). Procedures were those designed to
minimize mass transfer and exotherm eff&otsee Experimental
Section for details). The molecular weights of the product
polymers (Table 5a) are modest as expected for such types of
CGC Zr catalysts!>16and this greatly facilitates microstructural
characterization bjH and'*C NMR (see below). GPC-derived
polydispersities (polystyrene/polyethylene calibrant) are con-
sistent with single-site polymerization processes (vide infra).
As expected for this molecular weight range, the product
polymers are somewhat gel-like in toluene rather than precipi-
tating out as solids. It can also be seen that the molecular weights
of the product polymers increase to varying degrees with

(2.399(1) and 2.397(1) vs 2.429(1) and 2.437(1) A) as well as increasing nuclearity of the catalystocatalyst combinations

Table 5. (a) Ethylene Polymerization Data for Metallocenes Zr, and Zr; + Cocatalysts B, and B2 and (b) Branches? in Polymers Produced

by Metallocenes Zr, and Zr; + Cocatalysts B, and B1

(a) Ethylene Polymerization Data

entry no. catalyst umol of cat. umol of cocat. reaction time (h) polymer yield (g) activity® (x 10°) M,¢ (x 107)
1 Zro+ B2 5.0 5.0 1.50 0.94 63 (7) 11
2 Zro+2B; 5.0 10 1.25 1.09 87 (10) 7.6
3 2Zr1+ By 10 5.0 1.16 1.08 93 (11) 6.3
4 Zri1+ By 10 10 0.75 0.95 127 (15) 6.1
(b) Branches
in Polymers
entry no. catalyst umol of cat. ~ umol of cocat.  reaction time (h) ethyl? branch 2-ethyl? vinylidene end butyl® branch otherd branch  2-alkyl? vinylidene end
1 Zro,+ B2 5.0 5.0 1.50 12 (2)[0.94] 3.4 (4)[0.3] 1.0(5)[0.1] 3.3(3)[0.3] 0.4 (2)[0.0 3]
2 Zro+2B; 5.0 10 1.25 2.7 (4)[0.15] 1.0(3)[0.05] ~0 2.1(3)[0.1] 0.5(2)[0.0 3]
3 2Zr,+ By 10 5.0 1.16 6.5 (9)[0.29] 1.5 (2)[0.07] 0.6 (3)[0.03] 3.6(3)[0.2] 1.0 (2)[0.0 5]
4 Zr1+ By 10 10 0.75 1.1 (2)[0.05] 0.4 (2)[0.02] ~O 2.1(4)0.1] 0.8 (2)[0.0 4]

a Polymerizations carried out on a high vacuum line af@4n 100 mL of toluene under 1 atm of ethylene press@i@ram polymer/[(mole of cationic
metallocenetnrh]; estimated uncertainties indicated in parenthes€slculated frontH NMR spectrad Units are branches/1000 carbon atoms; estimated
uncertainties indicated in parentheses. Quantity in brackets is approximate average branch content/chain. Numbers of branches are oalthdated fro
integration of'3C NMR resonances at chemical shiftsdf1.26 ppm (CH of ethyl branch), 12.75 ppm (2-ethyl branch), 23.41 ppbutyl branch), 36.6
ppm (2-alkyl branch), and 38.21 ppm (CH of longer branches). Branching assignments according to ref 13.
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combination of bimetallic metallocene and bisborate cocatalyst
yields the maximum quantity of branching. TRE&C spectra
indicate that the most abundant branches in all four polyethyl-
enes areethyl brancheqo 11.26 (CH), 26.33 (CH), 39.73
(CH)],*2 ranging from~1.0/chain to~0.05/chain. There are
lesser abundances dfutyl branches [suggested by the peak at
0 23.41 (CHCH,CH,CH,CH)]*® and branches having six or
more carbon atoms)[38.21 (CH), 34.58¢-CHy), 27.33 3-
CH,)].13 No detectable methyFpropyl, or "pentyl branches,
which would be introduced by a macromonomer 2,1-reinsertion
process of the type shown in eq 1, can be detected e
spectra of any of the aforementioned polyethylenes, suggesting
that branches are introduced mainly by other processes (vide
infra). Products arising from the chain epimerization/mac-
romonomer 2,1-reinsertion sequence shown in eq 2, which
would introduce methyl branches into the polymer chain, are
also below the spectroscopic detection limits.

e
. X
Figure 2. The molecular structure and atom numbering scheme for X© R Xe CH;R
monometallic indenyl constrained geometry complex [1#ME-Ethylin- LZt—R ®; (H, —=. & == etc. (1)
denyl)(BuN)]ZrMe, (Zr;). Thermal ellipsoids are drawn at the 50% \_CH, L,Zi—CH—P LyZr—CHy—CH,—CH—P
probability level. A single enantiomer is shown. (o
\P R = H, CH,CH;, CH,CH,CH,CH,, etc

illustrated in the nuclearity matrix (Scheme 2; Table 5a). That o
of theZr, + B, product is nearly 2 times that of th& ; + B1 <@ o X°

o / 3

r t. ©,'/ L,Zr—H =

produc L,Zt—CH,—CH, — ? — Lg—CcH—p @

13C NMR spectra of the four polyethylene samples of Table \ ci=CH:

5 are shown in Figure 3 along with assignments for the indicated ]

polymer skeletal positions. Spectral signatures corresponding

to isolated branches in linear polyethylenes have been assigned As graphically illustrated in Figure 4, for approximately equal
in great detail® As these spectra and the data compiled in Table conversions, the product ethyl branch content increases sub-
5 indicate, branching in the polymer chains is significantly stantially as the catalyst or cocatalyst nuclearity increases. For

enhanced as the catalyst/cocatalyst nuclearity increases. Thexample, binuclear borat8, electrostatically assembles two

4 o B Y 3 Ew @ B v 4 3
szgH-CHZ-CHZ_CHZW\'?HZ —CI,_I_CHz_CHZ_CHfWV\Cﬂz'CHZ_C=CH2
CH,=CH ((|3Hz)n 2 GHy E2 CH, E2 CH,
CHj 1 CHs E1 CHj ED CH;
3,E2’ y 2

Zr,+B,

. B
CH E2
cu 3 © 4 :
Vel | 1 A
Zr,+2 B, UL }JW
Y B B A W ) o

2Zr, +B, J JU J[

VU S S B U, U L —— A lLA —— L T
27Zr, +2B,

__________ s ML R -

fHH]Hl]UHHIlH[HH]HH}HH|IIHIIIH{1IH‘HHIHH‘IH}]!IH|llI|IIIlI!HH[HH{HHﬂH\liHHHIIPWI]THI!HH]HHI!IH||HI{II!I!lll!‘ll!l[ﬁﬂ]
40 36 32 28 24 20 16 12 ppm
Figure 3. 13C NMR spectra (100 MHz) of polyethylenes (omitting the terminal olefinic end group region) prepared by the cZtalystB,, Zr, + 2 By,
2 Zr; + By, andZr; + B; corresponding to the experiments in Table 5. The skeletal labeling scheme and corresponding assignments are also shown.
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Scheme 8. Pathways for Ethyl and 2-Ethyl Branch Formation in Ethylene Homopolymerization

/Xe
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Figure 4. Average number of ethyl and 2-ethyl branches per 1000 C atoms
in the polyethylenes prepared in ethylene homopolymerization by the
catalystsZr, + By, Zr, + By, Zr1 + By, andZr, + B corresponding to

the experiments in Table 5.

monometallicZr; catalyst centers, and the resultant catalyst
introduces~6 times more ethyl branches at the same level of
conversion as the same catalyst activated by mononuclear borat
B1. In polymerizations having both bimetallic metallocene
catalystZr, and bifunctional cocatalyd®,, the active system
introduces>11 times more ethyl branches per 1000 carbon
atoms than does monometallic; + monofunctional cocatalyst
B1 at the same level of conversion. This pattern and measure
My's are catalyst-concentration-invariant over a 5-fold range
(Table 7). These data indicate that increased catalyst and
cocatalyst nuclearities facilitate the introduction of branching
in the polymers. Furthermore, all of the branches contain even
numbers of C atoms. Surprisingly, the contenttaftyl branches
and other longer branches per 1000 carbon atoms is not
increased commensurate with the increased ethyl branching. As
indicated in Table 5, the catalytic activities modestly and

d

2) B-H transfer
—_—

2) B-H transfer
_

cHy~CHs
/

amnnnns CH,—CH
\
P

CH;~ ;~CHs

CHy=C_

2-ethyl branch formation

R

Ve
CH,=C__

P '
R
/
snnen CH,—CH
\
P

arity, which is consistent with literature reports on bimetallic
metallocene single-site catalyst systéims.

13C NMR spectra of the present polyethylenes also indicate

the presence of 2-ethyl branch@s1(2.75 (CH))!2 and 2-alkyl
branchesd 152 (CH=C), 108 (CH,=C), 36.6 (CH=C-CH,)!3
proximate to vinylidene end groups, which are likewise evident
at 6 4.72 ((H=C)13 in the 'H NMR spectra. These moieties
presumably arise vi-H transfer (a priori, either to Zr or to
monomet-vide infra)l”18within the catalyst structures as shown
in Scheme 8. The ratio of 2-ethyl branch to ethyl branch content
in each polyethylene sample is similar (ranging from 1:3 to 1:4),
suggesting that a catalyst having a local reactive structure of
typel in Scheme 8 is the common agent in formation of both
the ethyl and 2-ethyl branches by sequentiab€8H, insertion
andg-H transfer in all four systems. The selection ratigieifl
transfer to propagation rates in this particular step is then in
the range 1:31:4. Detailed information on polyethylene chain
branching is summarized in Table 5b.

In an effort to differentiate sequential “intermolecular”
acromonomer elimination followed by later re-enchainment,
ranch-forming processes as in Scheme 1, from “intramolecular”

multicenter cooperativity effects, studies of product microstruc-
ture as a function of conversion time were also undertaken.
Extrapolation to zero time/zero conversion should then provide
one assay of the “intramolecular” pathway. Table 6 presents
me-dependent ethylene polymerization data for monometallic
Zrl activated by P¥CTB(CeFs)4~ (By) for different polymeri-
zation reaction times. In the most straightforward scenario, the
concentration of ang-H elimination-derived free macromono-
mers produced during the polymerization process at constant
ethylene feed rate (Scheme 1) is expected to increase in the
reaction solution during the polymerization and to be enchained
(the guantities of such species were at all times below the GC-

progressively decrease with increasing catalyst/cocatalyst nucle{17) For discussions of chain transfer mechanisms in single-site propylene

(13) (a) Liu, W.; Ray, D. G., lll; Rinaldi, P. LMacromoleculed4999 32, 3817
3819. (b) Randall, J. CPolymer Characterization by ESR and NMR
Woodward, A. E., Bovey, F. A., Eds.; ACS Symposium Series 142;
American Chemical Society: Washington, DC, 1980; Chapter 6. (c)
Axelson, D. E.; Levy, G. C.; Mandelkern, IMacromoleculesl979 12,
41-52.

(14) (a) Li, L.; Marks, T. JOrganometallics1998 17, 3996-4003. (b) Chen,

Y.-X,; Mez M. V.; Li, L.; Stern, C. L.; Marks, T. JJ. Am. Chem. Soc.
1998 120, 6287 6305. (c) Yang, X.; Stern C. L,; Marks, T. J. Am.
Chem. Soc1994 116 10015-10031.

(15) Jia, L.; Yang, X.; Stern, C. L.; Marks, T. @rganometallics1997, 16,

842-857

(16) Small amounts of a higher molecular weight componkht ¢ 10 K) are
occasionally detected in the GPC. The origin may be catalyst decomposition
products.
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polymerization, see (a) Liu, Z.; Somsook, E.; White, C. B.; Rosaaen, K.
A.; Landis, C. RJ. Am. Chem. So@001, 123 11193-11207. (b) Lin, S.;
Tagge, C. D.; Waymouth, R. M.; Nele, M.; Collins, S.; Pinto JJCAmM.
Chem. Soc200Q 122 1127-11285. (c) Resconi, L.; Cavallo, L.; Fait, A.;
Piemontesi, F. in ref 1a, p 1253. (d) Coates, G. W. in ref 1a, p 1223. (e)
Liu, S.; Tagge, C. D.; Waymouth, R. M.; Nele, M.; Collins, S.; Pinto, J.
C.J. Am. Chem. So200Q 122, 11275-11285. (f) Veghini, D.; Henling,

L. M.; Burkhardt, T. J.; Bercaw, J. B. Am. Chem. S0d.999 121, 564—

573. (g) Stehling, U.; Diebold, J.; Kirsten, R.;"RON.; Brintzinger, H.

H.; Jungling, S.; Mihaupt, R.; Langhauser, Rirganometallics1994 13,
964-970.

For discussions of chain transfer mechanisms in single-site ethylene
polymerization, see (a) lzzo, L.; Riccardis, F. D.; Alfano, C.; Caporaso,
L.; Oliva, L. Macromolecule2001, 34, 2—4. (b) Wang, L.; Yuan, Y.;
Feng, L.; Wang, Y.; Pan, J.; Ge, C.; Ji, Bur. Polym. J200Q 36, 851—

855. (c) Izzo, L.; Caporaso, L.; Senatore, g.; Oliva,Macromolecules
1999 32, 6913-6916.
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Table 6. (a) Ethylene Polymerization Data for Metallocene Zr; + Cocatalyst B; as Function of Reaction Time? and (b) Branches' in
Polymers Produced by Metallocene Zr; + Cocatalyst B; as Function of Reaction Time

(a) Ethylene Polymerization Data

entry no. catalyst umol of cat. umol of cocat. reaction time (h) polymer yield (g) activity® (x 10°) M,¢ (x 109) M, (x 10%) MM, 4
1 Zr1+ By 10 10 0.25 0.35 140 (15) 6.6 7.3 1.1
2 Zr1+ Bs 10 10 0.75 0.95 127 (15) 6.1 6.7 1.1
3 Zri1+ By 10 10 1.75 2.35 134 (15) 6.8 7.5 1.1
4 Zr1+ By 10 10 3.30 4.50 129 (15) 6.2 7.4 1.2
58 Zr1+ By 10 10 0.033 0.28 170 (20) 6.2 7.4 1.2
(b) Branches
in Polymers
entry no. catalyst umol of cat. umol of cocat. reaction time (h) ethyl? branch 2-ethyl" vinylidene end butyl" branch other’ branch 2-alkylvinylidene end
1 Zri1+ By 10 10 0.25 0.8(4) 0.2(2) ~0 0.7(2) 0.3(1)
2 Zr1+ By 10 10 0.75 1.1(2) 0.4 (2) ~0 2.1(4) 0.8(2)
3 Zr1+ By 10 10 1.75 2.7(5) 0.6 (3) 1.0(4) 5.7(5) 2.0(4)
4 Zr1+ Bs 10 10 3.30 4.3(6) 1.1(3) 2.2(3) 6.2(8) 2.7(3)
5¢ Zri1+ By 10 10 0.033 0.4(2) 0.4(2) ~0 0.4(2) 0.1(1)

aPolymerizations carried out on high vacuum line at°24in 100 mL of toluene under 1 atm of ethylene pressi@ram polymer/[(mole of cationic
metallocenejtnmrh]; estimated uncertainties indicated in parenthe%€slculated fromtH NMR spectrad By GPC vs polystyrene/polyethylene standards.
Small feature also observedMt, ~ 10 K. ¢ Polymerizations carried out on high-pressure line under 5.0 atm of ethylene préssuits.are branches/1000
carbon atoms; estimated uncertainties indicated in parentheses. Numbers of branches are calculated from the infégratMR ssonances at chemical
shifts of 6 11.26 ppm (CH of ethyl branch), 12.75 ppm (2-ethyl branch), 23.41 ppbutyl branch), 36.6 ppm (2-alkyl branch), and 38.21 ppm (CH of
longer branches). Branching assignments according to ref 13.

Table 7. (a) Ethylene Polymerization Data for Metallocene Zr, + Cocatalyst B, as Function of Reaction Time? (b) Branches’ in Polymers
Produced by Metallocene Zr, + Cocatalyst B, as Function of Reaction Time

(a) Ethylene Polymerization Data

entry no. catalyst umol of cat. umol of cocat. reaction time (h) polymer yield (g) activity® (x 10°) M€ (x 10%) M, (x 10%) M,/M,d
1 Zr+ B2 5.0 5.0 0.15 0.10 67 (7) 10 12 1.2
2 Zro+ B> 5.0 5.0 0.60 0.48 80 (11) 11 13 1.2
3 Zr,+ B> 5.0 5.0 1.50 0.94 63 (7) 11 13 1.2
4 Zr,+ By 5.0 5.0 3.00 2.02 67 (7) 9.5 11 1.2
5 Zr+ B2 5.0 5.0 6.50 4.10 63 (7) 9.4 13 1.4
6° Zro+ B> 5.0 5.0 0.27 2.30 170 (20) 8.8 11 12
7 Zr,+ B> 25.0 25.0 0.67 2.30 69 (20) 11
(b) Branches
in Polymers
entry no. catalyst umolofcat. ~ umol of cocat.  reactiontime (h)  ethyl'branch  2-ethyl'vinylideneend ~ butyl'branch ~ other'branch  2-alkyl'vinylidene end
1 Zr,+ By 5.0 5.0 0.15 8.4 (8) ~0 ~0 ~0 ~0
2 Zr,+ B> 5.0 5.0 0.60 8.9 (8) 2.5(5) ~0 1.0(2) 0.4(2)
3 Zr,+ B> 5.0 5.0 1.50 12 (2) 3.4 (4) 1.0 (5) 3.3(3) 0.4 (2)
4 Zro+ B2 5.0 5.0 3.00 13(2) 3.4 (5) 1.0(2) 4.0 (3) 1.2(3)
5 Zr,+ B> 5.0 5.0 6.50 13(2) 3.8(5) 1.1(3) 4.4 (5) 1.5(3)
6° Zr,+ B> 5.0 5.0 0.27 8.9 (8) 4.1 (5) ~0 1.8(2) 0.5(2)
7 Zr,+ B> 25.0 25.0 0.67 8.5(8) 2.2(5) ~0.6 (3) 3.2(2) 0.8(2)

apolymerizations carried out on high vacuum line at>24in 100 mL of toluene under 1 atm of ethylene pressBi@ram polymer/[(mole of cationic
metallocene).atm.h]; estimated uncertainties indicated in parentifeé3aisulated from 1H NMR spectrd By GPC vs polystyrene/polyethylene standards.
Small feature observed M, ~ 10 K. ¢Polymerizations carried out on high-pressure line under 5.0 atm of ethylene préssuits.are branches/1000
carbon atoms; estimated uncertainties indicated in parentheses. Numbers of branches are calculated from the intégratMR oésonances at chemical
shifts of 0 11.26 ppm (CH3 of ethyl branch), 12.75 ppm (2-ethyl branch), 23.41 ppotyl branch), 36.6 ppm (2-alkyl branch), and 38.21 ppm (CH of
longer branches). Branching assignments according to ref 13.

MS detection limits). Not surprisingly, the contentalf types polymer sample produced over a 0.75-h polymerization time.
of branches including ethyl, 2-ethyhutyl, 2-alkyl, and other The relatively constant catalytic activities with time are in accord
branches increases at longer polymerization tinpssumably with good catalyst thermal stability under these conditions,
because of increased bimolecular capture/reinsertion of theseminimal intrusion of mass transfer effects, and approximately
macromonomers (Table 6b). However, the measured productconstant propagation/chain transfer rate ratios. F@eNMR

My and M, values remain essentially constant, indicating that spectra of these four polyethylene samples are shown in Figure
the enchainment of these fragments does not greatly alter thelS, and detailed analytical information on branching is sum-
number average molecular mass. In regard to ethyl branching,marized in Table 6b.

as illustrated in Figure 5A, the average content of ethyl branches/ Table 7 presents contrasting ethylene polymerization data for
1000C atoms in the 4.50-g polymer sample produced over abimetallic CGC complexZr, activated by the bifunctional
3.30-hZr; + B; polymerization time is-5 times greater than  cocatalysB, as a function of polymerization conversion time.
the average ethyl branch content in the 0.35-g polymer sampleAs can be seen from the table, the catalyst activity and product
produced over a 0.25-h polymerization time and-# times molecular weight do not change significantly over 6.5-h reaction
greater than the average ethyl branch content in the 0.95-gtime, indicating appreciable thermal stability of the catalyst,
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. Figure 6. (A) Average number of ethyl and 2-ethyl branches per 1000 C
Time (h) atoms in the polyethylenes prepared in ethylene homopolymerization by
Figure 5. (A) Average number of ethyl and 2-ethyl branches per 1000 C the catalyst Zr; + B, corresponding to the experiments in Table'8. (B)
atoms in tge) polyethylenes prepared in ethylene homopolymperization by Average number of ethyl antbutyl branches per 1000 C atoms in the
the catalystZr; + B corresponding to the experiments in Table 6. (B)  €thylene/1-hexene copolymers prepared in ethyléng-hexene copoly-
Average number of ethyl and 2-ethyl branches per 1000 C atoms in the Merization by the catalys®&r, + By, Zrz + By, Zr1 + By, andZry + By
polyethylenes prepared in ethylene homopolymerization by the cazalyst ~ co'responding to the experiments in Table 9.
+ By corresponding to the experiments in Table 7.

1.5

6.5

time experiments for catalyst systenZP; + B,. It can be seen
minimal mass transfer effects, stable propagation/chain transferhere that electrostatically induced CGCZr nuclearity affords
rate ratios, and minimal re-enchainment of large fragments undersignificantly higher ethyl branching at zero time than observed
the present polymerization conditions. Most importantly, as with Zr; + Bi1. Product molecular weight parameters #r,
indicated by entry 1 in Table 7b, a significant quantity of ethyl + B are essentially time-invarient.
branches (but not other branchebese require longer reaction To further investigate mechanistic details of the chain transfer
times) is produced in ther , + B, polymerization system even  processes in these CGC systems, parallel ethylene polymeriza-
in the earliest stages of the polymerization. Here, the ethyl tion experiments under 5.0 atm pressure of ethylene were carried
branch content of th&r, + B,-derived product is~11 times out using similar reaction conditions as shown in the final entries
greater than that of thér ; + B;-derived product. Interestingly,  of Tables 6 and 7, respectively. Ethyl branching is still by far
as illustrated in Figure 5B, the average ethyl branch content the major branch in the polymers. Compared to the polymers
increases only modestly over the time course of the polymer- produced at 1.0 atm pressure (entry 5, Table 6; entry 6, Table
ization reaction and is accompanied by parallel increases in7), the polymers produced with th&, + B1 andZr, + B;
2-ethyl, "butyl, 2-alkyl, and longer branch content as well, as polymerization systems at 5.0 atm have comparable branching.
seen in theZr; + Bj-mediated polymerizations (vide supra). Importantly, the molecular weights of the polymers produced
For ethyl branching, the average branch content in the 4.10-gat 5.0 atm ethylene pressure are nearly identical to those
polymer sample produced over a 6.50-h polymerization reaction produced at 1.0 atm, implicating chain transfer to monomer as
time is~1.54 times greater than the average ethyl branch contentthe predominant termination pathw81°
in the 0.48-g polymer produced over a 0.60-h polymerization = The enhanced polymer ethyl branching observed in the
period and~1.12 times greater than the average ethyl branch ethylene homopolymerizations mediated by the higher nuclearity
content in the 0.94-g polymer produced over a 1.5-h polymer- catalyst-cocatalyst combinations (especially at lower conver-
ization time. These results indicate that the concentration of sions) suggested, as will be further explored in the Discussion
macromonomer eliminated and then subsequently re-enchainedsection, that the polynuclear ion pairs might display an unusual
during the course of the polymerization clearly makes a smaller binding/capture affinity for smatk-olefin molecules. To further
relative contribution to the total ethyl branch content (but a large test this hypothesis, ethylené o-olefin copolymerization
contribution to that of other branches) in the high nuclearity

case. Thé3C NMR spectra of these five polyethylene samples (19)
are shown in Figure 2S, and detailed branching content data
are summarized in Table 7b. Figures 6A and 3S together with
Table 8 summarize the results of similar variable conversion
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For theoretical studies of single-site chain transfer pathways, see (a)
Thorshaug, K.; Stovneng, J. A.; Rytter, E.; Ystenes,Niacromolecules
1998 31, 7149-7165. (b) Klesing, A.; Bettonville, 2hys. Chem. Chem.
Phys.1999 1, 2373-2377. (c) Froese, R. D. J.; Musaev, D. G.; Morokuma,
K. Organometallics1999 18, 373-379. (d) Margl, P. M.; Woo, T. K;;
Ziegler, T.Organometallics1998 17, 4997-5002.
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Table 8. (a) Ethylene Polymerization Data for Metallocene Zr; + Cocatalyst B, as Function of Reaction Time# and (b) Branches® in
Polymers Produced by Metallocene Zr; + Cocatalyst B, as Function of Reaction Time

(a) Ethylene Polymerization Data

entry no. catalyst umol of cat. umol of cocat. reaction time (h) polymer yield (g) activity® (x 10%) M, (x 10%) M, (x 10%) My/Md
1 2Zr1+ By 10 5.0 0.25 0.24 96 (11) 7.2 6.6 1.2
2 2Zr1+ By 10 5.0 1.16 1.08 93 (11) 6.3 5.7 1.1
3 2Zr1+B; 10 5.0 3.50 3.20 91 (11) 6.4 6.1 1.2
(b) Branches
in Polymers
entry no. catalyst umol of cat. ~ umol of cocat. reaction time (h) ethyl® branch 2-ethyl® vinylidene end butyl® branch other® branch 2-alkyl® vinylidene end
1 2Zr1+ By 10 5.0 0.25 3.5(5) 1.5(2) ~0 0.4 (1) ~0
2 2Zr1+ By 10 5.0 1.16 6.5(9) 1.5(2) 0.6 (3) 3.6 (3) 1.0(2)
3 2Zr1+ B 10 5.0 3.50 8.5(9) 2.6 (5) 1.8 (3) 4.5 (5) 2.4(3)

aPolymerizations carried out on high vacuum line at°@4in 100 mL of toluene under 1 atm of ethylene pressi@ram polymer/[(mole of cationic

metallocenejtnrh]; estimated uncertainties indicated in parenthe%€slculated fromtH NMR spectrad By GPC vs polystyrene/polyethylene standards.
Small feature detected &, ~ 10 K. € Units are branches/1000 carbon atoms; estimated uncertainties indicated in parentheses. Numbers of branches are
calculated from the integration %C NMR resonances at chemical shifts®fl1.26 ppm (CH of ethyl branch), 12.75 ppm (2-ethyl branch), 23.41 ppm

("butyl branch), 36.6 ppm (2-alkyl branch), and 38.21 ppm (CH of longer branches). Branching assignments according to ref 13.

Table 9. (a) Ethylene/1-Hexene Copolymerization Data for Metallocenes Zr, and Zr; + Cocatalysts B, and B12 (b) Branches? in Polymers
Produced by Metallocenes Zr; and Zr; + Cocatalysts B, and B;

(a) Ethylene Polymerization Data

entry no. catalyst umol of cat. umol of cocat. [hex]*M reaction time (h) polymer yield (g) activity® (x 10%) M (x 102)
1 Zro+ B2 5.0 5.0 0.80 1.25 1.09 87 (9) 11
2 Zro+ 2B, 5.0 5.0 0.80 0.75 0.98 131 (13) 8.4
3 27Zr1+ B 10 10 0.80 0.75 1.00 133 (13) 7.3
4 Zri1+ By 10 10 0.80 0.50 0.96 192 (19) 6.4
(b) Branches
in Polymers
entry no. catalyst umolof cat.  umol of cocat. ~ [hex]M  reaction time (h)  ethyl*branch ~ 2-ethyldvinylidene end  butyld branch  otherd branch  2-alkyl®vinylidene end
1 Zra+ B2 5.0 5.0 0.80 1.25 10 (1) 2733 5.5(4) 1.3(2) 1.1(2)
2 Zro+2B1 5.0 5.0 0.80 0.75 2.0(2) 0.7 (1) 2.4 (3) 0.8 (1) 0.5(1)
3 2Zr1+B; 10 10 0.80 0.75 6.0 (5) 2.0(2) 3.2(3) 1.7 (2) 1.2(1)
4 Zr1+ By 10 10 0.80 0.50 1.3(2) 0.4 (1) 1.8(2) 1.4(2) 0.9 (2)

aPolymerizations carried out on high vacuum line at>24in 100 mL of toluene under 1 atm of ethylene pressBigram polymer/[(mole of cationic

metallocenejtnrh]; estimated uncertainties indicated in parenthe3€wlculated fromtH NMR spectrad Units are branches/1000 carbon atoms; estimated

uncertainties indicated in parentheses. Numbers of branches are calculated from the integt&BdiMR resonances at chemical shiftsdfl1.26 ppm

(CHjs of ethyl branch), 12.75 ppm (2-ethyl branch), 23.41 ppbuty! branch), 36.6 ppm (2-alkyl branch), and 38.21 ppm (CH of longer branches). Branching

assignments according to ref 13.

experiments were conducted in a manner parallel to the abovetimes the quantity of 1-hexene incorporation. THE NMR

homopolymerizations.

VI. Ethylene + a-Olefin Copolymerization Experiments.
Ethylene+ 1-hexene copolymerizations with the four combina-

spectra of these four polymer samples are shown in Figure 4S.

Interestingly, the3C NMR data also reveal that the macro-
molecules produced in the copolymerization experiments contain

tions of CGC catalysts and borate cocatalysts illustrated in the similar quantities of ethyl branches as in the aforementioned
catalyst nuclearity matrix of Scheme 2 were carried out under ethylene homopolymerizations. In other words, ethyl branching
identical reation conditions and to essentially identical conver- in the homopolymer chains is still significantly enhanced as
sions (see Experimental Section for details). Polymerization datathe catalyst/cocatalyst nuclearity is increased, consistent with a
are collected in Table 9. It can be seen that polymerization model in which enhanced ethyl branch formation is due
activities and product molecular weights are only slightly more predominantly to intramolecular binuclear enchainment effects
catalyst/cocatalyst dependent than for the previously discussedand that this process operates essentially independently of the
ethylene homopolymerizations. For the copolymerizations, 1-hexene enchainment. It is reasonable in this scenario that
activity falls more and molecular weight increases more with similar quantities ofbutyl branches are introduced by mac-
increasing catalyst/cocatalyst nuclearity. The 1-hexene incor- romonomer reinsertion other than via 1-hexene incorporation.

poration in the polymeric products can be assayed int#@e
NMR by the formation oftbutyl branched? As can be seen
from Figure 6B, the catalyst derived from bimetallic complex
Zr » and bifunctional cocataly®, incorporates> 3 times more
"butyl branches than that derived from monometaflig and
monofunctional cocatalysB;. Moreover, by simply using
bifunctional cocatalysB, instead of monofunctional cocatalyst
B1, the same metallocer# ; produces polymer with nearly 2

In an effort to further discriminate between addealefin
versus possible enchainment processes involving ethylene-
derived oligomers, experiments were also carried out with an
odd carbon numben-olefin. Thus, ethylenet+ 1-pentene
copolymerizations were carried out under conditions identical
to those of the earlier experiments. Polymerization data are
summarized in Table 10. The 1-pentene incorporation in the
polymer can be assayed by the formatiommfopyl branches
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Table 10. Ethylene/1-Pentene Copolymerization Data for Metallocenes Zr, and Zr;, Cocatalysts B, and B12
entry no. catalyst umol of cat.  umol of cocat. [PIM reaction time (h) polymer yield (g) activity® (x 10°) ethyl? branch propyl“branch My (x 10)
1 Zr,+ By 5.0 5.0 0.80 1.50 1.59 106 (11) 10 (1) 43 (3) 9.5
2 Zr,+2B; 5.0 10 0.80 1.20 1.64 137 (20) 3.5(2) 16 (1) 55
3 2Zr1+B; 10 5.0 0.80 1.00 151 151 (20) 9.0 (2) 20 (1) 5.1
4 Zri1+ B, 10 10 0.80 0.75 1.47 196 (20) 2.0(2) 11 (1) 6.3

aPolymerizations carried out on high vacuum line at°@4in 100 mL of toluene under 1 atm of ethylene pressi@ram polymer/[(mole of cationic
metallocenetnrh]; estimated uncertainties indicated in parenthes€slculated fron#H NMR spectrad Units are branches/1000 carbon atoms; estimated
uncertainties indicated in parentheses. Numbers of branches are calculated from the integt8@ddMR resonances at chemical shiftsdofl1.26 ppm
(CHs of ethyl branch), 12.75 ppm (2-ethyl branch), 23.41 pfbutyl branch), 36.6 ppm (2-alkyl branch), and 38.21 ppm (CH of longer branches). Branching

assignments according to ref 12.
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Figure 7. (A) Average number of ethyl antpropyl branches per 1000 C
atoms in the ethylene/1-pentene copolymers prepared in ethylene
1-pentene copolymerization by the cataly&ts + By, Zr, + By, Zr; +

B,, and Zr1 + B; corresponding to the experiments in Table 10. (B)
Comparison of polyethylene ethyl branch evolution with conversion for
three catalystcocatalyst pairs. Lines through the data points are drawn as
a guide to the eye.

[X3C chemical shifts ab 34.51 CH,CH,CHjz), 20.33 (CHCH,-
CHg), 14.66 (CHCH,CH3)],*® and 2-"propyl branches!fC
chemical shifts a 21.32 (CHBCH,CHs)].231t was demonstrated

in the ethylene homopolymerization experiments (vide supra)
that negligiblepropyl branches are introduced by macromono-
mer reinsertion. As can be seen from Table 10 and Figure 7,
the catalyst derived from bimetalliér, and bifunctionalB,
produces>4 times morépropyl branches than that derived from
monometallicZr; and monofunctionaB; (somewhat greater
comonomer incorporation than with larger 1-hexene). By using
bifunctional cocatalysB, instead of monofunctional cocatalyst
B1, Zr1 produces polymer with nearly 2 times the amount of
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1-pentene incorporation. THEC NMR spectra of the four
polymer samples are shown in Figure 8.

VII. Experiments with Deuterated o-Olefins. In attempting
to understand the nature of the enhanaeolefin binding and
enchainment within the polynuclear ion pair structures, the
integrity and influence of the substrate—®& bonds was
examined via isotopic labeling. This would probe whethetC
bond scission and positional scrambling might occur during the
selective enchainment process by the highly electrophilic metal
centers or whethex-H agostic (or any other type of agost)
or M—H/C—H equilibria (detectable via significant kinetfoor
possibly equilibrium isotopé effects) might be important.
Therefore, ethylené- 1-pentene copolymerization experiments
involving competition between a deuterated pentene with the
label deliberately chosen to be remote from the double bond
(i.e., nonallylic, nonvinylic CH=CHCH,CD,CDs) and 1-pen-
tene were carried out. Ethylene copolymerizations with 1-pen-
tene and 1-pentends(1:2.9(1) ratio) were run under identical
conditions for both monometalliér ; catalyst+ monofunctional
cocatalystB; and bimetallic metallocengr, + bifunctional
cocatalysB,. The3C NMR spectra of the two polymer samples
are shown in Figure 5S. Because of isotope effects on the
chemical shifts, the CP resonances of the GBD,CDj;
branches appear at19.2 ppm (quintetlJc—p = 18.7 Hz) in
the 3C NMR spectra displaced fromd 20.3 ppm for the
corresponding CH in nondeuteratedpropyl branches. The
detailed assignments of the chemical shifts are shown in Figure
5S and Table 11. In the copolymer produced by the active
catalyst derived from monometalliér, and monofunctional
cocatalysBj, the ratio of 1-pentene:1-pentedgincorporation
is 1.00:2.91, yielding a calculated deuterium isotope effiegt (
ko) of 1.0(1). Furthermore, the spectra reveal negligible
scrambling of the isotopic label over the 1-pentene skeleton or
transfer of the label from labeled to unlabekeablefin. Such a
small isotope effect is consistent with negligible rate-limiting
biasing of 1-pentene versus 1-pente@nchainment pathways

(20) (a) Prosenc, M. H.; Brintzinger, H. KDrganometallics1997, 16, 3889—
3894. (b) Grubbs, R. H.; Coates, G. Wcc. Chem. Re4.996 29, 85-93.
(c) Prosenc, M. H.; Janiak, C.; Brintzinger, H. Brganometallics1992
11, 4036-4041. (d) Cotter, W. D.; Bercaw, J. H. Organomet. Chem.
1991, 417, C1-C6. (e) Krauledat, H.; Brintzinger, H. FAngew. Chem.,
Int. Ed. Engl.199Q 29, 1412-1413. (f) Piers, W. E.; Bercaw, J. B. Am.
Chem. Soc199Q 112 9406-9407. (g) Brookhart, M.; Green, M. L. H.;
Wong, L. L. Prog. Inorg. Chem1988 36, 1—124. (h) Clawson, L.; Soto,
J.; Buchwald, S. L.; Steigerwald, M. L.; Grubbs, R. HAm. Chem. Soc.
1985 107, 3377-3378.

(21) (a) Slaughter, L. M.; Wolczanski, P. T.; Klinckman, T. R.; Cundari, T. R.
J. Am. Chem. So@00Q 122 7953-7975. (b) Schroder, D.; Wesendrup,
R.; Hertwig, R. H.; Dargel, T. K.; Grauel, H.; Koch, W.; Bender, B. R;
Schwarz, HOrganometallics200Q 19, 2608-2615. (c) Bender, B. RJ.
Am. Chem. S0d.995 117, 11239-11246. (d) Hostetler, M. J.; Bergman,
R. G.J. Am. Chem. S0d992 114, 787-788. (e) Luo, X. L.; Crabtree, R.
H.J. Am. Chem. S0d.99Q 112 6912-6918. (f) Calvert, R. B.; Shapley,
J. R.; Schultz, A. J.; Williams, J. M.; Suib, G. L.; Stucky, G. D.Am.
Chem. Soc1978 100 6240-6241.
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Figure 8. 13C NMR spectra (100 MHz) of ethylene/1-pentene copolymers (omitting the terminal olefinic end group region) prepared in-ethypemeene
copolymerization by the catalys®& , + By, Zr, + 2 By, 2 Zr; + By, andZr; + B; corresponding to the experiments in Table 10.

o
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Table 11. Ethylene/[1-Pentene + CH,=CHCH,CD,CD3] Copolymerization Data?

entry no. catalyst umol of cat. umol of cocat. [P+P-ds ] M [P]:[P-ds] reaction time (h) polymer yield (g) activity® (x 10%) M€ (x 10%)
1 Zro+ By 5.0 5.0 0.53 1:2.9 1.50 1.89 126 (13) 9.7
2 Zr1+ By 10 10 0.53 1:2.9 0.75 1.59 212 (21) 6.6
entry no. catalyst umol of cat.  umol of cocat. [P:[Pd-ds)  ethylYbranch  propyl“branch  2-propylbranch  propyl-ds® branch 2-propyl-ds? branch ki/ko
1 Zro,+ By 5.0 5.0 1:2.9(1) 13 (1) 11 (1) 1.5() 35 (4) 5.5 (6) 0.90 (9)
2 Zr1+ By 10 10 1:2.9(1) 3.7(4) 3.3(3) 0.72 (7) 9.7 (9) 2.0(2) 1.0(1)

a Polymerizations carried out on high vacuum line af@4n 100 mL of toluene under 1 atm of ethylene pressure, the ratio of 1-pentene and 1-pntene-
is 1:2.9(1).> Gram polymer/[(mole of cationic metallocerainrh]; estimated uncertainties indicated in parenthes€slculated fromtH NMR spectra.
d Units are branches/1000 carbon atoms; estimated uncertainties indicated in parentheses. Numbers of branches are calculated from thé #&gration o
NMR resonances at chemical shifts ®f11.26 ppm (CH of ethyl branch), 14.63 ppm (GHbf "propyl branch), 20.30 ppm (quintet, 2-@ED,CDs; and
CH,CH,CHs), 19.25 ppm (quintet, C}CD2CDs), and 21.32 ppm (2propyl branch). Branching assignments according to ref 13.

via agostic or other interactions between the monometallic Zr Discussion

electrophile and €H bonds at the 4 and 5 positions of the ~ The present data indicate that as the nuclearity matrix of
1-pentene. In the copolymer produced by the active catalyst Scheme 1 is traversed from lower to higher nuclearity, both
derived from bimetallic metallocerir , + bifunctional cocata- the extent of low conversion level ethyl branching in the
lyst B, the ratio of incorporation of 1-pentene and 1-pentene- ethylene homopolymer microstructures and the relative rates
ds is 1.00:3.24, yielding a calculated kinetic deuterium isotope of a-olefin comonomer enchainment in ethylettel-hexene
effect ku/kp) of 0.90(9). These results show that any-ia/ or l-pentene copolymerizations are substantially enhanced.
C—D kinetic or equilibrium isotope effects on the enchainment Concurrently, there is a significant increase in product molecular
process is at the instrumental detection limits. Additionally, there Weight for the highest nuclearity catalyst. The homopolymer-
is no evidence of label scrambling in the product polymer ization effect to yield enhanced ethyl branching does not require

samples. The detailed branching information is summarized in the buildup and subsequent intermolecular re-enchainment of
Table 11. exogenous vinyl-terminated ethylene oligomers, although this

) ) process is detectable at longer conversion times. Additionally,
Interestingly, the macromolecules produced in all copoly- cata1yst and cocatalyst nuclearity effects on these processes are
merization experiments have similar quantities of ethyl branches approximately additive, with the dianion effect being slightly

as in the ethylene homopolymerizations. In other words, ethyl |arger (Figures 47, 9). The data reveal that the homo- and
branching in the homopolymer chains is still significantly copolymerization effects operate essentially independently, and
enhanced as the catalyst/cocatalyst nuclearity increases, whiclignificant G-H/C—D kinetic or equilibrium isotope effects on

is consistent with the hypothesis that the enhancement in ethylthe a-olefin enchainment process are not detectable &sisgs
branch formation is due to intramolecular bimetallic cooperative remote from the €C unsaturation. All catalytic systems
effects. evidence increases in other (longer) branch structures as
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Figure 9. (A) Comparison of polyethylenkl,, evolution with conversion
for three catalystcocatalyst pairs. (B) Comparison of polyethylene+€
higher branch evolution with conversion for three catatysicatalyst pairs.
Lines through the data points are drawn as a guide to the eye.

conversion proceeds. In the sections below, we discuss the likely

origins of these unprecedented catatysbcatalyst nuclearity
effects.

Chain Transfer Mechanism. 5-Hydride transfer from the
growing polymer chain directly to coordinated/activated mono-

mer has been reported to be the dominant chain termination

process in some ethyler@ropylene copolymerizations, as well
as some ethylene and propylene homopolymerizafib#s'820
For the active catalyst derived from bimetalidc, + bifunc-
tional B,, or from monometalli&r 1 + monofunctionaB, the

polymers produced at 5.0 atm ethylene pressure have molecula

weights experimentally indistinguishable from those produced
under the same conditions but at 1.0 atm ethylene pressur
(Tables 6a, 7a). This argues that dirgeH transfer from the
growing polymer chain to coordinated/activated ethylene pre-
dominates (conventiongtH transfer to Zr would increasd,
by ~5 times), which, as will be seen, is consistent with the
observation that most of the excess polyethylene branches ar
ethyl branches.

II. Nuclearity Effects on Ethylene Polymerization. There
are two plausible pathways for the preferential formation of ethyl
branches observed in the present study. One pathway is throug
conventional monometallic macromonomer elimination followed
by 1,2 intermolecular reinsertion at an ethyl cation produced
by chain transfer to monomer (e.g., Scheme 1 combined with
egs 3 and 4). 1zzo et al. recently proposed a mononuclear varian
of this type of process for enhanced ethyl branchinghgse
EBIZrCl, + MAO-mediated ethylene homopolymerization (the
macromonomer is conjectured to remain bound to the cationic
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€

metal center at all times although conversion-dependent studies
were not reportedy There is now ample precedent foralefin
complexeg® A pathway more consistent with the present
observations invokes a new type of bimetallic cooperative
enchainment process. A plausible scenario is shown in Scheme
9A. Here the eliminated oligomeric or polymeric vinyl mac-
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romonomer chain produced at one catalytic center is stabilized
by binuclear interactiongpresumably agosticthe importance

of mononuclear examples is of course well-established in
cationic ¢ polymerization systend® involving the adjacent
cationic metal center, and the weakly bound oligomeric/
polymeric chain therefore has an enhanced probability of
subsequent intramolecular re-enchainment with 1,2 regiochem-
istry at a proximate Zr-ethylor Zr—Pcatalytic site. That the
product polyethylene microstructural data indicate that ethyl
branch formation is preferred at low conversions over the
formation of other longer, even carbon number branches likely
reflects the combined predominance of a Zr-ethigirming
chain transfer pathway (vs more sterically demanding insertion
into the Zr— P* bond) combined with favorable intradimer
oligomer/polymer insertion versus that of competing ethylene
insertion. In addition, a minimally encumbered Zr-ethgroup

may be more reactive with respect to macromonomer reinsertion
and may be stabilized bg-agostic interactions under these
conditions. This model is consistent with the general increase
in product molecular weight with increasing nuclearity. Another
less plausible variant (Scheme 9B) requires that chain transfer
to monomer followed by a single ethylene insertion afford a
uniquely stable or reactivébutyl fragment at one Zr center.
This would then engage in agostic interactions with the second
Zr center, and subsequedH transfer from thébutyl chain to

Fr results in the formation of a weakly bound 1-butene fragment.
An enhanced probability of 1-butene reinsertion (with 1,2 or
2,1 regiochemistry) at the second, proximate Zr center then
forms an ethyl branch. In thgr, polymerization system, the
data suggest that intramolecular pathways to branched structures
are significantly more favorable than intermolecular pathways
and that this effect is enhanced in the presence of the binuclear
ecocatalyst.

(22) Chen, M.-C.; Marks, T. . Am. Chem. SoQ001, 123 11803-11804.
(23) (a) Carpentier, J.-F.; Maryin, V. P.; Luci, J.; Jordan, RJFAm. Chem.
Soc. 2001 123 898-909. (b) Carpentier, J.-F.; Wu, Z.; Lee, W. C;
Strémberg, S.; Christopher, J. N.; Jordan, RJFAm. Chem. So200Q
122 7750-7767. (c) Casey, C. P.; Carpenetti, D. W.,@rganometallics
200Q 20, 3970-3977. (d) Casey, C. P.; Carpenetti, D. W., II; Sakurai, H.
J. Am. Chem. S0d.999 121, 9483-9484. (e) Abrams, M. B.; Yoder, J.
C.; Loeber, C.; Day, M. V.; Bercaw, J. Brganometallics1999 18, 1389-
1401. (f) Galakhov, M. V.; Heinz, G.; Royo, Ehem. Commun1998
17-18. (g) Casey, C. P.; Fagan, M. A.; Hallenbeck, SOrganometallics
1998 17, 287-289. (h) Casey, C. P.; Hallenbeck, S. L.; Wright, J. M.;
Landis, C. RJ. Am. Chem. S0d.997 119, 9680-9690. (i) Temme, B.;
Karl, J.; Erker, G.Chem. Eur. J.1996 2, 919-924. (j) Casey, C. P;
Hallenbeck, S. L.; Pollock, D. W.; Landis, C. B. Am. Chem. Sod.995
117, 9770-9771. (k)\Wu, Z.; Jordan, R. B. Am. Chem. Sod.995 117,
5867-5868.
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Scheme 9. Pathways for Ethyl Branch Formation in Ethylene Homopolymerization Mediated by Binuclear Catalysts
A. Macromonomer insertion
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According to Scheme 9A, the ethyl branch content formed process is sterically sensitive (supported by the copolymerization
via an exclusively intramolecular pathway should be ap- experiments-see below).
proximately constant over the time course of the polymerization =~ As noted above, polymevl, values are virtually insensitive
reaction (assumingk(ethylene chain transfer)[ethylene} to ethylene pressure. In regard to branching, the data in Tables
k(macromonomer chain transfer)[macromonomer]). At the 6 and 7 suggest that increasing the monomer concentration by
beginning of the polymerization process, any free macromono- 5 times reduces the level of ethyl branching at constant
mer concentration should be low and the ethyl branches conversion levels by-30—50% (Table 6 entries 1, 5; Table 7,
introduced (8.4 branches/1000C) would form predominantly via entries 4, 6). This result cannot be simply explained by enhanced
the intramolecular pathway. It is then reasonable to assume thakethylene propagation rateskfethylene propagation)[ethylene]/
the additional quantities of product ethyl branches (as well as k(ethylene chain transfer)[ethylene] remains essentially constant.
other longer branches) formed after the beginning of the Rather, it is plausible that ethylene competition for the poly-
polymerization arise from leakage of chain transfer products nuclear macromonomer binding site in Scheme 9A competitively
from the confines of the polynuclear ion pairs, followed by re- introduces ethylene in the “reinsertion” step.
enchainment via a conventional intermolecular reinsertion Table 8 presents ethylene polymerization data for monome-
pathway (Scheme 1). For example, the difference in the ethyl tallic Zr, activated by bifunctionalB, as a function of
branch content between the 4.10-g polymer sample producedpolymerization reaction time. Again, the catalyst propagation/
during a 6.50-fZr ; + B, mediated polymerization reaction (4.6 chain transfer rate ratio is clearly very stable under these
branches/1000C) and the 0.1-g polymer sample produced duringpolymerization conditions, and there is no evidence of significant
a 0.15-h reaction time (Table 7) should assay approximately mass transfer effects. The average ethyl branch content along
the contribution of the intermolecular macromonomer reinsertion with the content of longer branches increase over the course of
pathway, assuming the inter- and intramolecular pathways the polymerization because of the combination of the afore-
operate independently. In other words, the average content ofmentioned intramolecular bimetallic cooperative effect and
ethyl branches in the 4.10-g polymer sample would~BE6 intermolecular macromonomer reinsertion (Figures 7B, 9B).
branches/1000C if no intramolecular bimetallic capture pathway Again, the polyethylene molecular weight remains nearly
were operative during the polymerization reaction. Consistent constant (Figure 9A). As can be seen graphically from Figure
with this scenario, the average content of ethyl branches in the6A, both intramolecular bimetallic cooperative and intermo-
4.50-g polymer sample produced by monometali¢ activated lecular macromonomer re-enchainment pathways are important
by B; is ~4.3 branches/1000C (Table-6)n good agreement in the formation of ethyl branches in the 2r; + B
with the above estimate. These data are graphically illustrated polymerization system. However, because of the presumably
in Figure 7B. That the product molecular weight is relatively looser contact (electrostatic only) between the two catalytic
insensitive to conversion (Figure 9A) suggests that the fragmentscenters, the data suggest that the quantity of ethyl branching
are of relatively low molecular weight or the re-enchainment introduced via the intramolecular pathway is considerably less
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than that introduced byr, + B,. The 3C NMR spectra of Scheme 10. Pathways for a-Olefin Enchainment in Binuclear
these three polymer samples are shown in Figure 3S. Catalyst Mg"ated Ethylene Polymerization
As can be seen from Figures 3, 1S, 2S, and 3S, there is @/X CH/P1
negligible methyl, propyl, and pentyl branching observed in the L,M—CH; ™ ?
13C NMR spectra of all the aforementioned ethylene homopo-
lymerization samples. This argues that macromonomer reinser- +
tion in both intra- and intermolecular pathways occurs predomi-
nantly via 1,2-regiochemistry, presumably reflecting steric
constraints. L,M—CH, P,
The mechanistic scenario advanced here assumes that the "-.@ CH,
catalytically active ion pairs employed behave largely as X
unaggregated (1:1, 1:2, or 2:1 ion pairs) species. A question
has recently been raised on the basis of pulsed gradient spin
echo (PGSE) NMR experiments as to whether metallocene ion o
pairs might be associated (e.g., as quadrupfe®xtensive ﬁXe P ®/X /
studies of organic electrolytes in low dielectric solvents find LZ%;CHZ/CHZ
that in general, when cations and anions are comparable in “h\ R
dimensions, association is unimportant at solution concentrations C\“"
below ca. 104-10"> M.?5 In the present study, catalyst CH,
concentrations were maintained in the 5A0°-1.0 x 1074 c/e ® |-
M range, and for &r , + B, experiment, results were invariant Lﬁ/\cm L,M—CH, /C
over a 5-fold excursion in concentration (see discussion above; Y "
Table 7). In recent work on anion effects in syndiotactic
propylene polymerization, which is extremely sensitive to ion R = CH,, CH,CH,
pairing, no effects on enchainment stereochemistry were
observed over a 31-fold concentration rafgé work to be
published elsewhere, we show both by cryoscopy and carefully
calibrated PGSE NMR studies on a broad series of metallocene
ion pairs that most species remain unaggregated even in
concentration ranges above those used Here. We have synthesized the binuclear “constrained geometry
I. Nuclearity Effects on Ethylene + a-Olefin Copoly- catalyst” (CGC), f-CHCHz-3,3){(n>-indenyl )[1- MesSi-
merization. (‘BUN)](ZrMey)} 2 [EBICGC(ZrMey),; Zr 5] and the trityl bisbo-
Both the ethylenet 1-hexene and ethyleneé 1-pentene  rate dianion, (P§C")z[1,4-(CsFs)3BCsFaB(CsFs)s]?™ (B2) to
copolymerization data indicate that closer contact between two serve as new types of multicenter single-site olefin polymeri-
catalytic centers leads to significantly higher extents of comono- zation catalysts and cocatalysts, respectively. Regarding olefin
mer enchainment, with the effect being greater for the smaller homopolymerization, increased effective local active site con-
a-olefin. As proposed above, it is likely that coordination of centrations and bimetallic cooperative effects are observed upon
o-olefin to a cationic metal center is stabilized by a secondary, pringing the catalytic centers into close proximity via covalent
possibly agostic interaction with the proximate cationic metal ; glectrostatic bonding. Monometallic complex [148&3-

center, which may facilitate/stabilize-olefin capture/binding ethylindenyl) BuN)]ZrMe; (Zr 1) was synthesized as a mono-
at the metal center and enhance the subsequent enchainme clear control. For ethylene homopolymerization, the branch

probability (Scheme 10). Furthermore, it is possible that the i N .
binding of thea-olefin partially blocks/competes for ethylene content of the polyolefin products, primarily ethyl branches, is
significantly increased as the catalyst or cocatalyst nuclearity

activation and enchainment sites, explaining the reduced po-"~ 4 whil | . L q d
lymerization activity, especially for the higher nuclearity sites. Is increased while polymerization activities and product mo-

The selectivity between 1-pentene and 1-hexene enchainmenfecular weights vary only modestiyvk, is greatest foZr, +
helps explain the relative constancy of molecular weights as a B2)- The predominant ethylene chain transfer pathway in both
function of conversiorlarger, sterically more encumbered the Zri + By and Zr; + B; systems is chain transfer to
fragments are not readily re-enchained. As noted above, thesgmonomer. Compared to the catalyst derived from monometallic
processes occur without detectable scrambling of aliphatielC ~ Zr1 and monofunctional cocatalyst 1 B(CsFs)s~ (Ba), the
bonds at the 4 and 5 positions of deuterium-labeled 1-penteneactive catalyst derived from bimetalliér, and bifunctional
nor with a statistically significant enchainment kinetic/equilib- cocatalystB, introduces~11 times more ethyl branches in
rium C—H/C—D isotope effect involving these positions. ethylene homopolymerization. In th& ; + B; polymerization
) — system, ethyl (and longer) branches probably arise predomi-

(24) (a) Beck, S.; Lieber, S.; Schaper, F.; Geyer, A.; Brintzinger, Hl-tAm. . . . . .

Chem. Soc2001, 123 1483-1489. (b) Beck, S.: Geyer, A.: Brintzinger, ~ hantly via a conventional 1,2 intermolecular reinsertion process

H.-H. Chem. Commuri999 2477 -2478. involving an ethyl cation. Importantly, however, a heretofore

(25) (a) Gordon, J. E. lithe Organic Chemistry of Electrolyte Solutip@ah,

G. A, Ed.; Interscience Monographs on Organic Chemistry; Wiley: New unidentified mutlicenter enchainment pathway is operative in
York, 1975; Chapter 1. (b) Kraus, C. A. Phys. Chem1956 60, 129— . .
141 and references therein. (c) Young, H. S.; Kraus, CJ.AAm. Chem. the formation of ethyl branches in tif& , + B, Zr; + B, and
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Soc 1951, 73, 4732-4735. (d) Copenhafer, D. T.; Kraus, C. A. Am. H H
Chern. S0c1951 73, 45574561, Zr.z + _Bl .polymerlzatl.on systems. Here, macromonome_r
(26) Stahl, N.; Marks, T. J., manuscript in preparation. reinsertion is largely an intradimer process, the data suggesting
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that the eliminated macromonomer chain produced at onehence offer the potential of creating new macromolecular
catalytic center is stabilized/detained by bimetallic (presumably architectures. These possibilities are currently under investiga-
agostic) interactions involving the adjacent cationic metal center tion and results will be reported in due coufge.

and that thisx-olefin fragment is subsequently enchained in a
1,2 regiochemistry. For ethylene 1-hexene and ethylene
1-pentene copolymerizationg;olefin incorporation is signifi-
cantly enhanced as catalyst or cocatalyst nuclearity is increase
For example, compared to the catalyst derived from monome-
tallic metalloceneZr ; and monofunctional cocatalyst §81 B-
(CgFs)4~ (By), the active catalyst derived from bimetalli ,

and bifunctional cocatalysB, introduces~3 times more Supporting Information Available: Experimental section.
1-hexene incorporation in ethylene/1-hexene copolymerization Figures 1S,2S,3S,4S,5S. Complete X-ray experimental details
and ~4 times more 1-pentene incorporation in ethylene/l- and tables of bond lengths, angles, and positional parameters
pentene copolymerization. A mechanism in which d¢helefin for the crystal structures df, Zr1, and4 (PDF). Diagram of
comonomer is bound within the multinuclear ion pair in a high-pressure polymerization reactor. This material is available

manner analogous to that is the ethylene homopolymerizationfree of charge via the Internet at http:/pubs.acs.org.
and hence has a higher probability of enchainment and is

consistent with the data. The results of this study indicate that JA0201698
multinuclear single-site catalysts and cocatalysts can be designeg
which effect unusual cooperative enchainment processes an
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