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ABSTRACT: The heterobimetallic complexes, (η5-indenyl)[1-
Me2Si(

tBuN)TiCl2]-3-CnH2n-[N,N-bis(2-(ethylthio)ethyl)-
amine]CrCl3 (n = 0, Ti-C0-Cr

SNS; n = 2, Ti-C2-Cr
SNS; n = 6, Ti-

C6-Cr
SNS), (η5-indenyl)[1-Me2Si(

tBuN)TiCl2]-3-C2H4-[N,N-bis-
((o-OMe-C6H4)2P)amine]CrCl3 (Ti-C2-Cr

PNP), and (η5-
indenyl)[1-Me2Si(

tBuN)TiCl2]-3-C2H4-[N,N-bis((diethylamine)-
ethyl)-amine]CrCl3 (Ti-C2-Cr

NNN), are synthesized, fully char-
acterized, and employed as olefin polymerization catalysts. With
ethylene as the feed and MAO as cocatalyst/activator, SNS-based
complexes Ti-C0-Cr

SNS, Ti-C2-Cr
SNS, and Ti-C6-Cr

SNS afford
linear low-density polyethylenes (LLDPEs) with exclusive n-butyl
branches (6.8−25.8 branches/1000 C), while under identical
polymerization conditions Ti-C2-Cr

PNP and Ti-C2-Cr
NNN produce polyethylenes with heterogeneous branching (C2, C4, and

C≥6) or negligible branching, respectively. Under identical ethylene polymerization conditions, Ti-C0-Cr
SNS produces

polyethylenes with higher activity (4.5× and 6.1×, respectively), Mn (1.3× and 1.8×, respectively), and branch density (1.4× and
3.8×, respectively), than Ti-C2-Cr

SNS and Ti-C6-Cr
SNS. Versus a CGCEtTi + SNSCr tandem catalyst, Ti-C0-Cr

SNS yields
polyethylene with somewhat lower activity, but with 22.6× higher Mn and 4.0× greater branching density under identical
conditions. In ethylene +1-pentene competition experiments, Ti-C0-Cr

SNS yields 5.5% n-propyl branches and 94.5% n-butyl
branches at [1-pentene] = 0.1 M, and the estimated effective local concentration of 1-hexene is ∼8.6 M. In contrast, the tandem
CGCEtTi + SNSCr system yields 91.0% n-propyl branches under identical reaction conditions. The homopolymerization and 1-
pentene competition results argue that close Ti···Cr spatial proximity together with weak C-H···Ti and C-H···S interactions
significantly influence relative 1-hexene enchainment and chain transfer rates, supported by DFT computation, and that such
effects are conversion insensitive but cocatalyst and solvent sensitive.

1. INTRODUCTION

Much research in homogeneous multimetallic catalysis focuses
on mimicking the cooperative properties of enzymes1 in the
quest for more efficient/selective catalytic transformations (e.g.,
urease,2 alkaline phosphatase;3 Chart 1). Many metalloenzymes
containing two or more metal centers mediate the cooperative
binding, activation, and conversion of otherwise challenging
substrates, due to conformational control, high local reagent
concentrations, and preorganization of reactive species.5

Similarly, solution-phase abiotic multimetallic cooperative
catalysis has advanced over the past decade,6 with impressive
examples of homo- and heteronuclear complexes cooperatively
activating both reagents in bimolecular reactions, overcoming
entropic constraints, and recognizing functional groups and/or
prochiral faces.6c This strategy has been applied in a variety of
catalytic transformations, including epoxidations,7 olefin hydro-
genation and hydroformylation,6b and coordinative polymer-
izations (Chart 1).8 Regarding single-site olefin polymerization
catalysis,9 we previously identified distinctive (metal center)···
(metal center) cooperative effects in covalently linked,
homobimetallic group 4 Cn-CGC

2-M2, M = Ti, Zr; n = 1, 2

constrained geometry10,11 as well as group 4 FI2-M2, (M = Ti,
Zr)12 and group 10 FI2-Ni2 phenoxyiminato olefin polymer-
ization catalysts.13,14 Both homobimetallic catalyst families
exhibit remarkably enhanced polyethylene Mns, chain branch-
ing, and comonomer enchainment selectivity versus the
monometallic counterparts CGC-M, FI-M (M = Ti, Zr), and
FI-Ni, respectively. A complementary approach to covalently
and electrostatically linked15 bimetallic catalysts is tandem
olefin polymerization catalysis.16 Here, mixtures of oligomeriza-
tion + polymerization catalysts have attracted attention since
they economically utilize ethylene as the only feed.17 However,
tandem catalytic systems confront multiple issues: (1) the
efficiency of elimination + intermolecular enchainment
sequences is challenged at low catalyst concentrations; and
(2) α-olefin incorporation is sensitive to the conversion time. A
different strategy which in principle offers far greater catalyst
structural and stoichiometry control over the polymerization
process, but which is synthetically more challenging, imple-
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ments covalently joined heterobinuclear catalysts.18 In the most
striking example to date,19 complex Ti-C2-Cr

SNS (Chart 2), a
very active Ti constrained geometry olefin polymerization/
copolymerization catalyst10a (CGCEtTi, Chart 2) is paired with
an ethylene trimerization selective20 bis(thioether)amine Cr-
(III) catalyst SNSCr (Chart 2).21 The individual metal centers
exhibit two distinctly different mechanisms for olefin polymer-
ization/copolymerization (Ti center) and ethylene trimeriza-
tion (Cr center): chain propagation and transfer at Ti follow
classic single-site propagation and chain transfer pathways,22,23

while 1-hexene formation at Cr takes place via oxidative-
addition/reductive-elimination sequences and a metallacyclo-
heptane.24 Importantly, with ethylene as the only feed, Ti-C2-
CrSNS was shown to produce LLDPE with Mws as high as 460
kg·mol−1 and exclusively n-butyl branches in conversion-
insensitive densities of ∼18 branches/1000 carbon atoms,
which are SNSCr mixture (conversion dependent) under
achieved by tandem mononuclear CGCEtTi + SNSCr mixtures
under identical reaction conditions. Interestingly, the previous
studies of homobimetallic group 4 CGC catalysts suggest that
the magnitude of cooperative effects, as indexed by product Mw
and comonomer enchainment selectivity, roughly scales
inversely with metal···metal distance.8a This raises the
intriguing question of whether and in what way Ti-Cn-Cr

SNS

mediated cooperative enchainment effects might vary, if at all,
with group 4 metal···group 6 metal proximity.

Here we report the synthesis and full characterization of a
series of Ti-Cn-Cr

SNS catalysts where the bridge length n is
varied from 0 to 2 to 6 (Chart 2). In ethylene
homopolymerization experiments it will be seen that enchain-
ment cooperativity and the ability of exogenous 1-pentene to
compete with 1-hexane for enchainment vary dramatically with
bridge length, with the n = 0 heterobimetallic catalyst achieving
almost complete 1-pentene exclusion. Homopolymerization,
copolymerization, and DFT computational results argue that
accessible Ti···Cr proximity significantly influences chain
transfer rates and selectivity for 1-hexene enchainment in a
mechanistically understandable way and that such effects are
both cocatalyst and solvent sensitive. In addition, Ti-C2-Cr

PNP

and Ti-C2-Cr
NNN (Chart 2) having different Cr ligation (PNP

= (o-MeO-C6H4)2PN(Me)P(o-MeO-C6H4)2],
25 NNN =

[(C2H5)2-N-C2H5-]2N(Et)
26) are synthesized and character-

ized. Ethylene homopolymerization experiments reveal that Ti-
C2-Cr

PNP produces LLDPE with heterogeneous branching,
while Ti-C2-Cr

NNN yields exclusively linear polyethylene.

2. RESULTS
The goal of this investigation is to investigate the scope and
mechanism of cooperative enchainment effects between two
mechanistically dissimilar yet proximate active catalytic centers,
exploring the metrics of polyethylene chain branch densities
and molecular masses. First, the synthesis and structural
characterization of three Ti/Cr catalysts (Ti-Cn-Cr

SNS, n = 0,
2, 6) covalently linked by a -CnH2n- bridge are described.
Second, the effects of varying the metal···metal proximity on
the ethylene homopolymerization phenomenology are ex-
plored, including proximity effects on the activity, branch
type and density, polymer molecular mass, and competing
comonomer enchainment. This mechanistic information is
further interpreted with DFT computation. Third, the effects of
different cocatalyst and polar solvents on ethylene polymer-
ization are discussed. Finally, Ti-C2-Cr

PNP and Ti-C2-Cr
NNN are

also synthesized and investigated for ligand framework effects
on enchainment cooperativity.

2.1. Synthesis of Binuclear Ligands. The syntheses of
ligands H2CGC-C0-SNS, H2CGC-C2-SNS, and H2CGC-C6-
SNS employ different reaction pathways. Intermediate 3-
[(EtSCH2CH2)2N]-indene (1), for the synthesis of H2CGC-
C0-SNS, is obtained by reaction of 1-indanone with N,N-bis(2-
(ethylthio)ethyl)amine in refluxing toluene using a Dean−Stark
trap (Scheme 1). In contrast, binuclear ligands H2CGC-C2-
SNS and H2CGC-C6-SNS are prepared by the route outlined
in Scheme 1. Here 3-ethylamine-indene and 3-hexylamine-
indene are produced by the salt elimination reaction of lithium
indenide with 3-bromoethylamine and 6-bromohexylamine,
respectively. Condensations of 3-ethylamine-indene hydro-
bromide or 3-hexylamine-indene hydrobromide with 2.0
equ iv of 1 -bromo-2-(e thy l th io)e thane y ie lds 3 -
[ ( E t S C H 2 C H 2 ) 2 N C 2 H 4 ] - i n d e n e ( 2 ) o r 3 -
[(EtSCH2CH2)2NC6H12]-indene (3). The oily binuclear
ligands H2CGC-C0-SNS, H2CGC-C2-SNS, and H2CGC-
C6H12-SNS are then produced by nBuLi deprotonation of
indene derivatives 1, 2, and 3, respectively, followed by
sequential addition of Me2SiCl2 and tBuNH2. The reactions
proceed in high yield and afford products of high purity, as
confirmed by conventional spectroscopic and analytical
methodologies. The ligands H2CGC-C2-PNP and H2CGC-
C2-NNN were prepared in high yield via a methodology similar
to that used for H2CGC-C2-SNS (Scheme S1) and were

Chart 1. (A) Examples of Enzymatic Catalysis and (B)
Selected Examples of Abiotic Multimetallic Catalysts4

Chart 2. Heterobimetallic Olefin Polymerization Precatalyst
and Mononuclear Building Blocks
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characterized by standard spectroscopic and analytical
techniques.
2.2. Synthesis of Heterobimetallic Complexes. Ti-C0-

CrSNS, Ti-C2-Cr
SNS, and Ti-C6-Cr

SNS are synthesized as
outlined in Scheme 1. The first step is the synthesis of
monometallic titanium amido complexes CGCTi(NMe2)2-C0-
SNS, CGCTi(NMe2)2-C2-SNS, and CGCTi(NMe2)2-C6-SNS
via protodeamination of Ti(NMe2)4 with the free ligands
H2CGC-C0-SNS, H2CGC-C2-SNS, and H2CGC-C6-SNS,
respectively, in refluxing toluene with continuous removal of
the volatile HNMe2 byproduct. The shortest reaction time is
required for the metalation of CGCTi(NMe2)2-C6-SNS (1−2
days), while longer reaction times (5−10 days) are needed for
CGCTi(NMe2)2-C2-SNS and CGCTi(NMe2)2-C0-SNS, likely
due to differing steric restraints. Next, reaction of the Ti amido

complexes with excess Me3SiCl affords the monometallic
complexes CGCTiCl2-C0-SNS, CGCTiCl2-C2-SNS, and
CGCTiCl2-C6-SNS, which are purified by recrystallization
from pentane and characterized by standard techniques.
Subsequent overnight reaction of these complexes with
CrCl3(THF)3 in CH2Cl2 affords paramagnetic Ti-C0-Cr

SNS,
Ti-C2-Cr

SNS, and Ti-C6-Cr
SNS (Scheme 1), the constitutions of

which are confirmed by elemental analysis (Ti, Cr, C, H, N),
1H NMR spectroscopy (very broad), and MALDI-TOF MS. All
attempts to grow Ti-Cn-Cr

SNS crystals suitable for diffraction
studies yielded mixtures of uninformative byproducts, probably
due to the instability of the Cr center in the particular
crystallization solvents over prolonged times. In contrast, the
heterobimetallic Ti-Cr complexes are stable in the solid state
and under polymerization conditions (vide inf ra). High-
resolution MALDI-TOF using Ti-C0-Cr

SNS, Ti-C2-Cr
SNS, and

Ti-C6-Cr
SNS NALDI targets clearly reveals molecular parent ion

patterns corresponding to the [Ti-C0-Cr
SNSH]+, [Ti-C2-

CrSNSH]+, and [Ti-C6-Cr
SNSH]+ cations. Bimetallic complexes

Ti-C2-Cr
PNP and Ti-C2-Cr

NNN are synthesized by methodology
similar to that for Ti-C2-Cr

SNS (see Supporting Information).
All bimetallic complexes exhibit good stability in moderately
coordinating solvents, as confirmed by 1H NMR in THF-d8,
where the CrCl3 moiety is not displaced (vide inf ra).
DFT geometry optimizations for all three heterobimetallic

precatalysts were carried out to determine the average
proximities between the Ti and the Cr centers (Figure S3),
which are found to be 6.0 Å for Ti-C0-Cr

SNS, 8.1 Å for Ti-C2-
CrSNS, and 13.2 Å for Ti-C6-Cr

SNS. Comparison of the
geometrical parameters and charge distributions for Ti-C0-
CrSNS, Ti-C2-Cr

SNS, and Ti-C6-Cr
SNS shows interesting

proximity effects on the Ti coordination. Thus, different
distance distributions between the Ti center and the C atoms of
the Cp fragment are observed for Ti-C0-Cr

SNS versus Ti-C2-
CrSNS and Ti-C6-Cr

SNS as a consequence of differing
coordination characteristics (Table S3) and implying η3

coordination for Ti-C0-Cr
SNS versus η5 for Ti-C2-Cr

SNS and
Ti-C6-Cr

SNS. These results are in excellent agreement with the
experimental diffraction data for CGCTiCl2-C0-SNS and
CGCTiCl2-C2-SNS (See Supporting Information). The differ-
ent coordination types can be ascribed both to metal center−
metal center steric repulsion and the electronic effects of the
SNS nitrogen bond to the indenyl ring.

Scheme 1. Synthesis of Ligands H2CGC-C0-SNS, H2CGC-
C2-SNS, and H2CGC-C6-SNS and Heterobimetallic
Complexes Ti-C0-Cr

SNS, Ti-C2-Cr
SNS, and Ti-C6-Cr

SNSa

aMolecular structure of CGCTiCl2-C0-SNS. Thermal Ellipsoids are
drawn at the 50% probability level. H atoms are omitted for clarity.

Table 1. Ethylene Polymerization Data for CGCEtTi, SNSCr, CGCTiCl2-C0-SNS, CGCTiCl2-C2-SNS, CGCTiCl2-C6-SNS,
CGCEtTi + SNSCr, Ti-C0-Cr

SNS, Ti-C2-Cr
SNS, and Ti-C6-Cr

SNSa

entry catalyst PE (g) activityb (PE) oligomersc (g) activityd (oligomers) ρbr
e Mw

f (kg·mol−1) Mn
f (kg·mol−1) PDIf Tm

g (oC)

1 CGCEtTi 6.500 975.0 − − 0 42 16.8 2.5 128.4
2 SNSCr 0.045 6.7 0.490 73.5 0 144 65.3 2.2 133.6
3 CGCTiCl2-C0-SNS 0.165 24.7 − − 0 165 78.5 2.1 137.6
4 CGCTiCl2-C2-SNS 0.054 8.1 − − 0 77 24.0 3.2 136.8
5 CGCTiCl2-C6-SNS 0.077 11.5 − − 0 64 40.0 1.6 132.0
6 CGCEtTi + SNSCr 3.200 480.0 0.204 30.6 6.4 26 11.4 2.3 125.9
7 Ti-C0-Cr

SNS 0.820 123.0 0.491 73.7 25.8 593 237 2.5 123.9
8 Ti-C2-Cr

SNS 0.184 27.6 0.075 11.3 18.2 461 184 2.5 123.5
9 Ti-C6-Cr

SNS 0.134 20.1 0.066 9.9 6.8 319 127 2.5 126.0

a[Catalyst] = 10 μmol of CGCEtTi; 10 μmol of SNSCr; 10 μmol of CGCEtTi + 10 μmol of SNSCr; 10 μmol of CGCTiCl2-C0-SNS, CGCTiCl2-C2-
SNS, CGCTiCl2-C6-SNS, Ti-C0-Cr

SNS, Ti-C2-Cr
SNS, and Ti-C6-Cr

SNS, MAO/catalyst =500, 50 mL toluene, 5 min, 80 °C, constant 8 atm ethylene.
Entries performed in duplicate. bkg (PE)·mol−1 (catalyst)·h−1·atm−1. cBy GC-TOF, mesitylene internal standard. dkg (oligomers)·mol−1 (catalyst)·
h−1·atm−1. eBranch density (branches per 1000 C atoms) as determined by 13C NMR analysis.30 fBy triple-detection GPC. gMelting temperature by
DSC.
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2.3. Olefin Polymerization Studies. 2.3.1. Catalytic
Center Proximity Effects: Activity and Polymer Molecular
Mass. Ethylene polymerizations were carried out using
rigorously anhydrous/anaerobic methodology with attention
to exotherm and mass transfer effects.27 Catalysts were
investigated under varied reaction conditions, including
cocatalyst/activator MAO/Al ratio (100, 500, 1000), reaction
temperature (25, 50, 80, 100 °C), ethylene pressure (1, 3, 5, 8
atm), and reaction time (5, 10, 20, 60 min). Optimum catalytic
performance (activity, branches/1000 C, Mn, Mw, PDI,
cooperative effects) is achieved with Al: M = 500 at 80 °C
under constant 8.0 atm ethylene pressure. Polymerization
results are summarized in Tables 1−3. The narrow monomodal
polydispersities observed are consistent with well-defined
single-site processes.28 Table 1 entries 6−9 and Figure S36
reveal that ∼22 × , ∼17× and ∼12× increases in Mn with Ti-
C0-Cr

SNS, Ti-C2-Cr
SNS and Ti-C6-Cr

SNS, respectively, vs the
mononuclear tandem CGCEtTi + SNSCr system under
identical polymerization conditions. For single-site polymer-
izations, Mn values typically scale as the net rate of chain
propagation divided by the net rate of all chain termination
processes.29 In view of the lower activities versus the tandem
catalysts, the chain transfer kinetics of the present bimetallic
complexes must be substantially depressed to explain the large
observed Mn enhancements (vide inf ra). These results in some
respects parallel previous results for homobimetallic group 4
CGC catalysts where activities are lower than for the
mononuclear analogues, and product Mns roughly scale
inversely with metal···metal distance.8a Ethylene homopolyme-
rizations mediated by monometallic CGCEtTi and CGCTiCl2-
C0-SNS, CGCTiCl2-C2-SNS, and CGCTiCl2-C6-SNS afford
relatively low-Mn/high-melting polyethylenes with negligible
chain branching (Table 1 entries 1, 3−5). Note also that the
very different polymerization characteristics of the Ti-Cn-Cr

SNS

vs CGCTiCl2-Cn-SNS catalysts (n = 0, 2 and 6; entries 7 vs 3, 8
vs 4, 9 vs 5, Table 1) argue that the -SNSCr center remains
intact during the polymerizations. Furthermore, under the
present polymerization conditions, the Cr catalysts in either the
tandem or bimetallic configurations display good selectivity for
ethylene trimerization, ranging from 72% to 99% 1-hexene by
NMR spectroscopy and GC-TOF (see distribution in Table
S2), with no odd-numbered α-olefins detected by GC-MS, as
might arise from chain transfer to MAO. However, under the
present experimental conditions, the monometallic SNSCr
oligomerization catalyst is less selective for 1-hexene (53%) and
also produces small amounts (∼9%) of high Mn polyethylene
(Table 1, entry 2).31

The properties of the polymers produced by SNSCr are
completely different (Mn, branch density, Tm) from those
obtained using the tandem and bimetallic catalysts. Also,
although the shorter bridge of Ti-C0-Cr

SNS would appear to
engender greater steric encumbrance, the polymerization
activity is found to be ∼4.4× and ∼6.1× greater than that of
Ti-C2-Cr

SNS and Ti-C6-Cr
SNS, respectively (Table 1, entries 7−

9; Figure S36), presumably reflecting both electronic and steric
effects.32 Amine substituents such as on the indenyl of Ti-C0-
CrSNS are effective electron donors which can stabilize cationic
active centers during polymerization.33 To compare the stability
of the tandem and heterobimetallic catalysts (Table 2),
ethylene polymerizations were compared between 5 and 20
min at 80 °C. Activities for both copolymerization and
oligomerization versus time reveal that both systems exhibit
remarkable stability and similar deactivation characteristics
(Figure S34). Note also that the oligomerization activities and
1-hexene selectivity (vide inf ra) do not decline significantly over
these times, indicating that Cr center is intact during
polymerization.34

2.3.2. Catalytic Center Proximity Effects: Chain Transfer/
Termination Process. Gel permeation chromatography (GPC)
analysis shows that the polymer Mns (Table 1) increase with
decreasing metal···metal distance, in the order: Ti-C6-Cr

SNS

(computed Ti···Cr = 13.2 Å) < Ti-C2-Cr
SNS (computed Ti···Cr

= 8.1 Å) < Ti-C0-Cr
SNS (computed Ti···Cr = 6.0 Å). These

results are consistent with a pathway in which Ti···Cr proximity
modifies the catalytic environment and substantially depresses
overall termination rates,35 in turn enhancing Mn

36 (see more
below). Furthermore, the Mns of the polyethylenes produced
by Ti-C0-Cr

SNS at 80 °C are essentially independent of ethylene
pressure over a 1.0−8.0 atm range and Al/M ratio over a 100−
1000 range (Table 1, entry 7, and Table 3, entries 1−3, 7, 8).
This result argues that β-H transfer from the growing polymer
chain to coordinated/activated ethylene (chain transfer to
monomer)37 is the primary chain transfer process and that
chain transfer to Al-alkyl is negligible.23,38 End-group analysis
by 1H NMR spectroscopy (Figure 1) reveals that the Ti-C0-
CrSNS-derived polyethylenes exhibit predominant vinylene
(98%; -CH2CHCH2) end-group distributions along with
small amounts of internal olefin (<2%; -CH2-CHCH-CH2- +
-(CH2)CCH2- + -CH2-CHCH-C4H9), consistent with the
aforementioned chain termination process by chain transfer to
monomer rather than chain transfer to Al-alkyl. Interestingly,
CC migration/isomerization39 is almost negligible for the
heterobimetallic catalysts but is substantial for the tandem

Table 2. Ethylene Polymerization Data as a Function of Polymerization Time at 80 °C for CGCEtTi + SNSCr and Ti-C0-Cr
SNSa

entry catalyst
t

(min) PE (g)
activityb

(PE)
oligomersc

(g)
activityd

(oligomers) ρbr
e Mw

f (kg·mol−1) Mn
f (kg·mol−1) PDIf

Tm
g

(oC)

1 CGCEtTi + SNSCr 5 3.200 480.0 0.204 30.6 6.4 26.2 11.4 2.3 125.9
2 CGCEtTi + SNSCr 10 5.950 446.2 0.382 28.6 8.2 15.3 6.1 2.5 123.2
3 CGCEtTi + SNSCr 20 10.80 405.0 0.720 27.0 11.8 12.5 5.4 2.3 121.9
4 Ti-C0-Cr

SNS 5 0.820 123.0 0.491 73.7 25.8 593 237 2.5 123.9
5 Ti-C0-Cr

SNS 10 1.610 121.7 0.930 69.8 26.2 652 233 2.8 123.1
6 Ti-C0-Cr

SNS 20 3.040 114.0 1.780 66.7 26.5 795 284 2.8 123.8
7 Ti-C0-Cr

SNS 60 6.250 78.1 4.360 54.5 28.7 854 406 2.1 122.7
a[Catalyst] = 10 μmol of CGCEtTi + 10 μmol of SNSCr; 10 μmol of Ti-C0-Cr

SNS, MAO/catalyst =500, 50 mL toluene, T = 80 °C, P = 8 atm.
Entries performed in duplicate. bkg (PE)·mol−1 (catalyst)·h−1·atm−1. cBy GC-TOF, mesitylene added as internal standard. dkg (oligomers)·mol−1

(catalyst)·h−1·atm−1. eBranch density (branches per 1000 C atoms) as determined by 13C NMR analysis.30 fBy triple detection GPC. gMelting
temperature by DSC.
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system (23%, Figure 1), presumably reflecting steric and/or
electronic constraints.
2.3.3. Catalytic Center Proximity Effects: Branch Type and

Density. 13C NMR spectra of the polyethylenes produced by
CGCEtTi + SNSCr, Ti-C0-Cr

SNS, Ti-C2-Cr
SNS, and Ti-C6-

CrSNS are depicted in Figure S33 along with assignments for the
polymer skeletal positions. Note that the branch density in the
polyethylene chains is significantly enhanced as the bridge
length is shortened (Figure 2): Ti-C0-Cr

SNS yields the

maximum branch density of 25.8 n-butyl branches/1000 C
atoms, with branches of any other length <1%, while Ti-C2-
CrSNS affords polyethylenes having a branch density of 18.2 n-
butyl branches/1000 C atoms. Interesting, the Ti-C6-Cr

SNS

catalyst introduces only 6.8 n-butyl branches/1000 C atoms,
which is similar to the CGCEtTi + SNSCr tandem catalytic
system, 6.4 n-butyl branches/1000 C atoms, suggesting a
similar comonomer enchainment pathway. These results are
consistent with a picture in which greater Ti···Cr proximity/
cooperation enhances 1-hexene co-enchainment in the ethylene
polymerization process. Note from Table 2 entries 4−6 and

Figure S35 that the polyethylene branch type and density are
essentially independent of reaction time/conversion at 80 °C,
despite increasing concentrations of available “free” oligomer.
This result is similar to that for Ti-C2-Cr

SNS and stands in
contrast to the results for the tandem CGCEtTi + SNSCr
system. Note that while increasing “free” oligomer concen-
trations/longer reaction times depress copolymer Mns and
activities in the tandem system (typical of single-site CGCTi
catalysts where comonomer enchainment is sterically sensitive
and chain transfer to monomer dominates),40 they have less
effect on the heterobimetallic catalysts. The proximate tethered
SNSCr oligomerization center clearly alters the pathway by
which 1-hexene is created/enchained and, perhaps, by which
chain transfer occurs, versus that in mononuclear CGCTi. The
result for Ti-C0-Cr

SNS is higher Mn copolymers with higher
densities of n-Bu-only branching.
For Ti-C0-Cr

SNS from 25 to 80 °C (Table 3), the activity of
the Cr oligomerization center (total oligomerization product
mass) increases by ∼22×, while the total Ti-centered
polymerization activity increases by ∼4× (Figure S37). This
implies that the Cr- and Ti-centered processes in Ti-C0-Cr

SNS

have different activation energetics and that 1-hexene enchain-
ment within this assembly is constrained/gated in such a way
that while some additional 1-hexene is enchained at higher
temperatures, the excess “leaks out” rather than being
incorporated in product polymer. In accord with this selectivity
picture, note also in Table 3 entries 1−3 that the branch density
is rather insensitive to the ethylene pressure. These same
entries indicate, as already noted above, that Mn is insensitive to
ethylene pressure, suggesting that chain transfer to monomer is
the major growth termination mode.37 Note also that at 100
°C, the branch density is similar to that at 80 °C (25.2/1000 C
vs 25.8/1000 C, respectively) at the same ethylene pressure (8
atm) even though the polymerization activity remains high,
suggesting that the 1-hexene enchainment rate may saturate at
higher temperatures with the rate lawing tending to zero-order
in [α-olefin].41

2.3.4. DFT Analysis of Structure and Reaction Energetics.
To understand how metal proximity enhances polyethylene Mn
with the bimetallic catalysts and qualitatively explain the
experimental trends, a comparison between propagation and
termination energetic paths for mononuclear CGCEtTi and
binuclear Ti-C0-Cr

SNS was carried out. Since the starting point
for both the propagation and termination pathways is the π-
complex (Scheme 2), counteranion effects can be assumed to
remain constant in this first level of analysis (see Supporting
Information). The initial enchainment and chain transfer
processes involve conventional Ti-ethylene π-complex for-
mation (Scheme 2) at both the mono and binuclear catalysts.
The insertion transition state in both cases involves ethylene
monomer approach to form a coplanar four-center (Ti-C1-C2-
C3) bonding framework (Scheme 2). The elongation of one
C3-H bond (to 1.12 and 1.14 Å) and distortion of the Ti-C3-H
angle (to 96.6 and 81.6°) from tetrahedral (109.5°) indicate α-
agostic interactions that stabilize/preorganize the overall
insertion process.
In the chain transfer transition states, concerted bond-

forming/-breaking, paralleling H transfer, is active between Ti
and atoms C1/C3, respectively (Scheme 2). At this point, the
C1-C2 and C3-C4 bond lengths are intermediate between
single and double bonds. In both mononuclear and bimetallic
catalysts, the computed C4-H and C2-H distances lie close to
1.47 Å, indicating a symmetrical H transfer process. The chain

Figure 1. 1H NMR comparison of the end-group regions (δ 6.10−4.60
ppm) of the polyethylenes produced by the CGCEtTi + SNSCr and
heterobimetallic Ti-C0-Cr

SNS catalysts (Table 1, entries 6 and 7,
respectively). Spectral intensities are normalized to the polyethylene
backbone CH2 resonance.

Figure 2. Branches/1000 C in the polyethylenes produced by the
CGCEtTi + SNSCr, Ti-C0-Cr

SNS, Ti-C2-Cr
SNS and Ti-C6-Cr

SNS

catalysts (Table 1, entries 6−9) under identical reaction conditions
at 80 °C.
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transfer process leads to a linear alkene (here propene)
coordinated to the Ti center and an ethyl fragment σ-bonded to
Ti (Scheme 2). β-agostic interactions are active between the
ethyl fragment and Ti. This analysis also reveals that the Cr
catalyst proximity in Ti-C0-Cr

SNS stabilizes the insertive
transition state and product as well as the β-H chain transfer
transition state and product at Ti versus the mononuclear
CGCEtTi catalyst (Figure 3). Note that stabilization of the
propagation transition state is greater than for the termination
transition state (Figure 3); the energetic difference is 3.3 kcal/
mol for the CGCEtTi and 5.0 kcal/mol for Ti-C0-Cr

SNS. Since
Mn should scale as the propagation rate/chain transfer rate,
these results are in good accord with the increased polyethylene
Mns achieved with the bimetallic catalysts (Tables 1, entries 6
and 7). To obtain better insight into the α-olefin coenchain-
ment mechanism, calculations next focused on the catalytic
differences between Ti-C0-Cr

SNS and Ti-C2-Cr
SNS. Questions

concern the role of agostic interactions42 in comonomer
activation/enchainment and the differences in polymerization
characteristics between Ti-C0-Cr

SNS and Ti-C2-Cr
SNS. Figures

4A and B show the optimized structures of the Ti-C0-Cr
SNS and

Ti-C2-Cr
SNS active catalysts in which a 1-hexene molecule

interacts simultaneously with two metal centers. Note that in
both Ti-C0-Cr

SNS and Ti-C2-Cr
SNS a π-interaction occurs

between the CC bond and the Cr while the Ti center is
involved in agostic C(sp3)-H binding. These latter interactions
are evidenced by the elongation of one C(5)-H2 bond (1.13 Å)
in Ti-C0-Cr

SNS and one C(6)-H3 bond (1.12 Å) in Ti-C2-Cr
SNS

with respect to a standard sp3 C-H bond distance (1.10 Å).
Note that the agostic interaction involves the 1-hexene C5 with
Ti-C0-Cr

SNS and C6 for Ti-C0-Cr
SNS, tracking the different

computed Ti···Cr distances for Ti-C0-Cr
SNS (4.67 Å) and Ti-

C2-Cr
SNS (6.34 Å). The greater computed C-H distance of 1.13

Å for Ti-C0-Cr
SNS vs 1.12 Å for Ti-C2-Cr

SNS as well as the
smaller Ti···H distance in Ti-C0-Cr

SNS (2.11 Å) vs Ti-C2-Cr
SNS

(2.17 Å) likely reflect stronger Ti-C0-Cr
SNS agostic bonding.

Interestingly, the NBO population analysis also reveals further
weak interactions for Ti-C0-Cr

SNS between Cr−S143 and Ti.
Specifically, in addition to the C-H sp3 agostic donation to a Ti
empty orbital (mostly p in character) which is also seen in Ti-
C2-Cr

SNS, a slightly stabilizing electronic donation involving a
C-H sp3 orbital and an empty, diffuse S-Cr antibonding orbital.

Table 3. Effects of Pressure and Temperature on Ethylene Polymerization by Ti-C0-Cr
SNSa

entry P (atm) T (°C) PE (g) activityb (PE) oligomersc (g) activityd (oligomers) ρbr
e Mw

f (kg·mol−1) Mn
f (kg·mol−1) PDIf Tm

g (oC)

1 1 80 0.056 67.2 0.035 42.0 17.4 633 264 2.4 124.5
2 3 80 0.290 116.0 0.145 58.0 18.2 606 189 3.2 126.1
3 5 80 0.495 118.8 0.270 64.8 23.4 656 226 2.9 121.8
4 8 25 0.205 30.7 0.022 3.3 10.2 643 268 2.4 126.9
5 8 50 0.335 50.2 0.210 31.5 17.6 597 186 3.2 123.3
6 8 100 0.774 116.1 0.498 74.7 25.2 493 205 2.4 123.7
7h 8 80 0.203 30.4 0.015 2.2 5.6 591 227 2.6 126.0
8i 8 80 0.825 123.7 0.520 78.0 21.2 567 236 2.4 126.9

a[Catalyst] = 10 μmol of Ti-C0-Cr
SNS, MAO/catalyst =500, 50 mL toluene, time =5 min. Entries performed in duplicate. bkg (PE)·mol−1 (catalyst)·

h−1·atm−1. cBy GC-TOF, mesitylene added as internal standard. dkg (oligomers)·mol−1 (catalyst)·h−1·atm−1. eBranch density (branches per 1000 C
atoms) as determined by 13C NMR analysis.30 fBy triple detection GPC. gMelting temperature by DSC. hMAO/catalyst =100. iMAO/catalyst
=1000.

Scheme 2. Ti-Centered Propagation and Chain Transfer
Steps in Olefin Polymerization Processes at Mononuclear
CGCEtTi and Binuclear Ti-C0-Cr

SNS Catalysts

Figure 3. Energetic profiles (kcal/mol) for propagation (blue) and
termination (chain transfer; red) pathways for ethylene homopolyme-
rization at Ti catalyzed by mononuclear and binuclear catalysts.

Figure 4. Computed 1-hexene binding by the activated cationic
heterobimetallic catalysts (A) Ti-C0-Cr

SNS, (B) Ti-C2-Cr
SNS, and (C)

the hemilabile weak Ti···S interaction. Weak Interactions are shown as
red dotted lines.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja5046742 | J. Am. Chem. Soc. 2014, 136, 10460−1046910465



This interaction is supported by elongation of the Cr−S1 bond
(2.44 Å) vs Cr−S2 (2.41 Å). Similar X-H···S interactions (X =
C, N) play significant roles in enzymatic reactions, abiotic
homogeneous catalysis, and supramolecular materials.44 In the
present case, slight stabilization by Cr dz2 donation to an empty,
predominantly Ti orbital is observed. All these interactions
further stabilize the 1-hexene-bimetallic binding, doubtless
benefiting from the greater Ti···Cr proximity in the Ti-C0-
CrSNS framework. Note that for Ti-C0-Cr

SNS, another stable
structure is located when the 1-hexene···Ti agostic interaction is
computationally removed. Here the S1 atom approaches the Ti
cation, driven by the Ti unsaturation (Figure 4C). Moreover,
the NBO analysis reveals strong stabilizing electron donation of
a S1 lone pair to an empty Ti orbital. As with the
aforementioned agostic interactions, this hemilabile45 S1−Ti
interaction also constrains the intermetallic distances and keeps
1-hexene proximate to the Ti center.
2.3.5. Comonomer Competition Experiments. To better

understand the degree to which the trimerization and
enchainment processes are concerted in the Ti-Cn-Cr

SNS

environment (i.e., is the 1-hexene exclusively endogenous?),
competition experiments with added “exogenous” 1-pentene
were carried out for both the CGCEtTi + SNSCr tandem
catalyst and the heterobimetallic catalysts. Results are compiled
in Table 4, and 13C NMR spectra of the four polyethylenes
obtained with CGCEtTi + SNSCr, Ti-C0-Cr

SNS, Ti-C2-Cr
SNS,

and Ti-C6-Cr
SNS under identical reaction conditions are shown

in Figure 5A. Most noteworthy is that the heterobimetallic
catalysts produce polyethylenes with n-butyl (1-hexene
enchainment) densities nearly unchanged from the ethylene-
only homopolymerization experiments, while the tandem
catalyst yields polyethylenes with far higher n-propyl (1-
pentene enchainment) branching levels. Note also that Ti-C0-
CrSNS with shortest linkage incorporates least n-propyl
branches, 5.5% of total branches (Table 4, entry 2, Figure
5B), and even at [1-pentene] = 1.0 M.
2.3.6. Cocatalyst and Solvent Effects on Polymerization

Processes. Cocatalysts/activators play an enabling role in
single-site polymerization processes,23,38 with AlR3/[Ph3C]

+-
[B(C6F5)4]

− serving as an efficient activator/cocatalyst for both
Ti46 and Cr47 complexes in olefin polymerization and
oligomerization, respectively. Ethylene polymerizations em-
ploying the tandem CGCEtTi + SNSCr system and the three
heterobimetallic catalysts with iBu3Al/[Ph3C]

+[B(C6F5)4]
−

were carried out and the results are summarized in Table S4.
Comparing entries 6−9 in Table 1 and entries 1−4 in Table S4,
note that iBu3Al/[Ph3C]

+[B(C6F5)4]
− significantly enhances

polymerization activity but depresses Mn, suggesting that
iBu3Al/[Ph3C]

+[B(C6F5)4]
− has a significantly different activa-

tion and ion-pairing characteristics than MAO. Interestingly,
the product polymer 13C NMR spectra indicate negligible chain
branching, and GC-MS analysis of the liquid phase shows no
oligomers. It is known that the selectivity of Cr oligomerization
catalysts is highly dependent on ligation,48 solvent,49 reaction
temperature,50 and cocatalyst.47b In the present case, it is
possible that the Cr center is oxidatively deactivated by
Ph3C

+.51 In addition, the cocatalyst iBu3Al/B(C6F5)3 was also
investigated (Table S4, entries 5, 6)52 and yields negligible
polymer or oligomers. Note also that when MMAO is used as a
cocatalyst with Ti-C0-Cr

SNS, similar polymerization activity is
observed, but with significantly lower branch densities versus
MAO. These results attest to the sensitivity of the Cr
oligomerization characteristics to diverse reagents. Polymer-
izations in more polar solvents should weaken ion pairing, and
compared with polymerizations conducted in toluene (ϵ = 2.38;
Table 1, entries 6, 7), more polar C6H5Cl (ϵ = 5.68)
dramatically increases polymerization activity (Table S4, entries

Table 4. Ethylene +1-Pentene Copolymerization Data Mediated by CGCEtTi + SNSCr, Ti-C0-Cr
SNS, Ti-C2-Cr

SNS, and Ti-C6-
CrSNS Catalystsa

entry catalyst [1-pentene] PE (g) activityb ρn‑propyl
c ρn‑butyl

c % n-propyl Mw
d (kg·mol−1) Mn

d (kg·mol−1) PDId Tm
e (°C)

1 CGCEtTi + SNSCr 0.1 M 2.850 427.5 61.9 6.1 91.0 33.4 15.2 2.2 110.9
2 Ti-C0-Cr

SNS 0.1 M 0.782 117 1.4 23.9 5.5 554 205 2.7 121.9
3 Ti-C0-Cr

SNS 0.5 M 0.585 87.8 1.7 22.2 7.1 551 196 2.8 118.6
4 Ti-C0-Cr

SNS 1.0 M 0.450 67.5 2.4 21.0 10.2 349 174 2.0 118.3
5 Ti-C2-Cr

SNS 0.1 M 0.170 25.8 9.3 17.4 34.8 606 242 2.5 115.0
6 Ti-C6-Cr

SNS 0.1 M 0.092 13.8 7.0 5.7 55.1 186 84.5 2.2 114.3
a[Catalyst] = 10 μmol of CGCEtTi + 10 μmol of SNSCr; 10 μmol of Ti-C0-Cr

SNS, Ti-C2-Cr
SNS, and Ti-C6-Cr

SNS, MAO/catalyst =500, 50 mL
toluene, 5 min, 80 °C, at constant 8 atm ethylene. Entries performed in duplicate. bkg (PE)·mol−1 (catalyst)·h−1·atm−1. cBranch density (branches
per 1000 C atoms) by 13C NMR.30 dBy triple detection GPC. eMelting temperature by DSC.

Figure 5. (A) 13C NMR spectra (100 MHz, C2D2Cl4, 120 °C) of
polyethylenes produced by CGCEtTi + SNSCr, Ti-C6-Cr

SNS, Ti-C2-
CrSNS, and Ti-C0-Cr

SNS in the presence of 0.1 M 1-pentene (Table 4,
entries 1, 2, 5 and 6). Intensities normalized to the polyethylene
backbone CH2 resonance. (B) n-propyl and n-butyl branches/1000 C
in polyethylenes produced by the CGCEtTi + SNSCr, Ti-C0-Cr

SNS,
Ti-C2-Cr

SNS and Ti-C6-Cr
SNS catalysts (Table 4, entries 1−6) in the

presence of added 1-pentene: a = 0.1 M; b = 0.5 M; c = 1.0 M.
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9, 10), although there are negligible ethylene solubility
differences between toluene and chlorobenzene.53 In ethylene
homopolymerization, Ti-C0-Cr

SNS is almost 2× more active in
C6H5Cl vs toluene. Significantly, however, the product polymer
Mns and branch densities produced by Ti-C0-Cr

SNS fall
significantly in chlorobenzene versus those in toluene (Table
S4, entry 10 vs Table 1, entry 7; 62.3% and 74.8%,
respectively); clearly the polymer Mns and comonomer
enchainment selectivity are sensitive to the catalyst-cocatalyst
ion pairing, in agreement with previous studies where it was
shown that polar solvents weaken catalyst cation−anion
electrostatic interactions, enhance the ion-pair structural
mobility,40b and render the cation “freer” with greater
polymerization activity and frequently altered selectivity.40a

Furthermore, polar solvents may compete for/coordinate with
electrophilic metal centers and may weaken/supplant agostic
interactions, conceivably yielding lower branch densities.54

Thus, polar solvents may also alter the transition states for
chain transfer processes involving metal···H-C(β) agostic
interactions,55 potentially suppressing cooperative enchainment
effects, hence Mn and α-olefin enchainment.
2.3.7. Ligand Structure Effects. In addition to SNSCr,

ethylene oligomerization catalysts PNPCr56 (Chart 2) and
NNNCr57 (Chart 2) are reported to achieve 1-hexene
selectivities >97% (for PNPCr); among the highest reported
to date. Therefore, new bimetallic catalysts Ti-C2-Cr

PNP and
Ti-C2-Cr

NNN were prepared (Scheme S1) for comparison.
Under rigorously anhydrous/anaerobic conditions, with
attention to exotherm and mass transfer effects, both catalysts
are active for ethylene polymerization with MAO as cocatalyst,
and results are summarized in Table S5. Under these
conditions, PNPCr alone exhibits acceptable 1-hexene
selectivity (Table S5, entry 2, 99% 1-hexene), while the Cr
center in tandem CGCEtTi + PNPCr exhibits modest
selectivity -- 40.9% 1-hexene in the oligomeric products.
Regarding copolymerizations, neither the tandem nor hetero-
bimetallic catalysts are particularly selective for ethylene
trimerization, but rather yield a series of linear C4-C22 α-olefins
for Ti-C2-Cr

PNP (58.5% 1-hexene in the oligomeric product)
and no oligomers for Ti-C2-Cr

NNN, as confirmed by NMR
spectroscopy and GC-MS (Table S5). Thus, the 13C NMR
spectrum of the polyethylenes produced by Ti-C2-Cr

PNP

indicates ethyl, n-butyl, and longer n-alkyl (≥C6) branches,
while the spectrum of those produced by Ti-C2-Cr

NNN shows
no significant branch resonances.

3. DISCUSSION
3.1. Bimetallic Proximity Effects on Polymerization. In

the present strategy, coordinatively “open,” highly reactive
CGCTi is employed as a “polymer maker”, while highly
selective and reactive SNSCr is chosen as the “oligomer maker”.
When the Ti/Cr catalytic centers are covalently linked by a
-CnH2n- bridge (Ti-Cn-Cr

SNS, n = 0, 2, 6) non-negligible
cooperative effects are observed in ethylene polymerization.
Studies of Ti-C0-Cr

SNS, Ti-C2-Cr
SNS and Ti-C6-Cr

SNS mediated
ethylene polymerizations, carried out under identical conditions
versus tandem mixtures of mononuclear Ti + Cr analogues,
reveal marked conversion insensitive cooperative effects as
indexed by product Mns, n-butyl branch densities, and the
conversion dependence thereof, which scale roughly inversely
with accessible metal···metal distance. Specifically, with ethyl-
ene as the feed and MAO as cocatalyst/activator, SNS-based
complexes Ti-C0-Cr

SNS, Ti-C2-Cr
SNS, and Ti-C6-Cr

SNS afford

LLDPEs with exclusive n-butyl branches (6.8−25.8 branches/
1000 C). In addition, Ti-C0-Cr

SNS produces polyethylenes with
higher activity (4.5× and 6.1×, respectively), Mn (1.3× and
1.8×, respectively), and branch density (1.4× and 3.8×,
respectively), than do Ti-C2-Cr

SNS and Ti-C6-Cr
SNS. With

respect to the CGCEtTi + SNSCr tandem catalyst, Ti-C0-Cr
SNS

yields polyethylene with lower activity, but with 22.6× higher
Mn, and 4.0× greater branch density under identical conditions.
Furthermore, it is possible that 1-hexene binding partially
blocks/competes for ethylene activation and enchainment sites,
explaining the reduced polymerization activity compared to
CGCEtTi. In addition, the present results show that metal
proximity can modify the catalytic environment to increase the
propagation/termination rate ratios, in turn favoring increased
product Mn. Importantly, chain transfer to monomer is the
predominant chain transfer pathway (Scheme 3, Path C)

operative in these heterobimetallic catalysts, with an extra-
ordinary >98% of vinylene end-group content in the case of Ti-
C0-Cr

SNS. Moreover, polymerization activity and comonomer
enchainment selectivity are strongly influenced by cocatalyst/
activator (iBu3Al/[Ph3C][B(C6F5)4],

iBu3Al/-B(C6F5)3, or
MMAO), polymerization solvent (toluene vs chlorobenzene),
and ligand structure (Ti-C2-Cr

PNP and Ti-C2-Cr
NNN).

3.2. Catalytic Center Proximity Effects: Mechanism.
The foregoing data and discussion strongly argue that
covalently linking the dissimilar catalytic sites in Ti-C0-Cr

SNS,
Ti-C2-Cr

SNS, and Ti-C6-Cr
SNS spatially confines the catalytic

centers in such a way that the efficiency and integrity of transfer
of the 1-hexene comonomer produced at the Cr centers
(established oligomer maker) to the Ti centers (established
polymer maker) is significantly increased. This essentially
intramolecular/concerted enchainment efficiency as well as
exclusion of competing α-olefin is dramatically evident in Ti-
C0-Cr

SNS which has the shortest linkage and closest computed
metal···metal proximity. A reasonable scenario for 1-hexene
enchainment at Ti with cooperation of Cr is depicted in
Scheme 3. It is likely that coordination of Cr-derived 1-hexene
to the cationic Ti center is stabilized by the proximate Cr center
and Ti-olefin agostic interactions as supported by the DFT
calculations and that this cooperativity enhances the subsequent
enchainment probability (Scheme 3, Path A). Moreover, the
DFT modeling suggests that 1-hexene enchainment selection

Scheme 3. Plausible Pathway for 1-Hexene Generation and
Subsequent Copolymerization with Ethylene Mediated by
the Heterobimetallic Catalyst Ti-C0-Cr

SNS
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by Ti-C0-Cr
SNS versus Ti-C2-Cr

SNS is enhanced by substrate
binding, which may include a C-H···S interaction (Figure 4).
Also, as discussed above for the precatalysts, the metal−metal
distances can fluctuate due to the conformational mobility
about the bridging fragment, and, in turn, this mobility
increases with the bridge length. Obviously, a rigid system in
which the distance between the two metals is well-suited for
promoting α-olefin π-bonding and agostic interactions should
exhibit enhanced cooperativity with respect to more flexible
systems in which the most selective conformation is not
rigorously enforced. In this context, it would be expected that
Ti-C0-Cr

SNS would exhibit higher copolymerization perform-
ance than Ti-C2-Cr

SNS and Ti-C6-Cr
SNS. Note also that part of

the 1-hexene produced at the Cr center escapes from the
bimetallic coordination sphere and diffuses into the surround-
ing medium (Scheme 3, Path B). However, “free” 1-hexene is
minimally incorporated into the polyethylene backbone, as
confirmed the by 1-pentene competition experiments. Here,
despite increased concentrations of available “free” α-olefin, the
present heterobimetallic catalysts preferentially enchain n-butyl
branches in densities which are high and essentially
independent of conversion/increasing 1-hexene concentration.
Treating the 1-hexene enchainment at Ti-C0-Cr

SNS as an
intramolecular process (νintra = kbutyl branch[Ti]) and 1-pentene
enchainment as an intermolecular process (ν inter =
kpropyl branch[Ti][1-pentene]), assuming that [ethylene] remains
constant and functions essentially the same in both enchain-
ment reactions and that branch−branch interactions are not
important, then the effective local concentration (M)58 of 1-
hexene can be found by estimating kbutyl branch/kpropyl branch. This
is done by extrapolating the (linear) plot of butyl:propyl branch
ratio versus [1-pentene] (Figure S38) to the point where the
branch densities are equal and solving for kbutyl branch/
kpropyl branch. For Ti-C0-Cr

SNS M is found to be a rather large
∼8.6 M. While classical solvent cage effects59 could in principle
contribute to confining 1-hexene in the reaction zone, these
cannot be rigorously ruled out, and experiments to probe for
them (e.g., change of solvent viscosity) would be complicated
by competing mass transfer effects, both micro- and macro-
scopic.

4. CONCLUSIONS
The present results significantly expand the scope of what is
known about metal···metal proximity and cocatalyst/solvent
effects in cooperative heterobimetallic olefin polymerization
catalysis. In ethylene homopolymerization, both the product
molecular Mns and branch densities, in the order, Ti-C0-Cr

SNS

> Ti-C2-Cr
SNS > Ti-C6-Cr

SNS > CGCTi + SNSCr, roughly
scale inversely with metal···metal distance under identical
polymerization conditions with an MAO cocatalyst in toluene.
In the ethylene + 0.10 M 1-pentene competition experiments,
Ti-C0-Cr

SNS incorporates n-propyl branches at 5.5% of the total
branches, while the metrics for Ti-C2-Cr

SNS, Ti-C6-Cr
SNS, and

tandem CGCTi + SNSCr are 34.8%, 55.1%, and 91.0%,
respectively. When the polar C6H5Cl is used as the polymer-
ization medium, thereby weakening the catalyst-cocatalyst ion
pairing, substantial alterations in catalyst response and polymer
product properties are observed. Homopolymerization, copoly-
merization, and DFT computational results argue that
achievable Ti···Cr spatial proximity markedly influences chain
transfer rates and selectivity for comonomer enchainment and
that such proximity effects are relatively conversion insensitive
but cocatalyst, solvent, and ligand framework sensitive.
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